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low oxide field and enhanced switching performance
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An optimized silicon carbide (SiC) trench metal-oxide-semiconductor field-effect transistor (MOSFET) structure with
side-wall p-type pillar (p-pillar) and wrap n-type pillar (n-pillar) in the n-drain was investigated by utilizing Silvaco TCAD
simulations. The optimized structure mainly includes a p+ buried region, a light n-type current spreading layer (CSL), a
p-type pillar region, and a wrapping n-type pillar region at the right and bottom of the p-pillar. The improved structure is
named as SNPPT-MOS. The side-wall p-pillar region could better relieve the high electric field around the p+ shielding
region and the gate oxide in the off-state mode. The wrapping n-pillar region and CSL can also effectively reduce the
specific on-resistance (Ron,sp). As a result, the SNPPT-MOS structure exhibits that the figure of merit (FoM) related to
the breakdown voltage (Vgr) and Ronsp (Vl%RRonA’sp) of the SNPPT-MOS is improved by 44.5%, in comparison to that of
the conventional trench gate SJ MOSFET (full-SJ-MOS). In addition, the SNPPT-MOS structure achieves a much faster-
witching speed than the full-SJ-MOS, and the result indicates an appreciable reduction in the switching energy loss.

Keywords: 4H-silicon carbide (4H-SiC) trench gate MOSFET, breakdown voltage (Vgr), specific on-
resistance (Rop sp), switching energy loss, super-junction

PACS: 85.30.—z, 85.30.De

1. Introduction

Wide-band gap third-generation semiconductor material
silicon carbide offers excellent switching properties, temper-
ature stability and low electromagnetic interference (EMI),
making it ideal for next-generation power conversion appli-
cations such as switching power supplies, electric vehicles,
and industrial power.'™* In recent years, SiC power MOS-
FETs with the Vgr of 600-1700 V level dominated have been
commercialized, but higher Vgr of the SiC MOSFETs are less
studied. Especially, the SiC trench gate MOSFET generally
has low Ron sp due to the small cell-pitch using the trench gate
configuration.>~”) However, SiC trench gate MOSFET has a
fatal disadvantage. As the drain—source voltage increases, the
electric field at the bottom corner of the gate trench increases,
affecting the gate oxide stability.[®! To overcome this issue,
some good methods and novel structures are proposed to over-
come the electric field concentration at the bottom corner of

[10-12

the gate trench. 1 The most commonly used way to shield

highly the electric field at the bottom corner of the gate trench
is to increase the p+ shield region under the gate trench,[!3-13]
yet with a marked increase in Ry sp. With charge-balanced n-
pillar and p-pillar, the super-junction (SJ) MOSFET has more
superior electrical characteristics compared with conventional
SiC trench MOSFET.!'2% Vudumula et al.l'%! studied the
static and dynamic characteristics of the CoolSiC trench MOS-
FET structure by introducing the concept of super-junction,

and the structure provides a good trade-off between gate oxide
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reliability and Ron sp. Orouji ez al.!'”! proposed to replace the
p+ shield region with an n-type pillar and a p-type pillar at the
bottom of the gate trench. The new device structure improves
the VR and reduces the Ry sp, and has good switching charac-

18] studied a novel structure embedded in

teristics. Deng et al.!
a floating p-column in the drift region, which ensures that the
ViR is not reduced, allowing for a compromise between the
Ron,sp> and the short-circuit characteristics. Kim!!'! proposed
a novel SJ structure with a hetero-junction diode for improved
reverse recovery characteristics and switching energy loss. He
et al.®" investigated a new SJ structure by using grounded
p+ buried layers and connected p columns to encapsulate deep
trench gate oxide to reduce the saturation current.

Moreover, the practical feasibility of fabricating super-
junction structures has been discussed by using the trench-
filling epitaxial growth method in some papers. Ji et al.l?1:?]
studied and made possible uniform epitaxial filling in the 4H-
SiC trench between 7 um and 50 pum deep. There have also
been significant advances in understanding the mechanisms of
epitaxial growth of trench filling.[>*->3! In addition, Ryoji et
al.*®! have established a key manufacturing process of super-
junction structure with thickness over 20 pm and high aspect
ratio, and the theoretical limit of 6.5-kV class 4H-SiC super-
junction MOSFET is broken through by the trench filling epi-
taxial growth method. Consequently, it is feasible to study the
trench-filled epitaxial growth method of SiC super-junction
devices with high breakdown voltage.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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In this article, an improved structure of 4H-SiC trench
gate MOSFET with a side-wall p-pillar and a wrapping n-
pillar at the right of the p-pillar is studied to reduce the gate
oxide electric field and switching energy loss. The Silvaco
TCAD simulation results demonstrate that the SNPPT-MOS
exhibits good static and dynamic performance. The SNNPT-
MOS structure is a significant optimization of the full-SJ-MOS
structure. In addition, in the second section, some preliminary
manufacturing techniques are discussed, and their feasibility
is proved from the processing point of view.

