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. These two chips are then associated to form a complete inverter. The proposed three-pole common cathode chip uses a P + wall for insulation between the two adjacent RC-IGBT sections. The proposed elementary RC-IGBT uses also the P + wall in order to ensure the thyristor triggering in the reverse conducting mode.

Introduction

The use of an anti-parallel diode with a unidirectional conventional IGBT is required in inverter and reversible chopper applications. This allows the converter to have reversibility in current and, by extension, operate in four quadrants for AC/DC and AC/AC applications. In general, the anti-parallel diode is externally co-packed with the IGBT. This leads to increased cost for the separate devices and testing time and makes the circuit bulky. Moreover, the wire bonds are source of reliability problems and source of parasitic inductance that consequently require to slow-down the IGBT switching. The RC-IGBT is a device that integrates monolithically an IGBT and a diode [START_REF] Storasta | A comparison of charge dynamics in the reverse-conducting RC IGBT and Bimode Insulated Gate Transistor BiGT[END_REF], [START_REF] Jiang | A Snapback Suppressed Reverse-Conducting IGBT With a Floating p-Region in Trench Collector[END_REF], [START_REF] Takahashi | 1200V reverse conducting IGBT[END_REF], [START_REF] Bourennane | Structure bidirectionnelle en courant[END_REF], [START_REF] Ruthing | 600 V Reverse Conducting (RC-) IGBT for Drives Applications in Ultra-Thin Wafer Technology[END_REF][START_REF] Kumar | RC-TCIGBT: A Reverse Conducting Trench Clustered[END_REF][START_REF] Kimmer | Reverse Conducting IGBT-A new Technology to Increase the Energy Efficiency of Induction Cookers[END_REF][START_REF] Hong | Methods of forming insulated gate bipolar transistors having built-in freewheeling diodes and transistors formed thereby[END_REF][START_REF] Willmeroth | IGBT with monolithic integrated antiparallel diode[END_REF][START_REF] Takahashi | Insulated Gate Transistor incorporating diode[END_REF][START_REF] Jiang | Low turn-off loss reverse conducting IGBT with double n-p-n electron extraction paths[END_REF][START_REF] Khadiry | Multi-switch Si-chip structures and onsubstrate packaging techniques for improving the electrical performance of power modules[END_REF][START_REF] Chen | A snapback suppressed reverse-conducting IGBT with soft reverse recovery characteristic[END_REF][START_REF] Takahashi | 1200V Class Reverse Conducting IGBT optimized for Hard Switching Inverter[END_REF][START_REF] Storasta | Resolving Design Trade-offs with the BIGT Concept[END_REF][START_REF] Wigger | Influence of the charge distribution on the electrical behavior of the BIGT[END_REF][START_REF] Won | Reverse conducting IGBT using MEMS technology on the wafer technology[END_REF]. At the device level, the RC-IGBT allows, compared to the discrete association of IGBT and diode, to reduce the silicon chip. At the power module level, the integration of IGBT and diode permits to reduce the number of chips, to simplify the interconnection and consequently to improve the reliability of converter. This approach allows on one hand, at same package; to process more power; and on the other hand, at same processed power, to reduce the active area of the chip soldered on the DBC/SMI substrate and consequently the cost.

The domain of power hybrid integration aims at producing a power electronics which is more compact and more reliable. It is in this context that the monolithic multi-switch integration approach based on the monolithic integration of several RC-IGBT has been reported [START_REF] Khadiry | Monolithically integrated switching cells suitable for high density power conversion[END_REF], [START_REF] Benaissa | A vertical power device conductive assembly at wafer level using direct bonding technology[END_REF][START_REF] Khadiry | Single -chip vertical integration approach suitable for medium power applications[END_REF][START_REF] Green | Fully Isolated High Side and Low Side LIGBTs in Junction Isolation Technology[END_REF]. The approach consists in integrating the RC-IGBTs sharing the common anode electrode in the same Si-chip, and the RC-IGBTs sharing the common cathode electrode in another Si-chip [START_REF] Khadiry | Single -chip vertical integration approach suitable for medium power applications[END_REF]. These two complementary power chips named respectively "three-pole common anode" and "three-pole common cathode" are represented in figure 1. They can be associated to realize converters dedicated to low and medium power applications. The common cathode chip requires insulation between the RC-IGBT sections. For that purpose, a P + wall is used in this study. The conventional RC-IGBT has a drawback in the forward conducting mode. Indeed, it exhibits an undesirable snapback due to the change from a VDMOS to an IGBT mode in the forward conducting mode [START_REF] Jiang | A Snapback Suppressed Reverse-Conducting IGBT With a Floating p-Region in Trench Collector[END_REF]. In this paper, we propose an RC-IGBT structure that integrates monolithically an IGBT and a selffiring thyristor for the reverse conduction. The architecture of this RC-IGBT doesn't exhibit a snapback phenomenon in the forward conducting mode. 

