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 10 

 11 

We regulated trap formation in silicon carbide (SiC) metal-oxide-semiconductor (MOS) structures 12 

by applying gate bias stress and evaluated how traps at different energy levels degrade the 13 

performance of SiC MOS field-effect transistors (MOSFETs). Specifically, samples with 14 

systematically varied nitridation conditions were prepared, and the impact of interface traps 15 

generated under negative-bias stress at an elevated temperature of 300°C was investigated. Carrier 16 

trapping behavior and mobility degradation trends were examined using the transfer characteristics 17 

together with Hall‑effect measurements. In samples without nitridation, the interface states in the 18 

shallow energy region (EC − ET = 0 – 0.10 eV) increased under stress, and they were found to act as 19 

carrier traps. In nitrided samples, the interface states in relatively deep energy regions (EC − ET = 20 

0.15 – 0.35 eV) increased and functioned as Coulomb scattering centers, thereby reducing the free 21 

electron mobility.   22 
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I. INTRODUCTION 1 

Silicon carbide (SiC) is a wide-bandgap semiconductor that is well suited for power electronics 2 

applications1. Among SiC-based devices, metal-oxide-semiconductor field-effect transistors 3 

(MOSFETs) are especially promising as power switches. However, the performance of SiC 4 

MOSFETs has been limited by their high on-resistance, which is primarily attributable to the channel 5 

component. Indeed, estimates indicate that 48–66% of the total on-resistance is governed by the 6 

channel resistance for 600–1200 V-class SiC MOSFETs2. The high channel resistance arises from 7 

carrier trapping caused by the high interface state density (Dit) in the MOS structure3–7, as well as 8 

from degradation in free carrier mobility induced by carrier scattering5,8–14. In general, the field‑effect 9 

mobility (μFE), which is evaluated from the drain current–gate voltage (ID–VG) characteristics of a 10 

transistor, reflects both the free carrier density and free carrier mobility. To separate and evaluate 11 

these contributions, it is effective to examine the Hall mobility (μHall), which represents the free 12 

carrier mobility and can be obtained from MOS Hall‑effect measurements. Indeed, previous studies 13 

have evaluated μHall and discussed the influence of interface states, fixed charges, dipole scattering, 14 

surface roughness, and other factors8–11. However, elucidating the scattering mechanisms in SiC 15 

MOSFETs is not straightforward. For example, to investigate the effect of interface states on carrier 16 

mobility, it is necessary to prepare a set of samples in which Dit is systematically varied. Over the 17 

course of MOSFET research and development, intensive efforts have been devoted to understanding 18 

the origin of the interface states2,15–20. Accordingly, several interface‑state‑reduction techniques, such 19 

as nitric oxide (NO) annealing21–23, ultra-high-temperature oxidation24, and oxidation with rapid 20 

cooling25, have been devised. Recent studies have pointed out that minimization of SiC oxidation, 21 

combined with interface nitridation26–29 or hydrogen annealing30, is a key factor to forming a high-22 

quality SiC MOS interface. Nevertheless, variations in the process tend to alter characteristics other 23 

than Dit, such as fixed charges and dipoles, making it difficult to isolate their individual effects on 24 

carrier mobility. As an example illustrating this difficulty, a previous study has shown that when Dit 25 

is reduced by NO annealing, μHall instead decreases5, which cannot be straightforwardly understood. 26 

To address this issue, we proposed an approach in which gate bias stress is applied to the MOS 27 

structure to selectively generate fixed charges and interface states31. In practice, when a negative bias 28 

stress is applied at room temperature to an NO-annealed n‑channel MOSFET, holes are captured in 29 

the oxide, allowing the influence of fixed charges to be examined. Furthermore, applying stress at an 30 

elevated temperature of 300°C additionally generates interface states, enabling evaluation of their 31 

effect. It was clarified that oxide fixed charges formed by stress have only a minor impact on μHall, 32 

whereas the interface states generated by stress significantly degrade it. However, whether 33 

nitridation-introduced nitrogen atoms are associated with stress‑induced strong scattering centers is 34 

still not well understood. Moreover, a systematic understanding is still lacking regarding how the 35 

stress‑induced interface states, depending on their energy levels, contribute to carrier trapping or act 36 

as scattering centers. 37 
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Given this background, in this study we prepared samples under systematically varied NO 1 

annealing conditions to control the nitrogen concentration at the interface, and evaluated the traps 2 

generated by applying gate stress to these samples. This allowed us to distinguish whether the 3 

stress‑induced interface states originate from nitrogen. Additionally, by evaluating both μFE and μHall 4 

in the stressed samples, we distinguished the effects of the generated interface states on carrier 5 

trapping and scattering. Through this investigation, we aim to obtain insights into the nature of traps 6 

that can become killer defects in MOS devices and strategies for their mitigation.  7 