2. Description of the device structure and fabri-
cation procedure

Figure 1 shows the schematic cross-section of the SNPPT-
MOS and full-SJ-MOS.?’l The main device-related parame-
ters of the two structures are shown in Figs. 1(a) and 1(b). The
SNPPT-MOS structure mainly includes a p™-SiC buried re-
gion, CSL region, a p-pillar, and a wrap n-pillar. The gate ox-
ide thickness of both sidewalls and the bottom is about 50 nm.
The height of the CSL region was 1.7 um (Lcsp, = 1.7 pwm).
The height of the p-pillar was 24 pum (Ly_pijar = 24 um). The
wrapped n-pillar junction depth (Ly,;,) was set to be 1 pm to
decrease the impact to Vgr and gate-drain charge. The dis-
tance between the wrap n-pillar and the gate was set at 0.5 pm
(Whg = 0.5 um). The thickness of the gate oxide was set
at 50 nm. The n-drift region dopant concentration (Ng) was

set to be 3x 10> cm™3. Moreover, in the super-junction (SJ)
MOSFET structure, the charge balance between the n-pillar
and p-pillar must be precisely controlled. Thus, the products
of the width and doping concentration of the n-pillar region
of the two structures must equal to the product of the width

and doping concentration of the p-pillar region the according
tol16:17,28,29]

Wp X Np = Wy, X Ny, €))]

where W, and W,, are the widths of the p-pillar and n-pillar, N,
and N, are doping concentrations of the p-pillar and n-pillar,
respectively. The detailed parameters of the simulation used
for the two structures are listed in Table 1.
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Fig. 1. The schematic cross-section of the (a) SNPPT-MOS and (b)
full-SJ-MOS.

Table 1. Device parameters in simulations.

Device parameters SNPPT-MOS full-SJ-MOS
n+ source junction depth (Ln4) 0.2 pm 0.2 um
p+ junction depth 0.2 pm 0.2 um
p-body junction depth 0.5 um 0.5 pm
Gate trench depth 1.5 um 1.5 um
The thickness of the n-drift (Lq) 29.0 pm 29.0 pm
The thickness of the gate oxide 50 nm 50 nm
n-type current spreading layer depth (Lcsr.) 1.7 pm 1.7 pm
p-pillar depth (L, pittar) 24.0 um 27.0 um
Wrapped n-pillar junction depth (Lyp) 1 um -
Width of the trench (W) 2.0 um 2.0 um
Width of the source (W) 2.5 um 2.5 um
n-drift doping concentration (Ng) 3.0x10% cm™3 1x10'6 ¢cm~3
p-body doping concentration 2.0x10'7 em™3 2.0x10'7 em™3
n-type current spreading layer doping concentration 4.0x10' cm™3 4.0%x10' cm™3
p-pillar doping concentration (V) 2.0x10 cm~3 2.0x10' cm~3
n-pillar doping concentration (N,) 6.0x10' cm—3 -

A feasible manufacturing process of the SNPPT-MOS is
shown in Fig. 2. An n-drift was grown on a 4H-SiC n+
substrate, as shown in Fig. 2(a). Fabrication of the super-
junction structure began with a deep stripe-trench formation
in an n-drift by using inductively coupled plasma etching in
an SF/O, gas ambient, as shown in Fig. 2(b). The p-pillar
region was fabricated with the trench-filling epitaxial (TFE)
growth method,?®! as shown in Fig. 2(c). After TFE growth,

the wafer surface was flattened by thinning the TFE grown
wafer to the initial epitaxial wafer thickness by using grinding
and polishing, as shown in Fig. 2(d). And then, CSL grew on
the flat surface of the wafer. After CSL was formed, a mask
plate of a certain size (distance between the two p-pillar) was
manufactured to mask CSL, and p*-SiC buried region were
generated on both sides of the mask plate through ion implan-

tation. The resulting structure is shown in Fig. 2(e). Then
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remove the mask based on the structure in Fig. 2(e), and grow
another layer of p-type 4H-SiC to form the p-body region. Af-
ter the p-body region was formed, n*-SiC source region was
formed by ion implantation. Then, masks of the same size
were used to mask certain n*-SiC source region, and p*-SiC

source region was generated on both sides of the mask by ion
implantation. The final structure is shown in Fig. 2(f). Finally,
the p'-shielding, the oxide layer, the gate structure, and the
electrode were implemented in a similar way to the conven-
tional SiC trench MOSFET, as shown in Figs. 2(g) and 2(h).

