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Abstract

The RC-IGBT-thyristor is a bidirectional current device proposed as an elementary structure for the
integration of a multiphase converter using the "two-chip” integration approach [1]. In this paper, 2D
simulations are on one hand used to study the impact of using trenches filled with dielectric [2] on the
static and dynamic performance of the RC-IGBT-thyristor and on the other hand to validate the
operating modes of the common anode and common cathode power chips that make use of the RC-
IGBT-thyristor that has trenches filled with dielectric on the backside. In the RC-IGBT-Thyristor with
trenches, the trenches are placed between N' anode regions to allow the turn-on of the thyristor
sections during the RC-IGBT-thyristor reverse conducting mode. The use of these trenches allows
reducing the lengths of N'/P" anode diffusion regions (as compared to the case of the RC-IGBT-
Thyristor [1]) and also improves the uniformity of the current density distribution both in the forward
and reverse conducting modes of the RC-IGBT-thyristor. The RC-IGBT-thyristor with trenches filled
with dielectric is then used to create the two monolithic common anode and common cathode power
chips. These three-pole power chips, were simulated separately and then associated to form an H-
bridge converter.

Introduction

In the domain of power electronics a great importance is given to power systems integration. The
integration allows to optimize their compactness and fabrication cost, to improve reliability and
performance. In the classical multi-phase power converter (Fig. 1), a great number of silicon power
chips, proportional to the number of phase legs, are used. The wire bonds that interconnect all the
power chips give rise to stray inductances that impact the reliability and performance of the converter.

The monolithic integration of several devices in the same silicon chip allows to reduce the number of
power chips to be mounted on the DBC/IMS substrate as well as the number of wire bonds [3-5]. To
that end, the two-chip integration approach has been proposed. The goal of this approach is the
monolithic integration of the multi-phase power converter within two generic macro-chips [6-7]. The
basic structure used for this approach is the RC-IGBT [8-16]. Recently, a study of the two-chip



approach was proposed with the elementary structure being the RC-IGBT-thyristor [1]. This structure
integrates monolithically an IGBT and a thyristor in anti-parallel.

In the conventional RC-IGBT, the presence of two diffusions P inode and N 04 On the backside has an
impact on the I(V) characteristics of the RC-IGBT. Indeed, in forward bias, the N ;04 region provides
a path for electrons and thus the device operates as a VDMOS (unipolar) before the IGBT mode
(bipolar). The transition from VDMOS mode to IGBT mode is reflected by a snapback in the forward
conduction I-V characteristics [17-22]. The non-uniformity of current distribution in the volume of
silicon also leads to localized heating and thus limiting the use of the device in terms of current
capability and can degrade its reliability [23-25]. Several research works were reported in order to
suppress this snapback phenomenon [17-22].
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Fig. 1: (a) Multi-switch two-chip based integration approach. Cross-sectional view of two three-pole structures
that use conventional RC-IGBTs: (b) common anode three-pole chip and (c) common cathode three-pole chip
[6-7].

In this paper, we present the RC-IGBT-Thyristor structure as well as the common anode and common
cathode power chips that integrate monolithically RC-IGBT-Thyristor structures. Afterwards, a study
based on 2D simulations is carried-out in order to highlight the impact of backside dielectrically filled
trenches on the electrical characteristics of the RC-IGBT-Thyristor. Then, this RC-IGBT-thyristor is
used to create the monolithic multi-pole power chips that are simulated in an inverter mode.

Description of the RC-IGBT-thyristor structure and the monolithic multi-
pole power chips

The cross-sectional view of the RC-IGBT-thyristor is given in figure 2a [1]. The RC-IGBT-thyristor
integrates monolithically an IGBT and an anti-parallel thyristor. On the backside, we can see P/P+
diffusions for IGBT mode. By inserting N diffusions on the backside of the chip (in P region), we
realize the thyristor sections that ensure reverse conduction. One thyristor section is formed by a
succession of four regions Peumode/N drin/Panode/N anode- P+ Walls are used for the purpose of thyristor
sections triggering. The backside of the chip is composed of an alternation of N inode region and P inode
region. Figure 2b and 2c¢ show the common anode chip and the common cathode chip, respectively
[1]. Each macro-chip is composed of two RC-IGBT-thyristor structures. In the case of the common
cathode chip, additional P+ walls are necessary for insulation between the two RC-IGBT-thyristor
sections that compose the common cathode three-pole chip.
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Fig. 2: (a) Cross sectional view of the structures and their associated symbol: (a) RC-IGBT-thyristor structure,
(b) the common anode chip and (c) the common cathode chip.

