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Abstract. We investigated single photon sources (SPSs) in 4H-SiC metal-oxide-semiconductor
field-effect transistors (MOSFETSs) by means of confocal microscope techniques. We found SPSs
only in 4H-SiC/SiO; interface regions of wet-oxide C-face MOSFETs. The other regions of
MOSFETs such as source, drain and well did not exhibit SPSs. The luminescent intensity of the SPSs
at room temperature was at least twice larger than that of the most famous SPSs, the nitrogen-vacancy
center, in diamond. We examined four types of C-face and Si-face 4H-SiC MOSFETs with different
oxidation processes, and found that the formation of the SPSs strongly depended on the preparation
of SiC/Si0; interfaces.

Introduction

Wide-bandgap semiconductors, especially diamond, have good color centers that are suitable for
single photon sources (SPSs) operatable at room temperature. Such “room-temperature SPSs” have a
great potential for quantum photonics and quantum sensing applications. For example, if they have
electron spins, they are usable as a quantum sensor for electromagnetic fields and are applicable to,
e.g., bio-imaging technologies. The nitrogen-vacancy (NJ/") center in diamond realizes such an
imaging [1]. However, diamond is known to be a high-cost material as well as having many
difficulties for device processing.

On the other hand, it has been recently demonstrated that silicon carbide (SiC) is also a good host
material for preparing room-temperature SPSs. For instance, a silicon-vacancy center (V;) created
by electron irradiation was demonstrated as room-temperature SPSs with electron spins [2]. Carbon
antisite-vacancy pair (Cs;¥¢) in irradiated high-purity semi-insulating 4H-SiC was also found to act
as bright SPSs [3]. Room-temperature SPSs were also simply formed by a low-temperature oxidation
of SiC surfaces [4]. Furthermore, room-temperature SPSs (tentatively assigned to an antisite center)
were found in 4H-SiC pn diodes, which were electrically driven by pulse currents [5]. Recently, we
have found room-temperature SPSs in the channel regions (SiC/SiO, interfaces) of 4H-SiC
MOSFETs [6]. Their signatures were significantly different from the SPSs reported in previous
works [2-5], and hence we assigned them to a novel type of SPSs [6]. These SPSs have a possibility
to control their charge states and spin states by an electrical voltage or current of a MOSFET. We
believe that they were formed at the 4H-SiC/Si0O, interfaces; namely, they are a sort of interface
defects. Therefore, in this work, we examined oxidation-process dependences of the interfacial SPSs
by preparing four types of 4H-SiC MOSFETs with different oxidation processes.
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Experiments

We used a home-built confocal microscope (CFM) using high-NA (NA = 0.95) air object lens and
a 532-nm laser to detect photoluminescence (PL) from a single PL center. This is optimized for
observing the NV center in diamond [7]. A confocal beam is detected by a pair of avalanche photo
diodes. In this work, we measured X-Y-Z mapping images (positional resolution > 1 nm) as well as
performed anti-bunching measurements with a Hanbury-Brown-Twiss interferometer [2-5]. The
laser light and PL emissions below 647 nm are cut off by a long-pass filter to highlight spots of SPSs.
Using our CFM setup, a single NV~ center can be detected as a bright spot with a diameter of 0.5 um
and a peak luminescent intensity of 80,000 counts-per-sec (80 kcps).
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Fig. 1. (a) Optical microscope image of an wet-oxide C-face 4H-SiC MOSFET after removing Al
electrodes. (b) An X-Y CFM image of the channel and channel-stopper regions. The bright spots
of ~160 kcps arise from SPSs. (c) Anti-bunching behavior of a SPS in the channel region. (d) An
X-Y CFM image of the S/D and the channel regions. The S/D region exhibits no SPSs, while
many bright spots of the SPSs exist in the channel region. (e¢) An X-Y CFM image of the well
region. The well region also did not show SPSs (the SPSs in the channel-stopper region are also
not visible because of a wider color-scale range). The CFM images (b), (d) and (e) were obtained
from the rectangular regions shown in (a).

The samples we measured are four types of n-channel lateral C-face and Si-face 4H-SiC MOSFETs
(gate oxide thickness = 50 nm, gate length/width = 100/150 pum). The C-face samples were prepared
by either wet oxidation at 1000 °C or dry oxidation at 1100 °C on a 5-um epitaxial layer of a 4°-off

4H-SiC(0001) wafer. On the other hand, the Si-face ones were subjected to either the standard dry
oxidation or the standard post-oxidation nitridation (NO anneal). Figure 1 (a) shows the whole image
of a MOSFET used for CFM measurements. There are four types of doped regions, “n’-type source
and drain (S/D),” “p'-type well,” “p -type channel,” and “p-type channel stopper.” In order to
examine these regions by CFM, metal electrodes were removed by a wet etching, as the SiO, layers
remained as they were. The channel region was covered by a 50-nm-thick thermal oxide, while the
channel-stopper region was covered by a 500-nm-thick deposited SiO; layer. In CFM measurements,
we focused on SiC surfaces of the S/D and well regions or SiC/SiO; interfaces of the channel and
channel-stopper regions. All CFM measurements were carried out at room temperature and under
1-mW laser excitation.
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Results

