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A power MOSFET with integrated split gate and dummy gate (SD-MOS) is proposed and demonstrated by the TCAD
SENTAURUS. The split gate is surrounded by the source and shielded by the dummy gate. Consequently, the coupling area
between the split gate and the drain electrode is reduced, thus the gate-to-drain charge (QGD), reverse transfer capacitance
(CRSS) and turn-off loss (Eoff) are significantly decreased. Moreover, the MOS-channel diode is controlled by the dummy
gate with ultra-thin gate oxide tox, which can be turned on before the parasitic P-base/N-drift diode at the reverse conduction,
then the majority carriers are injected to the N-drift to attenuate the minority injection. Therefore, the reverse recovery
charge (QRR), time (TRR) and peak current (IRRM) are effectively reduced at the reverse freewheeling state. Additionally,
the specific on-resistance (Ron,sp) and breakdown voltage (BV) are also studied to evaluate the static properties of the
proposed SD-MOS. The simulation results show that the QGD of 6 nC/cm2, the CRSS of 1.1 pF/cm2 at the VDS of 150 V, the
QRR of 1.2 µC/cm2 and the Ron,sp of 8.4 mΩ·cm2 are obtained, thus the figures of merit (FOM) including QGD ×Ron,sp of
50 nC·mΩ, Eoff ×Ron,sp of 0.59 mJ·mΩ and the QRR ×Ron,sp of 10.1 µC·mΩ are achieved for the proposed SD-MOS.

Keywords: MOSFET, split gate, dummy gate, turn-off, and reverse recovery

PACS: 73.40.Qv, 85.30.De, 85.30.Tv, 51.50.+v DOI: 10.1088/1674-1056/ac9045

1. Introduction

The metal–oxide–semiconductor field effect transistor
(MOSFET) with parasitic built-in P-base/N-drift PN junc-
tion diode plays a particularly important role in the con-
sumer electronics and industrial bridge circuits.[1,2] The static
properties including BV and Ron,sp determine the voltage rat-
ing and conduction energy loss,[3–6] and the dynamic perfor-
mances including QGD, Eoff, and QRR determine the frequency
and turn-off energy loss. Consequently, the FOM including
QGD ×Ron,sp, Eoff ×Ron,sp and QRR ×Ron,sp are extracted to
evaluate the trade-off characteristics.[7–9] For the conventional
MOSFET, the switching frequency is constrained by the re-
verse transfer capacitance (CRSS), which is mainly composed
of the gate oxide capacitance (Cox) and the silicon depletion
region capacitance (Cdep).[10] Then the advanced split gate
Si/SiC MOSFET (SG-MOS) is proposed to reduce the CRSS

by the decrease of the coupling area between the gate and
the drain electrodes. However, the BV and reliability are de-
creased by the SG structure, which leads to the crowded elec-
tric field at the silicon surface.[11–13] Additionally, the con-
ventional device with poor reverse recovery property is also
needed to be further improved. The excessive minority carri-
ers QRR are injected in the N-drift by the parasitic P-base/N-
drift (PN junction diode) at the reverse conduction, which
leads to the high switching energy loss and strong current

stress. Then the Schottky junction diode and external anti-
parallel diodes are proposed to solve the issues.[13–16] The
MOS-channel diode can effectively control the injection of
the minority carriers and decrease the reverse recovery charge
(QRR), which is widely used in power devices including recti-
fier in the recent years.[17–21]

In this paper, a power MOSFET with the integration of
the trench split gate and dummy gate (SD-MOS) is proposed
to improve the dynamic properties by the decrease of the gate-
to-drain charge (QGD), turn-off energy loss (Eoff) and reverse
recovery charge (QRR). The simulation electrical behaviors
and working mechanisms are investigated by the TCAD SEN-
TAURUS, where physics models including the EffecticeIntrin-
sicDensity, Mobility (HighFieldSaturation Enormal PhuMob
DopingDependence), Recombination (SRH Auger Avalanche)
are adopted.[23]

2. Structure and mechanism
The structures for the SG-MOS with planar split gate in

Ref. [11], the power MOSFET with built-in channel diode
(BD-MOS) in Ref. [22], and the proposed SD-MOS with in-
tegrated split and dummy gates are compared, as shown in the
Fig. 1. The devices are designed for 200 V breakdown voltage
rating, and the doping concentration of the JFET and N-drift
for the devices are 1.0×1016 cm−3 and 9.0×1014 cm−3, re-
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spectively. The length of the N-drift and the width of the cell
size are 16 µm and 7.6 µm, respectively. The width of the P-
base and the JFET are 2.3 µm and 3 µm, respectively. In addi-
tion, the gate oxide thickness of the split gate and dummy gate
are 100 nm and 16 nm for the BD-MOS and the SD-MOS, re-
spectively. The device parameters are summarized in Table 1.