2D simulations of the RC-IGBT-thyristor structure (with and without
trenches on the backside)

Static properties: forward and reverse conducting modes

In this study, all 2D numerical simulations are carried-out under Sentaurus™ TCAD simulation tool in
quasi-stationary mode. The simulated structures have a thickness of 130 um and a doping of 10" cm™.
The ambient temperature is set at 300 K. The active area of each RC-IGBT chip is of 1 cm®.

To further facilitate the thyristor triggering, trenches filled with a dielectric (oxide in this case) have
been placed around N, regions on the backside. These trenches increase the resistance of the Pyyoqe

region and facilitate forward biasing the Pnode/N anode junctions [2].

First of all we have analyzed the impact of oxide trenches on the thyristor turn-on for reverse
conducting mode. We have simulated two identical RC-IGBT-thyristor structures, one with and
another without dielectric trenches. Figure 3a shows RC-IGBT-thyristor simulated with backside
oxide trenches. P* and N* diffusions placed on the backside have an equal length of 100 pum.

Figure 3b shows I-V characteristics corresponding to these two structures. For the forward conducting
mode, we can notice the snapback phenomenon is suppressed for both RC-IGBT-thyristor structures.
Concerning reverse conducting mode, we can see that dielectric trenches on the backside have
strongly influenced the thyristor triggering. Indeed, as compared to the initial structure without
dielectric trenches, the structure with dielectric trenches turns-on at much lower anode current density



and presents a voltage drop of about -1V at a current density of -100 A/cm®.

Figure 3d and 3e show current density distribution in reverse conduction (thyristor mode) for RC-
IGBT-thyristor with dielectric trenches and without dielectric trenches, respectively. For the structure
with dielectric trenches, one can easily notice that all thyristor sections are triggered and the turn-on
spreads to the whole structure. While for the structure without dielectric trenches, we can see that only
the pilot thyristor is turned-on and the other parallel thyristor sections are not yet triggered. Indeed, N*
diffusions are not sufficiently long enough to allow the turn-on of parallel thyristor sections at this
anode current density level.

To see the impact of the P+ wall on the thyristor triggering, RC-IGBT-thyristor (Fig. 3d) has been
simulated without P+ wall as shown in figure 3f. The structure is in OFF-state and the thyristor
sections did not trigger.
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Fig. 3: (a) Cross-sectional view of the RC-IGBT-thyristor structure simulated with dielectric trenches on the
backside, (b) IA(Vak) characteristics of simulated structures (RC-IGBT-thyristor with dielectric trenches and
without dielectric trenches) and (c) zoom on reverse conducting mode.

Distribution of reverse current density (thyristor mode) at I.,mode=-100A/cm2 of RC-IGBT-thyristor structures:
(d) with P+ wall (one thyristor section is triggered), (¢) with P+ wall and dielectric trenches (all the thyristor
sections are triggered), (f) without P* wall and without dielectric trenches (thyristor sections are not triggered).

The results presented above showed that dielectric trenches facilitate thyristor turn-on for reverse
conduction. In this section, we focus on the influence of the distribution of N uose and P unode
diffusions on the distribution of current density and I-V characteristics. In other words, the influence
of the number of parallel thyristor sections (for the simulated RC-IGBT-thyristor width) on the static
performance of the RC-IGBT-thyristor.

Table I shows the distribution of current density and a curve representing the current density according
to a cut line at Y=110 um (dashed line), for different lengths of N anode (Ln) and P anode (Lp). Simulated
structures have a total width of 980 wm and an active area of 1 cm®. For each simulation, the lengths
Ln and Lp are set to be equal.

According to the results, we can notice that the best distribution of current density, for forward and
reverse conductions, is obtained for the case of a structure consisting of the great number of
alternation of N noqe and P anode, 1.€. L = Lp=10 pm.



Table I. Influence of the repartitioning of N'anode and P, 04c diffusions on the distribution of current
density in forward conduction and reverse conduction
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For comparison purposes with the case of RC-IGBT-thyristor structure, we have simulated the IGBT
given in figure 4a, and also a PIN diode. These structures have an active area of 1 cm”. IGBT has been
obtained by removing N diffusions on the backside of RC-IGBT-thyristor, and the PIN diode has
been obtained by removing P/P" regions on the backside of RC-IGBT-thyristor.

