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We propose a novel high performance carrier stored trench bipolar transistor (CSTBT) with dual shielding structure
(DSS-CSTBT). The proposed DSS-CSTBT features a double trench structure with different trench profiles in the surface,
in which a shallow gate trench is shielded by a deep emitter trench and a thick oxide layer under it. Compared with the
conventional CSTBT (con-CSTBT), the proposed DSS-CSTBT not only alleviates the negative impact of the shallow gate
trench and highly doped CS layer on the breakdown voltage (BV), but also well reduces the gate-collector capacitance Cgc,
gate charge Qg, and turn-off loss Egpp of the device. Furthermore, lower turn-on loss Egn and gate drive loss Epgr are
also obtained. Simulation results show that with the same CS layer doping concentration Ncsg = 1.5 x 101® cm™3, the BV
increases from 1312 V of the con-CSTBT to 1423 V of the proposed DSS-CSTBT with oxide layer thickness under gate
(Togo) of 1 um. Moreover, compared with the con-CSTBT, the Cgc at Vcg of 25 V and miller plateau charge (Qgc) for the
proposed DSS-CSTBT with T,,g; of 1 um are reduced by 79.4% and 74.3%, respectively. With the Vg increases from 0 V
to 15V, the total Qg for the proposed DSS-CSTBT with T;,» of 1 pm is reduced by 49.5%. As a result, at the same on-state
voltage drop (Vceon) of 1.55 'V, the Egn and Egpp are reduced from 20.3 mJ/em? and 19.3 mJ/cm? for the con-CSTBT to
8.2 mJ/cm? and 9.7 mJ/cm? for the proposed DSS-CSTBT with T,gp of 1 pm, respectively. The proposed DSS-CSTBT not
only significantly improves the trade-off relationship between the Vcgon and Egpp but also greatly reduces the Egn.
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1. Introduction

Insulated gate bipolar transistors (IGBTs) with trench
gate and field stop (FS) layer (trench-FS IGBT) are one kind
of mainstream IGBTs on markets. They are widely used in in-
dustrial control, electric vehicles and power supplies, etc.!!=3]
To further improve the performance of devices, a carrier stored
trench bipolar transistor (CSTBT) with an N-type carrier stor-
age (N-CS) layer inserted between the Pyogy region and N-
type drift region was proposed. During the forward conduc-
tion state, the highly doped N-CS layer forms a hole barrier
between the N-CS layer and N-drift region, which improves
the carrier concentration distribution and enhances the con-
ductance modulation effect in the N-drift region.[*° There-
fore, the trade-off relationship between the on-state voltage
drop Vcgon and turn-off loss Eop is significantly improved. !
However, the highly doped N-CS layer has negative impact on
the breakdown voltage (BV). Meanwhile, the deep gate trench
used in the CSTBT increases the gate-collector capacitance
Cgc, which slows down the switching speed and increases
the switch loss Eopp as well as turn-on loss Eon. 812! There-

fore, to further improve the device performance, many im-
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proved CSTBT structures, such as p-type buried layer (PBL)
structure, alternated trench IGBT with PBL structure, recessed
emitter trench (RET) structure and split gate (SG) structure,
have been proposed.'>-1°1 Although device performance is
significantly improved for these structures, the contradiction
between Vcpon and Eopp for the CSTBT is still prominent,
which limits the further reduction of the device power loss and
improvement of the power density.

In this paper, a novel CSTBT with dual shielding struc-
ture (DSS-CSTBT) is proposed. Through simulation, the per-
formance of the proposed DSS-CSTBT with different oxide
layer thickness under gate (To2) is compared with the con-
ventional CSTBT (con-CSTBT) in detail. In addition, the in-
fluence of the structure parameters on the device’s static and
dynamic performance is also compared and analyzed.

