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A novel trench insulated gate bipolar transistor (IGBT) with improved dynamic characteristics is proposed and in-
vestigated. The poly gate and poly emitter of the proposed IGBT are arranged alternately along the trench. A self-biased
p-MOSFET is formed on the emitter side. Owing to this unique three-dimensional (3D) trench architecture, both the turn-
off characteristic and the turn-on characteristic can be greatly improved. At the turn-off moment, the maximum electric
field and impact ionization rate of the proposed IGBT decrease and the dynamic avalanche (DA) is suppressed. Comparing
with the carrier-stored trench gate bipolar transistor (CSTBT), the turn-off loss (Eoff) of the proposed IGBT also decreases
by 31% at the same ON-state voltage. At the turn-on moment, the built-in p-MOSFET reduces the reverse displacement
current (IG dis), which is conducive to lowing dIC/dt. As a result, compared with the CSTBT with the same turn-on loss
(Eon), at IC = 20 A/cm2, the proposed IGBT decreases by 35% of collector surge current (Isurge) and 52% of dIC/dt.

Keywords: insulated gate bipolar transistor (IGBT), dynamic avalanche (DA), dIC/dt

PACS: 85.30.De, 85.30.Tv, 85.30.Pq DOI: 10.1088/1674-1056/ace15d

1. Introduction
Insulated gate bipolar transistors (IGBTs) are widely used

in medium- and high-voltage power applications, such as
smart grid, industrial motor drives, automotive, etc.[1–3] In or-
der to improve the trade-off between ON-state voltage drop
(Von) and turn-off loss (Eoff), many techniques have been pro-
posed, such as field stop IGBT (FS-IGBT),[4] injection en-
hanced gate transistor (IEGT),[5–7] carrier stored trench-gate
bipolar transistor (CSTBT),[8–10] super junction (SJ) trench
IGBT.[11,12] With the decrease of turn-off loss, IGBTs are in-
creasingly used in high frequency applications. However, high
frequency is accompanied by high dV/dt, which can induce
voltage overshoot and dynamic avalanche (DA) during turn-
off.[13] The trench clustered IGBT (TCIGBT) structure has
been proposed to eliminate DA by using a self-biased built-
in p-MOSFET to divert the hole current.[14,15] Besides, high
switching frequency can also lead to high dIC/dt.[16] To sup-
press dIC/dt without sacrificing the turn-on loss, some IG-
BTs with unique gate geometry were proposed, such as the
split-gate IGBT[17,18] and the fin p-body IGBT.[19] Further-
more, clamping the floating p-body adjacent to the trench gate
also helps improve the trade-off relationship between dIC/dt
and Eon.[20,21]

In this work, a novel trench-gate IGBT is proposed to ob-
tain better switching characteristics. The proposed IGBT fea-
tures a split-gate architecture. The poly gate and poly emit-
ter are alternately arranged along the trench. Some paral-
leled self-biased p-MOSFETs are formed on the emitter side.

During turn-off operation, the p-MOSFET turns on adaptively
and provides an additional path for the hole current. The
maximum electric field and impact ionization rate decrease
greatly, thereby improving the ability to withstand the dy-
namic avalanche. During turn-on operation, the potential of
the p-ring region below the trench gate is clamped. This can
reduce the self-charging displacement current (IG dis) of the
gate capacitor and the dIC/dt as well. Moreover, the inter-
leaved gate architecture can reach a 67% reduction in Miller
capacitance and a 34% increase in input capacitance, leading
the turn-off loss to decrease and dIC/dt to lower.

2. Device structure and mechanism
Figure 1(a) shows the schematic diagram of the proposed

IGT IGBT. The poly gate and poly emitter are alternately ar-
ranged in the trench along the z direction as shown in Fig. 1(b).
Figure 1(c) shows the built-in p-MOSFET, which is composed
of the p-body, n-CS layer, p-ring region, and trench emitter.
The source region of p-MOSFET is the p-ring region. The
p-channel is the n-CS layer. The gate and the drain of the p-
MOSFET are both grounded. Figure 1(d) shows cross-section
of the IGT IGBT along the cutline along BB′. Figure 2 shows
the conventional CSTBT and the p-ring IGBT.[22,23] The key
parameters of three IGBT structures are listed in Table 1. The
models used in simulations include Philips unified mobility
model, high-field saturation model, Enormal model, Slotboom
model, Shockley–Read–Hall model, Auger model, and Lack-
ner’s avalanche generation model.
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Fig. 1. (a) Schematic diagram of proposed IGT IGBT, (b) top view of IGT IGBT, (c) cross-section along cutline AA′, and (d) cross-section along cutline BB′.
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Fig. 2. Schematic diagram of (a) CSTBT and (b) p-ring IGBT.

