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A snapback-free and fast-switching planar-gate SOI LIGBT with three

electron extracting channels

Yuying Wang', Aohang Zhang', Peng Jian!, and Wensuo Chen'-»

Abstract In this paper, a snapback-free and fast-switching SOI LIGBT
with three electron extracting channels (TEC) is proposed and investigated.
Compared with SBM LIGBT, the trench gate of n-MOS is changed to a
planar gate, and a P- region is added to prevent N+ short circuit while
providing electron extracting channel. Simulation results show that TEC
decreases Eopp by 15% at Von = 1.8V relative to SBM when all three
channels are open, while TEC still decreases Eqpg by 10% at Von =1.55V
relative to SBM when only two channels are available. The device achieves
the same breakdown voltage level of 603V as SBM without additional
trench etch process required.
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1. Introduction

The silicon-on-insulator lateral insulated gate bipolar tran-
sistor (SOI LIGBT) has the advantages of large input resis-
tance and low drive energy loss, and is widely used in intel-
ligent power integrated circuits [1, 2, 3, 4, 5, 6, 7, 8]. Com-
pared with unipolar devices, both the electrons and holes
of LIGBT are involved in conduction in the on-state, which
leads to a relatively lower forward conduction voltage drop
(Von), but also leads to a long tail of turn-off current result-
ing in a high turn-off loss (Egpr) when the excess carriers
can only disappear through recombination [9, 10, 11, 12, 13].
The turn-off loss can be reduced by reducing the hole injec-
tion efficiency of P+ anode, but this will also reduce the
conductivity modulation effect and increase Von, so it is
difficult to take both into account [14, 15, 16, 17]. A better
tradeoff can be achieved by changing the internal structure
of the device, such as adding additional NPN electron ex-
traction channels during turnoff [18, 19, 20]. In addition,
researchers proposed the short-anode LIGBT (SA-LIGBT)
[21, 22, 23, 24] to provide an electron extraction path to
reduce Egrr. However, an undesirable snapback is caused
during the forward conduction characteristic. The separated
shorted-anode LIGBT (SSA-LIGBT) [25] uses a large equiv-
alent resistance formed by the drift region between the anode
N+ and P+ anode to suppress the snapback, but eliminating
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the snapback requires a long drift region, resulting in a large
waste of chip area. Adding an auxiliary gate [26, 27] to
the anode can dynamically control the holes injection of an-
ode and achieve fast turn-off without snapback, but the extra
control signal greatly increases the complexity of the whole
circuit system. Adding an insulating oxide pillar to the an-
ode to increase the flow path of electrons can also achieve
snapback-free, but this also increases the process complex-
ity of the device [28, 29]. To this end, A snapback-free
fast-switching IGBT with an embedded self-biased n-MOS
(SBM) [30] is proposed, which can easily achieve snapback-
free without extra control circuit and provides the built-in
electron extraction path to reduce the Eorr. However, addi-
tional trench etch process is required, which is incompatible
with CMOS process and is not easily integrated.

In this paper, a fast-switching planar-gate SOI-LIGBT
with three electron extraction channels (TEC) is proposed.
Channel I is planar gate self-biased n-MOS, channel U is
N*/p-well/N-buffer electron extraction channel, and chan-
nel I1T is a longitudinal N*/P~/N-buffer electron extraction
channel. The P region of the two NPN electron extraction
channels is directly connected. The key parameters and per-
formance of the structure were evaluated and tested in detail
by simulation, and compared with CON and SBM LIGBT.
The simulation results show that the proposed structure with-
out trench etch process can realize snapback-free in forward
conduction, has a superior Egrr-Von tradeoff relationship,
and achieve the same breakdown voltage under the same
device parameters.

2. Device structure and mechanism

Fig. 1 shows the 2-D cross-section views of the proposed
TEC LIGBT, the conventional LIGBT (Con.) and the SBM
LIGBT. Based on SBM LIGBT, the trench gate self-biased
of n-MOS is changed to a planar gate, and a P~ region is
added to prevent N* short circuit while providing the third
electron extraction channel. The N* anode, the p-well, the
N-buffer, and the planar gate act as the drain, the p-body,
the source, and the gate of the n-MOS, respectively. The
key parameters used in the simulation of three structures
are listed in Table I, where D, and Dp_wen are the doping
concentration of P~ region and p-well respectively, Lp_ is
the junction depth along the channel direction of P~ region.