Growth on mesa-top

n1>ng _ _ | 2 = i Grinding and polishing i
g E E i o < ERE e
n & & & = 3 e iR z 2
&
— — . 5 . — "o
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Fig. 2. The key fabrication procedure of the SNPPT-MOS.

Moreover, it is a very important step to align p*-SiC
buried region and p*-SiC source region with p-pillar in the
process of SNPPT-MOS structure. Firstly, for Fig. 1(d), ensure
that the polishing process thinned the epitaxial wafer to the ini-
tial thickness of the epitaxial wafer, so that the wafer surface
becomes sufficiently flat. Secondly, the size of the mask in
Fig. 1(e) can be determined, that is, the distance between the
p-pillar on both sides. In addition, in SiC devices, due to the
low diffusion coefficient of dopant, 3”1 p*-SiC buried region is
formed by ion implantation, and the doping amount of ion im-
plantation impurity can be precisely controlled. For Fig. 1(f),
the p*-SiC source region is firstly formed by ion implantation
on both sides of the n™-SiC source region. The mask used is
the same size as that used in Fig. 1(¢). And the p*-SiC source
region on both sides of the n™-SiC source region is also formed
by ion implantation, which can accurately control the amount
of impurity doping. Therefore, the accurate alignment of align
pT-SiC buried region and p™-SiC source with p-pillar is en-
sured to a certain extent.

At the same time, in order to better illustrate the feasi-
bility of SNPPT-MOS structure. The Vgr, Ron sp, and FoM
(VirRon,sp) of p*-SiC buried region width and p™-SiC source
region width from —10% to +10% deviation are simulated
and discussed, as shown in Table 2. As can be seen from
Table 2, the Vgr and Ry sp of the device are almost constant
when the error of the alignment widths of the p™-SiC source
region and p™-SiC buried region with p-pillar ranges from 0 to
—10%. When p™-SiC source region and p™-SiC buried region

are aligned with the width of p-pillar from 0 to +10%, the Vgr
of the device increases slightly and then decreases slightly, the
Ron sp changes accordingly, and the FoM (VBZRROH_,SP) is calcu-
lated to be almost the same.

Table 2. The Vgr, Ron,sp and FoM (VéR /Ron,sp) of p*-SiC buried region
width and p™-SiC source region width from —10% to +10%.

p"-SiC buried p*-SiC source  Vpg Ron,sp FoM (Vi3g /Ron,sp)
width (um) width (um) (V)  (mQ-cm?) (MW/cm?)
1.35 1.35 4712 9.87 224
1.38 1.38 4712 9.87 2.24
1.41 1.41 4713 9.90 2.24
1.44 1.44 4713 9.90 224
1.47 1.47 4713 9.90 2.24
1.50 1.50 4713 9.90 2.24
1.53 1.53 4752 10.01 225
1.56 1.56 4784 10.18 224
1.59 1.59 4802 10.23 2.25
1.62 1.62 4561 9.24 225
1.65 1.65 4628 9.56 2.24

3. Numerical simulation and result analysis

In this section, the static characteristics and the dynamic
characteristics of the SNPPT-MOS were simulated by using
the 2-D Silvaco ATLAS tool and compared the performance of
the full-SJ-MOS with the performance of the SNPPT-MOS. In
this simulation, some physical models were used. The phys-
ical models are divided into four parts. The first part is the
mobility model, where the simulation uses the concentration
and temperature-related mobility model (ANALYTIC) and the
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parallel electric field correlation model (FLDMOB). The sec-
ond part is the composite model, where the simulation uses
the Shockley—Read—Hall complex model (SRH) and the Auger
complex model (AUGER). The third part is the carrier gener-
ation model, where the IMPACT SELB model is used in the
simulation. The fourth part is the carrier statistical model. The
incomplete ionization model (INCOMPLETE) is used in the

simulation, 31733

3.1. On-state characteristic

The on-state output characteristic curves of the SNPPT-
MOS and full-SJ-MOS at Vgg =20V, Vg = 16 V, Vg = 12V,
and Vg = 8 V are shown in Fig. 3. The Ry 5p of the SNPPT-
MOS was 9.90 mQ-cm?, and the Ronsp of the full-SJ-MOS
was 11.5 mQ-cm?, at Ves =16 V and Vg5 = 1 V. The wrap n-
pillar and CSL region in the optimized structure provide two
diffusion paths for current diffusion and compress the deple-
tion region. The thin light doping of the CSL region causes
the electrons to diffuse horizontally earlier.

5 24 -% 1L6[@V=16 V V=1V, —+— Full-SJ-MOS
L L= —o— SNPPT-MOS
< 20fL 2
¥ =
= [Z os
Z 162

=l _c
z Sy Ve =20 V ~lov
£ 12}: 20 V
) [ © 16 V
o E 12V
£ 084
(9]
2
5 04f
= r
S 0 [ egaaddadadaddadadad V=8V
a .

