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A new SiC asymmetric cell trench metal-oxide—semiconductor field effect transistor (MOSFET) with a split gate
(SG) and integrated p™-poly Si/SiC heterojunction freewheeling diode (SGHID-TMOS) is investigated in this article. The
SG structure of the SGHID-TMOS structure can effectively reduce the gate-drain capacitance and reduce the high gate-
oxide electric field. The integrated p™-poly Si/SiC heterojunction freewheeling diode substantially improves body diode
characteristics and reduces switching losses without degrading the static characteristics of the device. Numerical analysis
results show that, compared with the conventional asymmetric cell trench MOSFET (CA-TMOS), the high-frequency figure
of merit (HF-FOM, Ron sp X Qgd,sp) is reduced by 92.5%, and the gate-oxide electric field is reduced by 75%. In addition,
the forward conduction voltage drop (V) and gate-drain charge (Qgq) are reduced from 2.90 V and 63.5 pC/cm2 in the
CA-TMOS to 1.80 V and 26.1 uC/cm? in the SGHID-TMOS, respectively. Compared with the CA-TMOS, the turn-on
loss (Eon) and turn-off loss (E¢r) of the SGHID-TMOS are reduced by 21.1% and 12.2%, respectively.
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1. Introduction

Silicon carbide (SiC) power metal-oxide—semiconductor
field effect transistor (MOSFET) has the advantages of high
breakdown voltage (BV) because of its PN junction, low spe-
cific on-resistance (Ronsp), large thermal conductivity, fast
transformational speed, anti-irradiation, and so on.!'"!1 The
SiC MOSFET can meet the strict requirements of advanced
power electronics applications. It is considered to be one of
the most capable power devices, which has been rapidly ap-
plied and developed in high-temperature and high-pressure so-
lar power regulators, motor driven cars, rail transport vehicles
and aerial vehicles.

SiC trench gate MOSFETs have a lower Ronsp and
demonstrate better device performance due to cell area and
miss three terminal active device resistors with amplification
functions compared to SiC planar gate MOSFETs. However,
the conventional SiC trench gate MOSFET has high electric
fields at the bottom corner of the gate trench. With the SiC
trench gate MOSFET, 3.0 MV/cm is currently used as the
largest electric field of the gate-oxide layer. When the largest
electric field of the gate-oxide layer surpasses 3 MV/cm, the
device will reach the avalanche breakdown voltage. To re-
lieve the high electric field in the gate-oxide layer, in recent
years, several novel structures have been reported to address
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this problem.!!'=18] Kagawa er al.!"'"! reported a gate bottom
p-well trench MOSFET. Song et al."?! put forward a trenched
MOSFET construction with an L-shaped gate, which could be
used to reduce the electric field at the sole angle of the trench.
Seok et al.!"3! reported a paired p-base construction, which
can prevent gate oxides from entering and prevent congestion
in the electric field. However, these novel structures introduce
JFET regions and increase specific on-resistance. Thus, an n-
type current diffusion layer with a relatively large doping con-
centration is squeezed between the p-base and n-drift region,
and a p-type region is wrapped by it. The current will pro-
mote the dispersion from the MOS channel to the drift region,
and the JEFT effect will be attenuated, which is caused by the
p-well region.

