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We present single photon sources (SPSs) embedded in 4H-SiC metal-oxide-semiconductor field-

effect transistors (MOSFETs). They are formed in the SiC/SiO2 interface regions of wet-oxidation

C-face 4H-SiC MOSFETs and were not found in other C-face and Si-face MOSFETs. Their bright

room-temperature photoluminescence (PL) was observed in the range from 550 to 750 nm and

revealed variable multi-peak structures as well as variable peak shifts. We characterized a wide

variety of their PL spectra as the inevitable variation of local atomic structures at the interface.

Their polarization dependence indicates that they are formed at the SiC side of the interface. We

also demonstrate that it is possible to switch on/off the SPSs by a bias voltage of the MOSFET.

Published by AIP Publishing. https://doi.org/10.1063/1.4994241

A state-of-the-art confocal photoluminescence (PL)

microscope makes it possible to observe a single luminescent

defect (PL center)1 and even control its photon state2 and

spin states.3 This ability has great potential for quantum

informatics as well as quantum-sensing techniques with an

extremely high sensitivity. In principle, a single PL center

can emit a single photon at a single PL event, which turns

out to be a solid-state implementation of single photon sour-

ces (SPSs).2 One of the most famous examples of SPSs is a

negatively charged nitrogen-vacancy center (NV–) in dia-

mond, which is an extremely bright and stable PL center

operatable at room temperature.1 Recently, further brighter

and room-temperature-operatable SPSs have been found in

silicon carbides (SiC). For instance, bright SPSs were easily

formed in commercial high-purity semi-insulating (HPSI)

4H-SiC wafers after some treatments.3–5 Furthermore, it has

been demonstrated that bulk defects in 4H-SiC (divacancies3

and silicon vacancies6) are suitable for controlling a single

spin in an SPS, similar to the case of the NV– center. Later,

Lohrmann et al. found bright SPSs in a 4H-SiC device (pþ–n
diode) and demonstrated to control them by electrical cur-

rents.7 Since 4H-SiC templates can realize a variety of

device structures such as diodes as well as both bipolar and

unipolar transistors, it will be quite possible to combine

SPSs with various types of 4H-SiC electronic devices.

In this letter, we report SPSs in the channel region of

wet-oxidation C-face 4H-SiC metal-oxide-semiconductor

field-effect transistors (MOSFETs). The SPSs were formed

with a density of 1� 107 cm�2 in the SiC/SiO2 interface

regions, and they emitted very strong PL at room temperature.

Their photon emission was more than twice brighter than the

PL from a single NV– center with our confocal microscope

(CFM) setup. On the contrary, we have not found any SPSs in

dry-oxidation C-face MOSFETs and two types of the standard

Si-face MOSFETs. The present SPSs are characterized by a

wide variety of PL spectra, suggesting that they are sensitive

to local atomic structures at the interface, like a “sensor” for

the interface. We also demonstrate a bias-controlled switching

of the SPSs by taking advantage of the MOSFET structure.

We used a home-built confocal PL microscope opti-

mized for detecting a single NV– center in diamond.8 The PL

was excited by a solid-state 532-nm laser. A confocal beam

was detected by either a pair of independent photodiodes or

a commercial double-grating PL spectrometer. The former

detector was used for conventional X–Y–Z CFM mapping

and anti-bunching experiments with a Hanbury-Brown-

Twiss interferometer,3–10 where X and Y represent the coor-

dinate axes along the sample surface, and Z indicates the

depth from the sample surface (Z � 0). In this mode, the

laser line and background emissions below 647 nm were cut

off by long-pass filters to highlight spots of SPSs. For the

PL-spectrometer mode, only a long-pass filter of 561 nm was

used. We used a high-NA objective lens in air (NA¼ 0.95).

By using our CFM setup, a single NV– center was detectable

as a bright spot with a luminescent intensity of about 80 000

counts-per-sec (80 kcps). All measurements described here

were done at room temperature.

The lateral n-channel C-face 4H-SiC MOSFETs (gate

length/width¼ 100/150 lm) that we examined were prepared

on a 5–lm-thick epitaxial layer of a 4�-off 4H-SiC(000)

wafer.11 The whole image of the MOSFET is shown in Fig.

