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Characterization of deep traps in the near-interface oxide of widegap metal–oxide–
semiconductor interfaces revealed by light irradiation and temperature change
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To evaluate oxide trap state density in the near-interface region of silicon carbide metal–oxide-semiconductor (SiC MOS) stacks, photo-assisted
capacitance–voltage measurements at various temperatures were performed. The difference between the deep trap profiles at SiC MOS interfaces
treated with two kinds of post-oxidation-annealing was revealed, which cannot be detected by conventional evaluation methods of interface state
density. With this method, the differences in the energy profile of trap levels together with their spatial distribution in the near interface region of
oxide were investigated. © 2022 The Japan Society of Applied Physics

1. Introduction

The wide-bandgap semiconductors such as silicon carbide
(SiC) are expected as the next-generation materials for high-
voltage power devices and other applications such as high-
temperature operatable complementary metal–oxide–semi-
conductor devices. However, the performance of those
devices expected from their physical properties of them has
not been achieved mainly due to the lack of optimized
fabrication processes. For example, the characteristics
of SiC metal–oxide–semiconductor field-effect-transistors
(MOSFETs) are seriously degraded by the effects of the
high density of defects at the MOS interfaces.1) These defects
cause problems such as low channel mobility and low
reliability of the device operation. Therefore, suppressing
the density of the traps near the MOS interface and
improving its electrical properties is crucially important to
improve the SiC MOSFET performance.
A serious concern is that in such widegap materials many

of those interface defect states near the MOS interface may
not be detected and quantified by conventional methods, such
as interface state density (Dit) evaluation.2) In general, the
shallow traps, which locate in the energetically and spatially
shallow region can be detected and quantified by the Dit

evaluation method, while the fixed charge density can be
quantified from the flat band voltage (Vfb) shift observed in
the capacitance–voltage (C–V ) characteristics. As shown in
Fig. 1, since fixed charges and shallow traps are dominant in
the Si MOS interface, conventional methods are enough to
evaluate the interface quality. However, for wide gap
materials, there are some kinds of traps that are often
overlooked in those conventional methods, such as deep
interface traps and near interface traps located in the oxide
layer. The latter ones are called near-interface traps
(NITs),3,4) which often appear in various non-Si MOS
interfaces.
Among various common polymorphs of SiC, 4H-SiC has a

larger bandgap of 3.26 eV and higher bulk electron mobility
which does not depend on its crystal orientation
significantly.5,6) So, it has attracted much attention for power
device applications even though the performance expected
from its physical properties of it has not been achieved. A
part of such performance limitation can be attributed to the
high density of NITs. Especially the NIT with deep levels are

often overlooked. For example, in SiC MOSFETs the low
reliability is a problem, such as a threshold voltage instability
when a voltage is continuously applied. It is believed that this
is mainly due to the effect of the trapped electrons or holes
located away from the interface in the oxide film.7) Actually,
a bias temperature instability measurement study8) indicates
the existence of a large amount of NITs, which results in the
observation of recovery of Vth after the release of bias
stress.9) Therefore, a characterization method of NITs with
deep levels is needed.
To characterize the profile of NITs, it is crucial to evaluate

both energy distribution and spatial distribution of them in
the oxide. Even though the hysteresis width of C–V
characteristics is often regarded as one of the indicators of
the quantity of slow time-constant traps, it has not been easy
to analyze the energy distribution and spatial distribution
separately. Therefore, in this study, we propose and demon-
strate a method that can evaluate oxide trap density located in
the near-interface region, which can distinguish the energy
profile and the spatial depth profile of them in the oxide. The
energy profile of the oxide traps is quantified from the photo-
assisted C–V measurement where the wavelength of the light
is continuously changed. On the other hand, the spatial depth
profile of them is evaluated by conducting the photo-assisted
C–V measurements at various temperatures. A part of this
study has been already reported in the extended abstract of
the 2021 International Workshop on Dielectric Thin Films for
Future Electron Devices 202110) using only the samples
fabricated on p-type 4H-SiC substrates. On the other hand, by
using the samples fabricated on both p- and n-type 4H-SiC
substrates, this paper discusses totally the difference of the
profiles of the traps in the near interface region among
different annealing processes.