Table 1. Device parameters.

Parameters CSTBT p-ring IGT

Cell pitch LC (µm) 6 6 6
Mesa width LM (µm) 4 4 4
Trench width LT (µm) 2 2 2
p-ring spacing (µm) 1.5 1.5
Trench depth (µm) 6 6 6

Wp/Wn (µm) 1.5/1.5 1.5/1.5 1.5/1.5
Gate oxide Tgox (µm) 0.1 0.1 0.1
p-body doping (cm−3) 2×1017 2×1017 2×1017

n-CS doping NCS (cm−3) 1×1015 3.5×1016 6×1016

n-CS thickness (µm) 2 2 2
Substrate doping/thickness 8×1013/112 8×1013/112 8×1013/112
n-buffer doping/thickness 2×1016/1 2×1016/1 2×1016/1

p-collector doping/thickness 1×1017/0.5 1×1017/0.5 1×1017/0.5
Carrier lifetime (µs) 1 1 1

Figure 3(a) shows the BV characteristic curves of three
IGBT structures. The BV values of all three devices reach val-
ues higher than 1300 V.

The inset in Fig. 3(a) shows the electric field distribu-
tions of the three devices at breakdown. Figure 3(b) compares
the curves of leakage current (IL) versus temperature of three
IGBT structures. And the leakage current for the IGT IGBT is
almost similar to that for the CSTBT and p-ring IGBT.

Figure 4(a) shows the curves of BV and Von versus NCS

for three IGBT structures. The BV of CSTBT is lower than

1300 V when NCS is higher than 1.0×1015 cm−3. Compared
with the CSTBT, both the p-ring IGBT and the IGT IGBT can
increase doping concentration of the n-CS layer (NCS) without
any penalty on BV. This is because the p-ring region can ef-
fectively alleviate the electric field at the bottom of the trench.
However, with the increase of NCS, the safe-operating area
(SOA) of p-ring IGBT degrades. The saturation current of p-
ring IGBT is extremely sensitive to NCS as shown in Fig. 4(b).
To achieve wide forward biased (FB) SOA, the NCS of p-ring
IGBT should be limited below 3.5× 1016 cm−3. Comparing
with the CSTBT, The saturation current of IGT IGBT is re-
duced by 27% owing to the addition of p-channel and the de-
crease of n-channel width.
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Figure 5 shows the total current density distributions
along cutline AA′ and cutline CC′ for three IGBT structures

when bus voltage rises to 600 V during turn-off. The current
density near the trench of the IGT IGBT is approximately six
times higher than that of the CSTBT as shown in Fig. 5(b).
This means that the built-in p-MOSFET is turned on and pro-
vides a p-channel for extracting most of the holes. This re-
duces the hole current flowing through the main junction. The
hole current flowing through the p-channel does not increase
the electric field in the y direction. This is because the elec-
tric flux emitted from the hole inversion layer ends at the poly
emitter in the x direction. For the IGT IGBT, the extrac-
tion of holes by the built-in p-MOSFET alleviates the electric
field at the p-body–n-CS junction and suppresses the dynamic
avalanche.

Figure 6(a) shows the test circuit for inductive switching.
For the IGT IGBT, the built-in p-MOSFET is already turned
on before the turn-on moment. A large number of holes in-
jected from p-collector can be extracted through the p-channel
quickly. The potential of the p-ring region for the IGT struc-
ture shows no sharp increase owing to the absence of hole ac-
cumulation therein. Figure 6(b) shows the curves of the po-
tential of the p-ring region below the trench gate and VGE at
the turn-on moment. A small VP of 3.4 V and a small dVP/dt
of 11.4 V/µs are obtained in the IGT IGBT. The feature of the
IGT IGBT is that its dVP/dt is 60% smaller than that of the
p-ring IGBT. Low dVP/dt leads to low dVGE/dt, which fur-
ther results in low dIC/dt. Thus, a lower dIC/dt and a smaller
surge current (Isurge) can be achieved in the IGT IGBT.

