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Ultralow turnoff loss dual-gate SOI LIGBT with
trench gate barrier and carrier stored layer∗
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A novel ultralow turnoff loss dual-gate silicon-on-insulator (SOI) lateral insulated gate bipolar transistor (LIGBT) is
proposed. The proposed SOI LIGBT features an extra trench gate inserted between the p-well and n-drift, and an n-type
carrier stored (CS) layer beneath the p-well. In the on-state, the extra trench gate acts as a barrier, which increases the carrier
density at the cathode side of n-drift region, resulting in a decrease of the on-state voltage drop (Von). In the off-state, due to
the uniform carrier distribution and the assisted depletion effect induced by the extra trench gate, large number of carriers
can be removed at the initial turnoff process, contributing to a low turnoff loss (Eoff). Moreover, owing to the dual-gate
field plates and CS layer, the carrier density beneath the p-well can greatly increase, which further improves the tradeoff
between Eoff and Von. Simulation results show that Eoff of the proposed SOI LIGBT can decrease by 77% compared with
the conventional trench gate SOI LIGBT at the same Von of 1.1 V.
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1. Introduction

Lateral insulated gate bipolar transistor (LIGBT) based
on silicon-on-insulator (SOI) substrate has been widely used
in power integrated circuits (ICs) due to its advantages such
as low on-state voltage drop (Von), large current capability,
and superior isolation.[1–7] However, it is well known that
LIGBT suffers high turnoff loss (Eoff) and slow switching
owing to the removal of the large number of carriers stored
in the drift region during the turnoff process. To alleviate
this problem, various LIGBT structures[8–16] have been pro-
posed, such as shorted anode LIGBT,[8] segmented anode
NPN controlled LIGBT,[9,10] and gradual hole injection dual-
gate LIGBT.[11] Besides, increasing the carrier density at the
cathode side of the n-drift region in the on-state is an effec-
tive solution to achieve a low Eoff. The typical structures are
proposed in vertical or lateral IGBT,[17–23] such as injection-
enhanced IGBT,[17] carrier-stored IGBT,[18,19] and dielectric
barrier IGBT.[20] Based on this concept, we have proposed the
SOI LIGBT with trench gate barrier (named TGB SOI LIGBT
herein), which can greatly improve the tradeoff between Eoff

and Von.[23] However, the relatively lower carrier density in the
region beneath the p-well limits the further reduction of device
power consumption.

In this paper, a novel dual-gate SOI LIGBT with trench
gate barrier (TGB) and carrier-stored (CS) layer (DTGB-CS
SOI LIGBT) is proposed. A uniform carrier distribution in the

n-drift region can be achieved in the on-state attributed to the
TGB structure. Besides, electron injection is enhanced and
carrier stored effect is realized due to the dual-gate and CS
structures, respectively. The influences of device parameters
on Von and Eoff are analyzed. Simulation results show that
the DTGB-CS SOI LIGBT can achieve much better Eoff ∼Von

tradeoff performance than the conventional trench gate SOI
LIGBT (conventional TG SOI LIGBT) and the TGB SOI
LIGBT.

2. Device structure and mechanism

Figure 1(a) shows the schematic cross-sectional view of
the proposed DTGB-CS SOI LIGBT, which features an ex-
tra trench gate (TG2) inserted between the p-well and n-drift,
and an n-type carrier-stored (CS) layer beneath the p-well.
Combined with the original trench gate (TG1), dual-gate struc-
ture is formed. For comparison, the schematic cross-sectional
views of the TGB SOI LIGBT and conventional TG SOI
LIGBT are also provided in Fig. 1(b) and Fig. 1(c), respec-
tively. Table I shown the device parameters specification and
the typical values for the three structures. Since the depth of
both trench gates is the same, the DTGB-CS SOI LIGBT does
not increase the manufacturing difficulty.

In the on-state, TG2 acts as a carrier barrier, which pre-
vents the hole from injecting directly into the p-well. There-
fore, the carrier density at the cathode side of the n-drift region
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(i.e., the right side of the trench) increases and a uniform car-
rier distribution is realized in the n-drift region, resulting in a
decrease of Von. Due to the dual-gate field plates and CS layer,
the carrier density beneath the p-well also increases greatly,
which makes Von decrease further. In the turnoff process, large
number of carriers at the cathode side are removed quickly at
the voltage rise phase. Besides, the assisted depletion effect
induced by TG2 can also speed up the carriers sweep-out.
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Fig. 1. Schematic cross-sectional views of (a) DTGB-CS SOI LIGBT,
(b) TGB SOI LIGBT, and (c) conventional (conv.) TG SOI LIGBT.