For the SG-MOS, the planar split gate is divided into two
parts and the gap between the gates is 2.2 µm as shown in
Fig. 1(a). For the BD-MOS, one of the planar MOS cells is re-
placed by the MOS-channel diode with short contacted source
and dummy gate, and the current density will be inevitably re-
duced at the on-state as shown in Fig. 1(b). For the proposed
SD-MOS, the trench split gate is surrounded by the source and
shielded by the dummy gate. Moreover, the MOS-channel
diode is controlled by the dummy gate with ultra-thin gate
oxidetox as shown in Fig. 1(c), and the corresponding equiv-
alent circuit at the on-state and reverse freewheeling state is
shown in Fig. 1(d). At the forward conduction, the double

MOS-channel diodes are turned off, and the equivalent cir-
cuit is similar to those of the conventional MOSFET, which
the majority current IDS flows from the drain and the source
passing through the JFET region. At the reverse conduction,
the double MOS-channel diodes are easily turned on with ma-
jority current IMOS, and then the minority current IPN is also
conducted by the parasitic P-base/N-drift PN diode. The ra-
tio between the IMOS and the IPN is adjusted by the turn on
voltage Vturn of the MOS diode through the dummy gate oxide
thickness tox. Therefore, the reverse recovery charge (QRR)
is decreased by the suppress of the minority injection of the
IPN. Additionally, the coupling area between the trench split
gate and the drain is also reduced by the shielding effect of the
dummy gate of the MOS-channel diode, thus the reverse trans-
fer capacitance (CRSS), gate-to-drain charge (QGD) and turn-
off energy loss (Eoff) are remarkably decreased to improve the
switching performance.
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Fig. 1. The cross-sectional view of schematic and equivalent circuit for the devices. (a) The SG-MOS with planar split gate. (b) The BD-MOS
with independent split and dummy gates. (c) The SD-MOS with integrated split and dummy gates. (d) The equivalent circuit (the MOS-channel
diodes are turned on before the P-base/N-drift diode, and the Vturn is lower than the VPN, the IDS and IRR are the forward and reverse conduction
currents, respectively).

Table 1. Device parameters of the SG-MOS, BD-MOS and SD-MOS.

Symbol Description SG-MOS BD-MOS SD-MOS
Wdrift N-drift width (µm) 7.6 7.6 7.6

WP−base P-base width (µm) 4.6 4.6 4.6
WJFET JFET width (µm) 3 3 3

WG planar split gate gap width (µm) 2.2 0.4 –
LD N-drift length (µm) 16 16 16
TGO split gate oxide layer thickness (µm) – 0.1 0.1
tox dummy gate oxide layer thickness (µm) – 0.016 0.016

Ndrift N-drift region doping (cm−3) 9×1014 9×1014 9×1014

NJFET JFET doping (cm−3) 1×1016 1×1016 1×1016

3. Results and discussion

Figure 2 demonstrates the static characteristics of the de-
vices, and they are designed for 200 V voltage rating. The
breakdown voltage (BV) and specific on-resistance (Ron,sp) are
optimized by the doping of the N-drift as shown in Fig. 2(a).
The BV is decreased with the increase of the Ndrift, because
the BV is mainly determined by the electric field Efield of the
N-drift, and the Efield will be stopped and the expansion of

the depletion region will be prevented by the increased Ndrift.
Moreover, the Ron,sp is also decreased with the increased Ndrift

due to the decreased resistance Rdrift. The four devices are
compared at the Ndrift of 9×1014 cm−3 according to Ref. [22],
and the Ron,sp of the C-MOS, SG-MOS and the SD-MOS
are 8.2 mΩ·cm2, 8.3 mΩ·cm2 and 8.4 mΩ·cm2, respectively.
However, the BD-MOS is conducted with single channel be-
cause of the replacement of the MOS-channel diode, thus the

067303-2
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bigger Ron,sp of 8.7 mΩ·cm2 is achieved. The corresponding
on-state output I–V curves are compared in Fig. 2(b), and it
can be seen that the BD-MOS conducts the smallest drain cur-
rent IDS at the temperature of 300 K. The IDS of the proposed
SD-MOS will be decreased when the temperature increases
from 300 K to 400 K, because the lattice scattering effect is
enhanced, which leads to the decrease of the electron mobil-
ity.