19.5 20.0 20.5 21.0 21.5
0

5

10

15

20

V
P
↪V

G
E
 (

V
)

VP VGE

p ring
IGT

RG

1
0
0
 n

H

F
W

D

C

G
E

600 V

1
5
0
 m

H

(a) (b)

dVP/dtmax=28.5 V/ms

dVP/dtmax=11.4 V/ms

Time (ms)

Fig. 6. (a) Inductive load circuit for switching characteristics analysis.
(b) Curves of VP (the potential of p-ring region below trench gate) and VGE in
turn-on process of p-ring IGBT and IGT IGBT under small-current condition
(RG = 10 Ω, IC = 20 A/cm2).

Figure 7(a) shows the comparison of capacitance among
three IGBT structures. The overlap between gate and col-
lector for the IGT IGBT decreases greatly, thus the gate-to-
collector capacitance (CGC) decreases by 67% compared with
the counterpart of the CSTBT. In addition, the gate-to-emitter
capacitance (CGE) for the IGT IGBT is increased by 34% due
to an increase in the overlap between the gate and emitter
(Ciss�CGC, so CGE dominates in the input capacitance). Fig-
ure 7(b) shows that the gate-to-collector charge (QGC) of the
IGT IGBT is 20% that of the CSTBT. All the characteristics
are simulated at room temperature unless otherwise stated.
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3. Results and discussion
3.1. ON-state voltage

Figure 8 shows the ON-state characteristics for three
IGBT structures. The NCS for CSTBT, p-ring IGBT, and IGT
IGBT is 1×1015 cm−3, 3.5×1016 cm−3, and 6×1016 cm−3, re-
spectively. The IGT IGBT obtains the enhanced conductivity
modulation caused by increasing NCS. When IC = 200 A/cm2,
the Von at room temperature for IGT IGBT, p-ring IGBT, and
CSTBT is 1.75 V, 1.87 V, and 1.98 V, respectively.

3.2. Turn-off characteristics

The simulated turn-off characteristics of three IGBT
structures as a function of gate resistance (RG) are shown in

Fig. 9. The CSTBT and p-ring IGBT show a decrease in surge
voltage when RG < 5 Ω. This indicates the occurrence of DA
within the CSTBT and p-ring IGBT.[14] The turn-off curves of
IGT IGBT show that surge voltage does not decrease with RG

lowering.
Figure 10 shows electric field distributions and impact

ionization rate distributions for three IGBT structures when
bus voltage rises to 600 V during turn-off. Owing to the in-
creased NCS, the p-ring IGBT presents significantly higher
Emax and impact ionization rate than the CSTBT. For the IGT
IGBT, the electric flux generated by the holes through the p-
channel is dispersed in the x direction. This reduces the verti-
cal electric field and the impact ionization rate at the turn-off
moment. Consequently, the maximum impact ionization rate
for the IGT IGBT is lowest.

Figure 11(a) shows the turn-off waveforms of three IGBT
structures. Both devices are turned off at t = 52 µs. To make
a comparison of turn-off loss among three IGBT structures,
the turn-off process is divided into two phases as shown in
Fig. 11(b). The first phase is the voltage rising phase (Evr).
The Evr for the IGT IGBT (3.5 mJ/cm2) is much smaller than
that for the CSTBT (6.7 mJ/cm2) owing to the lower Miller ca-
pacitance and the fast extraction of holes caused by self-biased
p-channels. The second phase is the current decreasing phase
(Ecd). The values of Ecd for all devices are similar, because of
the same carrier lifetime and backside design of IGBTs.
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Fig. 11. (a) Turn-off waveforms for three IGBT structures and (b) turn-off
power analyses for three IGBT structures.

Figure 12 shows that the IGT IGBT has the best trade-off
relationship between Von and Eoff. For the same Von, the Eoff

of the IGT IGBT is reduced by 31% compared with that of the
CSTBT. This is because of the increased NCS and the built-in

self-biased p-MOSFET.
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Fig. 12. The Von–Eoff trade-off relationships for three IGBT structures.

