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A novel 1200 V SiC super-junction (SJ) MOSFET with a partially widened pillar structure is proposed and investi-
gated by using the two-dimensional numerical simulation tool. Based on the SiC SJ MOSFET structure, a partially widened
P-region is added at the SJ pillar region to improve the short-circuit (SC) ability. After investigating the position and doping
concentration of the widened P-region, an optimal structure is determined. From the simulation results, the SC withstand
times (SCWTSs) of the conventional trench MOSFET (CT-MOSFET), the ST MOSFET, and the proposed structure at 800 V
DC bus voltage are 15 ps, 17 us, and 24 ps, respectively. The SCWTs of the proposed structure are increased by 60% and
41.2% in comparison with that of the other two structures. The main reason for the proposed structure with an enhanced
SC capability is related to the effective suppression of saturation current at the high DC bias conditions by using a modu-
lated P-pillar region. Meanwhile, a good Baliga’s FOM (BV?2/R,y) also can be achieved in the proposed structure due to
the advantage of the SJ structure. In addition, the fabrication technology of the proposed structure is compatible with the
standard epitaxy growth method used in the ST MOSFET. As a result, the SJ structure with this feasible optimization skill
presents an effect on improving the SC reliability of the SiC SJ] MOSFET without the degeneration of the Baliga’s FOM.

Keywords: silicon carbide (SiC), short-circuit (SC), super-junction (SJ), trench MOSFET

PACS: 85.30.—z, 85.30.De

1. Introduction

Compared with the power devices by using the matured
silicon materials, the devices with silicon-carbide (SiC) mate-
rials can achieve a superior performance owing to the excellent
material properties such as wide energy band gap, low intrinsic
carrier concentration, and high breakdown electric field. 1.2 1
recent years, the commercial SiC power MOSFETSs have been
regarded as promising candidates to replace the conventional
silicon power devices. Meanwhile, the reliability issues are
always accompanying the SiC MOSFETs in the harsh appli-
cation conditions, and more research resources are required
to meliorate the device’s performance. The short-circuit (SC)
failure is one of the most serious reliable issues for SiC power
devices. During the SC transient process, the high DC bus
voltage and the large saturation current will be applied to the
device, resulting in the device’s performance degradation or
even severe burnout failure if the device is without sufficient
SC withstand ability. Therefore, the enhancement of the SC
robustness is always a main concern of researchers.

Benefitting from the high-power density, high integration,
and low on-resistance, the SiC trench MOSFETSs have become
the widely used devices in power electronic systems. Many
previous studies have focused on the SC failure mode and the
comparison of SC performance between the trench structure

(3-17

and the planner structure. ] Unfortunately, these results
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showed that a weaker SC robustness is found in the SiC trench
MOSFET due to its higher power density.>~"! Whereas, only
a few studies on improving the SC reliability of the SiC trench
MOSFETs are given. Okada et al. have demonstrated the im-
provement of SC reliability with the SiC SJ trench MOSFET
structure, '8 but further structure optimization still needs to be
carried out to enhance the SC reliability.

In this paper, a 1200 V SiC SJ MOSFET with a partially
widened pillar structure is given by using the Sentaurus TCAD
simulation tool.['”] Based on the altered pillar structure, the
proposed structure can provide a superior SC ability and main-
tain a good Baliga’s FOM (BV?/R,,) simultaneously. Firstly,
the basic parameter characteristics of the conventional trench
MOSFET (CT-MOSFET), the ST MOSFET, and the proposed
device are compared. Subsequently, the SC characteristics of
all devices are investigated under the varied SC pulse time.
Finally, the variation of structural parameters for the P-pillar
modulation region is analyzed to achieve an optimal device’s
performance.