2. Experimental methods

Both 8°-off axis 4H-SiC (0001) substrates covered with Al-
doped p-type epitaxial layer (doping density ∼1.3× 1016

cm−3) and 4°-off axis 4H-SiC (0001) substrates with n-type
epitaxial layer (doping density ∼1.1× 1016 cm−3) were
employed in this study. After HF cleaning, the wafers were
oxidized in dry-O2 ambient at 1300 °C to grow SiO2 films
(∼25 nm) thermally, followed by either of two kinds of post-
oxidation annealing processes: (i) re-oxidized in H2O+O2

ambient (pH2O:pO2= 9:1) at 800 °C for 8 h (wet-POA), or
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(ii) N2+NO ambient (N2:NO= 2:1) at 1150 °C for 8 h (NO-
POA). We compared the effects of those two kinds of
annealing processes conducted after conventional thermal
oxidation of SiC to examine the validity of our evaluation
methods. Various approaches to improving the MOS inter-
face characteristics of 4H-SiC MOSFETs have been studied
so far, for example, high-temperature thermal oxidation,11)

NO or N2O annealing after dry oxidation,12,13) and so on.
Among those methods, the introduction of nitrogen by a NO
annealing process after oxidation (NO-POA) is the most
common SiC surface passivation technique.14) On the other
hand, the H2O-oxidation processes on 4H-SiC have been also
reported to result in better interface characteristics15–17),

especially for PMOSFETs.18) Our group has also demon-
strated that post-oxidation annealing in H2O-including am-
bient environment (wet-POA) at a temperature as low as 800
°C works quite efficiently for both n-type and p-type.18–20)

Therefore, those two kinds of POA processes, NO-POA and
wet-POA were chosen to demonstrate the effectiveness of the
evaluation methods proposed in this study.
After two kinds of POA processes, Au was vacuum

evaporated as a gate electrode to fabricate MOS capacitors.
The gate area was ∼5× 10−5 cm2. The photo-assisted C–V
measurements were performed at room temperature (300 K)
and low temperature (223 K, and 173 K) with 1MHz, while
changing the photon energy of light through a monochro-
mator, from 1.6 to 3 eV with an energy step of 0.2 eV
(at 300 K) and from 1.6 to 2.8 eV with energy step of 0.4 eV

(at 223 K and 173 K), respectively, using Xe lamp as the light
source. The significant difference in energy steps is due to the
limitation of experimental facilities. The gate voltage-
sweeping rate in the C–V measurements was∼100 mV s−1.
The light with around∼0.8 Wcm−2 was irradiated on the
sample for 180 s, while a depletion bias was applied.
Immediately after stopping the irradiation, the gate voltage
sweep started from the depletion state toward the accumula-
tion state, then from accumulation to the depletion state. The
hysteresis width of the C–V curve of this voltage cycle was
evaluated.

3. Photo-assisted C–V with various wavelengths of
light

3.1. Principle of photo-assisted C–V with various
wavelengths of light
In photo-assisted C–V measurements, the occupancy ratio of
the deep levels is forcibly changed by the light irradiation
under a depletion bias. After stopping the irradiation, C–V
measurement is conducted where the density of deep level
traps can be quantified from the hysteresis width of the C–V
curve because the trapped charges are once excited by the
light irradiation in the depletion state, but re-captured when
the accumulation bias is applied.21–23) In this study, we
continuously change the wavelength of light to estimate the
energy distribution of deep levels. The trap energy level that
should be forced to become vacant by light can be tuned by
changing the wavelength as schematically shown in Fig. 2 for

Fig. 1. (Color online) Schematic of differences of both energetic and spatial distributions of the trap states exiting near the MOS interfaces, between Si MOS
and widegap semiconductors MOS stacks.