2. Device structure and mechanism

Figures 1(a) and 1(b) show the schematic cross-section
view of the proposed DSS-CSTBT and con-CSTBT, respec-
tively. Compared with the con-CSTBT, the proposed DSS-

CSTBT features a double trench structure with different trench
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profiles in the surface, in which a shallow gate trench is
shielded by a deep emitter trench and a thick oxide layer un-
der it. The shallow gate trench of the proposed DSS-CSTBT
is narrow and has a thick shielding oxide layer under it. There-
fore, not only reduced Cgc and miller plateau charge Qgc but
also a smaller total gate charge Qg are obtained, which im-
proves the switching speed and reduces the Eon and Egpr of
the device. Meanwhile, the deep and wide emitter trench acts
as a vertical field plate and provides an electric field shield-
ing effect on the highly doped N-CS layer and shallow gate
trench. Then, an improved BV is obtained for the proposed
DSS-CSTBT. In addition, the DSS decreases the area of the
Ppody region in the surface, which attenuates the extraction of
holes from it. Therefore, it further improves the injection en-
hancement (IE) effect in the drift region, which alleviates the
detrimental effect of the shallow trench gate on the forward
conduction characteristics. As a result, the proposed DSS-
CSTBT comprehensively improves the device performance
and obtains a better trade-off relationship between the Vcgon
and EofF.

Figures 2(a)-2(h) show a brief fabrication process flow
for the proposed DSS-CSTBT. Compared with the con-
CSTBT, two trench etching steps are used to form the double
trenches of the proposed dual shielding structure. Utilizing the
loading effect of the etching process, the first trench etching
step is used to form the wide and deep emitter trench as well

as narrow and shallow gate trench simultaneously. Then, a

@ (b)

thick oxide layer is formed simultaneously in both the emitter
trench and the gate trench by oxidizing and depositing. Espe-
cially, the gate trench is fully filled by the oxide layer due to
its narrow width. After that, an additional trench etching step
is used to form the thick oxide layer under the gate by etching
the upper part of the oxide layer in the gate trench only. After
the trench etching is completed, a gate oxide layer is re-formed
on the sidewall of the gate trench by oxidation. The remaining
process steps are fully compatible with the process flow of the
con-CSTBT. Main device parameters used in the simulation
are listed in Table 1.
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Fig. 1. Schematic cross-sectional views of (a) proposed DSS-CSTBT
and (b) con-CSTBT.
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Fig. 2. Proposed brief fabrication process flow of the DSS-CSTBT: (a) select the N-type FZ substrate, (b) etch emitter and gate trenches
simultaneously, (c) form thick oxide layer, (d) etch the upper part of the oxide layer in the gate trench, (e) form gate oxide layer on the sidewall
of the gate trench, (f) fill trench with poly-silicon, (g) form the N-CS layer, Pyoqy, N+ region, P+ region, and metal in surface, (h) form the

backside structures.
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Table 1. Main device parameters used in simulation.

Parameters DSS-CSTBT Con-CSTBT
Half-cell width (um) 2 2
Gate trench width (um) 0.4 0.7
Emitter trench width (pum) 0.7 /

N emitter width (um) 0.3 0.3
P-body width (um) 0.9 1.3
Sidewall oxide layer thickness of gate, Tog1 (1m) 0.1 0.1
Gate trench depth, Tg (um) 4 5
Oxide layer thickness under gate, Togp (1m) 0.1-1 0.1
Emitter trench depth (um) 5 /
Emitter oxide thickness, Toe (tm) 0.4 /
P-body junction depth (pm) 1.5 1.5
CS layer junction depth (pum) 2 2

FS layer junction depth (1m) 4 4
P-body doping (cm™3) 1.5x10"7 1.5%x10"7
CS layer doping (cm—3) 1.5-3.5x 106 1.5x10'6
N-drift doping (cm~3) 7x10"3 7x1013
FS layer doping (cm~3) 2x10'6 2x10'6
P collector doping (cm ) 2x107 2x10"7