2. Device structures and simulation setup

Figure 1 shows the cross-sectional schematics of three
1200V SiC MOSFETs investigated in this paper. All de-
vices are designed with an identical epitaxy thickness of
12 um and doping concentration of 3x10'> cm™3. Uniform

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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channel length (0.8 pm) and P-body doping concentration of
2x10'7 cm™3 at the channel area are used to achieve the same
threshold voltage (Vi,). The channel electron mobility is set
at 20 cm?/V-s. The current spreading layer (CSL) is added to
optimize the on-current capability. The new structure with a
partially widened pillar region is shown in Fig. 1(c), where a
P-pillar modulation region is extended into the N-pillar. The
doping concentration of the P-pillar modulation region keeps
consistent with that of P-pillars. The detailed structure dimen-

the distance from the center position of the P-pillar modula-
tion region to the top, and the width of the P-pillar modulation
region is defined as Wy,, as indicated in Fig. 1(c). The fabrica-
tion process of the proposed structure is compatible with stan-
dard trench SJ MOSFET by using the multiple epitaxial lay-
ers growth and ion-implantation,?%?!! as illustrated in Fig. 2.
And it only needs to adjust the implanting window at the cor-

responding position to form the partially widened P-pillar re-

sions and doping concentration are listed in Table 1. Hy is  gion.
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4 4 / -
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Fig. 1. Schematic cross-sectional views (not to scale) of (a) the CT-MOSFET, (b) the ST MOSFET, (c) the proposed structure.

Table 1. Detailed structure parameters of devices.

pz::r‘lce‘:ers CT-MOSFET ~ SJ MOSFET ::r‘l’lg‘t’jff
N+ source depth (p1m) 0.2 0.2 0.2
N+/P+ doping (cm™) 1x10" 1x10" 1x10"
Gate oxide thickness (nm) 50 50 50
P-body depth (pum) 0.8 0.8 0.8
P-body doping (cm™?) 2x10"7 2x107 2x107
N-CSL depth (ptm) 1.3 1.3 1.3
N-CSL doping (cm™?) 1.1x10'0 1.1x10' 1.1x10'
P+ region doping (cm™) 8x107 8x107 8x 107
P-shield depth (pum) 0.3 0.3 0.3
P-shield doping (cm™3) 8x107 8x107 8x 107
N-drift thickness (ptm) 9.7 - -
N-drift doping (cm™) 3x101 - -
N/P-pillar doping (cm—) - 1x10'® 1x10'®
N/P-pillar thickness (ptm) - 9.7 9.7
N /P-pillar width (pm) - 5 5
Hpy (m) - - 5
Wi (nm) - - 1.5
P-pillar modulation doping (cm—3) - - 1x10'

To achieve more accurate simulation results, a series
of physical models including Shockley—Read-Hall (SRH),
Auger recombination, anisotropic avalanche (Okuto—Crowell
model), incomplete ionization, and mobility degradation by
the normal electric field (Enormal) are added in simulation
settings. In addition, the thermodynamic model is employed
to describe the electrothermal coupling behavior when the de-
vice is subjected to a high current density during the SC pro-
cess. The active area of the chip in this paper is designed with

35 mm?.
P
P
.
N-pillar N-pillar
P P P P
(a) (b)

Fig. 2. The main fabrication flow of two structures: (a) the SJ structure
and (b) the proposed structure with the partially widened pillar.

3. Results and discussion

3.1. Static parameters

Figure 3 illustrates the simulation results of static char-
acteristics for the aforementioned three MOSFETs.
Fig. 3(a), it can be seen that the V4, curves of the three struc-

From

tures almost completely overlap, and the Vi, of all devices at
I3s = 1 mA is maintained at 2.19 V owing to the same structure
and doping concentration of the channel region. Figure 3(b)
shows that the breakdown voltages (BV) for three structures
at Igs = 1 pA are 1913 V, 1836 V, and 1802 V, respectively.
All of the structures meet the basic requirement of the 1.2 kV
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device design. A little lower BV value in SJ structure can be
noted, which is consistent with the previous study. [>°!
According to the simulation results of /-V characteristics
shown in Fig. 3(c), the on-state resistance (R,y) at the current
of 30 A are 40.2 mQ, 25.4 mQ, and 29.3 mQ, respectively. It
is worth noting that the R, of the proposed structure is slightly
higher compared with the conventional ST MOSFET due to the
narrowing of the current path induced by the partially widened
pillar region. But this R, value is obviously smaller than the
CT-MOSEFET due to the advantages of the N-pillar. In addi-
tion, the Baliga’s figures of merit (Baliga’s FOM = BV? /Roy)
of all structures are calculated to evaluate overall static per-
formance. It can be found in Table 3 that the Baliga’s FOM
of SJ MOSFET and the proposed structure are increased by