1(a). The channel region (p–-type) was formed by the epitaxial

layer with [Al] � 5� 1015 cm�3. The source and drain (S/D)

regions were formed by phosphorous ion implantation ([P]

� 2� 1020 cm�3) followed by activation annealing at 1620 �C
for a few minutes. The 50-nm-thick gate oxide was grown by

either wet oxidation at 1000 �C or dry oxidation at

1100–1200 �C. The wet-oxidation C-face MOSFETs were sub-

jected to a post-oxidation anneal (POA) with H2 gas at

1100 �C, while the dry-oxidation ones were annealed in Ara)umeda.takahide.fm@u.tsukuba.ac.jp
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ambient at the same temperature and for the same period to

ensure that the two C-face MOSFETs had the same thermal

history. The pþ-well region was formed by a heavy Al

ion implantation ([Al] � 1� 1020 cm�3). Also, the channel-

stopper region (p-type) was prepared by moderate Al implanta-

tion ([Al] � 1� 1018 cm�3) and was covered by a

0.5–lm-thick deposited SiO2 layer. We also prepared the stan-

dard Si-face 4H-SiC MOSFETs by either dry oxidation or dry

oxidationþNO POA nitridation for a comparative study

between C-face and Si-face MOSFETs. The maximum values

of the field-effect mobility (lFE) were 90 cm2�V�1�s�1 for the

wet-oxidation C-face MOSFETs, �0 cm2�V�1�s�1 for the

dry-oxidation C-face MOSFETs (no channel currents were

activated), 2 cm2�V�1�s�1 for the dry-oxidation Si-face

MOSFETs, and 20 cm2�V�1�s�1 for the nitrided Si-face

MOSFETs.11

Before the CFM measurements, the top metal electrodes

were removed by wet etching, while we kept the SiO2 layers

as they were. When we removed the SiO2 layers, the SPSs

vanished or their luminescence became unstable. This behav-

ior was consistent with a previous report that an oxide layer

was necessary to stabilize SPSs in oxidized HPSI 4H-SiC

wafers.5 Therefore, we believed that the SPSs were confined

to the SiC/SiO2 interface regions, similar to the case of the

Lohrmann’s study.5 However, we emphasize that our

MOSFETs revealed a different type of SPS, as shown later.

We have confirmed the presence of SPSs only in wet-

oxidation C-face 4H-SiC MOSFETs (Fig. 1). In Fig. 1(a),

the S/D and well regions reveal bare SiC surfaces, while the

channel and channel-stopper regions were covered by either

a thin (52 nm) or thick (0.5 lm) SiO2 layer, respectively. The

rectangular region in (a) was scanned by CFM, which is

shown in Fig. 1(b). The S/D regions (and also the well

region) were overall bright; hence, the recognition of SPSs

was hardly possible there. On the contrary, the channel and

channel-stopper regions showed much lower background

emissions (�20 kcps) as well as many isolated bright spots

arising from SPSs. Figure 1(c) focuses on SPSs in the chan-

nel region. Their luminescent intensities are found to be

�160 kcps for normal spots (spot #1) or �250 kcps for

brighter spots (spot #2), which is at least twice larger than

the 80 kcps of a single NV– center in our setup. The SPSs

were formed in the SiC/SiO2 interface region (Z � 0), as

shown by the X–Z image of Fig. 1(d). In this image, a 5–lm-

thick epitaxial layer is visible as a darker 1.9–lm-thick layer

[the optical thickness was calculated by dividing the physical

thickness by the reflection index of SiC (2.65)]. The present

SPSs seemed to be always located at the top of the epitaxial

layer; hence, we believe that they originate from a sort of

interface defect in SiC/SiO2 structures.

To demonstrate the correspondence between the bright

spots and SPSs, we performed anti-bunching experiments.3–10

Figure 1(e) shows the normalized self-correlation function

g(2)(s) measured for the spots #1 and #2 shown in Fig. 1(c),

where s is the delay time between the photon-detection events

FIG. 1. (a) Optical microscopy image of a wet-oxidation C-face SiC-

MOSFET (gate length/width¼ 100/150 lm) after removing top electrodes.