3. Results and discussion

Figure 3(a) shows the impact of the Ncs on the BV for the
con-CSTBT and proposed DSS-CSTBTs with different emit-
ter oxide layer thickness Toe. In the simulation, the Tog) is
kept same at 1 pum for the proposed DSS-CSTBTs. It can
be seen that the BV of the proposed DSS-CSTBTs is larger
than that of the con-CSTBT in a relatively large range of the
Ncs owing to the shielding effect provided by the thicker T
and Ty As the Tp of the proposed DSS-CSTBT increases,
the shielding effect provided by the emitter trench is more ob-
vious. Figure 3(b) shows the impact of the Ncg on the BV
for the con-CSTBT and proposed DSS-CSTBTs with differ-
ent Tog. In the simulation, the gate trench depth 7gr and
the T, are kept same at 4 um and 0.4 um for the proposed
DSS-CSTBTs. It can be seen that in a relatively large range
of the Ncs, the proposed DSS-CSTBTs all have a higher BV
when compared with the con-CSTBT. The BVs for the pro-
posed DSS-CSTBTs and con-CSTBT all decrease as the Ncs
increases. With the same Ngg of 1.5 x 10!® cm™3, the BV for
the con-CSTBT is only 1312 V. However, the BV increases to
1427 V, 1435 V, and 1423 V for the proposed DSS-CSTBTs
with the Toeo of 0.1 um, 0.5 um, and 1 pum, respectively. In
the following discussion, the proposed DSS-CSTBTs with the
Togz of 0.1 pum, 0.5 um, and 1 um are referred to as the DSS-
CSTBTI1, DSS-CSTBT2, and DSS-CSTBTS3, respectively. To
obtain the similar BV of 1337 V, the Ncs can increase from
1.5 x 10! cm™3 for the con-CSTBT to 3.5 x 10'6 cm™ for
the proposed DSS-CSTBT3. Therefore, a higher Ncs can be
adopted to maintain similar BV for the proposed DSS-CSTBT.

Figure 4 shows the vertical electric field distributions
along the AA’ line at breakdown for the con-CSTBT and pro-
posed DSS-CSTBTs, respectively. The Ncs used for all the
devices is 1.5 x 10'® cm™3. It can be seen that the proposed
DSS-CSTBTs have smaller electric field peaks when com-

pared with the con-CSTBT. This is due to the better shielding
effect provided by the deep emitter trench with a thick oxide
layer, which reduces the electric field crowding at the trench
corner. For the proposed DSS-CSTBT with different 7,5, the
vertical electric field distributions along the AA’ line keep al-
most no change.
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Fig. 3. Impact of the Ncs on the BV for the con-CSTBT and proposed
DSS-CSTBTs with (a) Toe and (b) Togo.

Figure 5 shows effect of the Ncs on the Vcgon for the pro-
posed DSS-CSTBTs and con-CSTBT. It can be seen that with
the increase of the Ncs, the Vcgon decreases for all the devices.
The Vgon of all the three DSS-CSTBTS are lower than that of

038501-3



Chin. Phys. B 32, 038501 (2023)

the con-CSTBT when the Ncs is greater than 1 x 10'® cm™3.
As the Ncs increases, the proposed DSS-CSTBTs have more
obvious advantages.
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Fig. 4. Vertical electric field distributions at breakdown for the proposed
DSS-CSTBTs and con-CSTBT along the AA line.
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Fig. 5. Effect of the Ncs on the Vcgon for the proposed DSS-CSTBTs
and con-CSTBT.
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Fig. 6. Simulated /-V characteristics for the proposed DSS-CSTBTs
and con-CSTBT at the same Jcg of 200 A/cm?.

Figure 6 shows comparison of the /-V characteristics for
these devices with the Ngg of 1.5x101° cm™3. At the same
collector current density Jcg = 200 Alcm?, the Vceeon values
for the con-CSTBT, the proposed DSS-CSTBT1, and DSS-
CSTBT3 are 1.52V, 1.48 V, and 1.50 V, respectively. It can be
seen that the Vcgon for the proposed DSS-CSTBTs is slightly

smaller than that of the con-CSTBT. It can also be seen that
with the increase of the Ti,g2, the Vcgon for the proposed DSS-
CSTBT slightly increases. The reason is that with the same
TG, the increase of the Ti,yo reduces the gate electrode depth,
which reduces the electron accumulation around the gate area
when the device is in forward conduction state. Figure 7 shows
the on-state electron concentration distribution along the BB’
line for these devices. Since the hole has similar distribution
as that of the electron owing to the conduction modulation in
the drift region, only the electron concentration is drawn in the
figure. It can be seen that at Jog = 200 A/cm?, the proposed
DSS-CSTBTs have a higher carrier distribution at the emitter
side of the drift region, which results in a lower Vcgon.
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Fig. 7. On-state electron concentration distribution along BB’ line
for the proposed DSS-CSTBTs and con-CSTBT at the same Jcg of
200 A/cm?.