3.3. Turn-on characteristics

Figure 13 shows the turn-on waveforms of the three IG-
BTs with different values of RG under a small current. The
IGT IGBT has lower dIC/dt and Isurge when compared with
the CSTBT and p-ring IGBT. The IGT IGBT exhibits better
controllability of Isurge and turn-on dIC/dt than the CSTBT
and p-ring IGBT. Figure 14 shows the influences of RG on
dIC/dt and Isurge of three IGBT structures. Of the three IG-
BTs at the same RG value, the IGT IGBT possesses the small-
est dIC/dt and Isurge. Figure 14(a) shows that the dIC/dt and
Isurge of the IGT IGBT decrease respectively by 62% and 35%
compared with those of the p-ring IGBT, at a current density
of 20 A/cm2 and RG = 20 Ω.
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Figure 15(a) shows the dIC/dt–Eon and Isurge–Eon trade-
off relationships for the three IGBT structures at a small cur-
rent density of 20 A/cm2 (1/10 rated current). The turn-on
losses are calculated under RG values of 8 Ω, 10 Ω, 15 Ω,
20 Ω, and 30 Ω, respectively. The IGT IGBT achieves bet-
ter tradeoff relationships between Eon and dIC/dt, Eon and
Isurge than the CSTBT and p-ring IGBT. For the same value
of Eon, the dIC/dt and Isurge of the IGT IGBT decreases by
52% and 35% compared with those of the CSTBT. At a higher
current density of 200 A/cm2, the IGT IGBT still shows the
suppressed dIC/dt and Isurge compared with the CSTBT and
p-ring IGBT at the same vale of Eon as shown in Fig. 15(b). At
a higher current density of 200 A/cm2, the p-ring IGBT has the
worst trade-off relationships between Eon and dIC/dt, Eon and
Isurge. This is due to the increased self-charging displacement

current flowing through the capacitor formed by the p-ring re-
gion, the gate oxide and the trench gate. Comparing with the
p-ring IGBT, the dIC/dt and Isurge of the IGT IGBT decrease
by 39% and 25%, respectively.
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Fig. 15. The dIC/dt–Eon and Isurge–Eon trade-off relationships for three
IGBT structures at current density of 20 A/cm2 (a) and 200 A/cm2 (b).

4. Fabrication and process

The fabrication process of the proposed IGBT is shown in
Fig. 16. The p-ring regions are formed by boron implantation
at the trench bottom. The trench is then filled with poly-Si.
Thereafter, the poly-Si is etched back using a mask. Next, the
sidewall oxide is removed, followed by gate oxide growth and
poly-Si refilling. Afterwards, the n+ region and p+ region are
formed. Finally, the backside process is carried out and the
metal electrodes are formed.

128503-6



Chin. Phys. B 32, 128503 (2023)

n-CS

p-body

n-CS

p-body

n-dr ift

n-CS

p-body

n-CS

p-body

n-dr ift

Pol
y-

Si

n-CS

p-body

n-CS

p-body

n-dr ift

E

n-drift

n-CS
G G

n-CS

E

p-bodyp-body

n-dr ift

E

p-r ingp-r ing p-r ing

G GG

p-ring

p-r ing

n-CSn-CS

n-drift

p-ring

n-cs

p-body
G G

n-cs

p-body

p+p+

n+ n+

n-CSn-CS

n-drift

E

p-ring

n-drift

p-ring

n-cs

p-body

G G
n-cs

p-body

p+p+

n+ n+

Metal

Emitter

Gate

Emitter

(a)
Boron implantation

Mask Mask

Mask
(c)(b) (d)

Mask

(h)(g)(f)(e)

p-collector
Collector

n-buffer

p-body p-body p-body p-body
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removal, (e) gate oxide growing, (f) poly-Si refilling, (g) n+ region and p+ region forming, and (h) metalization.

5. Conclusions

An IGBT with interleaved trench-gate is proposed and in-
vestigated via numerical analysis. Owing to the interleaved
trench gate architecture, the Miller capacitance of the pro-
posed IGBT decreases by 67% compared with that of the
CSTBT. The proposed IGT IGBT also shows the improved
Von–Eoff trade-off. Comparing with the CSTBT, the Eoff of
the proposed IGBT decreases by 31% with the same value of
Von. Furthermore, the proposed IGBT obtains a better turn-on
dIC/dt controllability and improves the trade-off relationship
between Eon and dIC/dt. For the same value of Eon at a cur-
rent density of 20 A/cm2, Isurge and dIC/dt of the proposed
IGBT decrease by 35% and 52% compared with those of the
CSTBT.
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