 8 

II. EXPERIMENTAL PROCEDURE 9 

  P-type SiC(0001) epilayers with an acceptor density of 8×1015 cm-3 were used in this study. After 10 

cleaning the samples’ surface, oxides were formed by dry oxidation and Ar annealing at 1200°C, 11 

followed by NO annealing for 30, 60, or 120 min. These samples are denoted as “NO30”, “NO60”, 12 

and “NO120”, depending on the NO annealing time. A sample that was not annealed in NO was also 13 

prepared for comparison (sample “w/o NO”). The capacitance-equivalent oxide thicknesses of the 14 

samples were about 50 nm. MOSFETs and MOS Hall bars were fabricated using these gate oxides. 15 

The gate electrode was made of polycrystalline silicon. For the MOSFETs, the channel length (L) 16 

and width (W) were 5 μm and 200 μm, respectively; for the MOS Hall bars, they were 300 μm and 17 

40 μm. A negative gate bias stress corresponding to an oxide field of −8 MVcm-1 was applied to the 18 

samples for up to 2000 s at 300°C. The stress was temporarily interrupted at discrete stress times to 19 

perform intermediate measurements, allowing us to monitor the evolution of interface states in MOS 20 

structures. Measurements on the MOSFETs and on the MOS Hall bars were repeatedly performed to 21 

monitor the change in μFE and μHall due to bias stress. While the ID–VG measurements on MOSFETs 22 

were performed at 300°C, measurements on MOS Hall bars were performed at room temperature. 23 

Hall-effect measurements were performed under a magnetic field of 0.2 T.  24 

 25 

III. RESULTS & DISCUSSSION 26 

  Figures 1(a)–(d) show the normalized ID–VG characteristics measured at 300°C for the fabricated 27 

MOSFETs. The changes induced by the negative bias stress are shown for each sample condition. 28 

For the sample w/o NO, the VG value at a typical reference current level of ID∙L/W = 10-8 A drifted 29 

toward the positive direction under bias stress, accompanied by a stretch-out of the ID–VG 30 

characteristics, indicating the generation of interface states. In contrast, for the nitrided samples, the 31 

VG value initially drifted in the negative direction upon the application of stress, and then drifted in 32 

the positive direction as the stress continued to be applied. The initial negative drift is attributed to 33 

hole trapping in the oxide, whereas the subsequent positive drift is caused by the increase in Dit, as 34 

described above. The negative voltage drift became more pronounced for longer NO annealing times, 35 

indicating that the nitridation process induced hole traps in the oxide, consistent with previous 36 

studies32,33. The absence of a negative voltage drift in the sample w/o NO can be attributed to the lack 37 
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of nitridation‑induced hole‑trap generation, which allows the effect of the increased Dit to dominate. 1 

  Figures 2(a)–(d) plot μFE as a function of VG evaluated at 300°C for the fabricated MOSFETs. 2 

Again, the changes induced by the negative bias stress are shown for each sample condition. 3 

Comparing the maximum μFE (μFE,max) values before applying stress, annealing in NO for more than 4 

30 min significantly increased the μFE,max from about 16 cm2V-1s-1 for the sample w/o NO to above 5 

30 cm2V-1s-1. This is clearly due to trap passivation by interface nitridation21–23, which increases the 6 

number of mobile electrons that contribute to conduction5. When the stress was applied, all the 7 

samples exhibited significant decrease in μFE. While the degradation in μFE with respect to the no-8 

stress value (zero-second stress plots) seems to be similar across the samples, a quantitative 9 

discussion will be provided in the following paragraph. Considering the findings up to this point, 10 

both stress‑induced interface defects and fixed charges (trapped holes) in the oxide can be considered 11 

as possible causes of the μFE degradation. Nevertheless, we clarified that the stress-induced positive 12 

fixed charge in the oxide has a limited impact on mobility in a previous study31. Since the fixed 13 

charges arise from holes trapped in the SiO2 layer under high electric field, they are located far 14 

enough from the interface, and their influence on carrier scattering is therefore expected to be 15 

minimal. We thus will focus on the effect of stress-induced interface states in what follows. 16 