Fig. 2. (Color online) Schematic diagram to indicate the energy levels of traps whose charges are excited by light irradiation, drawn for the cases of
irradiating different light wavelengths, L1 and L2, respectively, on the sample with the p-type substrate. Filled circles represent holes and open circles represent
vacant trap levels. The trapped charges between the green dotted line appear as the difference in the hysteresis width in Fig. 3 ( V VL L1 2D - D ).
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the case of p-type substrates. For this case, the trapped
charges will be excited when their energy levels referred to as
the valence band edge (EV) are less than the energy of light,
while the energy levels should be referred to as the conduc-
tion band edge (EC) for n-type. Note that this study uses only
the light with photon energy well below the bandgap energy
in contrast to the conventional photo-assisted C–V measure-
ments where UV light with the energy above the bandgap is
employed. Figure 3 shows typical photo-assisted C–V curves
obtained at different wavelengths, L1 and L2. The small
plateau observed in C–V curves around the region of
maximum hysteresis will be approximately corresponding
to the surface potential where the Fermi level comes closer to
the energy level with the high density of the traps. But we do
not focus on this energy level to avoid the ambiguous
discussion to determine such levels under the possible
influences of light-induced excitation of carriers. In this
study, the amount of de-trapped charges will be detected as
the maximum hysteresis width (ΔVL1 and ΔVL2, respec-
tively) in the C–V curves of each wavelength.
With this method, we newly define the effective interface

trap state density (Deff) by Eq. (1), using the difference of the
number of traps ( /C V qEoxD ) observed at different light
energies, where Cox is the oxide capacitance, q is an
elemental charge, and E is the light energy

D
C V V

q E E
. 1L L

L L
eff

ox 1 2

1 2

( )
( )

( )=
D - D

-

Note that Deff gives the total effective density of trapping
states for a unit area, including not only the deep interface
traps located on the surface of the semiconductor but the
NITs located in oxide ∼Å or ∼nm away from the MOS
interface. Note that the oxide traps located further than ∼nm
are not taken into account as NIT in this study due to the very
long time constant, which will be discussed later. Therefore,
the traps with a wide variety of time constant are detectable
by this measurement, except for very slow traps with a time
constant longer than the sweeping time of C–V measurement
(100 s, in our experiments).
Here it is worth mentioning how we can excite the trapped

electrons in the region covered by gate electrode, even
though we employ a nontransparent Au as the gate material.

To consider the light delivery to the region covered by the
gate, we should remind that the absorption coefficient of SiC
for visible light is so small that the light can penetrate the
whole substrate easily. If we have a back contact electrode,
we expect a sufficient intensity of visible light reflection on
the backside. This reflected light can reach even the area
covered by a gate. Actually, we confirmed that the electrode
size of 1.5× 10−4 cm2 as small enough to excite the carriers
under depletion bias by ∼1.8 eV UV light to observe the
achievement of the inversion state using the same mono-
chromator setup, while the electrode size beyond 3.0× 10−4

cm2 results in smaller response. Thus, the electrode size
∼5× 10−5 cm2 in this study is considered to be small enough
to excite the trapped carriers in the oxide sufficiently under
depletion bias. The validity of our experimental set up in
terms of light intensity and irradiation time was also
examined. From the light intensity dependence of hysteresis
width with some of the wavelengths employed in the
experiment, the hysteresis width was found to saturate
when the light intensity was above 50% of the maximum
intensity of the system. So, the maximum light intensity of
the system in this experiment was confirmed to be sufficient
to discuss the density of the trapped charges quantitatively.
The appropriate light irradiation duration was also examined
by observing the saturation behavior in the hysteresis width
in the C–V curves. In our measurement, the irradiation time
was set to 3 min because the hysteresis width was almost
saturated by the irradiation for 3 min or more which was
confirmed for some typical wavelengths.
3.2. Results of photo-assisted C–V with various
wavelengths of light
In Fig. 4, Deff determined from photo-assisted C–V measure-
ments using Eq. (1) at 300 K are shown for both samples on
p-type and n-type substrates, together with the energy
distribution of Dit estimated by the high–low method using
1MHz and 1 kHz. Without light irradiation, the hysteresis
width of C–V curves was below 0.1 V. Both wet-POA and
NO-POA improved the interface quality in terms of Dit, to
achieve a similar Dit ∼ 1011 cm−2 eV−1 at 0.2−0.5 eV from
the conduction band edge (for n-type substrate samples) or
the valence band edge (for p-type substrate samples). Even
with a similar Dit, the difference in interface quality between

