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A reverse-conducting lateral insulated-gate bipolar transistor (RC-LIGBT) with a trench oxide layer (TOL), featuring
a vertical N-buffer and P-collector is proposed. Firstly, the TOL enhances both of the surface and bulk electric fields of the
N-drift region, thus the breakdown voltage (BV) is improved. Secondly, the vertical N-buffer layer increases the voltage
drop Vpn of the P-collector/N-buffer junction, thus the snapback is suppressed. Thirdly, the P-body and the vertical N-buffer
act as the anode and the cathode, respectively, to conduct the reverse current, thus the inner diode is integrated. As shown
by the simulation results, the proposed RC-LIGBT exhibits trapezoidal electric field distribution with BV of 342.4 V, which
is increased by nearly 340% compared to the conventional RC-LIGBT with triangular electric fields of 100.2 V. Moreover,
the snapback is eliminated by the vertical N-buffer layer design, thus the reliability of the device is improved.

Keywords: reverse-conducting lateral insulated-gate bipolar transistor (RC-LIGBT), breakdown voltage,

snapback phenomenon
PACS: 85.30.De, 85.30.Pq, 85.30.Tv

1. Introduction

Lateral insulated gate bipolar transistor (LIGBT) is
widely applied to power integrated circuits (ICs) due to its
voltage control and low power dissipation.['3 On the one
hand, the breakdown voltage (BV) is a key property for the
LIGBT and it is improved by the trench oxide layer (TOL)
technology.[*-%! On the other hand, the reverse conduction ca-
pability is another key property for the LIGBT, and the reverse
conducting LIGBT (RC-LIGBT) is introduced to integrate the
IGBT and the free-wheeling diode (FWD) into one monolithic
chip.!”81 However, the snapback problem is observed due to
the short effects of the N-collector at the forward conduction
state.”~1?] In recent years, several advanced structures have
been proposed to solve this issue.!'>~!8] The snapback mech-
anisms and models were given by the voltage drop Vpn of the
P-collector/N-buffer junction. 119.20] The Vpn model is an effec-
tive way to suppress the snapback by increasing the doping of
the N-drift, but the breakdown voltage will be decreased due
to the electric field. On the other hand, the snapback can be
suppressed by increasing the resistance of the lateral N-buffer

layer. However, it also has adverse influence on the break-
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down voltage because the N-buffer acts as the electric field
stop layer. Therefore, increasing the breakdown voltage and
suppressing the snapback contradict each other.

In this paper, a novel RC-LIGBT with TOL inserted in the
N-drift and a vertical N-buffer layer sandwiched between the
TOL and P-collector is proposed to improve the breakdown
voltage at the reverse breakdown state and eliminate the snap-
back at the forward conduction state.

2. Device structures and key parameters

Figure 1 shows the structures and key parameters for the
devices. Figure 1(a) shows the conventional RC-LIGBT with
lateral N-buffer and P-collector in the collector. Figure 1(b)
shows the proposed RC-LIGBT with TOL inserted in the N-
drift and a vertical N-buffer layer sandwiched between the
TOL and the P-collector. A PN junction is formed between
the P-collector and the N-buffer for both devices. The two
devices are designed with the same parameters except the N-
buffer and the P-collector. For both devices, the doping of the
N-drift region is 5 X 10" cm 3, the thickness and the width of
the N-drift region are 25 pm and 17 pm, and the thickness of
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the buried oxide (BOX) and the doping of the P-substrate are
2 um and 8 x 10'* cm 3, respectively. Additionally, the thick-
ness and the width of the TOL are 22 um and 10 wm for the
proposed RC-LIGBT, and the width of the vertical N-buffer

emitter gate collector

emitter gate

W and the P-collector W, can be adjusted. The electric char-
acteristics of the devices are investigated by the MEDICIL, ?!]
and the physical and electrical models such as mobility, ion-

ization, and the recombination models are adopted.
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Fig. 1. (color online) Structures and key parameters of (a) conventional RC-LIGBT with lateral N-buffer in the collector, and (b)
proposed RC-LIGBT with trench oxide layer and vertical N-buffer in the collector.