  Figure 3 shows the ratio of the maximum μFE to the no-stress value, as well as the change in the 17 

subthreshold swing (SS) as a function of stress time. Here, the SS value was evaluated within the 18 

current range of ID∙L/W = 10-11 – 10-10 A, reflecting the contribution from Dit at certain energy levels 19 

below the conduction band edge (EC) of SiC. The energy‑level range of the interface states will be 20 

discussed in detail later. As expected, the rate of decrease in the maximum μFE due to stress was 21 

similar among the samples, regardless of process conditions. In contrast, the degradation in SS was 22 

more pronounced for samples subjected to nitridation. For example, while the SS degradation with 23 

2000 s stress in the sample w/o NO was 0.23 Vdec-1, the sample NO120 reached 0.42 Vdec-1, nearly 24 

twice as large. This suggests that the mechanism of μFE degradation differs depending on whether the 25 

sample was subjected to nitridation. 26 

  Next, let us examine the origins of the μFE degradation as revealed by the MOS Hall-effect 27 

measurements. Figures 4(a)–(d) show the free electron density (nfree) as a function of overdrive 28 

voltage (VG − Vth) evaluated from MOS Hall-effect measurements at room temperature. To eliminate 29 

the influence of the negative voltage drift caused by hole trapping in oxide traps and to focus solely 30 

on the effect of the increased Dit, the horizontal axis is expressed in terms of the overdrive voltage. 31 

The threshold voltage Vth denotes the turn-on voltage and was determined as the VG at which ID∙L/W 32 

= 10-9 A. The data before and after the 2000 s stress are shown for each sample. First, before applying 33 

stress (0 s), nfree is at most on the order of 1011 cm-2 in the sample w/o NO. In contrast, the nitrided 34 

samples show an order-of-magnitude increase, indicating that electron traps are reduced by the 35 

nitridation process. Next, examining the effect of stress (2000 s), the samples w/o NO or with 36 

relatively short nitridation times (i.e., NO30 and NO60) show a significant decrease in nfree under 37 
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stress, whereas sample NO120 exhibits only negligible degradation. Consequently, the trend is 1 

opposite to that inferred from the SS evaluation of the MOSFET (Fig. 3). Note that because the 2 

devices were heated to 300°C during stress application and then cooled down to room temperature 3 

before the Hall measurements were performed, the observed behavior appears to reflect effects that 4 

persist over long timescales rather than short‑term relaxation occurring immediately after stress 5 

interruption. 6 

Now, let us turn to the effect of stress on μHall, which reflects the free electron mobility. Figures 7 

5(a)–(d) show the μHall as a function of nfree for each sample condition at room temperature. The data 8 

before and after the 2000 s stress are shown in each figure. While measurements on μHall were carried 9 

out for nfree below 1011 cm-2, the corresponding data are not shown because noise becomes dominant 10 

in that regime. The value of μHall before stress application was approximately 70 – 80 cm2V-1s-1 for 11 

all sample conditions and showed little variation. When comparing the mobility before and after 12 

stress, no significant degradation was observed in the samples w/o NO and NO30, whereas a clear 13 

degradation appeared in the samples nitrided for more than 60 minutes (i.e., NO60 and NO120). To 14 

quantitatively examine this trend, Fig. 6 summarizes the change in μHall before and after stress as a 15 

function of NO annealing time, evaluated at nfree = 1011 cm-2. The stress‑induced degradation becomes 16 

more pronounced as the nitridation proceeds. This indicates that the traps which formed under stress 17 

and caused the μHall degradation originate from nitrogen atoms at the interface. The degradation is 18 

particularly pronounced when nfree is relatively low, while the μHall measured after stress increases 19 

with nfree (Fig. 5). This behavior corresponds to the typical Coulomb‑scattering trend8,34, where 20 

increasing nfree enhances carrier screening and thereby leads to higher mobility. Since the stress-21 

induced traps that increased with nitridation are detected as SS degradation (Fig. 3), the traps 22 

responsible for the SS degradation likely acted as Coulomb-scattering centers. 23 