Fig. 3. (Color online) Typical example of photo-assisted C–V characteristics with two kinds of light wavelengths, L1 and L2. (Reproduced from Ref. 10).
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those samples with different POA treatments was clearly
revealed by photo-assisted C–V measurements at room
temperature. From Deff profiles, it can be seen that both
samples showed effective trap state densities of 1012−1013

cm−2 eV−1 for energy levels from 0.8 to 2.2 eV referred to
EV, However, near midgap state from 1.5 to 2.2 eV referred
to Ev, the sample with NO-POA showed a broad energy
profile whereas those trap state densities are almost sup-
pressed (less than the detection limit of Deff) for the sample
with wet-POA. Instead, in the region of 1.5 eV, a small peak
of Deff was detected. It can be the characteristic trap of the
wet-POA.
Next, we would like to discuss the possible origins of such

deep traps revealed in this study by considering several
candidate defect structures though we cannot determine
which is the most probable one only from our experimental
results. Simulation studies have been made on the expected
energy levels of possible deep traps formed near the SiO2/SiC
interface with various origins.24–27) As for the origins of the
deep traps on the valence band side (0.7−1.6 eV referred to
Ev), Si–CO–CO2 (0.7 eV), (C2)Si (0.9 eV and 1.5 eV),
Si–(CO)–CO2 (0.8 eV) and (Ci)C (0.8 eV) may be the
candidates considering its suggested energy levels. On the

other hand, the possible candidates of the origin of the deep
traps on the conduction band side (1.6−2.3 eV referred to Ev)
would be Si3–C (2.2 eV), C6-ring (2.2 eV), Si–O–O–Si
(2.3 eV) and (Ci)C (1.7 eV). Since the enhancement of the
removal of CO from the SiO2/SiC interface by H2O

28) is
expected for wet-POA, the significant reduction of near
midgap states by wet-POA may be related to such structures
consisting of C and O atoms. Especially in the region of 1.5
−2.2 eV, some of the deep states were reduced efficiently by
wet-POA, though we cannot specify the most probable defect
structure corresponding to that energy region only from our
experimental data. Note that all of these candidate defect
structures are carbon-related or carbonyl-induced defects and
are characteristically present at the SiC MOS interfaces.

4. Photo-assisted C–V characterized at various
temperatures

4.1. Principle of photo-assisted CV characterized at
various temperatures
Hysteresis measurements, like photo-assisted C–V measure-
ments, are the effective way to evaluate the NITs as we have
discussed so far. However, a major restriction of the
hysteresis measurement is the fact that the traps with a
longer time constant than the voltage-sweeping time of C–V
measurement cannot be detected. Note that the time constant
of charge trapping ( )t in NITs is generally approximated to
be proportional to Fermi–Dirac function, which is given by
Eq. (2) as an exponential function of measurement tempera-
ture, when we assume that the tunneling process in oxide
from the interface to the trap is the rate-determining step of
the carrier trapping process.29,30)

T F E T E, , exp 2 , 20( ) ( ) ( ) ( ) ( )t c t kc=

where T is the measurement temperature and 0t is the time
constant of the interface traps which weakly depends on T. c
is the tunneling distance of the traps. The notation k is the
tunneling attenuation factor for an electron wave function of
energy E, which is a function of the tunneling mass of
electrons (m*).31) F defines the ratio of available sites
working as a receptor of tunneling electrons. The factor
exp 2( )kc expresses the attenuation of tunneling probability
for a given tunneling distance. It should be noted that the t of
de-trapping is strongly dependent on T because of the
temperature dependence of F. For example, the estimated t
at 173 K becomes a few orders larger than that of 300 K.
Here we assume as the effective mass, 0.30 m0 for electrons
and 0.58 m0 for holes, respectively,

32,33) where m0 is the mass
of the free electron. As for the band offset, EC

ox−EC
SiC at the

SiC/SiO2 interface was set to 2.7 eV where EC
ox is the

conduction band edge of oxide and EC
SiC is that of

SiC.34,35) Using the above assumptions and mathematical
relationships given in the literature, E0 ( )t and k were
approximately estimated. As a result, the temperature depen-
dence of the approximate time constant of the traps with
different distance from the interface were calculated34) as
shown in Fig. 5. Since our photo-assisted C–V measurements
were conducted with the voltage sweep rate ∼100 mV s−1,
we can roughly estimate the detection range of the location of
the oxide traps from the relationship in Fig. 5. Note that the
measurements at lower temperature will detect only the
spatially shallower (closer to semiconductor) oxide traps

(a)

(b)