Figure 4a shows the distribution of the current density in IGBT. Figure 4b compares current density
distribution within the RC-IGBT-thyristor structures with that within the classical IGBT for forward
conducting mode. Figure 4c and 4d show the I-V characteristics corresponding to these simulated
structures. One can notice that the classical IGBT and RC-IGBT-thyristor with Ln = Lp = 10 pm have
similar performances (current density and I-V characteristics) and therefore, integration of thyristor in
IGBT has a weak influence on the IGBT mode and the thyristor mode.
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Fig. 4: (a) Distribution of current density for classical IGBT structure at I,,,4.=100 A/cmz, (b) curve of current

density in forward conduction (IGBT mode) for RC-IGBT-thyristor structures compared to the classical IGBT

structure (cut-line at Y =100 um), (c) I5(Vak) characteristics of RC-IGBT-thyristor structures compared to
IGBT and diode, (d) zoom on thyristors turn-on.

Dynamic properties: turn-off for the case of IGBT mode and thyristor mode

We have simulated the RC-IGBT-thyristor in a chopper circuit (Fig. 5a). Figure 5b and 5c show the
turn-off waveforms of thyristor and IGBT, respectively. As the results show, an increase of the

number of thyristor sections (Ln = Lp = 10 pm) allows to reduce the turn-off time of both IGBT mode
and thyristor mode.
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Fig. 5: (a) Simulated electrical circuit, (b) turn-off waveforms of the thyristors (in reverse conducting mode),
(c) turn-off waveforms of the IGBTs. Conditions : Ve=600V, I=100A, Vg (RC-IGBT 2)=0/+15V.

Impact of the P+ wall on the thyristor turn-on (case of the RC-IGBT-thyristor with
trenches filled by dielectric on the backside)

A P+ wall is used for the thyristor turn-on in reverse conducting mode of the RC-IGBT-Thyristor
structure (see Fig. 3f). Then, we have seen that the use of trenches filled with dielectric on the
backside allows improving the thyristor sections triggering and current uniformity. Afterwards, an
RC-IGBT-thyristor, with trenches filled with dielectric on the backside, but without P+ wall, for
Ln=10 pm and Ln=100 pm were simulated (quasi-stationary 2D simulations). From the obtained
results, one can notice that all thyristor sections are triggered (Fig. 6).
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Fig. 6: Reverse conducting mode (thyristor mode) of the RC-IGBT-thyristor without P+ wall: (a) structure
with Ln=Lp=100 pum and (b) structure with Ln=Lp=10 pm.



2D simulations of the multi-pole chips: “two-chip” H-bridge converter

The two macro-chips have been first simulated separately as shown in figure 7. Then, the two macro-
chips were associated to form a complete H-bridge and simulated in the inverter configuration. For
comparison purposes, we have also simulated a conventional H-bridge made of four discrete RC-
IGBTs. It should be noted that for the multi-pole chips the P+ walls were suppressed. There is only a
P+ wall for insulation between the RC-IGBT-thyristor sections of the same common cathode chip.
Figure 8 shows output characteristics of the two-chip H-bridge and the conventional H-bridge in
inverter modes.
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distribution of current density in the ON-state RC-IGBT (right section). Common cathode chip: (c)
equipotential lines in the OFF-state RC-IGBT (right section) and (d) distribution of current density in the ON-
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Conclusion

An RC-IGBT-thyristor that uses trenches filled with dielectric on the backside has been studied and
analyzed by Sentaurus'" TCAD simulations. The use of trenches filled with dielectric facilitates the
thyristor triggering in reverse conduction. We have also noticed that reducing N* diffusions length
(and P diffusion length) allows to reach a more uniform current density distribution for both forward
and reverse conductions. In dynamic, the reduction of Ln length allows to reduce the turn-off time for
both IGBT mode and thyristor mode. In summary, a reduction of Ln length, which corresponds to an
increase of the number of thyristor in parallel, allowed to improve both static and dynamic
performances of RC-IGBT-thyristor. In the context of power integration, RC-IGBT-thyristor with
trenches filled with dielectric was used to realize the monolithic multi-pole chips. These chips were
simulated separately and then associated to form an H-bridge inverter. For comparison purposes, a
conventional H-bridge converter and an H-bridge converter based on the two-chip approach were
simulated.
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