There are four types of regions with different doping concentrations: source/

drain (S/D) (nþ), channel (p–), channel stopper (p), and well (pþ) regions. (b)

50� 50-lm2 CFM image measured for the rectangular region shown in (a).

Bright spots in channel and channel-stopper regions arise from SPSs. A bright

5-lm-width periphery of the S/D region was covered by an oxide layer, where

PL emission was strongly enhanced. The same periphery was also seen in the

well region (not shown in the figure). (c) CFM image of SPSs in the channel

region. (d) CFM depth profile for the SPSs. A 5-lm-thick epitaxial layer is

shown as a darker layer. The SPSs are always located in the SiC/SiO2 inter-

face region. (e) Anti-bunching experiments on spots #1 and #2 in (c) and on

the reference sample (single NV– center in diamond) after background correc-

tions. Solid lines expressed fitting curves calculated based on the three-level

SPS system.9 Ratios of (Signal)/(SignalþBackground)10 were 0.88 for spot

#1 and 0.92 for spot #2.

TABLE I. Densities of luminescent spots and their luminescent intensities

in the channel regions of four types of SiC-MOSFETs. Note that lumines-

cent intensities shown here include background emissions. We compare pre-

sent data with previous work on oxidized HPSI 4H-SiC wafers.5

Sample

Density of

luminescent

spots (�108 cm�2)

Luminescent

intensity

(kcps)

Channel region

of 4H-SiC MOSFETs

(This work)

C-face wet 0.11 (SPSa) 160–250

C-face dry �2.9b,c 100–120

Si-face dry �1.2b �100

Si-face nitrided �0.7b 120–130

Oxidized HPSI

4H-SiC wafers5

C-face dry �8d …

Si-face dry �0.8d (SPSa) …

aThe observed spots arise from SPSs, which have been confirmed by the

anti-bunching experiments.
bAfter subtracting the constant background luminescence, we could find a

spotty image and estimate the density of luminescent spots.
cBecause of severe overlaps of the spots, the density of the spots was

roughly estimated by assuming that a single spot should have a circular area

of 0.196 lm2.
dWe estimated the density of SPSs on the Si face using CFM images shown

in Fig. 1 of Ref. 5. For the C face, it was reported that the density of SPSs

was one order of magnitude higher than that on the Si face.

031105-2 Abe et al. Appl. Phys. Lett. 112, 031105 (2018)



of two independent photodetectors.9,10 For both the spots,

their g(2)(s) curves were well described with a three-level PL

system: g(2)(s)¼ 1 � (1þ a)exp(�jsj/s1)þ a�exp(�jsj/s2).9

The solid lines in Fig. 1(e) were calculated with s1¼ 2.6 ns

and s2¼ 15.6 ns for spot #1 and s1¼ 1.8 ns and s2¼ 9.2 ns for

spot #2. Using the same setup, we also observed g(2)(s) of a

single NV– center [see the bottom curve in Fig. 1(e)], reveal-

ing longer lifetimes (s1¼ 7.1 ns and s2¼ 39.5 ns). The shorter

lifetimes of the present SPSs imply a faster recombination of

carriers, which may correspond to their higher brightness

compared to those of the NV– center. Similar higher bright-

ness was commonly found in room-temperature SPSs in 4H-

SiC, where similar short lifetimes were observed [s1¼ 1.2 ns,4

s1¼ 2.4 ns,5 and s1¼ 3.3 ns (Ref. 7)]. The spots observed in

the channel-stopper region also revealed the same features as

those of the SPSs in the channel region.

The densities of the SPSs were found to be

1–2� 107 cm�2 in both the channel and channel-stopper

regions (see Table I). By contrast, other MOSFETs with

C-face dry-oxidation, Si-face dry-oxidation, and Si-face nitri-

dation did not exhibit any SPSs in both the channel and

channel-stopper regions. This is a striking contrast with the

previous work5 that not only 4H-SiC Si-face surfaces but also

6H-SiC and 3C-SiC surfaces easily form SPSs on their surfa-

ces after a brief annealing (800 �C for 5 min) in oxygen

ambient.