Figure 1(b) shows a CFM image of the boundary between the channel and channel-stopper regions
of a wet-oxide C-face MOSFET. Both regions show many isolated bright spots, which are arising
from SPSs. The peak luminescent intensities of the spots are about 160 kcps, which are twice larger
than that of the NV~ center (80 kcps). To confirm that the observed spots are surely SPSs, we carried
out the anti-bunching measurements [2-5]. Figure 1(c) shows the normalized self-correlation
function g®(7) measured for a bright spot in the channel region, where 7 is a delay time between
photon-detection events of the two independent photo detectors. The anti-bunching curve can be well
fitted by the case of a SPS with a three-level PL system [8], demonstrating the presence of a SPS in a
single spot. Also the bright spots in the channel-stopper region revealed similar g'?(7) curves as well
as the same luminescent intensities as those of the SPSs in the channel region. Therefore, we judged
that the SPSs in the channel and channel-stopper regions are identical.

On the other hand, the S/D region and the well region were overall very bright and exhibited no
SPSs [Figs. 1(d) and (e), respectively]. Instead, these regions showed high background luminescence
of ~100 kcps (S/D) and ~750 kcps (well), which were much brighter than that of the channel and
channel-stopper regions (~25 kcps). Since the S/D and well regions were subjected to high-dose ion
implantations, dopants and implantation damages may cause the bright background luminescence.

To investigate the oxidation-process dependence of the SPSs, we measured other three types of
MOSFETs. Figures 2(a) to (d) compare CFM images of the channel regions (upper half) and the
channel-stopper regions (lower half) of the MOSFETSs with different gate-oxide processes. Only in
(a) (C-face wet oxidation), were the bright spots of the SPSs observed. The areal density of the SPSs
was estimated to be 1 x 10" cm™ in both regions (see Table I). In Fig. 2(b) (C-face dry oxidation),
both regions emitted overall bright background. However, the luminescent spots could be slightly
recognized. Their areal densities were more than 20 times higher than those of (a) (see Table I), and
we could not observe anti-bunching behaviors in any those spots. Even with the high density of the
spots, the dry-oxide C-face interface exhibited a lower luminescent intensity (see Table I). Therefore,
we suggest different origins for the luminescent spots in (a) and (b). The channel and channel-stopper
regions of the two Si-face SIC-MOSFETs [Figs. 2(c) and (d)] revealed spotty images more similar to
Fig. 2(a). The areal densities of the luminescent spots were about 1 x 10° cm™ (see Table 1), which
we expect will enable us to observe individual SPSs. However, we could not find any anti-bunching
behaviors in the two Si-face SiIC-MOSFETs. This result is contrast with the previous work that
observed SPSs in a briefly oxidized 4H/6H/3C-SiC surfaces [3]. The CFM observations of the four
MOSFETSs are summarized in Table 1, which clearly indicates that the formation of the SPSs depends
on oxidation processes.
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Fig. 2. Comparison of X-Y CFM images in the channel (upper half) and the channel-stopper (lower
half) regions of four types of 4H-SiC MOSFETs with (a) C-face wet-oxide, (b) C-face dry-oxide,
(c) Si-face dry-oxide, and (d) Si-face dry-oxide + standard NO nitridation.
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Table I. Properties of the luminescent spots in four types of SIC-MOSFETs.

C-face Si-face
Wet oxidation Dry oxidation Dry oxidation Nitrided
ch™' | ch-st’ ch ch-st ch ch-st ch ch-st
Areal density
[Xlog cm'z] 0.1 0.1 2.9 2.3 1.2 1.0 0.7-1.0 0.3
Spot [keps] >160 | >160 | 100-120 | 100-120 100 80 120-130 | > 160
Ba‘Elﬁf;;’imd 20-30 | 20-30 | 80-90 60 50-60 | 20-30 | 50-60 | 30-40
Anti-bunching 5 5 o " y y “ “
behavior

"1 “ch” and “ch-st” mean the channel region and the channel-stopper region, respectively.

Summary

We have found the SPSs in the channel and the channel-stopper regions of wet-oxide C-face
4H-SiC MOSFETs. They were brighter than the NV center in diamond within our CFM setup. In
the same MOSFET, the S/D region and the well region revealed no SPSs, and exhibited very high
background luminescence. We also examined dry-oxide C-face MOSFETs as well as two types of
Si-face MOSFETs. The dry-oxide C-face sample did not show the SPSs, indicating a strong
dependence of the SPSs on oxidation processes. Also in the Si-face MOSFETs, we did not find any
SPSs, which is contrast with the previous works (e.g., Ref. 3) that reported a simple formation of
SPSs via a brief oxidation of Si-face SiC surfaces.
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