The double-trench structure (DT-MOS) with a p-type re-
gion beneath the source trench is suggested to shield the field
near the gate bottom.!'¥! The DT-MOS achieves a low Ron sp
and alleviates the electric field crowding in the gate trench
oxide layer. However, it has a large gate—drain capacitance
(Cga), contributed by the bottom of the gate trench. In recent
years, Infineon’s MeV ion-implanted asymmetric cell trench
MOSFETSs, such as the conventional asymmetric cell trench
MOSFET (CA-TMOS)!"! and asymmetric cell structure tilt
implanted 4H-SiC trench MOSFET,?°! have been proposed.
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A parasitic PiN bipolar diode is formed in the trench MOS-
FET. When working as a freewheeling diode in power elec-
tronic modules or systems, such as DC—AC converters, the re-
verse recovery charge is so redundant that the power loss of the
trench MOSFETs is increased and the power converting effi-
ciency is reduced. The integrated freewheeling diode (FWD)
concept removes the extrinsic FWD, reducing as far as possi-
ble the role of parasitic interconnections. Several studies have
reported the integration of junction barrier Schottky diodes
in SiC power MOSFETs.[2'-231 Han er al.*!1 reported a 4H-
SiC trench MOSFET integrated with a mesa-side wall SBD.
Jiang et al.'??) reported a splitgate (SG) MOSFET, which only
has a half-plane MOSFET element. Wei et al.*! reported a
birtratal superknot Schottky MOSFET. Furthermore, the com-
binative Schottky barrier diodes (SBD) mean that a MOSFET
converts electricity into light over a remarkable area of the
chip and adds the valid Ronsp. However, it is essential to con-
trol the temperature to form the satisfying Schottky junction
to trade off the leakage current and breakover voltage of the
body diode. Moreover, the formation of SBD diodes on the
sidewalls of the trenches brings with it difficulties in real fab-
rications.

Heterojunction diodes (HID) are formed between polysil-
icon and SiC, which provide convenient conditions for device
selection. Some researchers embed heterojunction diodes in
power devices to improve the electrical performance of the
devices.**21 Yu er al.¥ reported a novel SiC power MOS-
FET structure. Yoon!*! proposed a SiC MOSFET insted het-
erojunction diode, which provided some protection against the
electric field. Yang et al.* proposed a SiC power gate trench
MOSFET formed on the basis of heterojunctions. These pro-
posed devices demonstrated reverse recovery characteristics.

In this article, an asymmetric cell SiC gate trench MOSET
with an SG structure and p*-poly Si/SiC HID was studied for
the first time. The SG structure of the SGHID-TMOS struc-
ture can effectively reduce the gate—drain capacitance and re-
duce the high gate-oxide electric field. Moreover, the inte-
grated p™-poly Si/SiC HID substantially improves body diode
characteristics and reduces switching losses without degrading
the static characteristics of the device and taking up the extra

chip area.

2. Device structure and mechanism

The cross-sections of the CA-TMOS without the spilt
gate and p*-poly Si/SiC HID are shown in Fig. 1(a).3%31]
Figure 1(b) shows a schematic cross-section view of the im-
proved SGHID-TMOS. To facilitate the comparison between
the CA-TMOS and SGHID-TMOS, except for the parameters

of the spilt gate and heterojunction freewheeling diode, other

configurable factors are consistent with the CA-TMOS. The
main structural arguments of the two structures are shown in
Table 1.
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Fig. 1. Schematic cross sections of the two structures: (a) CA-TMOS and
(b) SGHID-TMOS.

The main features of the novel SGHID-TMOS have an
SG connected to the source and a p*™-poly Si/SiC heterojunc-
tion shielded region. An SG connected to the source in the
gate trench decouples the drain—gate interaction. As a result,
the Cyq and gate—drain charges (Q,q) are significantly reduced,
resulting in higher switching speed and lower switching loss.
The p™-poly Si/SiC heterojunction shielded region wraps the
gate trench. It makes sure that the pT-poly Si/SiC hetero-
junction shielded region has a strong shielding effect on the
gate trench. At the same time, the p™-poly Si/SiC hetero-
junction diode has the same unipolar function as the SBD.
The p™-poly Si/SiC heterojunction diode has a low forward-
conduction voltage drop (V) and, unlike the SBD, the p™-
poly Si/SiC heterojunction diode has no charge barrier drop.