Here, we will proceed with a more detailed examination focusing on the energy levels of interface 24 

states. Figures 7(a)–(d) summarize the Dit distributions evaluated from the MOS Hall-effect 25 

measurements and from the room-temperature SS values of MOS Hall bars for each sample condition. 26 

In the case of the MOS Hall‑effect measurement, the energy level at which Dit is monitored can be 27 

directly obtained from nfree, which corresponds to the surface Fermi level5. Dit was obtained by 28 

subtracting nfree from the total electron density determined from the split C–V measurements. An 29 

evaluation based on the SS requires the free carrier mobility in the subthreshold region to determine 30 

the energy level of interface states4. Here, although the mobility generally depends on the current (or 31 

nfree) range used for extraction, we assume that the free-carrier mobility is equal to the Hall mobility 32 

evaluated at nfree = 1011 cm-2 for each sample condition. Based on this assumption, Dit at different 33 

energy levels was determined by varying the current range used for the SS evaluation from ID∙L/W = 34 

10-12 – 10-11 A to 10-9 – 10-8 A. Focusing on Dit in the shallow‑energy region determined from the 35 

MOS Hall‑effect measurement, the figures show that the sample w/o NO exhibited a high initial Dit 36 

and an even larger increase than those of the nitrided samples under stress. In contrast, the sufficiently 37 
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nitrided sample NO120 had a smaller initial Dit that exhibited a negligible stress‑induced increase. 1 

Next, focusing on Dit in the deeper energy region determined from the SS, the sample w/o NO had a 2 

high initial value but exhibited almost no increase under stress, whereas the sample NO120 had a 3 

smaller initial value but a pronounced stress‑induced increase. Thus, the shallow and deep energy 4 

regions exhibited clearly different trends. 5 

A brief consideration is given to the origin of the scattering centers that are characteristic of the 6 

nitrided samples. Although stress-induced deeper‑energy states have a lower density than shallow 7 

ones, they seem to function as strong Coulomb scattering centers. This suggests that the scatterers 8 

are generated on the SiC side of the interface, where channel electrons are localized, thereby exerting 9 

a stronger influence. This interpretation is further supported by MOS Hall‑effect measurements 10 

performed under substrate‑biased conditions, in which the average distance of electrons from the 11 

interface was varied31. The results of the present study strongly suggest that the stress-induced 12 

deeper‑energy states originate from nitrogen atoms. Considering the previous XPS results21,35 and 13 

the fact that the extremely fast‑responding traps are generated by NO annealing36, it is highly likely 14 

that nitrogen is introduced on the SiC side of the interface during the nitridation process. Past 15 

theoretical studies have also investigated incorporation of nitrogen at the SiC surface due to 16 

nitridation37–39. Although the amount of nitrogen incorporated at the SiO2/SiC interface during 17 

nitridation is typically on the order of 1014 cm-2 36, the density of stress‑induced defects observed in 18 

this study is considerably smaller (Fig. 7). This suggests that, when strong voltage stress is applied 19 

at high temperature, a subset of the incorporated nitrogen‑related defects undergo bond‑breaking 20 

reactions, exposing dangling bonds that behave as electrically active traps. 21 

 22 

IV. SUMMARY 23 

We investigated traps generated in SiC MOS structures under gate bias stress and clarified that the 24 

trap‑generation trends differ between the shallow and deep energy regions. (The key findings in this 25 

study are summarized in the SiO2/SiC band diagram shown in Fig. 8.) The shallow‑energy Dit 26 

increased under stress in the non‑nitrided or short-time nitrided samples, whereas this increase was 27 

effectively suppressed in a sufficiently nitrided sample. Although the defects in this energy region 28 

had a large impact on nfree due to their high density, their influence on μHall was minor. In contrast, 29 

for nitrided samples, Dit in the deeper energy region increased under stress, which had a limited 30 

impact on nfree because the density was comparably low, whereas it had a severe effect on μHall by the 31 

corresponding defects acting as Coulomb scattering centers. Considering their impact on μHall, it is 32 

presumed that the stress-induced interface states in the shallow energy region are located at the 33 

interface, whereas those in the deeper-energy region reside in SiC near the interface, closer to where 34 

the channel electrons are present. Because μFE, a key performance metric of MOSFETs, is influenced 35 

by both the carrier density and scattering, it inevitably deteriorates under stress regardless of the 36 

nitridation condition. Taken together, these results clarify that the impact of traps, whether acting as 37 
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carrier traps or scattering centers, depends strongly on their energy levels and location.  1 
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Fig. 1. Normalized drain current–gate voltage (ID–VG) characteristics measured at 300°C for SiC 

MOSFETs: (a) w/o NO, (b) NO30, (c) NO60, and (d) NO120. Time labels shown in figures represent 

duration of applied stress. 