Drain voltage (V)

Fig. 3. The on-state output characteristic curves for the SNPPT-MOS
and full-SJ-MOS.

In addition, the wrap n-pillar allows the current to flow
vertically. We know that the more narrow the depletion re-
gion, the wider the current path of the electron, resulting in
the lowest Ronsp. Compared with full-SJ-MOS, the Roysp of
SNPPT-MOS decreased by 16.2%. The Ry p of the SNPPT-
MOS is slightly lower than that of full-SJ-MOS because the
SNPPT-MOS structure has a higher doping concentration in
wrap n-pillar. In the SNPPT-MOS structure, the wrap n-pillar
under the CSL the electron concentration in the channel re-
gion, while the depletion region decreases, increasing the cur-
rent path in the SNPPT-MOS structure, as shown in Fig. 4.
The equation of the Ron sp can be described as

Wy )
Ronsp = ; 2
P <‘I.unNd @

where Wy is the maximum depletion width and the u, is the

electron’s mobility.

P+ shielding

Electron conc (¢cm™)

19.1
18.6
17
55
13.9
124
10.8
9.29

2 |

N-drift

Fig. 4. Distribution of the electron concentration for (a) SNPPT-MOS
and (b) full-SJ-MOS.

3.2. Off-state characteristics

Figure 5 shows the off-state breakdown characteristic
curves for the SNPPT-MOS and full-SJ-MOS. The corre-
sponding electric field in the gate oxide distributions is shown
in Fig. 6.

—12
0 RS I-MOosS

10-13 [ —o— SNPPT-MOS Vas = 4713 V]

10714 L
10-15 Vi = 4226 V
10716 L

1017

Drain current (A)

10-18[

10-19 L L L L L L
0 1000 2000 3000 4000 5000

Drain voltage (V)

Fig. 5. OFF-state breakdown characteristic curves of the SNPPT-MOS
and full-SJ-MOS.
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30

l

Fig. 6. OFF-state corresponds to electric field curves of (a) SNPPT-
MOS and (b) full-SJ-MOS.

We can see that the peak electric field in the gate ox-
ide (Epeak—goe) in the full-SJ-MOS structure has reached
3.12 MV/cm with a drain bias voltage of 4226 V. In the
SNPPT-MOS structure, the value of the Epeak—goe iS about
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2.80 MV/cm with a drain bias of 4713 V. The SNPPT-MOS
exhibits lower Epeak—goe than the full-SJ-MOS, this is because
of the mutual depletion effect of the p-pillar and the wrap n-
pillar in the n-drift, and the electric field around the bottom of
the gate trench could be screened effectively. As for the full-
SJ-MOS structure, it could also alleviate the high electric field
around the bottom of the gate trench to a certain extent due
to the p-pillar embedded n-drift region, while the high dop-
ing concentration of the n-drain region and thus the Epeak—goe
(3.12 MV/cm) is slightly higher than the SNPPT-MOS, result-
ing in a Vgr witha drain bias of 4226 V. The vertical electric
field distributions of the SNPPT-MOS and the full-SJ-MOS
from O to 30 um are shown in Fig. 7. The maximum gate
oxide electric field is about 2.5 um vertically. From 2.5 pm
onward, the vertical electric field curve of SNPPT-MOS is al-
most as flat as that of the full-SJ-MOS. Because of the mutual
depletion effect of the p-pillar and the wrap n-pillar in the n-
drain region, the field distributions for the SNPPT-MOS at the
p-pillar and the wrap n-pillar interface are uniforms.

4

N

2.80 MV /cm
3.12 MV /e

E (108 V/cm)

1 —o— SNPPT-MOS
—<— Full-SJ-MOS
0 o s 1 s 1 s 1 s 1 s 1 s
0 5 10 15 20 25 30

y (um)

Fig. 7. The vertical distribution of the electric field from 0 to 30 pm.

3.3. Reverse transfer capacitance and gate charge charac-

teristics

The smaller reverse transfer capacitance is of great im-
portance for reducing the switching loss and preventing the
false turn-on. It helps improve the switching characteristics.
The reverse transfer capacitance (Ciss = Cgq) properties of the
SNPPT-MOS and full-SJ-MOS are shown in Fig. 8. Compared
with the Cy of the full-SI-MOS, the SNPPT-MOS exhibits a
lower Cyq than the full-SJ-MOS, owing to the effective electric
field shielding of the p-pillar and wrap n-pillar. And they have
a smaller p—n junction area than the conventional full super-
junction structure.