Table 1. Device parameters specification.

Parameters DTGB-CS TGB conv. TG

SOI layer thickness, ts/µm 5 5 5

Buried oxide thickness, tox/µm 3 3 3

n-drift length, Ld/µm 13 13 13

n-drift doping, Nd/cm−3 2.5 × 1015 2.5 × 1015 2.5 × 1015

Oxide thickness, d/µm 0.6 0.6 –

Trench width, Wt/µm 1 1 1

Trench depth, Dt/µm 3.5 3.5 4.5

Gate length, Lg/µm 3.25 3.25 4.25

CS layer thickness, tcs/µm 0.5 – –

CS layer doping, Ncs/cm−3 4×1016 – –

Figure 2 shows the simulated current flow lines of the
three structures. For the conventional TG SOI LIGBT, holes
are directly extracted from n-drift to p-well, leading to low
carrier density at the cathode side of the n-drift. For the
DTGB-CS and TGB SOI LIGBT, the trench gate stops the
hole from injecting directly into the p-well and makes the car-
riers crowded at the right side of the trench. However, the car-
rier density in the region beneath the p-well for the TGB SOI
LIGBT is still relatively low. In the DTGB-CS SOI LIGBT,
the electron injection effect is enhanced and the CS effect is
realized due to the dual-gate field plates and CS layer struc-
ture, which will greatly increase the carrier density in the re-
gion beneath the p-well.

Figure 3 shows the hole distributions at cutline y = 3 µm
when IA = 200 A/cm2. Owing to the TGB structure, the hole
density at the cathode side of the n-drift greatly increases and a
uniform carrier distribution is realized. At x = 4 µm, the hole
density of TG SOI LIGBT is below 3× 1015 cm−3, while in
TGB SOI LIGBT, it increases to about 3×1016 cm−3. In the
DTGB-CS SOI LIGBT, the value can further increase to about
3.8 × 1016 cm−3. Moreover, the hole density in the region
beneath the p-well also increases greatly compared with both
conventional TG and TGB SOI LIGBT. Owing to the favor-
able uniform carrier distribution, much better tradeoff perfor-
mance between Eoff and Von can be expected in the DTGB-CS
SOI LIGBT.
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Fig. 2. (color online) The current flow lines of (a) DTGB-CS SOI LIGBT, (b) TGB SOI LIGBT, and (c) conventional TG SOI LIGBT at IA = 200 A/cm2. IA
represents the anode current.
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Fig. 3. (color online) The comparison of hole distribution for differ-
ent structures at cutline y = 3 µm when IA = 200 A/cm2. The doping
concentrations of p+ anode are the same.

3. Results and discussion

The simulation is performed by two-dimensional device
simulator MEDICI.[24] A lifetime of 1 µs and an ambient tem-
perature of 300 K are used. In order to investigate the on-state
and turnoff characteristics, the comparison among the DTGB-
CS, TGB and conventional (conv.) TG SOI LIGBT is con-
ducted. The typical parameter values of the three structures
are shown in Table 1. At Nd = 2.5× 1015 cm−3, almost the
same breakdown voltage (BV ) can be achieved (BV = 249 V
for conventional TG SOI LIGBT, BV = 259 V for DTGB-CS
and TGB SOI LIGBT). Dt, Lg, and Ncs have great influence on
the Eoff ∼Von tradeoff performance, and need to be discussed
in the paper.