Figure 8 shows simulated characteristics of the Cgc for
the con-CSTBT and proposed DSS-CSTBTs with different
Tog2, respectively. It can be seen that contributed by the shal-
low and narrow gate electrode, the Cgc values of the proposed
DSS-CSTBTs are much smaller than that of the con-CSTBT
owing to the reduced coupling area between the gate and col-
lector. At Vcg =25V, the Cgc of the proposed DSS-CSTBT3
is 79.4% lower than that of the con-CSTBT. Meanwhile, a
lower Cgc is obtained for the proposed DSS-CSTBT with a
thicker Togo. This is due to the reduction of the gate electrode
depth and enhanced shielding from the thicker oxide layer.
Figure 9 shows simulated characteristics of the Qg and Qgc
for these devices. It can be seen that during the process of
Vg rising from 0 V to 15V, the total Qg for the con-CSTBT
is 1744 nC/cm?. However, for the proposed DSS-CSTBT1
and DSS-CSTBT3, it is only 1244 nC/cm? and 880 nC/cm?,
respectively. When compared with the con-CSTBT, the to-
tal Qg is decreased by 28.7% and 49.5%, respectively. In
addition, the Qgc is reduced from 721 nC/cm? for the con-
CSTBT to 415 nC/cm? and 185 nC/cm? for the proposed DSS-
CSTBT1 and DSS-CSTBTS3, respectively. Compared with the
con-CSTBT, the Qg is reduced by 42.4% and 74.3%, respec-
tively. Because of the reduction of gate capacitance, especially
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the reduction of Cgc, the proposed DSS-CSTBT greatly re-
duces the Qg and Qgc. Therefore, the proposed device can
greatly improve the switching speed.
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Fig. 8. Simulated characteristics of the Cgc for different devices.
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Fig. 9. Simulated characteristics of the Qg and Qgc for different de-
vices during the process of Vgg rising from 0 V to 15 V.
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Fig. 10. Trade off relationship between Vcgon and Eopg for different
devices.

Figure 10 shows simulated trade-off relationship between
the Vcgon and Eopr for different devices. The results are ob-
tained by using a clamped inductive load circuit and chang-
ing the collector doping concentration P.. At the same Vcgon
of 1.55 V, the Eopr values for the con-CSTBT, the pro-
posed DSS-CSTBTI, and DSS-CSTBT3 are 19.3 mJ/cm?2,
11.6 mJ/cm?, and 9.7 mJ/cm?, respectively. Compared with
the con-CSTBT, the Eopr values for the proposed DSS-
CSTBT!1 and DSS-CSTBTS3 are reduced by 39.9% and 49.7%,

respectively. Therefore, the proposed DSS-CSTBT demon-
strates a better Vecpon—Eorr trade-off relationship. It also can
be found that a better Vcgon—Eorr trade-off relationship can
be obtained for the proposed DSS-CSTBT with a thicker Ty.
The reason is that although the Vcgon is slightly increased
when the T,z increases, the Qg and Cgc are significantly re-
duced. Therefore, the proposed DSS-CSTBT with a thicker
Tog2 has a faster switching speed and smaller Eopr.
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Fig. 11. Comparison of the gate turn-off voltage waveforms as well as
collector turn-off current and voltage waveforms for the points A, B,
and C shown in Fig. 10.

