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ABSTRACT

Radiation centers that are generated on the surface of SiC crystals [surface single-photon sources (SPSs)] have received much attention
because they behave as high-brightness SPSs at room temperature. However, little is known about surface SPSs, such as their defect structure
and radiation properties. To achieve a better understanding of surface SPSs, we investigated the impact of the formation processes of SPSs on
the radiation properties. Low temperature photoluminescence (PL) measurements indicated that the photon energies of the zero-phonon
line (ZPL) were dispersed in the range of 0.33 eV. In comparison between the (0001) Si-face and (11-20) a-face, the energy dispersion for the
a-face was smaller, which suggests that the energy dispersion was attributed to stacking faults at the oxide-SiC interface. The differences in
the radiation properties of the surface SPSs were clarified according to the formation process in terms of the oxide thickness and post-
oxidation Ar annealing. The results showed that the wavelength dispersion was increased with the oxide thickness, and Ar annealing caused
various changes in the radiation properties, such as a reduction in the density of SPSs, and the radiation intensity of the ZPL as well as a shift
in the ZPL wavelength. Notably, most of the changes in the defect structure occurred at the Ar anneal temperature of 600 °C, and we discuss
some of the types of defects that change at this temperature.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0048772

Single defects in widebandgap semiconductors have recently
been utilized as single-photon sources (SPSs) to realize a light source
for quantum encrypted communication capable of extremely high
security, or quantum sensors that have made possible extremely high
sensitivity and resolution magnetic field or temperature measure-
ments." An SPS generally emits one characteristic photon which has
an energy that corresponds to the highest-occupied-molecular orbital
(HOMO)-lowest-unoccupied-molecular orbital (LUMO) gap, while
an electron at the excited state transits to the ground state. At present,
quantum dots” and nitrogen vacancy (NV) centers in diamond” have
been proposed as SPSs. However, quantum dots require cryogenic
temperatures to obtain sufficient generation rates. Although NV cen-
ters in diamond emit photons with a high generation rate at room
temperature, some issues remain in the device fabrication processes.

Silicon carbide (SiC) is one of the most promising candidates to meet
all of the aforementioned requirements. The crystal growth technology
of SiC has been developed with the introduction of mass-produced
large-scale wafers. In addition, there have been many achievements in
device fabrication technologies, especially in the development of power
devices. SPSs in SiC, such as Si vacancies (Vg;)," ® Si and C vacancy
pairs (Vg;Ve), and carbon antisite-vacancy pairs (CsiVe),” have been
identified to date. In addition to these SPSs, it has been reported that
surface SPSs were formed on the crystal surface simply by the oxida-
tion of SiC substrates for several minutes.” The surface SPS has some
advantages to realize a practical single-photon emitting device with
characteristics, such as high brightness of more than twice the single-
photon generation rate of NV centers in diamond and the ability to
electrically control the single-photon emission.'” "> However,

Appl. Phys. Lett. 118, 204005 (2021); doi: 10.1063/5.0048772
© 2021 Author(s).

118, 204005-1


https://doi.org/10.1063/5.0048772
https://doi.org/10.1063/5.0048772
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0048772
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0048772&domain=pdf&date_stamp=2021-05-21
https://orcid.org/0000-0002-6314-0401
https://orcid.org/0000-0002-9254-5918
https://orcid.org/0000-0002-7850-3164
mailto:yasuto@opt.ees.saitama-u.ac.jp
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0048772
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

TABLE I. Substrates used in this study.