3. Results and discussion
3.1. Reverse breakdown voltage BV

At the breakdown state, the gate electrode and the emitter
electrode of the device are connected to the ground. Vgae =
0V, VEmiter = 0 V, and the collector electrode Violiector 18
applied with positive voltage. The collector current and the
voltage curves are shown in Fig. 2 for the RC-LIGBTs. The
doping of the N-drift Ny determines the slope of the elec-
tric field, and BV will increases with the decrease of Ngyif.
The simulation shows that when Ng;f decreases from 1 x
10" cm™3 to 3 x 10" ¢cm™3, BV increases from 238 V to
342.4 V for the proposed RC-LIGBT, and from 73.7 V to
100.2 V for the conventional RC-LIGBT. Thus the BV of
the proposed RC-LIGBT is improved by 340% compared to
that of the conventional RC-LIGBT at Ny = 3% 10'* cm 3.
Moreover, device A without TOL and device B with a right
vertical N-buffer layer (illustrated in Fig. 3) are also investi-
gated. Device A has the BV of 102 V and device B has the BV
of 230 V.

Figure 3 shows the equi-potential contours and the deple-
tion layers of the RC-LIGBTs at breakdown state. For the con-
ventional RC-LIGBT, the equi-potential contours are sparse
and laterally distributed at the surface of the N-drift when the
device breaks down at the voltage of 100.2 V. The depletion
layer is extended to the lateral N-buffer, which indicates that
the N-drift is laterally depleted with maximum BV as shown in
Fig. 3(a). For the proposed RC-LIGBT, the device will break-
down at the voltage of 342.4 V, and the equi-potential contours
are much denser both at the surface and bulk of the N-drift.
The depletion layer is extended laterally to the N-buffer and

vertically to the BOX as shown in Fig. 3(b). For device A
without TOL as shown in Fig. 3(c), the equi-potential con-
tours are almost the same as the conventional RC-LIGBT. For
device B as shown in Fig. 3(d) with the right vertical N-buffer
layer, the equi-potential contours are sparser than the proposed
RC-LIGBT.
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Fig. 2. (color online) Comparison of the breakdown characteristics of the
devices as the N-drift doping changes from 1 x 10’3 cm™3 to 3 x 10'* cm~3.
Device A and device B are illustrated in Fig. 3.

Figure 4 provides the surface and bulk electric field dis-
tributions for the devices. At the cutline y = 0.5 pm as
shown in Fig. 4(a), the interface of the surface is formed
by SiO,/Si for the conventional RC-LIGBT and SiO,/SiO;
for the proposed. The surface maximum electric field is im-
proved from 2.8 x 10° V/cm for the conventional RC-LIGBT
to 6 x 10° V/cm for the proposed RC-LIGBT at the source re-
gion, and another peak electric field of 3.2 x 10° V/cm is intro-
duced at the collector region for the proposed RC-LIGBT, thus
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it exhibits a trapezoidal electric field distribution. Compared
to the conventional RC-LIGBT with triangular electric fields
in the N-drift, the breakdown voltage is greatly improved.
For device A without TOL, the electric field is also triangular
distributed as the conventional RC-LIGBT. For device B, the
left and the right peak electric fields are 5.7 x 10° V/cm and
2.2 x 10° V/em, respectively, which are lower than the pro-
posed RC-LIGBT because the vertical N-buffer is designed to
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the right and less effective to stop the lateral electric field. At
the cutline y = 5 um as shown in Fig. 4(b), the N-drift region
is formed by Si/Si for the conventional RC-LIGBT and Si/
SiO, for the proposed, the bulk electric field is improved from
1 x 10° V/cm for the conventional to 2.6 x 10° V/cm for the
proposed. Another peak electric field of 2.4 x 103 V/cm is also
introduced at the collector region for the proposed RC-LIGBT,
thus the bulk electric field is greatly improved.
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Fig. 3. (color online) Equi-potential contours of (a) the conventional RC-LIGBT, (b) the proposed RC-LIGBT, (c) device A without TOL, and

(d) device B with right vertical N-buffer layer.
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Fig. 4. (color online) The electric field distributions for the conventional

RC-LIGBT, proposed RC-LIGBT, device A, and device B. (a) Surface

field at the cutline y = 0.5 pum (illustrated in Fig. 1), and (b) Bulk field

at the cutline y = 5 um (illustrated in Fig. 1).
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Fig. 5. (color online) The breakdown voltage BV as a function of the
N-drift and N-buffer doping for the RC-LIGBTs.