The specific gate charge (Qgsp) characteristic curves of
the SNPPT-MOS and the full-SJ-MOS are evaluated as well,
as shown in Fig. 9. The Qg is extracted by using the mix-

mode simulation. The simulation circuit schematic diagram

is inserted in the bottom right corner of Fig. 9. The ex-
tracted Qyq sp Of the SNPPT-MOS is 101 nC/cm?. The SNPPT-
MOS exhibits a lower miller charge compared with that of
the 154 nC/cm? for the full-SJ-MOS due to the p-pillar and
wrapped n-pillar having smaller p—n junction area and effec-
tive electric field shielding ability. The FOM (Ron,sp X Qgd,sp)
is a widely used parameter to measure the device performance
in high-frequency switching applications.3*3¢1 According to
the calculation, the FoM (Ron,sp X Qgd sp) Of the full-SJ-MOS
structure is 1771 mQ-nC. The SNPPT-MOS structure obtained
superior Roqsp X Qgd,sp With a value of 999.9 mQ-nC, which
decreases by 77.1% compared with the full-SJ-MOS structure.

10-10
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10-11

10712
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10-13 %l?m__

10-14 L L L L
0 200 400 600 800
Vas (V)
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Fig. 8. The Gy, property curves of the SNPPT-MOS and full-SJ-MOS.
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Fig. 9. The Qy s, characteristic curves of the SNPPT-MOS and full-SJ-
MOS.
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3.4. Dynamic characteristics

To better study the switching characteristics of the
SNPPT-MOS, the double-pulse test (DUT) circuit is used to
investigate the switching performance of the two structures, as
shown in Fig. 10. The basic parameters of the DUT circuit
are listed in Table 3. Figure 11 shows the switching wave-
forms of the SNPPT-MOS and full-SJ-MOS. As can be seen
from Fig. 11, the full-SJ-MOS needs a longer period to arrive
at high Vi, and high I3 compared with the SNPPT-MOS. Topr
is defined as the turn-off delay time and turn-off fall time. Ton

is defined as the turn-on delay time and turn-on fall time.
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Fig. 10. The double-pulse test circuit.

Table 3. The basic parameters of the DUT circuit.

Parameters Values Unit
Supply voltage (Vyq) 300 \Y
Gate resistor (Rg) 20 Q
Inductive load (Ly) 200 uH
Stray inductance (L) 10 nH
Gate voltage (Vy) 0-20 \%
(a) Lorr=0881ns gnppp o5 Tov=0.72 ns
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Fig. 11. Switching waveforms of (a) SNPPT-MOS and (b) full-SJ-MOS.

Figure 12 shows the switching energy loss for the SNPPT-
MOS and the full-SJ-MOS. The calculated energy loss val-

ues of turn-on (E,,) and turn-off (Eyg) for SNPPT-MOS are
32.5 mJ/cm? and 31.7 mJ/cm?. The calculated values of Eyy
and E for full-SI-MOS are 40.3 mJ/cm? and 36.5 mJ/cm?. It
can be discerned that in the SNPPT-MOS structure, the energy
loss during E,, is reduced as a respective decrease of 24.%
compared with the full-SJ-MOS, and the Ey is a respective
decrease of 15.1% compared with the full-SJ-MOS. The equa-
tion of the E,, and E.¢ can be described as

4]
Eon = /T Vi % Iagdt, 3)
J 1]
1y
Eott = /T Vg % Iasdt, @)
3

where T1 (10% of Vgs(on)), T (2% of Vyq), T3 (90% of Vgs(on))
and Ty (2% of Iy).

Engery loss (mJ/cm?)

S OS _ Full-SJ-MOS

T-

Fig. 12. Switching energy loss of the SNPPT-MOS and full-SJ-MOS.

3.5. Parameters optimization

To get the optimized device structure, the added wrap n-
pillar dopant concentration (N,), p-pillar dopant concentration
(Np), and the height of the p-pillar (H) have a great influence
on the device performance. In the SJ MOSFET structure, to
obtain high VR, it is necessary to control accurately the charge
balance between n-pillar and p-pillar regions. So the products
of the width and concentration of the n-pillar region of the
SNPPT-MOS must equal the product of the width and concen-
tration of the p-pillar region. Figure 13 shows the Vgr and
Ron,sp of this SNPPT-MOS structure in the case of N, from
1 x 10 em=3 to 3x10'° cm—3, N, from 3x10!° cm=3 to
9x10'% cm—3, and H from 10 um to 24 um. And the FoM
(VBzR /Ron,sp) corresponding to different H is given in detail.
Figure 14 shows FoM (Vi3z /Ron.sp) as a function of the differ-
ent Ny, Np, and H. The maximum FoM that appears at the N,
Np, and H are 6x10'° cm™3, 2x10'° cm—3, and 24 pum, re-
spectively. We also investigated the most suitable W,;. The
Wi from 0.1 pm to 0.7 um, as shown in Fig. 15, we can
see that the smaller the Wy,g was, the smaller the Ropsp of the
SNPPT-MOS was. However, the Vg also decreased. As can
be seen from Fig. 15, we can find that the most suitable Wy,
was 0.5 pm.
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Fig. 13. The Vgr and Ron sp as function N, and N, for different heights of the p-pillar.
2.4f Maximum FoM than that of drift, the increase of N, significantly improves the
QN,=2x10'6 ¢cm—3 . . .
2.2F NS 631016 em 9 reduction of Ronsp. When N, is low, the reduction of Ron sp
2.0 has more effect on FoM than that of Vggr. However, when N,
o
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s ——H =10 pm that of the decrease of Vig.
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U = pum
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TR Y Y 4.5%10'° 4826 10.62 2.19
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Fig. 14. FoM (V% /Ron sp) as a function of the different Ny, Np, and H. 9.0x10!® 3807 7.69 1.88
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Fig. 15. The Vgr and Ronsp for the different distances between the n-
pillar and the gate (Wyg).