Figure 2 illustrates a feasible manufacturing course flow
for the SGHID-TMOS construction. An n-type drift layer was
grown on a SiC n+ substrate. Then, the NCSL layer grows
along the outer layer of the drift layer, and the p-emitter region
is formed by ion implantation on the left and right sides of the
NCSL layer, which is shown in Fig. 2(a). The formation of the
p*-poly Si is achieved by ion implantation. Thus, the p*-poly
Si/SiC heterojunction shielded area takes shape, which should
look like Fig. 2(b). Similar to the CA-TMOS, the p-body and
n—+ source are formed as an extensional growth on the NCSL
layer, as shown in Fig. 2(c). The SG is formed after corroding
the sluice trench, as shown in Fig. 2(d). A gate and an insulat-
ing dielectric layer are formed, as shown in Fig. 2(e). Forming
an ohmic metal layer, it is divided into front and back sides.
It then forms a metal layer, which sits on top, as shown in

Fig. 2(f).
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Table 1. Parameters of the apparatus in simulations.

Major parameter CA-TMOS SGHID-TMOS

Gate trench depth (Lgate) 1.1 um 0.75 pm
N-drift layer thickness (Lq) 12.0 um 12.0 um

Gate-oxide thickness 50 nm 50 nm

P-emitter region width under trench (W,,) 0.8 um 0.8 um

NCSL thickness under trench (Lyeg) 0.4 um 0.4 um
Split-gate thickness (Lsg) - 0.25 pm

p'-poly Si shielded region thickness under trench (Lpotysi) - 0.3 um
p-emitter shielded region thickness under trench (Lp-emitter) 0.4 um 0.1 pm
Cell width (Weep) 2.50 um 2.50 um

Trench width (Wigench) 1.0 um 1.0 um

P-body region concentration
N-drift layer concentration (Ng)
NCSL concentration (Npcs1)

1x10'7 ¢cm=3
8 x 10! cm—3
2x10' cm™3

1x107 em™3
8 x 101 cm 3
2 %10 ¢cm™3

(a) - (b) - (C)

N-drift layer

N-drift layer

N-drift layer
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(d)“ (e) (f)

N-drift layer

N-drift layer

N-drift layer

Drain

Fig. 2. The feasible manufacturing process description.

3. Results and discussion

The static and dynamic characteristics of the CA-TMOS
and SGHID-TMOS were simulated by utilizing Silvaco
TCAD simulations.??) Several models were utilized in this
article. These models include mobility models that consider
the dependencies of the carrier concentration and electric field.
The bandgap reduction model is essential for the presence
of heavily doped regions. The Shockley—Read—Hall (SRH),
Auger model, and impact SELB models were also adopted.

The SRH and the Auger models are recombination models,
and the impact SELB is a Selberherr model that is applicable
in most circumstances.

The static and dynamic characteristics of the CA-TMOS
and SGHJD-TMOS were simulated in this section. Before the
discussion and analysis, the optimization work of the SGHID-
TMOS structure must be carried out. For the SGHID-TMOS
structure, the different W, of the p*-poly Si/SiC heterojunc-
tion shielded region has a significant effect on the BV and
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Ronsp- Then, the different W, of the p*-poly Si/SiC hetero-
junction shielded region were simulated, as shown in Fig. 3. It
can be seen that as the W, increases from 0.2 um to 1.0 pm,
the BV increases significantly in the SGHID-TMOS struc-
ture due to the enhanced shielding effect provided by the
pT-poly Si/SiC heterojunction shielded region. However, the
Ron,sp increases sharply after the W, larger than 0.8 um due to
the increased JFET effect. Figure 4 shows the Baliga figure of
merit (BFOM, BV? /R sp) values under different W,. As can
be seen from Fig. 4, the most suitable W}, was 0.8 um.
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Fig. 3. BV and Ry sp of the SGHID-TMOS structure for different W,.

,} ol FoM = 6.877 kV2/m-cm? gaﬁ};ﬂ;g{ 8FE§11
<
>~ :
> 6.5
a
-
‘S 6.0
9] H
.
s :
© 5.5
S :
b :
= 5.0
0.2 0.4 0.6 0.8 1.0
W, (pm)

Fig. 4. Baliga figure of merit (BFOM, BV2/ Ron,sp) under different W,,.