scitation.org/journal/apl

Substrate #  Polytype  Surface orientation  Off-cut angle (°)  Epilayer thickness (um)  Carrier concentration (em™3) (All n-type)
#1 4H Si-face 4 5.0 8.4 x 10"
#2 6H Si-face 35 49 5.0 x 10*°
#3 6H a-face . N/A Unknown
#4 4H Si-face 4 69 9.1 x 10"

radiation spectra from surface SPSs are categorized into broad peaks
and sharp peaks, and the radiation wavelengths for each SPS are
diverse.'”'*'* To achieve a better understanding of these phenomena,
it is very important to elucidate the defect structure of the surface SPS.
However, although an oxygen-related complex has been suggested,”"”
the specific structure and formation mechanism are still unknown. In
previous work, we performed first-principles calculations to derive the
HOMO-LUMO gaps of some oxygen-related complexes.'® We also
changed the position of defects with respect to an amorphous-like
oxide-SiC interface and precisely reproduced the dispersion in the
HOMO-LUMO gap.'® In the present study, we investigate the radia-
tion properties of surface SPSs and their dependence on the formation
process, which is important to verify the cause of the radiation wave-
length dispersion for each SPS, and to clarify the defect structure and
formation mechanism.

Table T shows the specifications of the substrates used in this
study. Here, we have confirmed that most of the surface SPSs formed
on these substrates exhibit antibunching characteristics (see supple-
mentary material for substrates #1-#3 and Ref. 13 for #4). We carried
out five types of photoluminescence (PL) measurements for the char-
acterizations of the surface SPSs, i.e.,: (i) cryogenic PL measurements,
(ii) dependence of radiation properties on substrate surface orienta-
tions, (iii) dependence of radiation properties on oxide thickness, (iv)
dependence of SPS density on the Ar annealing, and (v) investigation
of the Ar annealing for each SPS. Hence, various samples have been
fabricated in the experiments. Table IT summarizes the sample fabrica-
tion processes which were conducted for each experiment.

Cryogenic photoluminescence (PL) measurements were per-
formed to obtain the zero-phonon lines (ZPLs) for each surface SPS. A
confocal scanning laser fluorescence microscope (CFM; WITec Inc.)
was used for PL measurements. PL spectra were recorded using a spec-
trometer (Princeton Instruments Inc.) with a CCD detector (Oxford
Instruments Inc.) Cryogenic PL measurements were conducted with a
liquid nitrogen flow into the sample stage. The second-harmonic wave
of a YAG laser (wavelength 532 nm, net input power 1.7 mW) was
used as an excitation source.

To verify the cause of wavelength dispersion, the radiation wave-
lengths for the Si-face were compared with those for the (11-20) a-

TABLE II. Summary of the sample fabrication processes for each experiment.

face. In addition to the 4H substrate (#1), a 6H-SiC Si-face homoepi-
taxial layer (#2) and a 6H-SiC a-face (#3) were used as substrates. PL
measurements of these samples were performed at room temperature
using the CEM.

To examine the difference in the radiation properties with the
formation process, three types of experiments were conducted: depen-
dence of SPS density and emission energy on the oxide thickness,
dependence of SPS density on the Ar annealing temperature, and
investigation of the Ar annealing for each surface SPS. In the first
experiment, some samples were fabricated with different oxide thick-
nesses where the oxide thickness was in the range of 1-100 nm, as
measured with a spectroscopic ellipsometer. In the second experiment,
post-oxidation Ar annealing at the same temperature as oxidation was
conducted for a sample with 5nm oxide thickness. In these two
experiments, PL mappings with a 647 nm long-pass filter were per-
formed with an in-house-built CFM."” The same CFM system as the
cryogenic PL measurements were employed in the third experiment.
At least 10 surface SPSs were identified by PL mapping. Ar annealing
at various temperatures was performed, and the change in the PL spec-
tra from each SPS due to Ar annealing was traced.

In the cryogenic PL measurements, we identified two types of the
PL spectra at 290K from the surface SPSs, i.e., broad type and sharp
type, which was similar to our previous work.' "> PL spectra obtained
from surface SPSs formed on substrate #1 at various temperatures are
shown in Fig. 1. Note that very sharp peaks observed at wavelengths
around 555, 565, and between 580 and 590 nm are attributed to the
Folded Transvers Optical (FTO) and Folded Longitudinal Optical
(FLO) phonon modes, and their second Raman line,'” respectively.
Figures 1(a) and 1(b) show a broad peak at 290 K and a sharp peak at
290K, respectively. As shown in Fig. 1(a), the radiation predominant
to the phonon sideband (PSB) was transformed to a ZPL dominant
band with a decrease in the sample temperature. In addition, Fig. 1(b)
shows that even if the ZPL is dominant at 290K, the peak width
becomes narrower with a decrease in the temperature.