0.010 T T T T T T
—o— CT-MOSFET (a)
. —o— SJ-MOSFET .
< 0.008r Proposed MOSFET [
=
§ 0.006 [
5
3 4
- 0.004f P
iy d
B 0.002F  0.001 A S
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0 0.5 1.0 1.5 2.0 25
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= P A
60 —A
< /A/‘ A
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3] V/. A
- '
3 0L~
£ 20f 4*  -a CT-MOSFET .
Y 4 —a—SJ-MOSFET
r's Proposed MOSFET
ok 4 _
0 1 2 3 4 5

Drain voltage (V)

Drain current (A)

46.2% and 22% compared with the CT-MOSFET, respectively.
Therefore, the proposed structure can maintain a good static
ability owing to the advantages of the SJ structure.

As given in Fig. 3(d), the Iy for three structures at Vgg =
800 V are 287 A, 278 A and 247 A, respectively. The satu-
ration current value of the SJ MOSFET is close to that of the
CT-MOSFET, indicating a similar SC ability. However, the
saturation current of the proposed structure is significantly re-
duced. Under the high Vs, the widened P-pillar depletes the
N-pillar further and narrows the current path, resulting in the
lower saturation current in the proposed structure. Therefore, a
superior SC capability at the high drain voltage can be demon-

strated.
1075 p— T T T T
| —— CT-MOSFET b);
10-7| —=— SJ-MOSFET ]
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' 4
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£ 150t
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g 100 A
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0 200 400 600
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Fig. 3. The comparison of simulation results (a) the threshold voltage, (b) the breakdown voltage, (c) the forward /-V characteristic and (d) the

saturation characteristic.

In addition, it can be noted in Fig. 3(d) that an incomplete
saturation state of the I curves is found with the increase of
drain voltage. The reason is related that the P+ area blocks the
depletion layer extension in the P-body during the increasing
of V. Therefore, the pinch-off effect of the channel is affected
inevitably, resulting in an incomplete saturation condition.

3.2. Optimization of pillar doping concentration in the SJ
MOSFET

Obviously, the pillar doping concentration will influence
the device characteristics in the S] MOSFET. It is necessary
to select an appropriate pillar doping concentration to achieve
optimal performance, and the N-pillar and P-pillar have the
same width to maintain charge balance. The static parameters
with the variation of pillar doping concentration are illustrated

in Fig. 4.
45 * T T T T — 2000
V\Y‘.—-——' BV=1836 V
! V\V
40 F
i 41500
\—¥— Breakdown voltage
a 351 @ | —®— On-resistance —
é | % Trench Structure v 1000 ?/
- ' Breakdown voltage >
Q:? 30F ' Trench Structure Q
H On-resistance
1
o5t $<— Ron =25.39 mQ w1500
1
T~
1 oS—o
1 1 1 1 1 0
20 1 2 3 4 5

Pillar doping concentration (106 cm~3)

Fig. 4. The static performance of the S MOSFET with different pillar

doping concentrations.
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Table 2. The simulation results of the ST MOSFET with varied pillar doping.

Conci‘rﬂf;?;’:‘(‘fn 5 BV (V) Ron (mQ) Baliga’s FOM (MW) Sam(réioi ggge\r,]; @
5%x101% 1878 35.1 100 263
1x 106 1836 25.39 133 278
2x 1010 1713 22.59 130 300
3x 1010 1543 21.83 109 307
4x10'0 1072 21.41 53.7 314

The exact values of the static parameters, the Baliga’s
FOM, and the saturation current at V43 = 800 V are given in
Table 2.