To better reflect the effects of the Lpolysi and Lp-emitter
on the BV, Ry, sp and BFOM of the SGHJD-TMOS struc-
ture, the effects of TCAD simulation on the BV, Ry sp, and
BFOM of the SGHID-TMOS structure, by changing the ra-
tio of the Lpolysi t0 Lp-emiter Values, was simulated, as shown
in Fig. 5. It can be seen that with the increasing Lpolysi t0
Lp-emitter 1atio, the BV of the SGHID-TMOS was stable at
first, and then gradually decreased. This is mainly because
when the Lpolysi /Lp-emiteer are low, no tunneling occurs to pro-
tect the poly Si region due to the thick p-emitter region, and
the BV is mainly determined by the p-emitter region. How-
ever, when the Lyolysi t0 Ly-emitter ratio reached 3, the thickness
of the p-emitter region gradually decreased and the poly Si
region could not be protected effectively, resulting in a break-
down at the poly Si edge and a lower BV. In addition, it can

be seen from Fig. 5 that the Ronsp of the SGHID-TMOS de-
crease with the gradual increase of the Lyotysi 10 Lp-emitter Tatio.
This is mainly because the contact area between the poly Si
region and N-type drift region increases with the increasing
Lpolysi t0 Ly-emitter Tatio and the space charge area generated by
the pT-poly Si/SiC shield in the N-type drift region decreases
gradually. This reduces the JFET resistance between P-body
and pT-poly Si/SiC shielding, resulting in a gradual reduction
in the Ry sp. Finally, the BFOM of the SGHID-TMOS struc-
ture is maximized when the Lylys is 0.3 um and the Ly-emitter

is 0.1 um.
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Fig. 5. Baliga figure of merit (BFOM, BVZ/R(,",SP) under different
Lpolysi /Lp—cmitlcr-

3.1. On-state characteristics

The forward and reverse conduction /-V distinctions of
the CA-TMOS and SGHID-TMOS at Vg = 16 V and Vg =
0 V are shown in Fig. 6. As we know, the split-gate structure
has a certain influence on specific on-resistance. However, as
seen in Fig. 6, the ahead of schedule conduction -V distinc-
tions of the two constructions are almost the same. It also can
be seen that the heterojunction diode was integrated with the
improved structure, making it belong to a lower turn-on volt-
age. Thus, the Vg for the diode of the CA-TMOS is 2.9 V,
while the SGHID-TMOS structure is only 1.8 V at the empty
present thickness of —150 A/cm?.

400

— CA-TMOS V,, =0 V

300} — SGHJID-TMOS V,, =0V
—— CA-TMOS V,, =16 V
200} ——SGHJD-TMOS V,, =16 V

Drain current density (A/cm?)

100t a°°° V=16V
o &
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—100} =0V
—200} Vp=18V
S e S S S R 1 2
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Fig. 6. The I-V characteristics of forward and reverse conduction for the
CA-TMOS and SGHIJD-TMOS at Vgg = 16 V and Vg =0 V.
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Fig. 7. The hole concentration distribution of (a) the CA-TMOS construction and (b) the SGHID-TMOS construction at the drain current density

of —150 A/cm?.

Conventional SiC power diodes are always applied as
free-rotating diodes in DC-DC circuit applications. Fig-
ure 7 shows the hole-concentration distribution of the CA-
TMOS and SGHJD-TMOS at the drain current density of
—150 A/cm?. As seen in Fig. 7, the hole concentration of the
SGHJD-TMOS structure is lower than the CA-TMOS struc-
ture at the drift region. The compared results show that the
heterojunction diode successfully bypasses the conduction of
the PiN body diode. A large number of holes are injected into
the drift region in the CA-TMOS, while there are few holes
injected into the drift in the SGHID-TMOS structure. There-
fore, the SGHID-TMOS structure has a better low Vg in the
diode conduction mode.

