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A novel 4H-SiC trench insulated gate bipolar transistor (IGBT) with a controllable hole-extracting (CHE) path is
proposed and investigated in this paper. The CHE path is controlled by metal semiconductor gate (MES gate) and metal
oxide semiconductor gate (MOS gate) in the p-shield region. The grounded p-shield region can significantly suppress the
high electric field around gate oxide in SiC devices, but it weakens the conductivity modulation in the SiC trench IGBT by
rapidly sweeping out holes. This effect can be eliminated by introducing the CHE path. The CHE path is pinched off by the
high gate bias voltage at on-state to maintain high conductivity modulation and obtain a comparatively low on-state voltage
(Von)- During the turn-off transient, the CHE path is formed, which contributes to a decreased turn-off loss (Egpr). Based
on numerical simulation, the Egpp of the proposed IGBT is reduced by 89% compared with the conventional IGBT at the
same Von and the Vo of the proposed IGBT is reduced by 50% compared to the grounded p-shield IGBT at the same
Eorp. In addition, the average power reduction for the proposed device can be 51.0% to 81.7% and 58.2% to 72.1% with
its counterparts at a wide frequency range of 500 Hz to 10 kHz, revealing a great improvement of frequency characteristics.
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1. Introduction

SiC materials have excellent characteristics, including
wide band gap, high critical electric field, and high electron
drift velocity, while insulated gate bipolar transistor (IGBT)
combines the characteristic of high current density, making
SiC IGBT have immense potential in the field of high volt-
age and power applications.!!~®! Conventional SiC trench de-
vices are confronted with grim problems of oxide protect. The
grounded p-shield region is widely employed in SiC MOS-
FET. However, in SiC IGBT, this structure will extract holes
and weaken conductivity modulation when the device is turned
on. Wei et al. proposed the diode-clamped p-shield structure
and floating p-shield structure for solving this problem. 8]
Another focused issue is improving the switching character-
istic of SiC IGBT, and most approaches are devoted to ex-
tracting carriers. A common method is designing extractor in
collector region to sweep out electrons,°1?! but it also leads
to low injection efficiency. In addition, the hole extractor is
also feasible and it is more compatible with the top process.
Sawada et al. firstly proposed the hole path concept and de-
signed the hole path controlled by emitter shorted trench gate
in floating p-region.!'3! Peng et al. proposed an adjustable hole
path which is controlled by JFET gate.!'¥] Wei et al. proposed
a self-adaptive hole-extracting path which controlled by two
MOS gates. These above structures can concurrently achieve

strong conductivity modulation effect and rapid switching.[!3]
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Therefore, design of hole extraction structures in advanced
SiC IGBTs is better.

In this paper, a novel 4H-SiC trench IGBT with CHE path
is proposed. The operating mechanism and key parameters of
the proposed IGBT is investigated. Considered with its coun-
terparts, the simulated results demonstrate that the studied de-
vice presents superior static and dynamic characteristics.

2. Device mechanism and description

The SiC conventional IGBT (C-IGBT), the SiC grounded
p-shield IGBT (GS-IGBT), and the proposed SiC controllable
hole-extracting IGBT (CHE-IGBT) are shown in Fig. 1. These
three structures are only changed at the top side region. The
grounded p-shield is designed to counteract the electric field
peak in trench gate of CHE-IGBT and GS-IGBT. Compared
with GS-IGBT, the CHE path is formed in p-shield, which
is between the MES gate and MOS gate. The MES gate is
formed by Schottky contact. Considering the influence of dif-
ferent Schottky barriers on leakage current, it will be discussed
later. In addition, the bottom of MES gate is also packed by
thick oxide to decrease leakage currents. The doping concen-
tration in the CHE path is lower than p-shield, and it is con-
nected with the emitter.

The operating mechanism of CHE-IGBT in on-state is
plotted in Fig. 1(d). The CHE path is mainly depleted by the
MES gate and partially depleted by the MOS gate in on-state.
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When the CHE path is completely depleted by high gate bias
voltages, it can prevent the emitter from extracting holes in
drift through p-shield, so as to maintain strong conductivity
modulation and low Vpy in drift region. With the gate bias
voltage switches to negative, the CHE path is reopened in
Fig. 1(e). Stored holes will be swept out to the emitter im-
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mediately through p-shield at this moment. Furthermore, only
a small amount holes will be extracted by the left emitter due
to the hole potential barrier between the p-body and carrier
storage layer (CSL). With the existence of two hole-extracting
paths, the proposed device can turn off swiftly and achieve
minimal EQgf.
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Fig. 1. Schematic cross-section of (a) C-IGBT, (b) GS-IGBT, and (c) the proposed CHE-IGBT; operating mechanism of CHE-IGBT in (d) on-
state and (e) turn-off transient. When a positive gate bias is applied, the MOS channel turns on and the CHE path turns off. When a negative

bias is applied, the opposite is true.