Figure 5 shows the BV as a function of the doping of
the N-drift and N-buffer. At the Ngsir = 1 x 10" cm™3, the
BV of the proposed RC-LIGBT increases significantly with
the increase of the N-buffer. However, it will remain con-
stant at Ngig = 5 X 101 em™3 and N = 1 x 101 em=3.
More importantly, at the same value of the Npyster, the BV
will increase when the Ngire changes from 1 x 10 cm™3 to

5% 10" cm™3, but it will decrease when the Ny increases
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from 5 x 10" ¢cm™3 to 1 x 1015 ¢cm™3, and the maximum
BV is obtained when the Nggf is 5 x 10'* cm™3. This phe-
nomenon is also observed for the conventional RC-LIGBT,
i.e., the breakdown voltage has a maximum value when the
Narige is 5 x 1014 cm 3.

3.2. Snapback Characteristics

At the forward conduction state, the emitter electrode of
the device is connected to the ground Vgmiger = O V. The gate
electrode is added with Vgae = 15 V, and positive voltage is
applied to the collector electrode as Viojector- The collector
current and the voltage curves are shown in Fig. 6. For the
conventional RC-LIGBT, with the increase of the Vcoiector, the
conduction mode changes from unipolar mode (conducts with
electron at point A) to bipolar mode (conducts with electron
and hole at point B) due to the short effects of the N-collector.
The inner mechanisms of the snapback are given by the in-
set picture of Fig. 6. From point O to point A, the electron
current is injected from the N* emitter and it flows laterally
through the N-drift to the lateral N-buffer, and finally to the
N-collector. The voltage drop Vpy for the P-collector/N-buffer
junction is lower than 0.7 V at the moment. From point A
to point B, the Vpy reaches 0.7 V and the P-collector starts to
inject holes to the N-drift, thus the current increases abruptly
and then the snapback occurs. For the proposed RC-LIGBT,
the N-buffer is vertically designed and the length of the elec-
tron channel is much longer than that of the lateral N-buffer,
thus the Vpy can easily reach 0.7 V and the P-collector can
inject holes at the collector voltage Viojrector = 1.2 'V when
Nasite = 5 x 10'* cm™3. Moreover, the snapback is completely

eliminated when Ny = 1 x 101 cm 3.
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Fig. 6. (color online) Forward conduction characteristics of the conventional
and the proposed RC-LIGBT, the inset pictures are for the conventional RC-
LIGBT at point A and point B.

Figure 7 shows the influence of the N-buffer doping on
the snapback characteristic of the RC-LIGBTs. For the con-
ventional RC-LIGBT, when the electron current flows through
the N-buffer, the voltage drop Vpy is introduced. However, it

is hard to reach 0.7 V because the N-buffer is laterally de-
signed, as illustrated in the inset picture of Fig. 7. When
the doping of the N-buffer decreases from 1 x 10'® cm™3 to
5 x 10" ecm™3, the snapback can be suppressed, but cannot
be eliminated. For the proposed RC-LIGBT, the Vpy is much
higher than that of the conventional because the N-buffer is
vertically designed, and the snapback can be eliminated when
Noutter is 5 x 1015 cm 3.
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Fig. 7. (color online) The influence of the doping of the N-buffer on the for-
ward conduction characteristic of the RC-LIGBTs; the inset pictures are the
conventional RC-LIGBT with lateral N-buffer and the proposed RC-LIGBT
with vertical N-buffer.

3.3. Reverse conduction characteristics

At the reverse conduction state, the emitter electrode
VEmiter Of the device is connected to the positive voltage. The
gate electrode and the collector electrode are connected to the
ground, i.e., Vgate = 0 V and Vopiector = 0 V. The devices are
working at the diode mode, with the P-body acting as the an-
ode and the N-collector acting as the cathode of the diode. Fig-
ure 8 shows the influence of the doping Nyyser ON the reverse
conduction of the RC-LIGBTs. For the proposed RC-LIGBT,
the N-buffer is vertically designed and acts as the electron cur-
rent channel, thus the reverse conduction capability will be
improved when the Nyyfrer increases from 5 X 105 em 3 to
1 x 106 cm™3. However, the reverse voltage drop is 1.78 V at
100 A/cm? when the Nyugrer = 1x10'® cm™3, which is higher
than that of the conventional RC-LIGBT with 0.85 V.