3.2. Off-state characteristics

The breakdown voltage performance curves for the CA-
TMOS structure and SGHJD-TMOS are displayed in Fig. 8.
The improved SGHID-TMOS structure, as shown in Fig. 8§,
has a slightly higher BV than the CA-TMOS structure. For
the SGHID-TMOS structure and the CA-TMOS, the BV val-
ues are 1478 V and 1402 V, respectively. At the same time, the
corresponding electric field distributions of the two structures
are shown in Figs. 9(a) and 9(b). It can be seen that, although
the two devices have comparable BVs, the electric field of the
CA-TMOS is much higher than that of the SGHID-TMOS.

Sourq

0 04 08 12 18 2 24 [}

The electric field at the BV is 2.8 MV/cm and 1.6 MV/cm for
the SGHID-TMOS and CA-TMOS, respectively. When con-
sidering good long-time reliability, the higher electric field at
the BV for the CA-TMOS will induce gate-oxide breakdown
or degradation. Due to the fact that the SG structure with the
thicker gate-oxide layer at the bottom in the SGHID-TMOS
reduces the high electric field at the trench corner, the lim-
iting factor of the breakdown is shifted from the gate-oxide
breakdown for the CA-TMOS to the avalanche breakdown for
the SGHID-TMOS. As a result, the above results demonstrate
that the improved SGHID-TMOS structure exhibits improved

static performance.
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Fig. 8. Breakdown voltage characteristic curves of the CA-TMOS and
SGHJD-TMOS.
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Fig. 9. Distributions of the electric field at the breakdown voltages: (a) the CA-TMOS, and (b) the SGHID-TMOS.
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3.3. Reverse transfer capacitance and gate charge charac-
teristics

Figure 10 shows the typical Cyq, gate—source capaci-
tance (Cgs), and drain—source capacitance (Cys) of the SGHID-
TMOS and CA-TMOS at f =1 MHz. As seen in Fig. 10,
the Cyq, Cgs, and Cys of the SGHID-TMOS are smaller than
those of the CA-TMOS. The decrease in gate depth and the
decoupling of the gate and drain interaction result in a sig-
nificant decrease in Cgq and Cgs due to the SG structure of
the SGHID-TMOS. With the much smaller Cgqq4, the SGHID-
TMOS demonstrates a superior high-frequency figure of merit.
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0 200 400 600 800
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Fig. 10. The Cyq, Cgs, and Cys curves of the CA-TMOS and SGHID-
TMOS.
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Fig. 11. The gate—charge characteristic curves of the CA-TMOS and
SGHJD-TMOS.

The gate—charge characteristics of the CA-TMOS and
SGHID-TMOS are shown in Fig. 11. The test circuit used
in the TCAD simulation is in the lower right corner of Fig. 11.
As seen in Fig. 11, the SGHID-TMOS structure exhibits a
smaller Qyq. Compared with 63.5 nC/cm? for the CA-TMOS,
the Qyq for the SGHID-TMOS is only 26.1 nC/cm?. The Ogd
of the SGHID-TMOS is smaller than 143% of the CA-TMOS
due to the fact that the p*-poly Si/SiC HID and SG structure
splits the gate and reduces the gate—drain overlap area. The
high-frequency figure of merit (HF-FOM, Ronsp X Qgd,sp) 18

usually an effective criterion that is used to evaluate the per-
formance of SiC power MOSFET devices in high-frequency
switching applications. From TCAD simulation calculation,

the HF-FOM of the CA-TMOS structure is 184.7 mQ-nC.
However, the SGHID-TMOS structure has a better HF-FOM
with a value of 76.7 mQ-nC, which decreases by 140.8% com-
pared with the CA-TMOS structure.