Table 1. Key device parameters.

Parameters Definitions Value
W (um) width of CSL layer 1

Wi (um) width of bottom p-shield 1.6

W, (um) width of top p-shield 1
Weng (Lm) width of CHE path optimized
Y ratio of Weyg and W, optimized
Lcyg (wm) length of CHE path optimized
Ly, (um) length of channel 0.5

Lg (um) length of gate 2.1

Lc (um) length of CSL 2

Ly (um) length of N-drift 150
Ncug (um) doping of CHE path optimized
Nyrige (1tm) doping of N-drift 4.5%10™
Nest (em™3) doping of CSL 2x101'6
Nougter (cm™3) doping of N-buffer 5% 1010
Neollector (cm™3) doping of P+ collector 1x10'°
Nehield (cm™3) doping of p-shield 5x10'8

The key device parameters of the following investiga-
tions are shown in Table 1, and these devices’ drift parame-
ters are designed for 15-kV voltage level according to Sung
et al.'"®! The thickness of sidewall and bottom of gate oxide
is 50 nm and 100 nm, respectively. The mobility of MOS-
channel is set to be 30 cm?/V-s. And the lifetime of electron
and hole is set as 2 ps in simulation. It must be noted that the
common physical models of SiC IGBT are employed, includ-
ing bandgap narrowing model, incomplete ionization model,
mobility model (doping and high field dependence); recom-
bination models (Shockley—Read-Hall recombination, Auger
recombination, and concentration-dependent lifetime). The
above models have been early and continuously applied to 4H-

SiC devices.[17-20]

3. Electrical characteristics

The p-shield can relieve the reliability of gate oxide
in C-IGBT. However, the emitter will extract holes through
grounded p-shield in on-state, which causes a large conduc-
tive loss. Figure 2(a) shows that a terrible Von (8.23 V) is ob-
tained in GS-IGBT at Vgg = 15 V and Ic = 100 A/cm?. But C-
IGBT gets a low Von of 3.99 V. For the proposed CHE-IGBT,
the CHE path is pinched off, maintaining strong conductivity
modulation, which is similar to C-IGBT. Hence, the Vpn of
the CHE-IGBT is 4.09 V. The hole density of these devices in
on-state is plotted in Fig. 2(b), and the proposed CHE-IGBT
have the same hole concentration distribution in drift. Due to
the existence of grounded p-shield, the lower hole density dis-
tribution is shown in GS-IGBT.

During turn-off transients, enhanced conductivity mod-
ulation will seriously deteriorate the turn-off time of general
SiC IGBTs, since a large number of stored carriers must be
removed. The switching test circuit shown in the insert of
Fig. 3(a) is utilized to study and discuss turn-off character-
istics. The bus voltage is set as 9 kV (60% of 15 kV), and a
2.6 A constant current source is employed to imitate the in-
ductive load circuit. The diode is an ideal component. The
gate bias switches from —5 V to 15 V at 10 kHz, and the gate
resistor is 10 Q. These device’s areas are set as 0.026 cm?2,
guaranteeing the operating current density are 100 A/cm?.

Figure 3(a) shows the turn-off waveforms of all the SiC
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IGBTs. Compared with C-IGBT, CHE-IGBT and GS-IGBT
have similarly excellent switching characteristics. According
to the integral of the turn-off curves, the Egpp of the proposed
CHE-IGBT, GS-IGBT, and C-IGBT are 2.46 mJ, 2.21 mJ, and
23.02 mJ, respectively. The Eorr of CHE-IGBT is decreased
by about 89% compared with C-IGBT.

100 7
I ;@
75 - 7/
& /
& .
& 50 - ./
< /
< 7
25F / === CHE-IGBT
Vap =15V, /.’ ==« GSIGBT
0 1 ) 1 1 C_IlGBT
0 2 4 6 8 10
Ve (V)
1017
_ _ , (b)
. Vee=15V, It =100 A/cm
5 1010k -
£ - -
Z 1ok 7
g 1
3 .
) | === CHE-IGBT
N
< 10%g —.=.GSIGBT
by ——C-IGBT
1013 1 1 1 1

1
30 60 90 120 150
Device length (pm)

Fig. 2. C-IGBT, GS-IGBT and CHE-IGBT’s (a) froward /-V char-
acteristics and (b) hole density distribution at Ic = 100 A/em? and
Ve = 15 V. CHE-IGBT has similar Von and hole density with C-IGBT,
but GS-IGBT shows a large Von and a low hole density.