Fig. 4. (Color online) Energy distribution of Deff measured at room
temperature (RT; 300 K), for the samples with (a) NO-POA and (b) wet-
POA. The distribution of Dit is also shown.
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than those at room temperature, as illustrated in Fig. 6 for the
case of hole-trapping. Thus, the photo-assisted C–V measure-
ments at various temperatures can reveal the approximate
depth profile of NITs.
4.2. Results of photo-assisted C–V characterized at
various temperatures
The Deff profile observed at lower temperatures (223 K and
173 K) on both p-type and n-type substrate samples is shown
in Fig. 7 for the cases of (a) NO-POA and (b) wet-POA,
respectively. As mentioned above, those low-temperature
data are indicating the oxide trap density located closer to
MOS interfaces than the ones observed at room temperature.
From the figure, it is found that the effective trap state density
in the region closer to the interface (173 K) seems to be a few
times smaller than the one detected in the wider region
(300 K) for the samples with NO-POA for the whole energy
levels. On the other hand, for the sample of wet-POA, those
in the region closer to the interface (173 K) is much smaller
than those for the sample with NO-POA. It may seem strange
that Deff observed at 300 K for the energy range from 0.5 to
2.5 eV is smaller than that at lower temperatures. This is
considered to be originated from a significant estimation error
in the low temperature data, because of the coarseness of Deff

determination due to the large wavelength interval for low
temperature measurements, as mentioned in Sect. 2. This

experimental condition difference between the room tem-
perature (0.2 eV interval) and the low temperature (0.4 eV
interval) measurements is caused by our experimental facility
limitation.
Considering the quantitative relationship between t and

the distance of the traps from the interface shown in Fig. 5,
the detectable distance at 173 K by ∼100 mV s−1 voltage
sweep measurement was roughly estimated to be around half
of that at 300 K as shown in Fig. 6. From Deff profiles
observed at lower temperatures, it can be seen that the sample
with NO-POA showed higher effective trap state densities for
whole energy levels than wet-POA sample. Our results would
be reasonable if we assume an almost uniform spatial
distribution of Deff for NO-POA sample in the region within
∼1 nm distance from the MOS interface. On the other hand,
Deff detected at 173 K for the sample with wet-POA is as
small as the level of Dit, which means that wet-POA
suppresses the oxide traps in the region within several Å
from the MOS interface quite more efficiently than NO-POA
for the whole energy levels. This can be consistent with the
fact that the field-effect mobility in both NMOSFET and
PMOSFET fabricated with optimized wet-POA on (0001)
substrates is a little better than that fabricated with
NO-POA.17,19)

Fig. 5. (Color online) Estimated temperature dependence of the approx-
imate time constants t of the oxide traps with the different distances from the
interface for the case of hole-trapping.

Fig. 6. (Color online) Schematic of oxide trap detection range of spatial
distance from SiO2/SiC interface at different temperatures T, approximately
estimated for the case of hole-trapping. The distance x of the trap states for t
< 100 s was roughly estimated, assuming the parameters such as tunneling
attenuation factor κ. Here, trap level E was assumed to be close to the band
edge.

(a)

(b)

Fig. 7. (Color online) Energy distribution of Deff at low temperature
(223 K and 173 K) together with that at room temperature for the samples
with (a) NO-POA and (b) wet-POA.
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5. Conclusions

In this study, we examined a characterization method of NITs
with deep energy levels from two different viewpoints: the
energy distribution and the spatial distribution of oxide traps.
From photo-assisted C–V measurements with various wave-
lengths of lights at different temperatures, the difference in
the deep trap profiles in the near-interface region of the SiC
MOS interface fabricated by different processes was clearly
revealed. For NO-POA, the trap levels uniformly exist both
spatially and energetically, whereas for wet-POA, those are
reduced more efficiently, especially in near midgap energy
levels and in the spatial region of several Å from the MOS
interface. Therefore, this method can be effective as a simple
method for investigating the energy distribution and spatial
distribution of oxide traps in the near interface region in wide
bandgap semiconductor MOS stacks.

Acknowledgments

This work was partly supported by JSPS KAKENHI (Grant
Nos. 18H03771 and 21H04550).

ORCID iDs

Koji Kita https://orcid.org/0000-0002-3753-8125

1) V V. Afanas’ev, F. Ciobanu, S. Dimitrijev, G. Pensl, and A. Stesmans, J.
Phys. Condens. Matter 16, S1839 (2004).