At the initial conduction stage, the anode voltage is too
low to turn the P*/N-buffer and n-MOS on, LIGBT oper-
ated in unipolar mode. At this time p-well and P~ provided
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Figure 1 Schematic cross-sectional views of (a) proposed TEC LIGBT,
(b) SBM LIGBT.

Table I Key parameters for IGBTS.

Parameters TEC SBM CON
N-drift length, La(um) 49 49 49
SOI layer thickness, Tsoi(tm) 25 25 25
Buried oxide thickness, Tpox(1tm) 3 3 3
N-drift doping, Dn.arin(cm™) 2.8x10* 2.8x10 2.8x10'*
N-buffer doping, Dxpuser(cm™) 5x10'0 5x10'© 5%10'©

Cathode Gate oxide
thickness, tox.c(nm)
Junction depth along channel
direction of P-, Lp.(um)

50 50 50

1 1 1

suitable electronic barrier to avoid the phenomenon of snap-
back. When the anode voltage increases gradually, due to
the opening of the P*/N-buffer junction, the conductivity
modulation effect appears in the drift region, and the device
works in bipolar mode. It can be seen from Fig.2(a) and
(b) that p-well and P~ provide electronic barriers of 0.81 V
and 0.88 V respectively, so snapback can be eliminated by
setting suitable electronic barriers provided by p-well and
P-.

When the device changes from the on-state to the off-state,
the anode voltage rises to the bus voltage, and electrons flow
into the anode through channel I, 11 and IIT respectively.
Because there is no barrier from the trench gate, electrons
can be extracted more easily through n-MOS, and channel
I and U are also easier to extract electron. In addition, the
low Dp_ makes it easy to extract electrons for channel III .
The three electron flow paths accelerate the recombination
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Figure 2 (a) Forward conduction characteristics of the Con, SBM and
TEC LIGBTS, electron barrier provided by (b) p-well and (c) P~.

of excess carriers, which greatly shortens the turn-off time
of the device, thus realizing the fast switching of the device.

3. Results and discussion

Fig.3(a) and (b) show the effects of tg, Dp_wenn and Dp_ on
forward conduction characteristics of TEC IGBT, where t,
is the thickness of gate oxide layer in anode. As shown in
Fig.3(a), with the increase of D;,_wer, both the AVgg and
the voltage at the time of snapback are reduced. This is
because the increase of Dp_yen makes the electron barrier
it provides larger, thus realize snapback-free. It should be
noted that in the case of a certain D},_wej; and Dp_, too small tg
will reduce the threshold voltage of n-MOS, making it open
before the P+/N-buffer junction, resulting in the snapback. It
can be seen the increasing of Dp_ can also suppress snapback
because the larger the Dp_, the higher electron barrier it
provides. As shown in Fig.3(b), when Dp_ywen = 9.5 X
100 cm™3, the snapback effect can be eliminated with Dp_ =
6 x 10'° cm™3; when Dp_ = 6.5 x 10'® cm™3, the snapback
effect can be eliminated with Dp_wen = 9 X 10 cm™3. But
it can also be seen that with the increase of D,_wen and
Dp_, the Egprp gradually increases. Therefore, the electrical
properties of the device can reach the optimal condition
when the snapback phenomenon just disappers.