Figure 2 shows a histogram of ZPL center wavelengths obtained
from PL spectra at 80 K for substrate #1. Note that the ZPLs at wave-
lengths around 555-560 nm and 580-585nm may not have been
counted, because they were obscured by the first or second Raman

Experiment (1) (ii) (iii) (iv) )

Substrate #1 #1-#3 #4 #4 #1

Oxidation Dry 800 °C for 5 min Dry 800 °C for 5 min Pyrogenic Pyrogenic 1100 °C Dry 800 °C for 5 min
1100°C 1-100 nm up to 5nm

Ar annealing 800 °C for 5min N/A N/A 1100 °C for 66 min 200-800 °C for 5 min
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FIG. 1. PL spectra from surface SPSs
formed on substrate #1 at various temper-
atures. (a) Broad peak at 290K, and (b)
sharp peak at 290 K. The arrows indicate
the center wavelength and the solid and
broken lines are spectra from SPS and
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line. The histogram shows that the radiation energies are diverse and
the energy difference is around 0.33 V.

According to an ab initio study,'® different local atomic struc-
tures give rise to fluctuations of the energy gap, due to the amorphous
layer including many stacking faults formed at the oxidized interface.
In addition, such a fluctuation was estimated to be 0.33 eV, which is in
good agreement with the observed value. Therefore, it is suggested that
the variation of wavelength for each surface SPS is due to the relation-
ship between the location of defects and the interfacial amorphous
layer. Moreover, the histogram indicates that the radiation energies of
the surface SPS are at least 1.88 eV. According to the ab initio study,'®
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FIG. 2. Histogram of ZPL obtained from PL measurements at 80 K for substrate #1.
The broken lines in orange and in green represent the positions of the first and sec-
ond FTO phonon lines and those of the first and second FLO phonon lines,
respectively.

most of the oxygen-related defects form intermediate gap states, of
which the HOMO-LUMO gaps over 1.88 eV originate from Og;(1),
Vsi(3)0c(2), Ve(1)Osi(2), and V(2)Os;i(2). Therefore, these four types
of defects are promising candidates for the origin of the surface SPS.

To further verify the cause of wavelength dispersion, we com-
pared the radiation properties of the surface SPSs formed on 4H-SiC
(#1), 6H-SIC Si-face (#2), and 6H-SiC a-face (#3) substrates. Figures
3(a) and 3(b) show the peak wavelengths and the peak widths (full
width at half maximum (FWHMs)) of the surface SPSs for these three
samples. Both the peak wavelength and peak width for the 4H- and
6H-SiC Si-faces showed almost the same degree of dispersion. On the
other hand, in the case of the a-face (6H-SiC), broad peaks were dom-
inant, the center wavelengths were mostly distributed around 630 nm,
and the FWHMs were larger than those of the other samples.

According to an ab initio study given, an amorphous layer at the
oxide-SiC interface,'® the dispersion of radiation wavelength is
responsible for the energy gap variation due to micro-stacking faults
formed at the interface, i.e., such faults cause fluctuation of the con-
duction band edge of the SiC semiconductor near the surface, so that
the energy gap of the SPS becomes variable. No significant difference
between Si-faces (4H-SiC, 6H-SiC) was observed and only the disper-
sion of the a-face was small, which can be generally interpreted as
indicating that stacking faults are not easily formed on the a-face,
because the oxidized interface is normal to the stacking fault, which
leads to restriction of the conduction band edge fluctuation.

Figure 4 shows PL intensity maps at room temperature for the
substrate #4 samples with various oxide thicknesses. Although no SPS
was observed in the non-oxidized sample [Fig. 4(a)], the formation of
surface SPSs was identified for oxide thicknesses of 1 nm [Fig. 4(b)]
and 50 nm [Fig. 4(c)]. Comparison of the 1 nm and 50 nm oxide thick-
nesses indicated no clear difference in radiation intensity, although the
number of surface SPSs significantly decreased with an increase in the
oxide thickness.