 

 

Fig. 2. Field-effect mobility (μFE) as a function of gate voltage (VG) evaluated at 300°C for SiC 

MOSFETs: (a) w/o NO, (b) NO30, (c) NO60, and (d) NO120. Time labels shown in figures represent 

duration of applied stress. 
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Fig. 3. Ratio of the maximum field-effect mobility (μFE) to no-stress value, and change in 

subthreshold swing (SS) as a function of stress time.  

 

 

Fig. 4. Free electron density (nfree) as a function of overdrive voltage (VG − Vth) evaluated from MOS 

Hall-effect measurements performed at room temperature: (a) w/o NO, (b) NO30, (c) NO60, and (d) 

NO120. The vertical axis in (a) is on the order of 1011 cm-2, while the remaining panels use a 1012 

cm-2 scale. Time labels shown in figures represent duration of applied stress. 
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Fig. 5. Hall mobility (μHall) as a function of free electron density (nfree) evaluated from MOS Hall-

effect measurements at room temperature: (a) w/o NO, (b) NO30, (c) NO60, and (d) NO120. Time 

labels shown in figures represent duration of applied stress. 

 

 

Fig. 6. Change in Hall mobility (μHall) before and after stress as a function of NO annealing time. 

Time labels shown in figure represent duration of applied stress. 
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Fig. 7. Energy distribution of interface state density (Dit) evaluated from MOS Hall-effect 

measurements and from room-temperature subthreshold swing (SS) of MOS Hall bars: (a) w/o NO, 

(b) NO30, (c) NO60, and (d) NO120. Solid lines represent the Dit values determined from MOS Hall-

effect measurements, whereas symbols connected lines represent the Dit values obtained from SS. 

Time labels shown in figures represent duration of applied stress. 

 

 

Fig. 8. Schematic band diagram of SiO2/SiC structure summarizing key findings in this study. 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

03
37

19
3



12 
 

References 

1 T. Kimoto, and J.A. Cooper, Fundamentals of Silicon Carbide Technology (John Wiley & Sons, 

Singapore, 2014). 
2 T. Kimoto, and H. Watanabe, Appl. Phys. Express 13, 120101 (2020). 
3 M. Bassler, G. Pensl, and V. Afanas’ev, Diam. Relat. Mater. 6, 1472 (1997). 
4 H. Yoshioka, J. Senzaki, A. Shimozato, Y. Tanaka, and H. Okumura, AIP Adv. 5, 017109 (2015). 
5 T. Hatakeyama, Y. Kiuchi, M. Sometani, S. Harada, D. Okamoto, H. Yano, Y. Yonezawa, and H. 

Okumura, Appl. Phys. Express 10, 046601 (2017). 
6 T. Kobayashi, and T. Kimoto, Appl. Phys. Lett. 111, 062101 (2017). 
7 J. Rozen, S. Dhar, M.E. Zvanut, J.R. Williams, and L.C. Feldman, J. Appl. Phys. 105, 124506 (2009). 
8 M. Noguchi, T. Iwamatsu, H. Amishiro, H. Watanabe, K. Kita, and N. Miura, Jpn. J. Appl. Phys. 

59, 051006 (2020). 
9 X. Chi, K. Ito, T. Suto, A. Shima, K. Mikami, M. Kaneko, and T. Kimoto, IEEE Trans. Electron 

Devices 72, 6494 (2025). 
10 K. Ito, H. Tanaka, M. Horita, J. Suda, and T. Kimoto, Appl. Phys. Express 17, 081003 (2024). 
11 T. Hatakeyama, H. Hirai, M. Sometani, D. Okamoto, M. Okamoto, and S. Harada, J. Appl. Phys. 