Fig.4(a) and (b) show the switching characteristics with
inductive load circuits for three LIGBTs under the condi-
tion of the same Von and no snapback. As can be seen in
Fig. 4(a), CON has a long trailing current because it has no
electron extraction channel, and it has the longest turn-off
time. The turn-off time of SBM is in the middle because
it has channels I and U for electron extraction. The pro-
posed device uses the least turn-off time because in addition
to channels I and 1 similar to SBM, there is an additional
channel II] for electron extraction. Fig. 4(b) shows the elec-
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Figure 3 (a) Effects of the Dp_ye) and Dp_ on forward conduction char-
acteristics of TEC IGBT. (b) Effects of the Dy_yen and Dp— on AVgp and
EoFr.

tron distribution of TEC and SBM LIGBT in the N-drift
from t; to t4 (y=4 um) [marked in Fig. 4(a)]. It is obvious
that the electron density of TEC LIGBT is significantly lower
than that of SBM LIGBT at the same time. Fig. 4(c) and (d)
respectively show the current flowlines of SBM and TEC
LIGBT during turn-off. It can be seen that although there
are two electron extraction channels in SBM, only a small
number of electrons are extracted through n-MOS channel 1
due to the blocking effect of the trench gate, and the electron
extraction effect of N*/p-well/N-buffer channel U is even
minimal. In contrast, a large number of electrons were ex-
tracted through channel I and channel 11 in TEC LIGBT, and
a small number of electrons were extracted through N+/P-
/N-buffer channels ITI. Therefore, TEC LIGBT achieved a
faster switching than SBM LIGBT.

The Eopp-Von tradeoff performances of CON, SBM
LIGBT and ILPGM LIGBT are shown in Fig.5, where
the thickness of gate oxide layer in anode is 50nm. CON
and SBM can obtain different Von by changing the anodic
P* concentration, while TEC can obtain different Von by
changing Dp_. As can be seen from the figure, as the Vo in-
creases, the curves of SBM and CON get closer and closer.
This is because when the P+ concentration decreases, the
holes injected into N-buffer also decrease, and the corre-
sponding excess carriers in the turn-off also decrease, and
the effect of switching speed increasing brought by the elec-
tronic extraction channel gradually weakens. At the same
time, it can be seen that the proposed LIGBT achieves the
best tradeoff between Egrr and Von. Compared with SBM
LIGBT, TEC LIGBT reduces Eogr by 15% at Von = 1.8 V.
When Dp_ is increased to reduce Vo, channel II is gradu-
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Figure 4 Switching characteristics. (a) Inductive turn-off waveforms.
The bus voltage Vs, Rg, load inductance L are 200V, 10 Q and 1 mH.
(b) Electron distribution of SBM and TEC LIGBT at different times [labeled
in (a)]. Current flowlines of (c) SBM and (d) TEC during turn-oft.

ally closed, and the Egpp reduction effect of TEC is gradually
weakened. However, since there is no barrier of the trench
gate, channel I and channel U of TEC are easier to extract
electrons. Therefore, when only channel I and channel 11
are available, TEC still reduces Egrp by 10% compared with
SBM. Fig. 5(b) and (c) are current flowlines of TEC during
turn-off when Vox = 1.55V and Von = 1.8 V respectively.
It can be clearly seen that the channel IIT is turn-off in (b)
and turn-on in (c).

Fig. 6(a) shows the breakdown characteristics of CON
LIGBT, SBM LIGBT and TEC LIGBT. It can be seen from
the figure that TEC achieves the same breakdown voltage
level of 603 V as SBM. As can be seen from Fig. 6(b), similar
to SBM, TEC leakage current also flows to N* anode rather
than P* anode through MOS channel, which is similar to the
blocking mechanism of MOS.

4. Conclusion

The proposed TEC LIGBT changes the trench gate of self-
biased n-MOS in SBM to a planar gate, does not require ad-
ditional trench etch process, and adds a P- region to suppress
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Figure 6 (a) Breakdown characteristic waveforms of different LIGBTs.
Electron leakage current flowlines of (b) SBM and (c) TEC at breakdown.

the snapback phenomenon while providing a third electron
extraction channel. When reaching the same breakdown
voltage level as the SBM, TEC can completely eliminate
the snapback phenomenon and achieve a better tradeoff than
the SBM. Under the same Jo = 100 A/cm? condition, TEC
reduces the Egpp by 15% relative to SBM at Von = 1.8V
when all three channels are active, and 10% relative to SBM
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at Von = 1.55V when only channel I and channel U are
available due to the absence of blocking effect trench gate
provided.
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