When all the SiC IGBTs begin to turn off, the space
charge region in drift gradually expands to withstand high volt-
age, and the excessive holes must be extracted in this process.
For the C-IGBT, stored holes slowly drawn out by emitter
through hole barrier (formed between P-body and CSL layer).
Consequently, it takes a long time for the collector to rise from
0V to the bus voltage Vs, resulting in a great Eopp. An addi-
tional hole extraction path is formed by grounded p-shield, and
the hole density in drift is fairly low, so the collector voltage
rises very rapidly during turn-off transients in GS-IGBT. In
the CHE-IGBT, the CHE path transforms from off to on as the
gate bias changes from 15 V to —5 V. Then, excess holes are
primarily extracted by emitter through grounded p-shield, and
fraction holes are crossing the hole barrier to emitter. Hence,
the Eopr is sharply reduced compared with C-IGBT since the
existence of controllable hole path.

The tradeoff curve between Von and Egpr is plotted in
Fig. 3(b). At Von =4.09 V, the Eopr of CHE-IGBT is de-
creased by 89% compared with C-IGBT. At the same time, a
50% reduction of Voy is achieved in CHE-IGBT by comparing

to GS-IGBT at Egpr = 2.46 mJ. Conclusively, the proposed
device can achieve lower total energy loss in practical circuit

application.
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Fig. 3. (a) Turn-off waveforms of C-IGBT, GS-IGBT, and CHE-IGBT
and (b) tradeoff waveforms between Von and Egpg.
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Fig. 4. (a) Total energy loss and (b) turn-off loss of CHE-IGBT

@10 kHz versus Ncyg and Leygg when ¥ = 0.5.

In this paper, the influence of the CHE path parameters
(including Lcyg, Ncug, and 7) on the total energy loss (Eiotal)
for CHE-IGBT in a cycle is also investigated and simulated.
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Assuming ¥ as a scaling factor of the current, the effect of
Ncuge and Legg on the Eyyy, of the CHE-IGBT can be easily
and quickly investigated, and larger Ncyg and smaller Lceyg
will cause the CHE path cannot be completely depleted in on-
state, resulting in more conductive loss. The optimization of
Etota1 on Ncyg and Legg for the CHE-IGBT with ¥ = 0.5 at
10 kHz is shown in Fig. 4(a). The E\, decreases with lower
Ncug when Legg = 1 wm and 1.2 um, showing that the pro-
posed device has a good conductive characteristics with small
Ncye. However, for small Neyg = 1 X 10'° ¢cm™3, the CHE
path is practically pinched off and leads to slightly increased
leakage current with a large Lcyg, indicating a correspond-
ing rise in conductive loss. Figure 4(b) illustrates that both
Ncug and Lcgg have little effect on the Egpp, indicating con-
ductive loss dominates the optimization in Ey,. The lowest
Eora1 of the CHE-IGBT is obtained at the optimized value of
Neng = 3 x 10" ecm™3 and Legg = 1.4 pm, which is also se-
lected for a superior performance at operating frequency of
10 kHz.

Figure 5(a) shows the effect of the Eiy, on y with the
given Ncyg = 3 X 106 ¢cm—3 and Lcyg = 1.4 pum. Obviously,
larger y causes weakened conductivity modulation effect and
smaller 7 leads to leakage currents. Thus, it is explained that
the Eio1 Will increase with ¥ moving away from the value of
0.5. As shown in Fig. 5(b), the speed of extracting stored holes
in turn-off transient is enhanced following the broadened CHE
path, resulting in a slightly decreased Eopr.

(a) Neug = 3X10"0 em™% ¢ 5649
& LCHE: 1.4 pm
6.5
= 6.0F
g k =
et Minimum 53777
£ 55 FEiotal
S i 4.9351
501 46761 4.6665 4.6603 16262 46167
3 I T 4.5438 N B
5 1 1 1 1 1 1 1 L 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
v
/// (b) Ncug = 3X1016 cm—3
2.50 - & L(;H]:ji 1.4 pm
| 2.4641 2.4640 2.4639 2.4638 2.4637 2.4636 2.4636
2.45F
=
£l
= -40 2.3697
<9
=
2.35F
B O B B B G M me 2:3057
/{
1 L 1 1 1 1 1 1 1
230 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

~

Fig. 5. (a) Total energy loss (b) turn-off loss of CHE-IGBT @10 kHz
versus ¥, when Ncygg = 3 X 10" cm~3 and Leyg = 1.4 pm.