As shown in Fig. 4, the R,, and BV of the SJ MOS-
FET decrease gradually with the pillar doping concentra-
tion increasing from 5x 10" cm™3 to 5x10'® cm™3. The
BV decreases quickly when the pillar concentration exceeds
4%10' ¢cm3, and the R, presents a sudden increase when
the pillar concentration drops to 5x10° cm™3. Mean-
while, the saturation current of the SJ structure is higher than
that of the CT-MOSFET when pillar concentration exceeds
1x10'® cm™3 from Table 2, indicating a poor SC character-
istic. Therefore, the value of 1x10'® cm~3 is the optimal pil-
lar doping concentration of the SJ structure in this simulation
MOSFET after the selection between Baliga’s FOM and SC

ability.

3.3. The SC simulation results and analysis of the three
different structures

The circuit of short-circuit mixed-mode simulation is
shown in Fig. 5. The parameters are set as follows: the para-
sitic inductance (L;) is 200 nH, the DC drain—source voltage
is 800 VI013141 " and the gate resistance (R,) is 2.5 Q. The
single pulse gate voltage of 15 V/0 V with varied pulse times
is applied to control the SC times. The simulation waveforms
of the drain-source voltage (Vys), the drain current (Iy), and
the lattice temperature (Tmax) are captured to inspect the SC
performance.

Ly,

DC

IL

Single-pulse

Fig. 5. Schematic of circuit used for SC simulation in this paper.

The SC waveforms under different gate pulses of the CT-
MOSFET are shown in Fig. 6. It is found that the /35 gradually
decreases t0 0 A at Tyuise =15 s, which means the device is
at normal turn-off condition. Once the gate pulse time (Tpyise)

increases to 16 us, the Ij; cannot drop to 0 A and shows a
gradual increase at the final time of the SC process, indicating
an abnormal turn-off process. Furthermore, it can be seen that
a rapid increase of the I; when the T}y increases to 20 us,
resulting in a severe burnout failure. Therefore, the SC with-
stand time (SCWT) of the CT-MOSFET is 15 us, and the SC
saturation current is about 495 A, as given in Fig. 6.

15} _Tpulse: 15 us |
- Tpulse =16 us
< 10r Touse = 15 ps — Tpuse = 20 ps |
E/ ‘/gs =15V
S Vae =800 V |
Tpulse =20 us| "
of 4
600} '
—~ 400}
=
< 200t
0 . . , | ]
0 10 30 30 -
Time (us)

Fig. 6. The SC simulation results of the CT-MOSFET under different
gate pulses.

15F — Lpulse — 17 us 4
- 7“1)\1159 =18 us
§ 10 Tpulse =17 us T ’Tpulse =20 Hs
& Tyuee = 18 Ves=15 V
SO pulse = 15 K8 Vie=800V |
Tpulse =20 us
oF -
600k t t t t ]
I4s=460 A
g 400 1
=
~ 200 1
0 i 1 1 1 1 i
0 10 20 30 40
Time (ps)

Fig. 7. The SC simulation results of the SJ MOSFET under different
gate pulses.

A similar situation of the SJ MOSFET can be found in
Fig. 7. The SC saturation current of the S] MOSFET is about
460 A, which is slightly lower than that of the CT-MOSFET.
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Thus, the SCWT of the ST MOSFET is 17 pus. The SJ MOS-
FET shows a slightly better SC performance than the CT-
MOSFET, which is consistent with the results given by Okada
et al.l'”)

Figure 8 shows that the SC saturation current of the
proposed structure is about 360 A, which is much less than
the other two structures. The SCWT is increased to 24 us,
which is improved by 60% and 41.2% compared with the CT-
MOSFET and SJ MOSFET, respectively. All parameters com-
parison of the three structures obtained from the simulation is
summarized in Table 3.

It can be inferred from the above discussion that the
burnout failure occurs after the devices are subjected to a harsh
SC pressure. The internal lattice temperature rises rapidly due
to the high SC current and voltage, then the electro-thermal
coupling effect with the positive feedback phenomenon will
occur continually. After a long SC time, the current inside the
device still rises sharply even if the gate is turned off, resulting
in the dynamic avalanche breakdown and heat accumulation at

the local region. Thus, this failure is directly affected by the
magnitude of the SC current, and the device with a lower SC
current demonstrates a robust SC withstand ability.