As described in Table I, our Si-face MOSFETs exhibited

isolated bright spots (�100 kcps) of �1� 108 cm�2 under a

low background emission (	30 kcps). Even with such a

good condition, we could not have found any anti-bunching

behaviors in the two Si-face SiC-MOSFETs. The overall

results indicate that the formation of the SPSs is highly sensi-

tive to the preparation of the SiC/SiO2 interfaces and is not

so simple and easy as expected previously. We have to men-

tion that atomic structures of our interfaces should be essen-

tially different from those of the previous studies,5 owing to

FIG. 2. (a) Polarization dependences of the SPSs. Each

emission intensity was normalized to its highest level.

The SPSs were classified into three types of orientations

in association with a threefold symmetry. (b) Wide vari-

ation in the highest-energy peak (Peak0) of the SPSs.

Their positions were estimated via fitting analyses

described below. (c) PL spectra of individual SPSs (“A”

to “F”) and fitting results based on our proposed model.

All the SPSs revealed similar anti-bunching behaviors

as shown in Fig. 1(e). The bottom spectrum was mea-

sured at the background position (not on bright spots)

and showed the pure secondary Raman line (�580 nm)

of 4H-SiC.15 Each spectrum was normalized such that

its secondary Raman line has an equal intensity. PL

spectra below 561 nm were not recorded owing to the

low-pass filter. (d) Fitting results (peak positions and

relative intensities) for the PL spectra “A” to “F.” We

used a set of the highest-energy peak (Peak0) and six

sideband peaks (Peak1 to Peak6) as is summarized in

Table II. See also details of the fitting in the text.

031105-3 Abe et al. Appl. Phys. Lett. 112, 031105 (2018)



our robust oxidations which accumulate oxidation-induced

strain12 as well as oxidation-induced interstitial atoms13 in

the interface region. Another important difference is the

usage of device-grade epitaxial layers, which may prevent

the easy formation of SPSs inside MOSFETs.

To examine the origins of the SPSs in wet-oxidation C-

face SiC-MOSFETs, we performed polarization and PL

experiments on the SPSs. Figure 2(a) shows polarization

dependences of the SPSs by rotating a polarization angle of

an incident linear-polarized beam. As is seen in the figure,

the SPSs clearly show three types of polarization behaviors

based on a three-fold symmetry. Since this symmetry coin-

cides with that of the 4H-SiC(000) face, we concluded that

the SPSs are formed in the SiC side of the SiC/SiO2 interfa-

ces. The probability ratio among the above three types

appeared to be 0�:120�:240� ¼ 28%:36%:36% with an error

of 69%. Therefore, the SPSs seemed to be uniformly ori-

ented in the 4H-SiC(000) face.

In the next place, the PL spectra of individual SPSs

were measured. In Fig. 2(b), positions of the highest-energy

PL peak of each SPS are plotted (we call it “Peak0” and its

position was estimated via a fitting analysis described

below). We found a very wide variation in the peak positions

over the energy range of 0.35 eV. Similar wide variations

were also seen in zero-phonon lines (ZPL) of other SPSs in

SiC [0.17 eV (Ref. 4) and 0.34 eV (Ref. 7)] as well as in dia-

mond [0.23 eV (Ref. 14)]. Since the present SPSs are located

in the interface region, it is reasonably expected that their PL

spectra varied more widely than the case of SPSs in the bulk

region.4,7,14 For example, we expect that strong local strains

at the SiC/SiO2 interfaces12 contribute to the wide ZPL vari-

ation of the present SPSs. In addition to the peak shifts, the

PL spectra exhibited a variety of multi-peak structures [Fig.

2(c)], which is one of the most remarkable differences from

the Lohrmann’s study.5 In fact, the previous SPSs exhibited

a broad PL signal in the range between 530 and 670 nm.5 We

assumed them to phonon sidebands, because similar multi-

peak structures repeatedly appeared in the PL spectra “B” to

“F” in Fig. 2(c).

We tried to fit all PL spectra simultaneously by assum-

ing the following model. (i) The highest-energy peaks (pre-

sumably ZPLs) are shifted as mentioned in Fig. 2(b). (ii)

Multiple phonon sidebands are included, and their intensities

are allowed to vary from one SPS to another depending on

each local environment. We chose six sideband peaks as

indicated by “Peak1” to “Peak6” in Fig. 2(c) and Table II.

