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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 (Qgp), reverse transfer capacitance
(Crss) and turn-off loss (Ey¢) are significantly decreased. Moreover, the MOS-channel diode is controlled by the dummy
gate with ultra-thin gate oxide #,x, 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 (QOrr), time (Tgrr) and peak current (Irgy) 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 Ogp of 6 nC/cm?, the Crgs of 1.1 pF/cm2 at the Vpg of 150V, the
Orr of 1.2 pLC/cm2 and the Rop sp of 8.4 mQ-cm? are obtained, thus the figures of merit (FOM) including Qgp X Ron,sp Of
50 nC-m&, Esff X Ron,sp of 0.59 mJ-mQ and the Qrr X Ron,sp of 10.1 uC-mQ 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, 51.50.4+v

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.!!?! The static
properties including BV and R, sp determine the voltage rat-
ing and conduction energy loss,?= and the dynamic perfor-
mances including Qgp, Eoff, and Orr determine the frequency
and turn-off energy loss. Consequently, the FOM including
06D X Ronsp» Eoft X Ronsp and Orr X Ron,sp are extracted to
evaluate the trade-off characteristics.[”~"! 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 (Cgep).!'”! 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.[!'13] Additionally, the con-
ventional device with poor reverse recovery property is also
needed to be further improved. The excessive minority carri-
ers Orr 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
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stress. Then the Schottky junction diode and external anti-
parallel diodes are proposed to solve the issues.!!3-1) The
MOS-channel diode can effectively control the injection of
the minority carriers and decrease the reverse recovery charge
(OrRr), which is widely used in power devices including recti-
fier in the recent years.[!7-21]

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 (Qgp), turn-off energy loss (Eof) and reverse
recovery charge (Orr). The simulation electrical behaviors
and working mechanisms are investigated by the TCAD SEN-
TAURUS, where physics models including the Effecticelntrin-
sicDensity, Mobility (HighFieldSaturation Enormal PhuMob
DopingDependence), Recombination (SRH Auger Avalanche)

are adopted.[?3!

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 1.0x10!'® cm—3 and 9.0x10'* cm™3, re-
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spectively. The length of the N-drift and the width of the cell
size are 16 um and 7.6 wm, respectively. The width of the P-
base and the JFET are 2.3 um and 3 pum, 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 um 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

23 um 3.0 pm

N-drift N-drift

== ==3
4 p.m2'2 pm Oml‘o—:'

(a) (b) (c)

MOS-channel diodes are turned off, and the equivalent cir-
cuit is similar to those of the conventional MOSFET, which
the majority current Ipg 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 I\ips, and then the minority current Ipy is also
conducted by the parasitic P-base/N-drift PN diode. The ra-
tio between the Ivos and the Ipy is adjusted by the turn on
voltage Viym of the MOS diode through the dummy gate oxide
thickness #,x. Therefore, the reverse recovery charge (Orr)
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 (Qgp) and turn-
off energy loss (Eyf) are remarkably decreased to improve the

switching performance.

Gate

Source TAT

Irr

IMOS diode

[ Ivos JJFETH

IeN| Y PN diode

Ips
Drain

(d)

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 Vi, is lower than the Vpy;, the Ipg and Irg 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
Warife N-drift width (pum) 7.6 7.6 7.6
Wpb_base P-base width (pm) 4.6 4.6 4.6
WigeT JFET width (1m) 3 3 3
Ws planar split gate gap width (um) 22 0.4 -
Lp N-drift length (um) 16 16 16
Tco split gate oxide layer thickness (pm) - 0.1 0.1
tox dummy gate oxide layer thickness (1m) - 0.016 0.016
Ngsite N-drift region doping (cm~3) 9x 10 9x 10 9x 10
NJEET JFET doping (cm—3) 1x10'6 1x10'6 1x10'6