Table 4 gives the VBRr, Ron,sp, and FoM when W, is set at
0.5 um. The higher the M,, and the smaller the Vgr and Rop sp
of the SNPPT-MOS. The FoM value increases firstly and then
decreases. The main reason is that when &, is low, the deple-
tion region in the n-pillar is wider, which makes the current
path narrow. As the N, value increases, the electron path be-
comes wider. As the doping concentration of n-pillar is higher

Table 5 gives the VBr, Ronsp, and FoM when N, is
6 x 10'° cm™3. As can be seen from Table 5, we can find
that the wider the Wy, the larger the Ry sp and the Vgr. The
FoM value increases firstly and then decreases. The main rea-
son is that when the W, is smaller, the larger the area of the
electron flow through the n-pillar. The area of electrons flow
through in the n-pillar is larger than the depletion region. With
the increase of Wy, the area of electrons flowing through the
n-pillar increases. It is because of the high doping concen-
tration of the n-pillar that the area of electrons flows through
the n-pillar increases, which promotes the decrease of Ry gp.
When W, is small, the effect of Ry sp on FoM is greater than
that of Vgr. With the increase of W, the contribution of Rop sp
to FoM decreased. In the larger W;,¢ condition, the increase of
Ron,sp had less effect on FoM than that of Vgr. Therefore, we
choose these two parameters as the basement of our simula-
tions and the following discussion. The electrical property of
the full-SJ-MOS and the SNPPT-MOS are listed in Table 6.
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Table 5. The Vgr, Ron,sp, and FoM at N = 6 x 106 cm—3,

an (pm)  Vpr (V) Ron,sp (mQ'sz) FoM (V%;R/Ron‘sp)
0.1 2583 6.09 1.09
0.2 2880 6.89 1.2
0.3 3550 7.35 1.71
0.4 3823 8.13 1.79
0.5 4713 9.9 2.24
0.6 4840 10.72 2.18
0.7 4921 11.84 2.04

Table 6. Electrical property of the SNPPT-MOS and the full-SJ-MOS.

Parameters SNPPT-MOS  full-SJ-MOS Unit

VBR 4713 4226 \%
Ron,sp 9.90 11.50 mQ-cm?
Qgd,sp 101 154 nC/cm?
FOM (Vg /Ron.sp) 224 1.55 MW/cm?
FOM (Ron,sp X Qgd,sp) 999.9 1771 mQ-nC
Eon 32.5 40.3 mJ/cm?
Eoft 31.7 36.5 mJ/cm?

4. Conclusion and perspectives

An optimized structure of the 4H-SiC trench MOSFET is
studied in this article. The improved structure exhibits good
electrical characteristics due to the incorporating side-wall p-
pillar region and a wrapping n-pillar region in the drift region.
The SNPPT-MOS structure has significantly protected the gate
oxide and relieves the electric field around the p+ shielding
region. With charge-balanced n-pillar and p-pillar under the
p-body, the improved structure help reducing the Ry sp, which
leads to the tradeoff of the Vgr and Ronsp. In addition, the
improved structure exhibit superior switching property during
both the turn-on and the turn-off transients.

Acknowledgements

This work was supported in part by the National Nat-
ural Science Foundation of China (Grant Nos. 61774052
and 61904045), the National Natural Science Foundation of
Jiangxi Province of China (Grant No. 20202BABL201021),
and the Education Department of Jiangxi Province of China
for Youth Foundation (Grant No. GJJ191154).