15 — Thulse = 24 us-
- Tpulse =25 us
’; 10 Tpulsc =24 us - Tpulse =30 us
~ Ves=15V
[0 T, =25 us s
Sm 5k pulse u ‘ ‘/ds —800 V1
Tpulse =30 us g
or .
450
~ 300
=
< 150t
0 i 1 1 1 1 1
0 15 30 45 60
Time (us)

Fig. 8. The SC simulation results of the proposed structure under dif-
ferent gate pulses.

Table 3. The simulation results of the three different MOSFETsS.

Structure BV (V) Ron (mQ) Baliga’s SC sauration SCWT (ps)
FOM (MW) current (A)
CT-MOSFET 1913 40.2 91 495 15
SJ MOSFET 1836 25.4 133 460 17
Proposed structure 1802 29.3 111 360 24
3.4. Analysis of the physical mechanism inside the devices SC current.

To analyze the inner physical mechanism of different SC
abilities, as shown in Fig. 9, the same gate voltage pulse time
of 20 us is applied to the three structures. The distribution
of the electric field, the total current density, and the lattice
temperature at the time points 20 ps and 40 ps are obtained
in Figs. 10, 11, and 12, respectively. From the comparison
waveforms, the proposed structure can turn off safely, while
the CT-MOSFET and the SJ MOSFET fail at this SC pressure.

From Fig. 9, it can be seen that the Iy increases firstly
and then decreases during the SC process. We believe that
these changes are attributed to the channel mobility. The rise
of Iys at the beginning is related to the weakening of Coulomb
scattering mechanism from two aspects. The inversion charge
increases with the rise of lattice temperature when the channel
is formed, and the influence of Coulomb scattering on carrier
mobility was shielded by abundant free electrons. In addition,
the trapped charge reduces due to the energy band narrowing
with the lattice temperature rising, then the Coulomb scat-
tering effect caused by the interface charged center is weak-
ened. Subsequently, the continuous increase in lattice temper-
ature leads to the increase of surface roughness scattering and
phonon scattering, which in return causes the decrease of in-
version layer carrier mobility and the subsequent decline of

As shown in Fig. 10, the distribution of electric field is
changed due to the addition of the partially widened p-pillar.
Most importantly, the cumulation of the electric field at the
trench bottom area is suppressed. It can be seen that the high
electric field is transferred to the bottom of the widened P-
pillar region, which also helps to protect the gate oxide below
the trench.

900  — CT-MOSFET
——SJ MOSFET
Proposed: MOSFET

~ 600 [ i
il:/ i
& f :\
™~ 300 F i

! V=15V
[ Thutce = 20 pis! 1 Vas =800 V
OF — : — ]
1800 i f 1
< 1300 | | i ]
. 11=20pus 1 ¢=40 ps
g i i
& I | — CT-MOSFET 1
800 i+ —SJ MOSFET
E Proposéd MOSFET]
300 7 ¢ L A HE ]
0 15 30 45 60
Time (us)

Fig. 9. Comparative simulation results of the three different structures under
the same gate pulse of 20 ps, including the waveforms of Iys and Tyax.
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CT-MOSFET

SJ MOSFET Proposed MOSFET

0 2.2 4.4 6.6 8.8 11.0
- -

Abs (Electric field-V) (10° V-cm~1)
Fig. 10. Simulation results of electric field distribution inside the de-

vices at time points 20 ps and 40 ps for (a) the CT-MOSFET, (b) the SJ
MOSEFET, (c) the proposed structure.

CT-MOSFET

SJ MOSFET Proposed MOSFET

T=20 ys

T=40 ps

2.0x10*

1.3X103
[

Abs (Total current density-V) (A-cm~2)

2.0x10-2  3.2x10~! 5.4x10° 8.0x10!

Fig. 11. Simulation results of total current density distribution inside
the devices at time points 20 ps and 40 us for (a) the CT-MOSFET, (b)
the SJ MOSFET, (c) the proposed structure.