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 Ngf, because
the BV is mainly determined by the electric field Egeq of the
N-drift, and the Eg.q will be stopped and the expansion of

the depletion region will be prevented by the increased Ngyif.
Moreover, the Roy sp is also decreased with the increased Nyyif
due to the decreased resistance Rg;r. The four devices are
compared at the Ng;if, of 9x 10 cm~3 according to Ref. [22],
and the Rongp of the C-MOS, SG-MOS and the SD-MOS
are 8.2 mQ-cm?, 8.3 mQ-cm? and 8.4 mQ-cm?, respectively.
However, the BD-MOS is conducted with single channel be-
cause of the replacement of the MOS-channel diode, thus the
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bigger Ron,sp of 8.7 mQ-cm? is achieved. The corresponding
on-state output /-V curves are compared in Fig. 2(b), and it
can be seen that the BD-MOS conducts the smallest drain cur-
rent Ipg at the temperature of 300 K. The Ips 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

350 F 20
300 F
250 F .
S 200
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B 150
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100 |
50
—L 1L l T R
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50 —C-MOS .
—SG-MOS | 300 K y
—— BD-MOS !
4.0} ——SD-MOS g
o —.—SD-MOS (325 K [
I SD-MOS (350 K B
= 30 — - SD-MOS (400 K /o
< -
o
= 20}
w0
£ Leakage current
1.0} N
N o —
0 50 100 150

Vps (V)

Ronsp (mQ-cm?)

same Nggif of 9 x 104 cm ™3, respectively. The corresponding
breakdown characteristics and electric field Efelg 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 Egelq for the pro-
posed SD-MOS, and the maximum Egelq is sustained by the
P-base/N-drift junction at the JFET region.