We should emphasize that the present model is not proven as

a unique solution; however, all the PL spectra were success-

fully fitted, as shown in Fig. 2(c). Figure 2(d) summarizes

the fitted positions and intensities of Peak0 and six sideband

TABLE II. A fitting model for PL spectra of the present SPSs, where we assumed a set of the highest-energy peak (Peak0) and six sideband peaks. The position

of Peak0 was adjusted for each SPS, while those of the sidebands were fixed to keep energy separations defined in this table. Peak intensities were variable.

Full width at half maximum (FWHM) of each peak is given in this table and was allowed to fluctuate by 30% in order to adjust for individual SPS. Possible

assignments of the phonon sidebands are also shown in the table.16,17

Peak0 Peak1 Peak2 Peak3 Peak4 Peak5 Peak6

DEa (cm�1) 0 515 1330 1510 1920 2240 2630

FWHM (nm) 25 40 40 20 35 75 100

Assignment of local vibration modes … SiH2 Si-O C-H, C-O … … -C
C-, Si-H …

aEnergy separation in cm�1.

FIG. 3. A bias control of the SPSs in the wet-oxidation C-face 4H-SiC MOSFET. (a) CFM images of an nþ-drain/p-channel-stopper junction of the MOSFET

under applying drain biases. A bright region in the left edge is an electrode of the drain. The well contact was set to 0 V, and the source and gate contacts were

opened. (b) PL intensities of spots #3 and #4 as a function of the drain bias. The upper figure shows the junction currents.

031105-4 Abe et al. Appl. Phys. Lett. 112, 031105 (2018)



peaks. Among the six sidebands, the major ones (Peak1,

Peak2, and Peak5) are assignable to the local vibration

modes of possible interfacial structures such as Si-O, Si-H2,

C-H, or C-O (see Table II). We speculate that the peak inten-

sities reflect on local bonding structures at the interface, and

hence, the present SPSs may be usable as a sensor for visual-

izing local interface structures. We also mention that judging

from their PL spectra, if we use an optimal long-pass filter

instead of the 647-nm filter used in this study, the lumines-

cent intensities of the present SPSs will be largely enhanced.

Finally, a bias control of the SPSs is examined by utiliz-

ing the SPSs in the channel-stopper region of a wet-

oxidation C-face MOSFET. Figure 3(a) shows a series of

CFM images of an nþ-drain/p-channel-stopper junction,

where the nþ-drain region (the left edge) was covered by an

Al electrode. We applied a drain bias to the electrode both

negatively (the nþ–p junction was forward-biased) and posi-

tively (the junction was reversely biased). As is seen in the

20� 20–lm2 images, many SPSs in the channel-stopper

region responded to the applied biases. We observed revers-

ible switching behaviors of the SPSs with opposite directions

(e.g., spots #3 and #4) in the narrow bias range from �2 V to

�3 V, as shown in Fig. 3(b). Further increasing a negative

bias generated much larger currents [Fig. 3(b)], but no signif-

icant changes were observed for these SPSs. Also positive

biases had no impacts on them, although the magnitude of

the currents became close to that at �2 V. These observa-

tions demonstrate the ability to control the present SPSs by a

bias voltage, although the mechanism of the bias control as

well as their origins remains future issues to be solved.

In summary, we have found the interfacial SPSs in the

channel and channel-stopper regions of wet-oxidation C-face

4H-SiC MOSFETs. These SPSs were much brighter (160 to

250 kcps) than a single NV– center (80 kcps) in diamond

with our CFM setup. The formation of the present SPSs was

strongly affected by the oxidation processes, suggesting that

they originate from interface defects. In fact, their PL spectra

varied widely from one SPS to another, probably depending

on the fluctuation of local atomic structures at the interface.

This feature is useful for proving the local interface struc-

tures around SPSs. Since the present SPSs were sufficiently

bright and stable at room temperature and were controllable

via bias voltages of the MOSFET, they have potential as an

electrically controlled SPS combined with SiC-MOSFETs.
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