References

[1] Millan J, Godignon P, Perpina X, Perez-Tomas A and Rebollo J 2014
IEEE T. Power Electr. 29 2155

[2] Hudgins J L, Simin G S, Santi E and Khan M A 2003 /EEE T. Power
Electr. 18 907

[3] Wang J, Zhao T, Li J and Huang A Q, Callanan R, Husna F and Agar-
wal A 2008 IEEE T. Electron Dev. 55 1798

[4] Ericson N, Frank S, Britton C, Marlino L and Ryu S H 2014 [EEE T.
Power Electr. 29 539

[5]

[6]

[7]

[8]

[9]
[10]
(11]
[12]
[13]
[14]
[15]
[16]
(17]
(18]
[19]
[20]
[21]

[22]

(23]
[24]
[25]
[26]

[27]

[28]

[29]

(30]

(31]

(32]

[33]

[34]

[35]

[36]

078501-8

Agarwal A K, Casady J B, Rowland L B, Valek W F, White M H and
Brandt C D 1997 IEEE Electron Dev. Lett. 18 586

Zhang Q, Gomez M, Bui C and Hanna E 2005 in Proc. ISPSD, May
23-26, 2005, Santa Barbara, CA, USA, p. 211

Sui Y, Tsuji T and Cooper J A 2005 IEEE Electron Dev. Lett. 26 255
Agarwal A K, Siergiej R R, Seshadri S, White M H, McMullin P G,
Burk A A, Rowland L B, Brandt C D and Hopkins R H 1996 in Proc.
ISPSD, May 20-23, 1996, Maui, HI, USA, p. 119

Tan J, Cooper J A and Melloch M R 1998 IEEE Electron Dev. Lett. 19
487

Jiang H, Wei J, Dai X, Ke M, Deviny I and Mawby P 2016 /EEE Elec-
tron Dev. Lett. 37 1324

Zhou X, Yue R, Zhang J, Dai G, Li J and Wang Y 2017 IEEE T. Elec-
tron Dev. 64 4568

Tian K, Hallen A, Qi J, Ma S, Fei X, Zhang A and Liu W 2019 /EEE
T. Electron Dev. 66 1

Kagawa Y, Fujiwaral N, Sugawaral K, Tanakal R, Fukui Y, Yamamo-
toY, Miura N, Imaizumi M, Nakata S and Yamakawa S 2014 Mater:
Sci. Forum. 778 919

Li Y, Cooper J A and Capano M A 2002 IEEE T. Electron Dev. 49 972
Cooper J A (US Patent) 6 180 958 [2001-01-30]

Vudumula P, Pelluri S K and Kotamraju S 2019 Semicond. Sci. Tech.
34 015010.1

Orouji A A, Jozi M and Fathipour M 2015 Mat. Sci. Semicon. Proc. 39
711

Deng S, Hossain Z and Taniguchi T 2017 IEEE T. Electron Dev. 64 735
Kim J and Kim K 2020 Semiconductors 54 587

He Q Y, Luo X R, Liao T, Wei J, Deng G Q, Fang J and Yang F 2019
Superlattice. Microst. 125 58

Ji S, Kosugi R, Kojima K, Mochizuki K, Saito S, Nagata A, Matsukawa
Y, Yonezawa Y and Okumura H 2017 Appl. Phys. Express 10 055505
Ji S'Y, Kosugi R, Kojima K, Mochizuki K, Saito S, Nagata A, Mat-
sukawa Y, Yonezawa Y and Okumura H 2017 Appl. Phys. Express 10
05550

Mochizuki K, Ji S 'Y, Kosugi R, Kojima K, Yonezawa Y and Okumura
H 2015 Appl. Phys. Express 9 035601

Mochizuki K, Ji S, Kosugi R, Yonezawa Y and Okumura H 2017 in
Proc. IEDM, December 2-6, 2017, San Francisco, CA, USA, p. 788
Mochizuki K, Ji S, Kosugi R, Yonezawa Y and Okumura H 2018 in
Proc. SISPAD, Sep. 24-26, 2018, Austin, USA, p. 331

Kosugi R, Ji S, Mochizuki K, Adachi K, Segawa S, Kawada Y,
Yonezawa Y and Okumura H 2019 in Proc. ISPSD, May 19-23, 2019,
Shanghai, China, p. 39

Masakazu O, Shinya K, Teruaki K, Jun S, Tadao M, Manabu T and
Shinsuke H 2020 in Proc. ISPSD, September 13-28, 2020, Vienna,
Austria, p. 70

Wang C L and Sun J 2009 Chin. Phys. B 18 1231

Zhang B, Xu Z and Huang A Q 2000 in Proc. ISPSD, May 22-25,
2000, Toulouse, France, p. 61

Zhou X T, Jia Y P, Hu D Q and Wu Y 2019 IEEE T. Electron Dev. 66
2551

Wang Y, Lin M, Li X J, Wu X, Yang J Q, Bao M T, Yu C H and Cao F
2019 IEEE T. Electron Dev. 66 4264