1200 T T T T
1000 [ .
~ 800F =
g Z.oT T
L z i .
< 600F AN i
— 7. ——C-MOS
@ 7.7 7 ——S8G-MOS
L 400 F / —  BD-MOS 300 K
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200 F — —SD-MOS (325 K) |
: — - - SD-MOS (350 K)
~~~~~~~ SD-MOS (400 K)
O 1 1 1 1

Fig. 2. The static characteristics for the four devices. (a) The variation of the BV and Rop,sp by the optimization of the Ng;if. (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 Vg at the temperature of 300 K for
the four devices, and the Crgs 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 Cyep. It
is obviously decreased with the increased Vpg and then keep
almost constant for all the devices, because the Cyep, decreases
abruptly with the expansion of the depletion region. However,
the Cyy is constant and determined by the overlapping area be-
tween the gate and drain electrodes. As a result, the Crss at
the Vps of 150 V for the SG-MOS (88 pF/cm?) and BD-MOS
(11 pF/cm?) are effectively decreased compared with C-MOS
(217 pF/cm?), 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 Cgrss of
1.1 pF/cm?, 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 Qgp which
stored in the Crsg of the C-MOS, SG-MOS, BD-MOS and SD-
MOS are 154 nC/cm?, 82 nC/ecm?, 19 nC/em? and 6 nC/cm?
as shown in Fig. 4(b), respectively. The excellent Qgp 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 Cgg 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/cm?, 196 nC/cm2, 88 nC/cm?, and
92 nC/cm?, respectively.

(a) 150V 104 (b) ,; — ~ SD-MOS (323 K) ]
— - — SD-MOS (350 K)
...... SD/MOS (400 K)
N i
10 A S 61 ]
w0
£ '
— C-MOS
._@_-||:|, DUT _sG-MOS}.
N 300 K 1
— BD-MOS
J_ SD-MOS
L 0

0 50 100 150 200 250 300 350
Q¢ (nC/cm?)
Fig. 4. The gate charge Qg for the devices. (a) Testing circuit. (b) The
Vigs—Qg characteristics, and the Qgp 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 (Ipg) and voltage (Vps) 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 Ty and Eof significantly
compared with the C-MOS without split gate. The Ty of the
C-MOS, SG-MOS, BD-MOS and SD-MOS are 109 ns, 91 ns,
26 ns and 13 ns, respectively. Moreover, the E¢ of the devices
are 0.75 mJ/cm?, 0.61 mJ/cm?, 0.18 mJ/cm? and 0.07 mJ/cm?,
respectively. The ultra-low Ty and Eog are achieved by the
SD-MOS with the integrated trench split and dummy gates.

Additionally, the T,¢ of the SD-MOS is slightly increased
when the temperature increases from 300 K to 400 K as shown
in Fig. 5(c). Itis 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 Vpy 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 Viym (0.5 V) is de-
signed for the BD-MOS with dummy gate oxide #,x 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 Vi is further decreased to 0.4 V at the #,x 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
Isp of 100 A/cm? 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)
Orr in the N-drift, which are injected by the parasitic PN
junction diode at the reverse conduction as shown Fig. 6(b).
However, the Ogrr 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 Orr 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).

— 150 . . . . 250 . :
(a) —— - C-MOS  (}) 100 (c)
Vous ——--8G-MOs 1 - AU 4--—--1150
120 1 ——-- BD-MOS 1200
—~ ——- - SD-MOS —
DN L = U = & 80 SD-MOS
5 901 - 150 & & —---300 K
< : v z < 1100
i ; 60 —---325 K
< : ] i 0 & Z — 350K Z
.............. 5 601 ! i i = g 400 K 0
H a) ! i : a2 40 A
Rg | i = it ! = 150 =
o1 iDUT 30 iy ! 50
: H i . / 20
. HE / 2
Vas L. ! il . 0
0 e e T 1
0
- 0 015 0.30 0.45 0.60 0.75 0.90

Time (ps)

Time (us)

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 cm?, and
the Rg, Vous and L are 10 ©, 150 V and 4 mH, respectively. (c) The switching waveform aviation with the temperature from 300 K to 400 K of the SD-MOS.
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Fig. 6. The reverse conduction performances. (a) The Isp—Vsp curves. (b) Minority carrier distribution at the Isp of 100 Alem?. (¢) The Isp—Vsp curves
aviation with the temperature from 300 K to 400 K of the SD-MOS. (d) The total current density distribution at different temperature of the SD-MOS.
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Fig. 7. The reverse recovery performances for the devices. (a) Testing circuit. (b) The Isp_ characteristics. The chip area of the DUT is set as 1 cm?, The

RG, Vyys and L are 10 Q, 150 V and 10 pH, respectively. (c) The reverse recovery aviation with the temperature from 300 K to 400 K of the SD-MOS.

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
06D X Ronsp» Eoft X Ronsp and Orr X Ronsp are achieved by

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.

the proposed SD-MOS. C SG-  BD-  Proposed Unit
. 8 sh he simolified fabricati fth BV 229 229 193 235 A%
Figure 8 shows the simplified fabrication sequence of the Ronsp 32 33 87 3.4 mQ-cm?
proposed SD-MOS. The JFET region is grew by the epitaxy [2¢ 340 192 88 92 nC/em?
. P : Ocp 154 82 19 6 nC/cm?
technique as shown in Fig. 8(a). .The JFET is etched, and the Crss )17 23 " 1 pFem?
P-base and N+ source are respectively performed by the boron Orr 105 105 2.0 1.2 uC/em?
and arsenic implantation as shown in Fig. 8(b). The oxidation I;RM 27240 272;) ié fé Alem
. . - S RR ns
is deposited as shown in Fig. 8(c). The oxidation is etched, and T 109 91 26 13 ns
the gate of the MOS-channel diode is deposited by the polysil- Eoft 075 061 0.8 0.07 mJ/em?
. R . . 06D * Ron,sp 1262 680 165 50 nC-mQ
icon as shown in Fig. 8(d). The trench gate with gate oxide are Eot Ronsy 615 506 1.57 059 mJ-mQ
formed by the oxidation and polysilicon deposition as shown ORr “Ronsp 861 872 174 10.1 uC-mQ
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(@)

N-drift

N-drift

N-drift

N-drift

N-drift

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 Qgp 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 Vi, are turned on before the parasitic
PN junction diode, thus can obviously suppress the minority
OrR injection of the P-base, and the excellent reverse recovery
performances is achieved. The results show that the FOM of
06D X Ron sp> Eoff X Ron sp and the Orr X Rop 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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