131, 145701 (2022). 
12 H. Tanaka, and N. Mori, Jpn. J. Appl. Phys. 59, 031006 (2020). 
13 E. Arnold, and D. Alok, IEEE Trans. Electron Devices 48, 1870 (2001). 
14 J. Rozen, A.C. Ahyi, X. Zhu, J.R. Williams, and L.C. Feldman, IEEE Trans. Electron Devices 58, 

3808 (2011). 
15 H. Amini Moghadam, S. Dimitrijev, J. Han, and D. Haasmann, Microelectronics Reliability 60, 1 

(2016). 
16 V. V. Afanas’ev, F. Ciobanu, S. Dimitrijev, G. Pensl, and A. Stesmans, J. Phys. Condens. Matter 

16, S1839 (2004). 
17 P. Deák, J.M. Knaup, T. Hornos, C. Thill, A. Gali, and T. Frauenheim, J. Phys. D Appl. Phys. 40, 

6242 (2007). 
18 S. Wang, S. Dhar, S.R. Wang, A.C. Ahyi, A. Franceschetti, J.R. Williams, L.C. Feldman, and S.T. 

Pantelides, Phys. Rev. Lett. 98, 026101 (2007). 
19 T. Kobayashi, and Y.I. Matsushita, J. Appl. Phys. 126, 145302 (2019). 
20 F. Devynck, A. Alkauskas, P. Broqvist, and A. Pasquarello, Phys. Rev. B 84, 235320 (2011). 
21 P. Jamet, and S. Dimitrijev, Appl. Phys. Lett. 79, 323 (2001). 
22 P. Jamet, S. Dimitrijev, and P. Tanner, J. Appl. Phys. 90, 5058 (2001). 
23 H.F. Li, S. Dimitrijev, H.B. Harrison, and D. Sweatman, Appl. Phys. Lett. 70, 2028 (1997). 
24 T. Hosoi, D. Nagai, M. Sometani, Y. Katsu, H. Takeda, T. Shimura, M. Takei, and H. Watanabe, 

Appl. Phys. Lett. 109, 182114 (2016). 
25 R.H. Kikuchi, and K. Kita, Appl. Phys. Lett. 105, 032106 (2014). 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

03
37

19
3



13 
 

26 T. Kobayashi, T. Okuda, K. Tachiki, K. Ito, Y.I. Matsushita, and T. Kimoto, Appl. Phys. Express 

13, 091003 (2020). 
27 K. Tachiki, M. Kaneko, and T. Kimoto, Appl. Phys. Express 14, 031001 (2021). 
28 H. Fujimoto, T. Kobayashi, T. Shimura, and H. Watanabe, Appl. Phys. Express 16, 074004 (2023). 
29 K. Ramadoss, A. Samal, D. Morisette, and J. Cooper, Appl. Phys. Express 19, 011001 (2026). 
30 T. Kobayashi, H. Fujimoto, S. Kamihata, K. Hachiken, M. Hara, and H. Watanabe, Appl. Phys. 

Express 18, 081002 (2025). 
31 T. Kobayashi, K. Koyanagi, H. Hirai, M. Sometani, M. Okamoto, and H. Watanabe, Appl. Phys. 

Lett. 125, 252101 (2024). 
32 Y. Katsu, T. Hosoi, Y. Nanen, T. Kimoto, T. Shimura, and H. Watanabe, Materials Science Forum 

858, 599 (2016). 
33 H. Yano, N. Kanafuji, A. Osawa, T. Hatayama, and T. Fuyuki, IEEE Trans. Electron Devices 62, 

324 (2015). 
34 S. Takagi, A. Toriumi, M. Iwase, and H. Tango, IEEE Trans. Electron Devices 41, 2357 (1994). 
35 H. Watanabe, T. Kobayashi, H. Iwamoto, T. Nakanuma, H. Hirai, and M. Sometani, Jpn. J. Appl. 

Phys. 64, 010801 (2025). 
36 H. Yoshioka, T. Nakamura, and T. Kimoto, J. Appl. Phys. 112, 024520 (2012). 
37 N. Komatsu, M. Ohmoto, M. Uemoto, and T. Ono, J. Appl. Phys. 132, 155701 (2022). 
38 M. Uemoto, N. Komatsu, Y. Egami, and T. Ono, J. Physical Soc. Japan 90, 124713 (2021). 
39 T. Shimizu, T. Akiyama, K. Nakamura, T. Ito, H. Kageshima, M. Uematsu, and K. Shiraishi, Jpn. 

J. Appl. Phys. 60, SBBD10 (2021). 

 

 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

03
37

19
3