3.1. On-state characteristics

When the gate voltage (VG) exceeds the threshold volt-
age and anode voltage (VA) is larger than built-in voltage of
the p–n junction, the device turns on and the n-drift region
is under conductivity modulation. Figure 4 shows the simu-
lated on-state I–V curves of the different structures, in which
DTGB SOI LIGBT represents the structure without CS layer.
The current capability can be more than twice by introduc-
ing dual-gate structure since the channel density is doubled.
For DTGB-CS SOI LIGBT, the current capability can reach as
high as about 8500 A/cm2 at VA = 20 V. In this paper, Von is
obtained at current density of 200 A/cm2. Figure 4(b) shows
that Von of the DTGB-CS SOI LIGBT decreases from 1.49 V
for the conventional TG SOI LIGBT to only 1.05 V. This is
because the carrier density at the cathode side of n-drift and
in the region beneath the p-well greatly increases due to the
TGB and CS layer structure, which enhances the conductivity
modulation effect as shown in Fig. 3.
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Fig. 4. (color online) On-state I–V curves of different structures: (a) VA
from 0 V to 20 V, and (b) IA from 0 A/cm2 to 200 A/cm2. For DTGB-
CS, Dt = 3.5 µm, Lg = 3.25 µm and Ncs = 4× 1016 cm−3. For TGB,
Dt = 3.5 µm and Lg = 3.25 µm. For conventional TG, Dt = 4.5 µm and
Lg = 4.25 µm.
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Fig. 5. (color online) Von as a function of Lg for different structures.

Figure 5 shows Von as a function of Lg for different struc-
tures when the doping concentrations of p+ anode are the
same. For conventional TG and TGB SOI LIGBT, Dt are
set as the optimal value 4.5 µm and 3.5 µm, respectively.
For DTGB-CS SOI LIGBT, different Dt are discussed. The
DTGB-CS SOI LIGBT has lower Von compared with the con-
ventional TG and TGB SOI LIGBT. At fixed Lg, Von decreases
with the decrease of Dt because the carriers’ conductive path
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becomes shorter. For each structure, with the increase of Lg,
Von decreases due to the stronger electron injection from the
channel inversion layer. The lowest Von of the conventional
TG SOI LIGBT is 1.49 V when Lg = 4.25 µm. However, with
the same Lg and Dt, Von of the DTGB-CS SOI LIGBT is only
1.10 V. Also, Von of the DTGB-CS SOI LIGBT can decrease
to 1.05 V when Dt = 3.5 µm and Lg = 3.25 µm, which is 30%
lower than that of the conventional TG SOI LIGBT.

3.2. Turnoff characteristics

In the turnoff simulation, the device is turned off under an
on-state current density of 200 A/cm2 and a supply voltage of
100 V. The load inductance is 2 µH and gate resistance is 1 Ω.
In order to make a fair comparison of Eoff, Von is adjusted to the
same as 1.1 V by changing the doping concentration of p+ an-
ode. Figure 6 shows the Eoff as a function of Lg for DTGB-CS
SOI LIGBT with different Dt. Eoff decreases as Lg increases
because larger Lg can not only enhance the electron injection
in the on-state but also assist the depletion of n-drift region
during turnoff. Besides, Eoff will decrease as Dt decreases for
a shorter conductive path of carriers. When Dt = 3.5 µm and
Lg = 3.25 µm, the DTGB-CS SOI LIGBT can achieve the low-
est Eoff of 0.36 mJ/cm2. Figure 6 also shows the Eoff as a func-
tion of Ncs, among which Ncs = Nd = 2.5×1015 cm−3 means
the structure without CS layer (i.e., DTGB SOI LIGBT). The
BV remains the same when Ncs varies from 2.5× 1015 cm−3

to 1×1017 cm−3. With the increase of Ncs, Eoff decreases for
the stronger CS effects. However, Eoff will no longer decrease
when Ncs increases to above 4×1016 cm−3 since too large an
Ncs will make a longer voltage rise phase. In this paper, the
optimal values are chosen as Dt = 3.5 µm, Lg = 3.25 µm and
Ncs = 4×1016 cm−3.
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All the Eoff is obtained at Von = 1.1 V

Figure 7 shows the inductive turnoff waveforms of
DTGB-CS SOI LIGBT with different Lg, Dt, and Ncs at Von =

1.1 V. With the increase of Lg, the electron injection is en-
hanced and the carrier density at the anode side of the n-drift