Figure 5 shows the number of surface SPSs formed in a 10 x 10
pum? area as a function of oxide thickness on the #4 substrates. The
number of SPSs was almost constant at ca. 90 up to 10 nm; however,

Appl. Phys. Lett. 118, 204005 (2021); doi: 10.1063/5.0048772
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FIG. 3. Histograms of radiation properties at room temperature of the surface SPSs on Si-faces (4H- and 6H-SiC) and the a-face (6H-SiC). (a) Peak wavelength and (b) peak

width (FWHM).
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FIG. 4. PL maps at room temperature for the substrate #4 samples with various oxide thicknesses; (a) before oxidation, and for oxide thicknesses of (b) 1 nm and (c) 50 nm.

this then decreased at greater than 10 nm. In addition, with a thicker
oxide, the ratio of SPSs that show unstable radiation decreased, which
suggests that oxidation over 10nm thick has both the ability to
decrease the density of surface SPSs and to stabilize their radiation.
Figure 6 shows plots of the emission energies measured at room
temperature of the surface SPSs in a 10 x 10 um? area for each oxide
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FIG. 5. Number of surface SPSs in an area of 10 x 10 um? on the #4 substrate.

thickness on #4 substrates. The minimum photon energies were
almost constant at ca. 1.80 ¢V, while the maximum energy increased
with the oxide thickness. However, the average peak energy was con-
stant at ca. 1.84 eV, and thus, no significant change due to oxide thick-
ness was observed. It is probable that the stacking faults at the
oxidized interface increased with the oxide thickness, i.e., the heating
time, because the strain around the oxide-SiC interface is enhanced,
which results in enhancement of the emission energy dispersion.

The effect of Ar annealing on the surface SPSs was investigated.
First, the density of the SPSs was compared using the sample with an
oxide thickness of 5 nm on the #4 substrate. PL maps at room temper-
ature before and after Ar annealing are shown in Fig. 7. The number
of surface SPSs and the radiation intensity were significantly decreased
by Ar annealing. The SPS density decreased for oxide thicknesses
greater than 10 nm (Fig. 5). This can be explained by considering that
a larger oxide thickness corresponds to a longer heating time, which
results in a reduction of the SPS density. Therefore, thermal treatment
is considered to reduce the number of surface SPSs.

Finally, the impact of Ar annealing on each surface SPS was
investigated. Changes in the PL spectra for individual surface SPSs on
substrate #1 were traced after Ar annealing at various temperatures.
There were many cases in which the radiation intensity was weakened
with elevation of the annealing temperature, and such cases comprised
73% of the observed SPSs.

Appl. Phys. Lett. 118, 204005 (2021); doi: 10.1063/5.0048772
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On the other hand, there were three other behaviors observed.
PL spectra at room temperature for each surface SPS on the #1 sub-
strate after various Ar annealing temperatures are shown in Fig. 8.
Figure 8(a) shows that a PL spectrum consisting of ZPL+PSB became
only PSB at an annealing temperature of 600 °C, and the intensity was
entirely weakened. This case occurred for 19% of the observed SPSs. It
is considered that the ratio of PSB was increased by thermal treatment
and the radiation itself was weakened. Figure 8(b) shows the case
where the ZPL shifted, which occurred for 5% of the observed SPSs.
The ZPL around 608 nm disappeared and appeared at 564 nm with an
annealing temperature of 600 °C. This wavelength shift, which corre-
sponds to a 0.16 eV shift in photon energy, can be attributed to the
structural change of the oxidized interface due to annealing, which
results in a change in the radiation energy. Therefore, this demon-
strates that a change of the oxidized interface near the surface SPS has
an effect on the radiation wavelength shift. Behavior in which the state
of SPS itself could be changed is shown in Fig. 8(c). The radiation
spectrum was not significantly changed until 600 °C, while a relatively
sharp emission peak appeared when annealing at 800 °C. This means
that, in addition to the state-change of the oxidized interface, a change
that has an effect of PSB elimination occurred in the surface SPS itself.
To summarize, Ar annealing was determined to enhance the changes
of state in the oxidized interface and the surface SPS, which resulted in
changes of the wavelength shift and PSB generation rate, respectively.

