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ABSTRACT: This paper describes a developed high power density 750 V/800 A 6-in-1 IGBT module suitable for xEV application. The
developed module has features of the copper lead structure for reduction of thermal resistance and the epoxy resin encapsulation for

improving thermal stress reliability. In order to reduce power loss, side gate HiGTs and U-SFDs were installed to achieve both low

switching loss and low noise. Furthermore, side gate HiGTs have a superior feature of a wide RBSOA necessary for the latest high power

density IGBT modules. By integrating the above technologies, the developed module can achieve a —29% smaller footprint and a —27%

lighter weight while keeping the same output current as our conventional IGBT module. Consequently, the developed module can realize

a +70% higher power density than the conventional one.
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1. INTRODUCTION

Vehicle electrification has become one of the key trends and is
rapidly being promoted to reduce CO2 emissions recently. The
role of IGBT modules in vehicle electrification is essential, and a
further reduction in loss and size, that is, higher power density, is
required. In addition, the AQG324, a qualification guideline for
power modules used in motor vehicles prepared by the interna-
tional working group, is becoming popular, and it is required that
future IGBT modules conform to this standard. With these back-
grounds in mind, we have developed a new high power density,
750 V/800 A 6-in-1 IGBT module enabling acceleration of vehicle
electrification (Fig. 1).
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Fig. 1 Developed 750 /800 A 6-in-1 IGBT module.

The developed module has various features to achieve high
power density, some of which have been described in the previous
paper mainly from the viewpoint of package design.® For exam-
ple, the Cu lead structure was applied for downsizing and improv-
ing thermal resistance.® Another is that epoxy resin encapsulation
was adopted to advance mechanical vibration resistance and ther-
mal stress reliability.®

Reducing the loss of IGBT and diode chips is significant to
achieve a high power density. In order to reduce loss, side gate
HiGTs (high conductivity IGBT) and U-SFDs (ultra-soft & fast
recovery diode) were installed in the developed module (Fig. 2).
In addition, to increase power density, the current density of the
chip must be increased, which means it requires a wider RBSOA
(reverse bias safe operating area). This paper describes design

concepts and measurement data, primarily focusing on that point.
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Fig. 2 Cross-section diagrams of side gate HiGTs and U-SFDs.
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2. SIDE GATE HIGT AND U-SFD

2.1. Structure and features of side gate HiGTs and U-SFDs

Side gate HiGTs, which have a side-wall gate surrounded by a
thick oxide layer, realize a feature of low reverse transfer capaci-
tance.®- ®) Because of this unique feature, they have superior con-
trollability of switching speed with varying gate resistance and can
realize both low switching loss and low noise. Furthermore, they
also have small input capacitance, which is the advantage of re-
The developed
750 V/800 A side gate HiGT chip has an input capacitance of
13.4 nF (at the conditions of 7j=25°C, Vce =10V, Vee =0V,
f =100 kHz), which is about the one-fifth value compared to the

ducing the output capability of gate drivers.

conventional trench gate HiIGT. U-SFDs, which have a composite
structure of deep pn junctions and shallow p~-type Schottky junc-
tions, achieved a smaller peak and a more extended period of re-
verse recovery current.® This feature suits U-SFDs as anti-par-
allel diodes for recent high-speed IGBTS, such as side gate HiGTs.
The developed 750 V/800 A side gate HiGT and U-SFD chips
were fabricated and confirmed their low loss and low noise

switching characteristics through actual measurement (Fig. 3).
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Fig. 3 Measured switching waveforms of the developed
750 V/800 A side gate HIGT and U-SFD chips.

These new IGBTs and diodes were designed not only for loss
reduction but also for reliability issues. The termination structure
with the combination of FLRs (field limiting ring) and field plates
was optimized to a 750 V class and applied for both IGBTs and
diodes. This new termination structure provides robust electric
field distribution against external charged ions, and the chips
successfully passed HTRB (high-temperature reverse bias) and
H3TRB (high-humidity, high-temperature reverse bias) tests
regulated in the AQG324. It is remarkable that the chips with the
new termination structure passed the H’TRB test not only with

80 V biased but also 0.8 X VcEmax (600 V) biased.

2.2. Wide RBSOA concept of side gate HiGTs

When using IGBTSs at a high current density to increase power
density, there is often a problem in ensuring sufficient RBSOA. In
the case of the conventional trench HiGTs, a dynamic avalanche
phenomenon generates a large number of charge carriers near the
bottom of deep trench gates by a high electric field strength during
turn-off switching. The turn-off current, including the generated
carriers, then flows along the surface of trench gates, leading to a
forward bias of the pn junctions on the chip emitter side, i.e., latch-
up occurs.