3.4. Dynamic characteristics

To illustrate the dynamic characteristics of the SGHID-
TMOS structure, the double-pulse test circuit shown in Fig. 12
is used to evaluate its switching losses in conjunction with
those of the CA-TMOS and SGHID-TMOS as a comparison.
The switching characteristics of the two structures are shown
in Fig. 13. As seen in Fig. 13, both of the losses during turn-
on and turn-off are reduced in the SGHID-TMOS structure
due to the lower Qyq. The switching speed of the SGHID-
TMOS with a heterojunction diode is much faster than the
CA-TMOS with an external JBS diode, which results in a
much smaller switching loss. At the same time, the CT-MOS
needs a longer period to arrive at a high V44 and high I4s. The
Torr is defined as the turn-off delay time and turn-off fall time.
The Ton is defined as the turn-on delay time and turn-on fall
time. Figure 14 shows the switching energy losses for the
CA-TMOS and SGHJD-TMOS. It can be discerned that in the
SGHID-TMOS structure, the losses during both turn-on (E,,)
and turn-off (Ey) are reduced. In the SGHID-TMOS struc-
ture, the calculated values of Eoy and Eqg are 35.6 mJ/cm? and
30.7 mJ/cm?, respectively, which are 21.1% and 12.2% reduc-
tions, respectively, in the counterparts of the CA-TMOS. The

Eqn and Eqg can be expressed as

0]
Eon = / Vds 'Idsdt7 (1)
T
i
Eotf = Vs - Ias dt7 (2)
I3

where Vi (on) is 10% of its value at time 71, Vaq is 10% of its
value at time T3, Vg5 (0n) is 90% of its value at time 73, and Iy
is 2% of its value at time 7.

Furthermore, Table 2 summarizes the basic character-
istics of the SGHID-TMOS and CA-TMOS, including the
Ron,sp» BY, Cgd (Ciss), Qods VFs Eons Eoff, and HF-FOM.

O 10 nH
LYY Y

Viq =400 V

200 pH
VAAANS
N
-1

20 Q2
Pulse :;Q—:l—{ DUT

Fig. 12. The double-pulse test circuit.
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Table 2. Performance comparison of the CA-TMOS and SGHID-TMOS.

Parameters CA-TMOS SGHID-TMOS

*Ronsp 2.91 mQ-cm? 2.94 mQ-cm?

BV 1402 V 1478 V
®Cyq (Crss) 357 pFlecm? 46.5 pF/cm?
Qud 63.5 nC/cm? 26.1 nC/cm?

Vi 29V 1.8V

Ronsp X Qgd 184.7 mQ-nC 76.7 mQ-nC
Eon 42.6 mJ/cm? 35.2 mJ/cm?
Eoff 34.2 mJ/cm? 30.5 mJ/cm?

Ron,sp Al Vgs = 16 V, Vgg = 1.0V, ®Cyq (Cyss) at Vs = 600 V,
f=1MHz, Vg at Vgs = 0V, Jp = —150 A/em?.

4. Conclusion

A new 4H-SiC gate trench MOSFET with an SG struc-
ture and integrated p™-poly Si/SiC heterojunction freewheel-
ing diode has been studied numerically in this article. The
new structure is characterized by embedding a p™-poly Si re-
gion and SiC n-drift layer in the right gate trench wall of a
CA-TMOS structure and using a split-gate structure for the
trench gate. The p™-poly Si/SiC shield region surrounding the
gate trench could effectively alleviate the high electric field
around the gate trench. Compared with the CA-TMOS, the

SGHJID-TMOS offers an ultralow gate-oxide electric field of
1.6 MV/cm and a forward conduction voltage drop Vg of 1.8 V.
Moreover, the SGHID-TMOS structure exhibits a lower gate—
drain capacitance Cyq, gate—source capacitance Cys, drain—
source capacitance Cys, and gate—drain charge Qyq due to the
fact that the SG reduces the gate depth and decouples the in-
teraction between the drain and gate. Thus, the HF-FOM for
the SGHID-TMOS is reduced by 140.8%. The E,, and Eqg of
the SGHID-TMOS are 35.6 mJ/cm? and 30.7 mJ/cm?, respec-
tively, which are 21.1% and 12.2% reductions, respectively, in
the counterparts of the CA-TMOS. As a result, the enhanced
performance makes the SGHJD-TMOS a competitive candi-
date for high-efficiency and high-power density applications.
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