As depicted in Fig. 11, the current flowing path of the pro-
posed device is modulated compared with the CT-MOSFET
and the SJ MOSFET. It can be seen that the widened P-
pillar region squeezes the electron flowing path in the N-pillar,
which is similar to the JFET effect in the planar DMOSFET.
Meanwhile, when the proposed structure is under a high Vs,
the hot spot is transferred to the widened P-pillar region, as
illustrated in Fig. 12. Therefore, the huge SC saturation cur-
rent caused by the larger avalanche injection is weakened. Al-
though, it can be seen that the current still flow within the

widened P-pillar region due to the dynamic avalanche accu-
mulation at that area. But the saturation current is suppressed
effectively.

CT-MOSFET

SJ MOSFET Proposed MOSFET

1.4X10%  1.5Xx10%
-

9.0x10-2  1.0x10°  1.1x10% 1.3x10%
[ B

Lattice temperature (K)
Fig. 12. Simulation results of lattice temperature distribution inside the
device at time points 20 ps and 40 us for (a) the CT-MOSFET, (b) the
SJ MOSFET, (c) the proposed structure.

Under the influence of electric field and current density,
the internal peak junction temperature of the proposed struc-
ture is significantly lower than that of the CT-MOSFET and the
SJ MOSFET at times 20 ps and 40 ps, as shown in Fig. 12.
Consequently, the electro-thermal coupling effect with the
positive feedback phenomenon is suppressed in the proposed
structure, resulting in the improvement of the SC reliability.

3.5. Proposed structure parameters optimization

The influence of structure parameters in the proposed
structure is investigated, including the position (Hy,) and width
(W) of the P-pillar modulation region. The doping concentra-
tion of the P-type region is fixed at 1 x10'® cm™3 as the same
with the aforementioned SJ MOSFET to avoid the complex
fabrication variation and the over intensified JFET effect. Ac-
cording to the structure and cell pitch of the proposed MOS-
FET, the Hy, is adjusted from 4 um to 7 wm and the Wy, is
increased from 1 pum to 2 pm to analyze the device’s perfor-
mance. Figure 13 shows the proposed MOSFET’s static pa-
rameters and saturation current varying with Hy, and Wy,, and
the detailed simulation results are summarized in Table 4.

From Fig. 13, it can be seen that the BV degrades slightly
with the descending of location (Hp,) and the widening of
width (W, ) for the P-pillar modulation region, which is caused
by partial charge imbalance behavior. That means the chang-
ing of the BV is little with the variation of Hy, and W, for
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the small modulation region. Meanwhile, it is worth noting
that the R,, keeps unchanged if the Hy, is over 5 um. On the
contrary, the Ry, increases sharply and the Baliga’s FOM de-
generates severely once the Hp, decreases to 4 um. The reason
is that the current flowing path will be seriously suppressed
when the position of the P-pillar modulation region is too close
to the P-shield region. Moreover, the R,, gradually increases
with the widening of W,. The more obvious increase of R,
and the critical degradation of Baliga’s FOM are found at the
W of 2 pum.

Figure 13(b) and Table 4 exhibit that the saturation cur-
rent of the proposed structure gradually decreases with the ris-
ing of location (Hy,) and the widening of width (Wy,) for the
P-pillar modulation region. That means the distinct suppres-
sion effect can be found if the P-pillar modulation region is
close to the top side, bringing a better SC reliability. How-
ever, it may cause the sacrificing of the static performance as
we mentioned before. After comprehensive consideration, the
Hp =5 pm and the Wy, = 1.5 pm are selected as the optimal
structural parameters by comparing static characteristics and

SC performance.

1580 — . . — 1900
a (a) ..A...Q.erlzlpm
1560 & s —a——e—W,,= 1.5 pm 11850
140F o -6 Wyu=2um

~ 120} 11800
GE 100 z
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Fig. 13. The (a) Ron and BV; (b) Baliga’s FOM and saturation current
(Vs = 800 V) of the proposed structure with different Hy, and Wy, values.

Table 4. The simulation results of the proposed structure with varied Wy, and Hy,.