Wy, and W, are the widths of N-buffer and P-collector, re-
spectively, as illustrated in Fig. 1. Figure 9 shows the influ-
ence of the ratio W, /W, on the reverse conduction of the RC-
LIGBTs. For the proposed RC-LIGBT, the width W,, of the
electron current channel will be improved with the increase of
the ratio W,/ W,, as shown in the inset picture, so the reverse
conduction capability will be improved when the ratio W, /W,
changes from 1:2 to 3:1. The reverse voltage drop is 1.58 V at
100 A/cm? when the ratio W, /W, =3 : 1.
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Fig. 9. (color online) The influence of the ratio W, /W, on the reverse con-
duction for the RC-LIGBT; the inset pictures are the current distribution for
the proposed RC-LGBT.

3.4. Turn-off characteristics

The switching test circuit shown in Fig. 10 is used to in-
vestigate the turn-off performance.!!3! In the simulation, the
diode is idea, the gate resistor Ry is 10 €, the stray inductance
L is 10 uH, the gate voltage V,; changes from 20 V to -5V,
with a frequency of 5 kHz and a 50% duty cycle to control
the device’s turning on and off. In addition, the bus voltage
is set as 200 V for the proposed RC-LIGBT, and 60 V for the
conventional LIGBT (the Vi, is set as 60% of the breakdown
voltage).

-+

Fig. 10. The resistance load switching test circuit with Ry = 10 Q, Ly =
10 uH, and Viys = 200 V for the proposed RC-LIGBT, Vi, = 60 V for the
conventional LIGBT (W, is set as the 60% of BV of the devices).

The switching current and voltage waveforms are shown
in Fig. 11. The devices are turned off at the same current den-
sity 100 A/cm?. The turn-off time Ty is calculated from 90%
IC to 10% IC. For the proposed structure, the vertical N-buffer
acts as the fast path for extracting the excess carriers in the
N-drift, as the results show the To¢ are 980 ns and 630 ns for
the proposed device with Tox = 22 pum and Tox = 11 pm. The
Toge is 310 ns for the conventional RC-LIGBT (7, =0). For
the conventional LIGBT, the excess carriers disappear only
depending on the recombination. The Ty is 1.85 ps at the
doping Np_coiector = 8 X 10'7 ecm™3, and it can be further op-
timized by the Np_coliector- The Togr is 1.23 ps and 850 ns for
the Np_coliector = 3 X 1017 em™ and 3 x 10!7 cm™3, respec-
tively.

240
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© 0 Agma % Neottoe. ;\\“ 0
100 101 102 103 104

Turn-off time/us

Fig. 11. (color online) Turn-off current and voltage waveforms of the de-
vices under a resistive load switching circuit. Jg = 100 Alem?, Ry =100,
L =10 pH, and the Vj, is set as the 60% of BV of the devices.

Figure 12 shows the influence of the ratio W, /W), on the
switching property of the proposed RC-LIGBT with Tox =
22 um. The turn-off capability will be improved when the
ratio increases from 1:2 to 3:1, and the turn-off time will be
reduced from 980 ns to 610 ns due to the enhanced extracting
capability of the vertical N-buffer.
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Fig. 12. (color online) The influence of the ratio W, /W, on the switching
property for the proposed RC-LIGBT with Tox =22 pm.
4. Conclusions

A novel RC-LIGBT with vertical N-buffer and P-
collector is proposed. The results show that at the reverse
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breakdown state, the BV is greatly improved by 340% with
the improvement of the surface and bulk electric field in the
N-drift region. Moreover, at the forward conduction state, the
snapback can be eliminated by increasing the resistance of the
vertical N-buffer. However, at the reverse conduction state,
the voltage drop is higher than that of the conventional RC-
LIGBT, and can be further optimized by increasing the doping
of the N-drift, N-buffer, and the ratio W, / W,. Additionally, the
turn-off property of the proposed RC-LIGBT is superior to the
conventional LIGBT, and it can be optimized by the thickness
Tox of the trench oxide and the ratio of W,/ Wp.
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