In addition, the BV of the C-MOS, SG-MOS, BD-MOS
and SD-MOS are 229 V, 193 V, 229 V and 235 V at the

same Ndrift of 9×1014 cm−3, respectively. The corresponding

breakdown characteristics and electric field Efield distribution

are compared in Figs. 2(c) and 2(d), respectively. The leak-

age current of the proposed SD-MOS is increased obviously

with the increase of the temperature, because the impact ion-

ization rate and avalanche current are enhanced by the arising

temperature. Moreover, there is no surface Efield for the pro-

posed SD-MOS, and the maximum Efield is sustained by the

P-base/N-drift junction at the JFET region.
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Fig. 2. The static characteristics for the four devices. (a) The variation of the BV and Ron,sp by the optimization of the Ndrift. (b) The on-state
output conduction property. (c) The off-state breakdown properties. (d) The electric filed distribution at the temperature of 300 K.
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Fig. 3. The CRSS aviation with the VDS at the temperature of 300 K for
the four devices, and the CRSS is almost not changed when the temper-
ature increases from 300 K to 400 K.

Figure 3 shows the reverse transfer capacitance (CRSS)
property for the devices. The coupling CRSS is the sum of the

overlap capacitance Cox and the depleted capacitance Cdep. It
is obviously decreased with the increased VDS and then keep
almost constant for all the devices, because the Cdep decreases
abruptly with the expansion of the depletion region. However,
the Cox is constant and determined by the overlapping area be-
tween the gate and drain electrodes. As a result, the CRSS at
the VDS of 150 V for the SG-MOS (88 pF/cm2) and BD-MOS
(11 pF/cm2) are effectively decreased compared with C-MOS
(217 pF/cm2), due to the coupling area between the gate and
the drain is remarkably reduced by the introduction of the split
gate. The proposed SD-MOS achieves the minimum CRSS of
1.1 pF/cm2, because the coupling area is further reduced by
the shielding effect of dummy gate of the MOS-channel diode.
Additionally, the CRSS is not correlated with the temperature.

Figure 4 shows the testing circuit and the gate charge
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(QG) for the structures. The devices are tested at the same cir-
cuit as shown in Fig. 4(a) and the Miller platform QGD which
stored in the CRSS of the C-MOS, SG-MOS, BD-MOS and SD-
MOS are 154 nC/cm2, 82 nC/cm2, 19 nC/cm2 and 6 nC/cm2

as shown in Fig. 4(b), respectively. The excellent QGD and the
improved switching characteristics are achieved by the SD-
MOS due to the smallest CRSS as illustrated in Fig. 3. In ad-
dition, the QG is mainly stored in the CRSS and CGS, and the
overlap area between the trench split gate and source of the
SD-MOS is increased. Consequently, the CGS is increased.
Thus the QG of the SD-MOS is slightly bigger than those of
the BD-MOS, and the QG of the C-MOS, SG-MOS, BD-MOS
and SD-MOS are 340 nC/cm2, 196 nC/cm2, 88 nC/cm2, and
92 nC/cm2, respectively.
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Fig. 4. The gate charge QG for the devices. (a) Testing circuit. (b) The
VGS–QG characteristics, and the QGD is almost not changed when the
temperature increases from 300 K to 400 K.

Figure 5 demonstrates the turn-off characteristics includ-
ing the testing circuit and switching waveform for the devices.
They are all turned off at the same inductive load circuit as
shown in Fig. 5(a), and the corresponding dynamic drain cur-
rent (IDS) and voltage (VDS) variation with turn-off time are
shown in Fig. 5(b). The BD-MOS, SG-MOS and SD-MOS are
with split gate, which improves the Toff and Eoff significantly
compared with the C-MOS without split gate. The Toff of the
C-MOS, SG-MOS, BD-MOS and SD-MOS are 109 ns, 91 ns,
26 ns and 13 ns, respectively. Moreover, the Eoff of the devices
are 0.75 mJ/cm2, 0.61 mJ/cm2, 0.18 mJ/cm2 and 0.07 mJ/cm2,
respectively. The ultra-low Toff and Eoff are achieved by the
SD-MOS with the integrated trench split and dummy gates.

Additionally, the Toff of the SD-MOS is slightly increased
when the temperature increases from 300 K to 400 K as shown
in Fig. 5(c). It is because the lattice scattering effect under high
temperature is enhanced.