Wang Y, Ma 'Y C, Hao Y, Hu Y, Wang G F and Cao F 2017 IEEE T.
Electron Dev. 64 3719

Shen P, Wang Y, Li X J, Yang J Q, Yu C H and Cao F 2021 Chin. Phys.
B 30 058502

Wang Y, K Tian, Hao Y, Yu C H and Liu Y J 2015 IEEE T. Electron
Dev. 62 2774

Zhou X W, Wong P L, Xu P and Lee F C 2000 /EEE T. Power Electr.
151172

Shen Z J, David N O, Lin F Y, Anderson S and Cheng X 2006 IEEE T.
Power Electr. 21 11


http://dx.doi.org/10.1109/TPEL.2013.2268900
http://dx.doi.org/10.1109/TPEL.2013.2268900
http://dx.doi.org/10.1109/TPEL.63
http://dx.doi.org/10.1109/TPEL.63
http://dx.doi.org/10.1109/TED.2008.926650
http://dx.doi.org/10.1109/TPEL.2013.2271906
http://dx.doi.org/10.1109/TPEL.2013.2271906
http://dx.doi.org/10.1109/55.644079
http://dx.doi.org/10.1109/ISPSD.2005.1487988
http://dx.doi.org/10.1109/ISPSD.2005.1487988
http://dx.doi.org/10.1109/LED.2005.845495
http://dx.doi.org/10.1109/ispsd.1996.509462
http://dx.doi.org/10.1109/ispsd.1996.509462
http://dx.doi.org/10.1109/55.735755
http://dx.doi.org/10.1109/55.735755
http://dx.doi.org/10.1109/LED.2016.2599921
http://dx.doi.org/10.1109/LED.2016.2599921
http://dx.doi.org/10.1109/TED.2017.2755721
http://dx.doi.org/10.1109/TED.2017.2755721
http://dx.doi.org/10.1109/TED.2018.2874910
http://dx.doi.org/10.1109/TED.2018.2874910
http://dx.doi.org/10.4028/www.scientific.net/MSF.778-780.919
http://dx.doi.org/10.4028/www.scientific.net/MSF.778-780.919
http://dx.doi.org/10.1109/TED.2002.1003714
http://dx.doi.org/10.1088/1361-6641/aaee50
http://dx.doi.org/10.1088/1361-6641/aaee50
http://dx.doi.org/10.1016/j.mssp.2015.06.006
http://dx.doi.org/10.1016/j.mssp.2015.06.006
http://dx.doi.org/10.1109/TED.2017.2658568
http://dx.doi.org/10.1134/S1063782620050061
http://dx.doi.org/10.1016/j.spmi.2018.10.016
http://dx.doi.org/10.1016/j.spmi.2018.10.016
http://dx.doi.org/10.7567/APEX.10.055505
http://dx.doi.org/10.7567/APEX.9.035601
http://dx.doi.org/10.1109/IEDM.2017.8268501
http://dx.doi.org/10.1109/IEDM.2017.8268501
http://dx.doi.org/10.1109/SISPAD.2018.8551735
http://dx.doi.org/10.1109/SISPAD.2018.8551735
http://dx.doi.org/10.1109/ISPSD.2019.8757632
http://dx.doi.org/10.1109/ISPSD.2019.8757632
http://dx.doi.org/10.1109/ISPSD46842.2020.9170126
http://dx.doi.org/10.1109/ISPSD46842.2020.9170126
http://dx.doi.org/10.1088/1674-1056/18/3/065
http://dx.doi.org/10.1109/ISPSD.2000.856773
http://dx.doi.org/10.1109/ISPSD.2000.856773
http://dx.doi.org/10.1109/ted.2019.2908970
http://dx.doi.org/10.1109/ted.2019.2908970
http://dx.doi.org/10.1109/TED.16
http://dx.doi.org/10.1109/ted.2017.2723502
http://dx.doi.org/10.1109/ted.2017.2723502
http://dx.doi.org/10.1088/1674-1056/abd740
http://dx.doi.org/10.1088/1674-1056/abd740
http://dx.doi.org/10.1109/TED.2015.2449972
http://dx.doi.org/10.1109/TED.2015.2449972
http://dx.doi.org/10.1109/TPEL.63
http://dx.doi.org/10.1109/TPEL.63
http://dx.doi.org/10.1109/TPEL.2005.861111
http://dx.doi.org/10.1109/TPEL.2005.861111

	1. Introduction
	2. Description of the device structure and fabrication procedure
	3. Numerical simulation and result analysis
	3.1. On-state characteristic
	3.2. Off-state characteristics
	3.3. Reverse transfer capacitance and gate charge characteristics
	3.4. Dynamic characteristics
	3.5. Parameters optimization

	4. Conclusion and perspectives
	References