WG HaGm V) Remey PR T Simion ()

4 1821 30.7 108 251

1 5 1814 27.0 123 258
6 1808 26.8 122 263

7 1803 26.8 121 265

4 1813 126.1 26 235

15 5 1802 29.2 111 247
6 1793 28.9 111 253

7 1786 28.9 111 258

4 1805 1566.7 2 220

9 5 1791 48.7 66 235
6 1778 48.0 66 245

7 1769 48.0 65 252

4. Conclusion

In this study, a 1200 V SiC super-junction (SJ) MOS-
FET with a partially widened pillar is proposed to improve
the SC capability. By investigating the static characteristics
and the SC performance, it is found that the Baliga’s FOM
(BV?/Rqy) of the proposed structure increased by 22% com-
pared to the conventional trench structure. Meanwhile, a su-
perior SC performance is also achieved. Compared with the
conventional trench structure and SJ structure, the SC with-
stand time (SCWT) of the proposed structure increased by
60% and 41.2%, respectively. The enhancement of SC ability
is attributed to the suppression of the saturation current at the
SC transient process without sacrificing the on-state current

ability. In addition, the fabrication technology is compatible
with the standard epitaxy growth method with simple implant
window adjustment.

Acknowledgement

Project supported by the Key Research and Devel-
opment Program of Guangdong Province, China (Grant
No. 2019B090917010).

References

[1] Baliga B J 2008 Fundamentals of Power Semiconductor Devices
(Boston MA: Springer)

098502-7



Chin. Phys. B 31, 098502 (2022)

[2]

[3]
(4]

(5]

(6]
(71

(8]

[9]

[10]
[11]

[12]

Kimoto T and Cooper J A 2014 Fundamentals of Silicon Carbide Tech-
nology: Growth, Characterization, Devices and Applications (Singa-
pore: Wiley)

Wang J and Jiang X 2020 IET Power Electron. 13 445

Cao L, Gao Z J, Guo Q and Sheng K 2019 31st International Sympo-
sium on Power Semiconductor Devices and ICs (ISPSD), May 19-23,
2019, Shanghai, China, p. 227

Okawa M, Aiba R, Kanamori T, Yano H, Iwamuro N and Harada S
2019 31st International Symposium on Power Semiconductor Devices
and ICs (ISPSD), May 19-23, 2019, Shanghai, China, p. 167

Masaki N, An J, Hiroshi Y and Noriyuki I 2018 Jpn. J. Appl. Phys. 57
014702

Han K, Kanale A, Baliga B J, Ballard B, Morgan A and Hopkins D C
2018 IEEE 6th Workshop on Wide Bandgap Power Devices and Appli-
cations (WIPDA), Oct 31-Nov 2, 2018, Atlanta, GA, USA, p. 108
Wang J L, Chen Y Q, He Z Y, En Y F, Xu X B, Huang Y and Geng
K W 2019 IEEE 26th International Symposium on Physical and Fail-
ure Analysis of Integrated Circuits (IPFA), July 2-5, 2019, Hangzhou,
China, p. 1

Zhou X, Su H, Yan W, Yue R and Li J 2016 IEEE Trans. Electron De-
vices 63 4346

Green R, Urciuoli D and Lelis A J 2018 Mater. Sci. Forum 924 715
Wei J, Liu S, Tong J, Zhang X and Huang A Q 2020 /EEE Trans. Elec-
tron Devices 67 1

Pappis D and Zacharias P 2017 19th European Conference on Power
Electronics and Applications (EPE’17 ECCE Europe), Sept 11-14,
2017, Warsaw, Poland, p. 1

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

098502-8

Kakarla B, Ziemann T, Nida S, Doenni E and Grossner U 2018 Mater:
Sci. Forum 924 782

Han K, Kanale A, Baliga B J, Ballard B, Morgan A and Hopkins D
2018 IEEE 6th Workshop on Wide Bandgap Power Devices and Appli-
cations (WiPDA), Oct. 31-Nov. 2, 2018, Atlanta, GA, USA, p. 108

Yang T, Wang Y and Yue R 2020 /EEE Trans. Electron Devices 67
3685

Cao L, Guo Q and Sheng K 2018 IEEE 2nd International Electri-
cal and Energy Conference (CIEEC), Nov 4-6, 2018, Beijing, China,
p. 653

Ceccarelli L, Reigosa P D, Iannuzzo F, Bahman A S and Blaabjerg F
2017 43rd Annual Conference of the IEEE Industrial Electronics Soci-
ety, Oct 29-Nov 1, 2017, Beijing, China, p. 4897