On the other hand, the side gate HiGTs can break through this
limitation with their unique features. Since the trench depth of the
side gate HiGTs is shallower than that of the trench gate HiGTs,
the electric field strength applied to the bottom of the trench gate
is essentially relaxed. In addition, an ACR (avalanche control re-
gion, see Fig. 2) provided under the pn~ junction of the side gate
HiGT plays an important role in realizing a wide RBSOA. The
ACR is an n-type layer with a slightly higher impurity concentra-
tion than the n™ body layer, which induces the peak point of elec-
tric field strength onto the center of its pn junction from the bottom
of the trench gate. Due to this function of the ACR, the generated
carriers are directly swept out to the emitter electrode so that the
side gate HiGTs can prevent latch-up.

Figure 3 shows the TCAD simulation results of impact ioniza-
tion of the side gate HiGTs with and without the ACR. It shows
the moment of maximum power dissipation when turn-off twice
the rated current, and the arrows in the figure indicate the peak
position. As can be seen from the figure, without ACR, impact
ionization occurs at the surface of the gate oxide. However, with
ACR, the peak position of impact ionization can be moved to the
center of a pn junction as intended. Figure 4 shows the simulation
results of hole current density at the same time as Fig. 3. In the

case without the ACR, hole currents flowing along the gate oxide
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Fig. 4 TCAD simulation results of impact ionization of the side
gate HiGTs with the ACR.

Color: Hole current density, J;, (a.u., log scale)
.

(a) With ACR

(b) Without ACR

Fig. 5 TCAD simulation results of hole current density of the
side gate HiGTs with the ACR.

surface separate from the interface, traverse under the n-emitter
layer (dashed circled area), and flow out to the emitter electrode.
On the other hand, with the ACR, the function of the ACR in-
creases the components of hole currents that flow directly from the
center of the pn junction to the emitter electrode, forming a current
path that is less likely to occur latch-up.

Figure 6 shows the measured RBSOA waveforms of the devel-
oped 750 V/800 A side gate HiGT chip. As shown by the figure,
the side gate HiGT turn-off safely even with severe high voltage
and high current conditions due to the function of the ACR, and
demonstrated that it has a wide RBSOA. As a result, the side gate
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Fig. 6 Measured RBSOA waveforms of the developed
750 V/800 A side gate HiGT.

HiGTs have succeeded in increasing the rated current density by
+22% compared to the conventional trench gate HiGT.

3. INVERTER LOSS CALUCULATION

Inverter loss calculation was performed based on the measured
conduction loss, switching loss, and thermal resistance of the de-
veloped module. Figure 7 shows the estimated output phase cur-
rent of the three-phase inverter using the developed module com-
pared with the case of the conventional one while varying a carrier
frequency. The maximum junction temperature is limited to
165°C for maintaining a safety margin because this calculation
considers averaged chip temperature. As shown in the figure, the
developed module can handle almost the same phase current as the
conventional one, even though it has a —29% smaller footprint.
Furthermore, the developed module has a well-balanced output
phase current between motoring and generating inverter operation.

The output power density of the developed module under vari-
ous junction temperature conditions was calculated by dividing the
effective output power of an inverter at a carrier frequency of
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Fig. 7 Estimated output phase current with varying
a carrier frequency.
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Fig. 8 Output power density of the developed module in
comparison with the conventional one.

10 kHz by the module footprint (Fig. 8). It is revealed that the
developed module can achieve a +70% higher output power den-
sity than the conventional one.

4. CONCLUSION

In this paper, a high power density 750 /800 A 6-in-1 IGBT
module enabling vehicle electrification was discussed. In order to
reduce semiconductor loss, side gate HiGTs and U-SFDs were in-
stalled. The side gate HiGTs with the ACR exhibit a wide RBSOA
and realize +22% higher rated current density than the conven-
tional trench gate HiGT. The Cu lead structure was applied for
downsizing and improvement of thermal resistance. Epoxy resin
encapsulation contributes to the advance of mechanical vibration
resistance and thermal stress reliability.

By integrating the above technologies, the developed module
can achieve a —29% smaller footprint and a —27% lighter weight
while keeping the same output current as our conventional IGBT
module. Consequently, the developed module can realize a +70%

higher power density than the conventional one.
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