Figure 11 shows comparison of the turn-off characteris-
tics of different devices for the points A, B, and C shown
in Fig. 10. In order to keep the same Vcgon of 1.55 'V,
the P, values for the con-CSTBT, proposed DSS-CSTBTI,
and DSS-CSTBT3 are 1.9x10'7 cm™3, 1.7x10'7 cm ™3, and
1.8x10'7 ecm™3, respectively. It can be seen that owing to
the reductions of Qgc and Qg, the gate of the proposed DSS-
CSTBT discharges faster than that of the con-CSTBT, which
is aligned with the result shown in Fig. 9. It can also be
found that the turn-off delay time 7y for the con-CSTBT
is 1692 ns, while the 74(of) values for the proposed DSS-
CSTBT1 and DSS-CSTBT3 are 1080 ns and 685 ns only.
Meanwhile, the current fall times t5 for the con-CSTBT, the
proposed DSS-CSTBT1, and DSS-CSTBT3 are 73 ns, 75 ns,
and 93 ns, respectively. The voltage rise time # is reduced
from 209 ns of the con-CSTBT to 91 ns and 61 ns of the pro-
posed DSS-CSTBT1 and DSS-CSTBT3, respectively. The re-
sult shows that the proposed DSS-CSTBT has a fast switch-
ing speed during the turn-off process, which contributes a
smaller Eopp. Figure 12 shows comparison of the dissi-
pated power density Popp for the points A, B and C shown
in Fig. 10 during turn-off process. The Egpr is contributed
by two phases, namely voltage rise phase (Ev orr) and cur-
rent drop phase (E1orr). It can be seen that the Ey oFF is re-
duced from 14.2 mJ/cm? for the con-CSTBT to 6.6 mJ/cm?
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and 4.6 mJ/cm? for the proposed DSS-CSTBT1 and DSS-
CSTBTS3, respectively. The Ejorr values for the con-CSTBT,
proposed DSS-CSTBT1, and DSS-CSTBT3 are 5.1 mJ/cm?,
5 mJ/cm?, and 5.1 mJ/cm?, respectively. Therefore, it can be
seen clearly that compared with the con-CSTBT, the smaller
Ev orr obtained for the proposed DSS-CSTBTs contributes to
a smaller Egrg. The smaller Ev o is derived from the reduc-
tion of the Qgc, which improves the voltage rise rate during
turn-off process.
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Fig. 12. Dissipated power density for the points A, B and C shown in
Fig. 10 during the turn-off process.

Figure 13 shows the Egn, Eorr and gate drive loss Epr

of these devices at the same Vcgon of 1.55 V. Considering the
impact of the freewheeling diode on the turn-on characteris-
tics of the IGBTs, a well-designed fast recovery PiN diode is
used in the simulation. As shown in the figure, the Eon and
Eorr are 20.3 mJ/cm? and 19.3 mJ/cm? for the con-CSTBT.
Noticeably, the Egn and Egpp for the proposed DSS-CSTBT1
are 11.7 mJ/cm? and 11.6 mJ/cm?, and those for the proposed
DSS-CSTBTS3 are only 8.2 mJ/cm? and 9.7 mJ/cm?, respec-
tively. Furthermore, the Epp is also reduced from 17.7 uJ/cm2
for the con-CSTBT to 12.7 pJ/cm? and 9.2 pJ/cm? for the pro-
posed DSS-CSTBT1 and DSS-CSTBT3, respectively. As a
result, the proposed DSS-CSTBT not only reduces the Egn
and Eopr during the switching process, but also obtains a low
Epr, which reduces the drive capability requirement for the
gate driver. Furthermore, with the increasing Tyg, the Eon,
Eorr, and Epg are all reduced significantly, which obviously

decreases the loss of device operation.
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Fig. 13. The Eon, Eorr, and Epr of different devices under the same
Veeon = 1.55 V.
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Fig. 14. Influence of gate trench depth on (a) BV and Vcgon, (b) Coe and (c) the trade-off relationship between Eopr and Vcgon for the

proposed DSS-CSTBT.

Figure 14 shows influence of the Tgt on electrical char-
acteristics of the proposed DSS-CSTBT. In the simulation, the
gate electrode depth is kept same at 3 pum and the different Tt
means the change of the Tog. It can be seen from Fig. 14(a)
that the BV decline rate is faster with the decrease of the Tt
after the Ncs larger than a certain value. The proposed DSS-
CSTBT with thicker To,> can remain a relatively stable BV in

a relatively large range of Ncs. This is due to the enhanced
shielding effect provided by DSS, which reduces the electric
field crowding at the trench corner. As for the forward conduc-
tion characteristics, the Vcgon for the proposed DSS-CSTBT
is slightly increased with the increase of the Tgr. It can be
found from Fig. 14(b) that the Cgc for the proposed DSS-

CSTBT is decreased with the increase of T, which is due to a
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better shielding effect provided by the thick T5g. Figure 14(c)
shows the trade-off relationship between the Vcgon and Eopr
for the proposed DSS-CSTBT. It can be seen that the Vcpon—
Eorr trade-off relationship is significantly improved when Tgt
increases from 3.1 um to 3.5 wm. With the Tgr further in-
creases to 5 pm, the improvement of the Vcgon—Eorr trade-
off relationship gradually achieves saturation since the Cgc is
lower enough, and the displacement capacitance derived from
the excess carriers in the drift region during the turn-off pro-

cess becomes important.