Okada M, Kyogoku S, Kumazawa T, Saito J, Morimoto T, Takei M
and Harada S 2020 32nd International Symposium on Power Semicon-
ductor Devices and ICs (ISPSD), Sept 13-18, 2020, Vienna, Austria,
p. 70

Sentaurus TCAD Tools Version L-2016.03 Synopsys (Mountain View,
CA, USA)

Harada S, Kobayashi Y, Kyogoku S, Morimoto T and Okumura H 2018
IEEE International Electron Devices Meeting (IEDM), Dec 1-5, 2018,
San Francisco, CA, USA, p. 8.2.1

Masuda T, Saito Y, Kumazawa T, Hatayama T and Harada S 2018 /IEEE
International Electron Devices Meeting (IEDM), Dec 1-5, 2018, San
Francisco, CA, USA, p. 8.1.1


http://dx.doi.org/10.1049/pel2.v13.3
http://dx.doi.org/10.1109/ISPSD.2019.8757644
http://dx.doi.org/10.1109/ISPSD.2019.8757644
http://dx.doi.org/10.1109/ISPSD.2019.8757644
http://dx.doi.org/10.1109/ISPSD.2019.8757617
http://dx.doi.org/10.1109/ISPSD.2019.8757617
http://dx.doi.org/10.7567/JJAP.57.074102
http://dx.doi.org/10.7567/JJAP.57.074102
http://dx.doi.org/10.1109/WiPDA.2018.8569178
http://dx.doi.org/10.1109/WiPDA.2018.8569178
http://dx.doi.org/10.1109/IPFA47161.2019.8984829
http://dx.doi.org/10.1109/IPFA47161.2019.8984829
http://dx.doi.org/10.1109/IPFA47161.2019.8984829
http://dx.doi.org/10.1109/TED.2016.2606882
http://dx.doi.org/10.1109/TED.2016.2606882
http://dx.doi.org/10.4028/www.scientific.net/MSF.924
http://dx.doi.org/10.1109/TED.2020.3028355
http://dx.doi.org/10.1109/TED.2020.3028355
http://dx.doi.org/10.23919/EPE17ECCEEurope.2017.8099206
http://dx.doi.org/10.23919/EPE17ECCEEurope.2017.8099206
http://dx.doi.org/10.23919/EPE17ECCEEurope.2017.8099206
http://dx.doi.org/10.4028/www.scientific.net/MSF.924
http://dx.doi.org/10.4028/www.scientific.net/MSF.924
http://dx.doi.org/10.1109/WiPDA.2018.8569178
http://dx.doi.org/10.1109/WiPDA.2018.8569178
http://dx.doi.org/10.1109/TED.16
http://dx.doi.org/10.1109/TED.16
http://dx.doi.org/10.1109/CIEEC.2018.8745774
http://dx.doi.org/10.1109/CIEEC.2018.8745774
http://dx.doi.org/10.1109/CIEEC.2018.8745774
http://dx.doi.org/10.1109/IECON.2017.8216842
http://dx.doi.org/10.1109/IECON.2017.8216842
http://dx.doi.org/10.1109/ISPSD46842.2020.9170126
http://dx.doi.org/10.1109/ISPSD46842.2020.9170126
http://dx.doi.org/10.1109/ISPSD46842.2020.9170126
http://dx.doi.org/10.1109/IEDM.2018.8614670
http://dx.doi.org/10.1109/IEDM.2018.8614670
http://dx.doi.org/10.1109/IEDM.2018.8614670
http://dx.doi.org/10.1109/IEDM.2018.8614610
http://dx.doi.org/10.1109/IEDM.2018.8614610
http://dx.doi.org/10.1109/IEDM.2018.8614610

	1. Introduction
	2. Device structures and simulation setup
	3. Results and discussion 
	3.1. Static parameters
	3.2. Optimization of pillar doping concentration in the SJ MOSFET
	3.3. The SC simulation results and analysis of the three different structures
	3.4. Analysis of the physical mechanism inside the devices
	3.5. Proposed structure parameters optimization

	4. Conclusion 
	References