2) V. V. Afanas’ev, M. Bassler, G. Pensl, and M. Schulz, Phys. Status Solidi a
162, 321 (1997).

3) F. Devynck, A. Alkauskas, P. Broqvist, and A. Pasquarello, Phys. Rev. B 83,
195319 (2011).

4) N. Bhat and K. C. Saraswat, J. Appl. Phys. 84, 2722 (1998).
5) J. A. Cooper Jr, M. R. Melloch, R. Singh, A. Agarwal, and J. W. Palmour,

IEEE Trans. Electron Devices 49, 658 (2002).
6) T. Kimoto and J. A. Cooper, Fundamentals of Silicon Carbide Technology:

Growth, Characterization, Devices, and Applications (Wiley, Singapore,
2014), p. 33.

7) A. J. Lelis, R. Green, D. B. Habersat, and M. El, IEEE Trans. Electron
Devices 62, 316 (2015).

8) D. Okamoto, H. Yano, T. Hatayama, and T. Fuyuki, Appl. Phys. Lett. 96,
203508 (2010).

9) T. Hosoi et al., IEEE Int. Electron Devices Meet., 2012, p. 159, https://doi.
org/10.1109/IEDM.2012.6478998.

10) R. Hasegawa and K. Kita, IWDTF2021, Tokyo.
11) K. Moges, T. Hosoi, T. Shimura, and H. Watanabe, Appl. Phys. Express 12,

061003 (2019).
12) S. Katakami, M. Arai, K. Takenaka, Y. Yonezawa, H. Ishimori,

M. Okamoto, K. Kojima, and K. Fukuda, Mater. Sci. Forum 717–720, 709
(2012).

13) S. Katakami, H. Fujisawa, K. Takenaka, H. Ishimori1, S. Takasu,
M. Okamoto, M. Arai, Y. Yonezawa, and K. Fukuda, Mater. Sci. Forum
740–742, 958 (2013).

14) J. Rozen, S. Dhar, M. E. Zvanut, J. R. Williams, and L. C. Feldman, J. Appl.
Phys. 105, 124506 (2009).

15) K. Fukuda, M. Kato, K. Kojima, and J. Senzaki, Appl. Phys. Lett. 84, 2088
(2004).

16) M. Okamoto et al., Mater. Sci. Forum 778–780, 975 (2014).
17) M. Okamoto, M. Tanaka, T. Yatsuo, and K. Fukuda, Appl. Phys. Lett. 89,

023502 (2006).
18) J. Koyanagi, M. Nishida, and K. Kita, Jpn. J. Appl. Phys. 59, SMMA06

(2020).
19) H. Hirai and K. Kita, Appl. Phys. Lett. 113, 172103 (2018).
20) H. Hirai and K. Kita, Jpn. J. Appl. Phys. 56, 111302 (2017).
21) C. Mizue, Y. Hori, M. Miczek, and T. Hashizume, Jpn. J. Appl. Phys. 50,

201001 (2011).
22) M. Okamoto, M. Iijima, K. Fukuda, and H. Okumura, Jpn. J. Appl. Phys. 51,

046504 (2012).
23) N. Inoue, T. Kimoto, H. Yano, and H. Matsunami, Jpn. J. Appl. Phys. 36,

L1430 (1997).
24) T. Kobayashi and Y. Matsushita, J. Appl. Phys. 126, 145302 (2019).
25) Z. Zhang, Z. Wang, Y. Guo, and J. Robertson, Appl. Phys. Lett. 118,

031601 (2021).
26) F. Devynck, A. Alkauskas, P. Broqvist, and A. Pasquarello, Physical Review

B 84, 235320 (2011).
27) P. Deak, J. M Knaup, T. Hornos, C. Thill, A. Gali, and T. Frauenheim, J.