The dependence of p-Schottky contact metal on the Etq,

is further investigated by considering the depletion region of
the Schottky barrier junction. In the following simulation, the
electrode metal of the MES gate is chosen by magnesium, ti-
tanium, nickel, and platinum, and their work functions are set
as 3.7,4.2, 5.2, and 5.8, respectively. The effect on Eyy, and
Eorr within the chosen material are shown in Fig. 6. It is
observed that both Eiy, and Eopr slightly decrease with the
increased work functions. The possible reason is that a rel-
atively low p-Schottky barrier is gained when use platinum,
which can easily extract a small amount of hole in the turn-off
transient. However, the above effect on device is negligible,
so the Schottky electrode metal can preferred elect by simplify
the manufacturing process.
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Energy loss (mJ)
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Fig. 6. The Eo and Eopr of CHE-IGBT @10 kHz at different metal
work functions.

Figure 7 shows the effect of different duty ratios (from
10% to 90%) on the average power of all the SiC IGBTs at the
operating frequency of 10 kHz. Compared with GS-IGBT and
C-IGBT, the average power of the proposed device reduces by
70.5% to 74.0% and 79.7% to 83.8% with the decreased duty
ratio, demonstrating the CHE-IGBT is preferred in lower duty
ratio signal circuits.
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Fig. 7. Average power of C-IGBT, GS-IGBT, and CHE-IGBT @10 kHz
at different duty ratios.

The wide range operating frequency of 500 Hz to 10 kHz
at duty ratio of 50% is selected to investigate the advantage
of the proposed device in different circuit applications. In
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this comparison, the CHE-IGBTs is optimized at different fre-
quencies by using the previously mentioned method. As dis-
cussed above, the CHE-IGBTSs have similar conductive power
compared with C-IGBT in a wide range frequency in Fig. 8.
It is worth explaining that the turn-on power dominates its
switching power in GS-IGBT in this simulation, resulting in
increased switching power. Although the average power is
significantly increased with higher working frequencies, the
reduction of the average power of the CHE-IGBTs achieve
58.2% to 72.1% and 51.0% to 81.7% by comparing with its
counterparts, respectively. The corresponding CHE path pa-
rameters of the optimized CHE-IGBTs in Fig. 8 is listed in
Table 2. It is worth indicating that the optimized ¥ and Ncug
maintain constant value of 0.5 and 3x 10'® cm™— from 500 Hz
to 10 kHz. Therefore, CHE-IGBTs can be simply fabricated
by using the same mask layout when operating at a wider fre-
quency range.

250 F || Conductive power <
Switching power “ ‘
—~ [ o C-IGBT |
Z 200F < GSIGBT | |
Y} ¢ cHEIGBT#1 —
¢ 150bF O cHE1GBT#2 |
a | O CHEIGBT#3 (© |
% ool * CHEIGBT#4 |
5 O CHE-IGBT#5 v

> 3 !
< :

< sob o - o
|
S <>V AV4 " e |
ol gy, G
2001000 2000 5000 10000

Frequency (Hz)

Fig. 8. Average power of C-IGBT, GS-IGBT, and the optimized CHE-
IGBTs @50% duty ratio at the operating frequency from 500 Hz to 10 kHz.

Table 2. Optimized parameters shown in Fig. 8.

Reduced power Reduced power
# v Neug (em™) Lepe (um) P P

with GS-IGBT  with C-IGBT
#1 0.5 3%10'0 1.5 58.2% 51.0%
#2 0.5 3x101° 1.5 62.1% 63.7%
#3 0.5 3x1016 1.5 66.1% 72.6%
#4 0.5 3%10'0 15 70.3% 79.3%
#5 0.5 3x101° 1.4 72.1% 81.7%

4. Conclusion

A novel CHE-IGBT featuring a CHE path is proposed
and investigated by comparing with C-IGBT and GS-IGBT in
this work. The simulation analysis demonstrates that the CHE
path can remarkably decrease the Eorr by 89% compared with
C-IGBT without sacrificing the Von, and reduce the Vox by
50% compared to GS-IGBT without sacrificing the Eopp, in-
dicating the proposed device can achieve a better VoNn—EoFrr
tradeoff. The influence of the CHE path parameters on device

performances is also considered. Based on the discussion of
the above key parameters, the effect of different duty ratios
and operating frequencies on the average power of SiC IGBTs
are finally studied. In conclusion, the proposed CHE-IGBT
can achieve a less average power in low duty ratio frequency
applications by a relatively simple fabrication process.
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