is decreased at the same Von, which makes the current fall
time decrease as shown in Fig. 7(a). However, the current
delay time increases as Lg increases since the gate-drain ca-
pacitance (Cgd) increases. Figure 7(b) shows that as Dt in-
creases, both the current fall time and the current delay time
greatly increase. That is because more carriers are stored in
the n-drift region due to the longer conductive path of carriers.
Figure 7(c) compares the turnoff waveforms between DTGB
SOI LIGBT (i.e. Ncs = 2.5×1015 cm−3) and DTGB-CS SOI
LIGBT with Ncs = 4×1016 cm−3. Although the current delay
time increases by adding the CS layer, a smaller current fall
time can be achieved in the DTGB-CS SOI LIGBT, leading to
a lower Eoff.
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Based on the discussion above, the optimal parameters
of the DTGB-CS SOI LIGBT can be obtained as follows:
Dt = 3.5 µm, Lg = 3.25 µm and Ncs = 4× 1016 cm−3. Fig-
ure 8 shows the inductive turnoff waveforms of the optimized
three structures when Von = 1.1 V. The current delay time of
the DTGB-CS SOI LIGBT (t3) is the longest since the Cgd is
increased due to the dual-gate structure. However, the DTGB-
CS SOI LIGBT can achieve the smallest current fall time. The
current fall times of the DTGB-CS, TGB and conventional TG
SOI LIGBT are about 8 ns, 27 ns, and 84 ns, respectively.
Therefore, the DTGB-CS SOI LIGBT performs with much
lower turnoff loss.
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Figure 9 shows the hole distribution at cutline y = 3 µm
of the three structures during turnoff process. At t = 0, the
DTGB-CS SOI LIGBT shows the most uniform carrier dis-
tribution among the three devices at the same Von = 1.1 V.
Due to the TGB structure, the carrier density of the DTBG-
CS SOI LIGBT greatly increases at x = 4 µm and decreases
at x = 20 µm compared with that of the conventional TG
SOI LIGBT. The carrier density in the region beneath the

p-well (0.5 µm< x < 3.5 µm) greatly increases to above
2× 1016 cm−3 owing to the carrier stored effects, which also
means the carrier density is smaller than that of the TGB SOI
LIGBT at entire n-drift region (x > 4 µm). The favorable uni-
form carrier distribution of the DTGB-CS SOI LIGBT means
that the overall number of carriers stored in the drift region
is greatly reduced. During the initial turnoff process, larger
number of carriers at the cathode side of the DTGB-CS SOI
LIGBT can be quickly swept out within a small rise of VA.
At the end of the VA rise (i.e., the beginning of the current
fall), the carrier density in the DTGB-CS SOI LIGBT is much
smaller than that of the other two structures. Therefore, much
smaller current fall time can be achieved.
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Figure 10(a) shows the tradeoff performances between
Eoff and Von, in which the TGB-CS SOI LIGBT represents the
TGB SOI LIGBT with CS layer and all the structures are op-
timally designed. The DTGB-CS SOI LIGBT can realize the
best tradeoff performance. At the same Von of 1.1 V, Eoff of
the DTGB-CS SOI LIGBT (0.36 mJ/cm2) can be decreased by
77% compared with that of the conventional TG SOI LIGBT
(1.58 mJ/cm2), and by 51% compared with that of the TGB
SOI LIGBT (0.73 mJ/cm2). Besides, DTGB-CS SOI LIGBT
shows better performance than DTGB SOI LIGBT owing to
the CS layer structure. Figure 10(b) shows the Eoff decrease
percentage under different Von. Eoff decrease percentages are
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69% and 27% compared with conventional TG and TGB SOI
LIGBT under Von of 1.16 V. However, the decrease percent-
ages can increase to 82% and 68% when Von decreases to
1.06 V. Therefore, DTGB-CS SOI LIGBT has greater advan-
tage over conventional TG and TGB SOI LIGBT under lower
Von.

4. Conclusion
In conclusion, a novel ultralow turnoff loss DTGB-CS

SOI LIGBT is proposed. The extra trench gate acts as a barrier
to prevent the hole from injecting directly into the p-well in the
on-state, which increases the carrier density at the cathode side
of the n-drift region, resulting in a decrease of Von. Besides,
due to the uniform carrier distribution and the assisted deple-
tion effect induced by the extra trench gate, large number of
carriers can be quickly removed at the initial turnoff process,
leading to a decrease of Eoff. Moreover, the carrier density be-
neath the p-well can greatly increase owing to the dual-gate
field plates and CS layer, which further improves the trade-
off between Von and Eoff. With Dt = 3.5 µm, Lg = 3.25 µm
and Ncs = 4 × 1016 cm−3, the DTGB-CS SOI LIGBT can
achieve 77% lower Eoff compared with the conventional TG
SOI LIGBT, or 51% lower Eoff compared with the TGB SOI
LIGBT at the same Von of 1.1 V.
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