4. Conclusion

In summary, we have proposed and analyzed a novel high
performance DSS-CSTBT. Simulation results show that ow-
ing to the shielding effect provided by the DSS, the proposed
DSS-CSTBT not only demonstrates a higher BV than the con-
CSTBT at the same Ncg but also well reduces the Cgc and Qg
of the devices. Compared with the con-CSTBT, the Cgc at Vcg
of 25 V and Qg for the proposed DSS-CSTBT are reduced by
79.4% and 74.3%, respectively. With the Vg increasing from
0 V to 15V, the total Qg for the proposed DSS-CSTBT is re-
duced by 49.5%. As a result, at the same Vcgon of 1.55 'V, the
Eon and Eogg are reduced from 20.3 mJ/cm? and 19.3 mJ/cm?
for the con-CSTBT to 8.2 mJ/cm? and 9.7 mJ/cm? for the pro-
posed DSS-CSTBT, respectively. Moreover, the Epg is also
reduced from 17.7 pJ/cm? for the con-CSTBT to 12.7 pJ/cm?
and 9.2 wl/cm? for the proposed DSS-CSTBT1 and DSS-
CSTBT3, respectively. Thus, the proposed DSS-CSTBT not
only significantly improves the trade-off relationship between

the Vceon and Eopr but also greatly reduces the Eon and EpRr.

Acknowledgements

Project supported by the National Key Research and De-
velopment Program of China (Grant No. 2018YFB1201802),
the Key Realm R&D Program of Guangdong Province,
China (Grant No. 2018B010142001), and the Guangdong Ba-

sic and Applied Basic Research Foundation, China (Grant
No. 2020A1515010128).

References

[1] Mori M, Saitou R and Yatsuo T 1993 Proceedings of the 5th Inter-
national Symposium on Power Semiconductor Devices and ICs, May
18-20, 1993, Monterey, USA, p. 287

[2] Ranstad P and Nee H P 2011 IEEE Trans. Power Electron. 26 260

[3] Baliga B J 2008 Fundamentals of Power Semiconductor Devices (New
York: Springer-Science)

[4] Kitagawa M, Omura I, Hasegawa S, Inoue T and Nakagawa A 1993
Proceedings of IEEE International Electron Devices Meeting, Decem-
ber 5-8, 1993, Washington, DC, USA, p. 679

[5] Ohi K, Ikura Y, Yoshimoto A, Sugimura K, Onozawa Y, Takahashi
H and Otsuki M 2015 IEEE 27th International Symposium on Power
Semiconductor Devices & IC’s (ISPSD), May 10-14, 2015, Hong
Kong, China, p. 25

[6] YiB, Kong M F, Li P, Cheng J J and Chen X B 2019/EEE 13th Inter-
national Conference on Power Electronics and Drive Systems (PEDS),
July 9-12, 2019, Toulouse, France, p. 1

[7] Feng H, Yang W, Onozawa Y, Yoshimura T, Tamenori A and Sin J K
2015 IEEE Electron Dev. Lett. 36 591

[8] Feng H, Yang W, Onozawa Y, Yoshimura T, Tamenori A and Sin J K
2015 IEEE Trans. Electron Dev. 62 2555

[9] Sumitomo M, Asai J, Sakane H, Arakawa k, Higuchi Y and Matsui M
2012 24th International Symposium on Power Semiconductor Devices
and ICs, June 3-7, 2012, Bruges, Belgium, p. 17

[10] Sumitomo M, Sakane H, Arakawa K, Higuchi Y and Matsui M 2013
25th International Symposium on Power Semiconductor Devices &
IC’s (ISPSD), May 26-30, 2013, Kanazawa, Japan, p. 33

[11] Takei M, Fujikake S, Nakazawa H, Naito T, Kawashima T, Shimoyama
K and Kuribayashi H 2010 22nd International Symposium on Power
Semiconductor Devices & IC’s (ISPSD), June 6-10, 2010, Hiroshima,
Japan, p. 383