Changes in the radiation properties due to Ar annealing typically
occurred at an annealing temperature of 600 °C; therefore, we discuss
the meaning of this temperature. According to Johnson et al,'® post-
oxidation NO annealing has an effect on the density of SPSs as well as
a reduction of the interface state density. Therefore, the formation of
metal oxide semiconductor (MOS) interface defects may be correlated
with that of surface SPSs. In our previous work, Ar annealing also has
an effect on the change of the MOS interface characteristics and the
oxygen-related structural change.'” Furthermore, the annealing tem-
perature that induced these changes was 600°C. Therefore, it is
inferred that the interface states in the MOS characteristics and the

PL intensity [arb.units]

No anneal
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FIG. 8. PL spectra at room temperature for each surface SPS on the #1 substrate after various Ar anneal temperatures: (a) ZPL buried into PSB, (b) ZPL shifted, and (c) the
state of SPS changed. BG subtractions were processed. The arrows indicate the center wavelength. Ar annealing was carried out from 200 to 800 °C. Each spectrum is offset

for clarity.
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generation of surface SPSs are closely related to each other, and their
structural change requires a heating temperature of 600 °C or more.

According to Ref. 19, O 2p spectra obtained using ultraviolet
photoemission spectroscopy were changed at 600°C, which was
attributed to a reduction of the O atom density at the oxide-SiC inter-
face and inferred that O atoms at the interface begin to move at this
annealing temperature. In density functional theory (DFT) calcula-
tions,”’ the migration-energy barrier of an O atom at the SiC surface
was ca. 0.9 eV. We estimated the event frequency of such O atom dis-
placement to have an energy barrier of 0.9 ¢V at an annealing temper-
ature of 600 °C. Given the assumption that the oscillation frequency of
O atoms at the SiC surface corresponds to the optical phonon of Si,
the event frequency was a few events per second. Therefore, this result
could indicate that a structure change of the surface SPSs occurs at
600 °C and the changes in their radiation properties originate from the
displacement of O atoms as a part of the surface SPSs.

In this study, we obtained knowledge on the radiation properties
and dependency of surface SPSs on the formation processes. Low tem-
perature PL measurements revealed that ZPL solely appears at low
temperatures and the emission energies of ZPL had a 0.33 eV disper-
sion for each surface SPS. Comparison of the radiation properties
between the Si-face and a-face suggested that fewer stacking faults
were formed at the oxidized interface on a-face; therefore, the disper-
sion of emission energies was restricted. These results revealed that
stacking faults formed near the oxidized interface can be responsible
for the emission energy dispersion of the surface SPSs, which has been
suggested from our ab initio simulations. In addition, the precise ZPL
energies obtained from low temperature PL measurements inferred
several defect structures as the origin of the surface SPS. The depen-
dence of the SPS formation density and emission energies of the sur-
face SPSs on the oxide thickness indicated that as the oxide thickness
increases, the number of unstable SPSs is reduced, although the total
number of SPSs is also reduced, and the emission energy dispersion is
enhanced. We infer that this energy dispersion is attributed to an
increase in the stacking faults due to the enhancement of strain around
the oxide-SiC interface. The formation density of surface SPS formed
was reduced with elevation of the Ar anneal temperature, which sug-
gests that thermal treatment has an ability to reduce the surface SPSs.
Furthermore, PL spectra were measured for each surface SPS after var-
ious Ar annealing temperatures. As a result, a ZPL shift, a reduction in
radiation intensity, and a change of the state of SPSs were observed at
an annealing temperature of 600 °C. Finally, experimental and theoret-
ical studies suggested that the structural change of the surface SPSs at
this temperature originates from the displacement of O atoms at the
oxide-SiC interface.

See the supplementary material for second-order correlation
functions (g*(t)) obtained from surface SPSs on 4H-SiC Si-face (sub-
strate #1), 6H-SiC Si-face (substrate #2), and a-face (substrate #3)
substrates.
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