Figure 6 exhibits the reverse conduction property and
mechanism for the anti-parallel diodes. The four devices are
with parasitic P-base/N-drift (PN junction diodes) with turn-
on VPN of 0.6 V, and the minority carriers (holes) are injected
into the N-drift by the P-base. However, another single MOS-
channel diode with lower turn-on voltage Vturn (0.5 V) is de-
signed for the BD-MOS with dummy gate oxide tox of 16 nm.
It is triggered before the PN diode, and abundant majority
(electrons) are injected into the N-drift from the N+ source.
The SD-MOS with double MOS-channel diodes are designed,
and the Vturn is further decreased to 0.4 V at the tox of 12 nm
as shown in Fig. 6(a), then the majority carriers injection is
further enhanced at the JFET regions to attenuate the minority
density. The comparison of the hole density at the at the same
ISD of 100 A/cm2 is illustrated in Fig. 6(b). It can be seen that
the minority is remarkably reduced for the BD-MOS, and it
is further significantly decreased for the SD-MOS because of
the turn on of the MOS-channel diodes. The temperature in-
fluence on the reverse conduction capability of the SD-MOS
is demonstrated in Figs. 6(c) and 6(d), and the reverse current
is improved when the temperature increases from 300 K to
400 K.

Figure 7 shows the reverse recovery testing circuit and
performances for the devices. The C-MOS and SG-MOS are
conducted with abundant and excess minority carriers (holes)
QRR in the N-drift, which are injected by the parasitic PN
junction diode at the reverse conduction as shown Fig. 6(b).
However, the QRR is remarkably reduced by the MOS-channel
diode for the BD-MOS and SD-MOS, thus the reverse recov-
ery current is effectively decreased as shown in Fig. 7(b). The
temperature influence on the reverse recovery capability of the
SD-MOS is investigated in Fig. 7(c), and the biggest QRR is
observed at the temperature of 400 K because of the abun-
dant excessive carriers are stored in the N-drift as shown in
Fig. 6(d).
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Fig. 5. The turn-off characteristics for the devices. (a) Testing circuit. (b) The dynamic switching waveform. The chip area of the DUT is set as 1 cm2, and
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Finally, the important performances and trade-off rela-
tionship between the static and dynamic characteristics of
the four devices are listed in Table 2. The best FOM of
QGD ×Ron,sp, Eoff ×Ron,sp and QRR ×Ron,sp are achieved by
the proposed SD-MOS.

Figure 8 shows the simplified fabrication sequence of the
proposed SD-MOS. The JFET region is grew by the epitaxy
technique as shown in Fig. 8(a). The JFET is etched, and the
P-base and N+ source are respectively performed by the boron
and arsenic implantation as shown in Fig. 8(b). The oxidation
is deposited as shown in Fig. 8(c). The oxidation is etched, and
the gate of the MOS-channel diode is deposited by the polysil-
icon as shown in Fig. 8(d). The trench gate with gate oxide are
formed by the oxidation and polysilicon deposition as shown

in Fig. 8(e). The metallization of the source and drain elec-
trode is formed by the deposition as shown in Fig. 8(f).

Table 2. Comparison of the device characteristics.

C- SG- BD- Proposed Unit
BV 229 229 193 235 V

Ron,sp 8.2 8.3 8.7 8.4 mΩ·cm2

QG 340 192 88 92 nC/cm2

QGD 154 82 19 6 nC/cm2

CRSS 217 88 11 1.1 pF/cm2

QRR 10.5 10.5 2.0 1.2 µC/cm2

IRRM 220 220 83 52 A/cm2

TRR 74 74 46 42 ns
Toff 109 91 26 13 ns
Eoff 0.75 0.61 0.18 0.07 mJ/cm2

QGD ·Ron,sp 1262 680 165 50 nC·mΩ

Eoff ·Ron,sp 6.15 5.06 1.57 0.59 mJ·mΩ

QRR ·Ron,sp 86.1 87.2 17.4 10.1 µC·mΩ
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Fig. 8. Simplified key process. (a) JFET growth, (b) trench etching, boron and arsenic implantation, (c) oxidation, (d) trench etching, polysilicon
deposition, (e) trench polysilicon deposition, and (f) electrode deposition.

4. Conclusion
A power MOSFET with the integrated trench split and

dummy gates is demonstrated. The split gate is shielded by
the shortly contacted source and dummy gate, which can re-
markably reduce the CRSS and QGD due to the decrease of the
coupling area between the split gate and the drain electrode,
thus the superior switching characteristics is achieved. The
MOS-channel diode is formed and controlled by the dummy
gate, which the lower Vturn are turned on before the parasitic
PN junction diode, thus can obviously suppress the minority
QRR injection of the P-base, and the excellent reverse recovery
performances is achieved. The results show that the FOM of
QGD×Ron,sp, Eoff×Ron,sp and the QRR×Ron,sp of the proposed
SD-MOS are decreased by 69%, 62% and 42%, respectively,
when compared with the advanced BD-MOS.
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