Phys. D: Appl. Phys. 40, 6242 (2007).
28) H. Hirai and K. Kita, Appl. Phys. Express 8, 021401 (2015).
29) F. P. Heiman and G. Warfield, IEEE Trans. Electron Devices 12, 167 (1965).
30) Y. Fujino and K. Kita, J. Appl. Phys. 120, 085710 (2016).
31) D. Konig, M. Rennau, and M. Henker, Solid-State Electron. 51, 650 (2007).
32) R. K. Channa, J. Appl. Phys. 109, 104508 (2011).
33) W. Li, J. Zhao, and D. Wang, Solid State Commun. 205, 28 (2015).
34) Y. Yuan, B. Yu, J. Ahn, P. C. McIntyre, P. M. Asbeck, M. J. W. Rodwell,

and Y. Taur, IEEE Trans. Electron Devices 59, 2100 (2012).
35) T. Hosoi, T. Kirino, S. Mitani, Y. Nakano, T. Nakamura, T. Shimura, and

H. Watanabe, Curr. Appl. Phys. 12, 579 (2012).

SH1006-6 © 2022 The Japan Society of Applied Physics

Jpn. J. Appl. Phys. 61, SH1006 (2022) R. Hasegawa and K. Kita

https://orcid.org/0000-0002-3753-8125
https://orcid.org/0000-0002-3753-8125
https://orcid.org/0000-0002-3753-8125
https://doi.org/10.1088/0953-8984/16/17/019
https://doi.org/10.1088/0953-8984/16/17/019
https://doi.org/10.1002/1521-396X(199707)162:1<321::AID-PSSA321>3.0.CO;2-F
https://doi.org/10.1002/1521-396X(199707)162:1<321::AID-PSSA321>3.0.CO;2-F
https://doi.org/10.1103/PhysRevB.83.195319
https://doi.org/10.1103/PhysRevB.83.195319
https://doi.org/10.1063/1.368384
https://doi.org/10.1109/16.992876
https://doi.org/10.1109/TED.2014.2356172
https://doi.org/10.1109/TED.2014.2356172
https://doi.org/10.1063/1.3432404
https://doi.org/10.1063/1.3432404
https://doi.org/10.1109/IEDM.2012.6478998
https://doi.org/10.1109/IEDM.2012.6478998
https://doi.org/10.7567/1882-0786/ab1b53
https://doi.org/10.7567/1882-0786/ab1b53
https://doi.org/10.4028/www.scientific.net/MSF.717-720.709
https://doi.org/10.4028/www.scientific.net/MSF.717-720.709
https://doi.org/10.4028/www.scientific.net/MSF.740-742.958
https://doi.org/10.4028/www.scientific.net/MSF.740-742.958
https://doi.org/10.1063/1.3131845
https://doi.org/10.1063/1.3131845
https://doi.org/10.1063/1.1682680
https://doi.org/10.1063/1.1682680
https://doi.org/10.4028/www.scientific.net/MSF.778-780.975
https://doi.org/10.1063/1.2221400
https://doi.org/10.1063/1.2221400
https://doi.org/10.35848/1347-4065/ab8e1f
https://doi.org/10.35848/1347-4065/ab8e1f
https://doi.org/10.1063/1.5042038
https://doi.org/10.7567/JJAP.56.111302
https://doi.org/10.1143/JJAP.50.021001
https://doi.org/10.1143/JJAP.50.021001
https://doi.org/10.1143/JJAP.51.046504
https://doi.org/10.1143/JJAP.51.046504
https://doi.org/10.1143/JJAP.36.L1430
https://doi.org/10.1143/JJAP.36.L1430
https://doi.org/10.1063/1.5100754
https://doi.org/10.1063/5.0037241
https://doi.org/10.1063/5.0037241
https://doi.org/10.1103/PhysRevB.84.235320
https://doi.org/10.1103/PhysRevB.84.235320
https://doi.org/10.1088/0022-3727/40/20/S09
https://doi.org/10.1088/0022-3727/40/20/S09
https://doi.org/10.7567/APEX.8.021401
https://doi.org/10.1109/T-ED.1965.15475
https://doi.org/10.1063/1.4961871
https://doi.org/10.1016/j.sse.2007.03.009
https://doi.org/10.1063/1.3587185
https://doi.org/10.1109/TED.2012.2197000

	1. Introduction
	2. Experimental methods
	3. Photo-assisted C–V with various wavelengths of light
	3.1. Principle of photo-assisted C–V with various wavelengths of light
	3.2. Results of photo-assisted C–V with various wavelengths of light

	4. Photo-assisted C–V characterized at various temperatures
	4.1. Principle of photo-assisted CV characterized at various temperatures
	4.2. Results of photo-assisted C–V characterized at various temperatures

	5. Conclusions
	Acknowledgments
	A7