[12] ZhangJ P, LiZ H, Zhang B and Li Z J 2014 Chin. Phys. B 23 088504

[13] ZhangJ P, Li Z H, Zhang B and Li Z J 2012 Electron. Lett. 48 525

[14] ZhangJ P, LiZ H, Zhang B and Li Z J 2012 Chin. Phys. B 21 068504

[15] Saraya T, Itou K, Takakura T, et al. 2020 IEEE International Electron
Devices Meeting (IEDM), December 1218, 2020, San Francisco, CA,
USA, pp. 5.3.1-5.3.4

[16] Deviny I, Luo H H, Xiao Q, Yao Y, Zhu C L, Ngwendson L K, Xiao H
B, Dai X P and Liu G Y 2017 29th International Symposium on Power
Semiconductor Devices and IC’s (ISPSD), May 28-June 1, 2017, Sap-
poro, Japan, p. 147

[17] Yao Y, Luo H H, Xiao Q, Zhu C L, Xiao H B, Qin R Z, Ngwendson L
K, Ning X B, Tan C J, Deviny I and Dai X P 2018 [EEE 30th Interna-
tional Symposium on Power Semiconductor Devices and ICs (ISPSD),
May 13-17, 2018, Chicago, IL USA, p. 112

[18] ZhangJP, Wang K, LuoJ Y, Zhao Y, Li Z H, Ren M, Gao W and Zhang
B 2019 IEEE International Conference on Electron Devices and Solid-
State Circuits (EDSSC), June 12-14, 2019, Xi’an, China, p. 1

[19] Zhang J P, Xiao X, Zhu R R, Zhao Q and Zhang B 2021 IEEE J. Elec-
tron Devices Soc. 9 704

038501-7


http://dx.doi.org/10.1109/ISPSD.1993.297139
http://dx.doi.org/10.1109/ISPSD.1993.297139
http://dx.doi.org/10.1109/ISPSD.1993.297139
http://dx.doi.org/10.1109/TPEL.2010.2055581
http://dx.doi.org/10.1109/IEDM.1993.347221
http://dx.doi.org/10.1109/IEDM.1993.347221
http://dx.doi.org/10.1109/IEDM.1993.347221
http://dx.doi.org/10.1109/ISPSD.2015.7123380
http://dx.doi.org/10.1109/ISPSD.2015.7123380
http://dx.doi.org/10.1109/ISPSD.2015.7123380
http://dx.doi.org/10.1109/PEDS44367.2019.8998913
http://dx.doi.org/10.1109/PEDS44367.2019.8998913
http://dx.doi.org/10.1109/PEDS44367.2019.8998913
http://dx.doi.org/10.1109/LED.2015.2426197
http://dx.doi.org/10.1109/TED.2015.2445350
http://dx.doi.org/10.1109/ISPSD.2012.6229012
http://dx.doi.org/10.1109/ISPSD.2012.6229012
http://dx.doi.org/10.1109/ISPSD.2013.6694392
http://dx.doi.org/10.1109/ISPSD.2013.6694392
http://dx.doi.org/10.1109/ISPSD.2013.6694392
https://ieeexplore.ieee.org/document/5544719
https://ieeexplore.ieee.org/document/5544719
https://ieeexplore.ieee.org/document/5544719
http://dx.doi.org/10.1088/1674-1056/23/8/088504
http://dx.doi.org/10.1049/el.2012.0220
http://dx.doi.org/10.1088/1674-1056/21/6/068504
http://dx.doi.org/10.1109/IEDM13553.2020.9371909
http://dx.doi.org/10.1109/IEDM13553.2020.9371909
http://dx.doi.org/10.1109/IEDM13553.2020.9371909
http://dx.doi.org/10.23919/ISPSD.2017.7988932
http://dx.doi.org/10.23919/ISPSD.2017.7988932
http://dx.doi.org/10.23919/ISPSD.2017.7988932
http://dx.doi.org/10.1109/ISPSD.2018.8393615
http://dx.doi.org/10.1109/ISPSD.2018.8393615
http://dx.doi.org/10.1109/ISPSD.2018.8393615
http://dx.doi.org/10.1109/EDSSC.2019.8754191
http://dx.doi.org/10.1109/EDSSC.2019.8754191
http://dx.doi.org/10.1109/JEDS.2021.3097388
http://dx.doi.org/10.1109/JEDS.2021.3097388

	1. Introduction
	2. Device structure and mechanism
	3. Results and discussion 
	4. Conclusion
	References