Structures and operating modes of the proposed RC-IGBT and three-pole devices RC-IGBT structure

The cross sectional view of the proposed RC-IGBT structure is given in figure 2. This latter is based on the integration of an IGBT and a self-firing thyristor. The integration of the thyristor was achieved by inserting N + diffusion in the backside P region of the classical IGBT. The thyristor is formed by the succession of four regions P cathode /N - substrat /P anode /N + anode . A P + wall extending from the topside to the back-side of the silicon wafer allows the thyristor turn-on. The first thyristor cells that are near to the P + walls are named pilot self-firing thyristor sections. Once the pilot self-firing thyristor section turnson, the turn-on expands to the remaining part of the chip. In the reverse conducting mode of the RC-IGBT, anode current flows from the cathode electrode to the anode electrode through the P cathode /N - substrat junction, floating electrode, P + wall then the P/P + anode 

Multi-pole monolithic complementary chips: Common Anode and Common Cathode chips

The RC-IGBT structure is used to design common anode and common cathode three-pole power chips. The adopted integration approach follows the same integration strategy proposed and validated by 2D simulations in [START_REF] Bourennane | Cellule monolithique de circuit intégré et notamment cellule de commutation monolithique[END_REF], [START_REF] Khadiry | Monolithically integrated switching cells suitable for high density power conversion[END_REF].

The three main electrodes of the common anode chip are shown in figure 3a: two cathode electrodes, between which a 600 V voltage is applied, and an anode electrode which is common to the two integrated RC-IGBTs. The P + walls necessary to trigger the thyristors in the reverse conducting mode of the RC-IGBT are placed at the periphery of the three-pole common anode chip.

The common cathode three-pole represented in figure 3b has also three electrodes: two anode electrodes, between which a 600 V voltage is applied, and a cathode electrode which is common to two RC-IGBTs. Unlike the common anode structure, the common cathode structure requires insulation between the RC-IGBT sections. Indeed, without this insulation region, the application of a voltage between the anode electrodes results in a lateral current across the N-drift region of the three-pole common cathode structure. We make use of the P + walls present in the proposed RC-IGBT for that purpose in the common cathode three-pole chip. This creates two anti-series connected P + N -junctions as represented in figure 3b. The technological realization of the P + walls relies on a RIE of deep trenches in the silicon wafer, then the trenches are filled with highly boron doped polysilicon, acting as a P-type doping source. After a diffusion step, the boron impurities diffuse into silicon so that the overlap of boron diffusion creates the P + vertical wall. 

Simulations results

The simulated structure has a thickness of 110 !m and a doping of 10 14 cm -3 . The ambient temperature is set at 300 K. The active surface of the RC-IGBT chip only is of 1 cm 2 , and it is 2 cm 2 for the threepole chips. All 2D numerical simulations are carried-out under Sentaurus TM TCAD simulation tool.

RC-IGBT structure operating modes

A half structure composed of 7 MOS cells and a junction termination extension (JTE) P -of 70 !m wide (Fig. 4a) is simulated. The vertical P + wall has a width of 10 !m. The technological parameters of the structure used during simulations are listed in table 1.

The I(V) characteristic of the simulated RC-IGBT structure is given in figure 4b. One can easily notice that there is no snapback in the forward conducting mode. In the reverse conducting mode, one can notice a snapback due to the thyristor turn-on. This turn-on takes place at low anode current density and at a voltage of about 1.4 V. It should be noted that the turn-on current and voltage of the pilot selffiring thyristor depends mainly on the physical and geometrical parameters of the P anode region above the backside N + anode region. 

Thyristor switching characteristics

The study of the thyristor switching has been carried-out by simulating the RC-IGBT structure in a chopper circuit as shown in figure 5a. The control signals are given in figures 5b.

Figure 5c shows the current and voltage waveforms across the thyristor within one switching cycle.

The reverse recovery and forward recovery phenomena are observed at the turn-off (t=5ms) and the turn-on (t=6ms) of the RC-IGBT, respectively. The applied gate control voltage is a PWL pulse with rise time = 2 !s and peak voltage = 15 V. The results are shown in figure 5d and5e. At the thyristor turn-off, the current decreases with a slope di/dt of 980 A/!s. It should be noted that the value of this latter depends both on the gate control signal and on the circuit. This current becomes negative and reaches a peak value of -317 A and then decreases to zero. For the simulated structure, the reverse recovery time is about 1 !s (Fig. 5d).

In turn-on we observe a voltage overshoot across the device with a peak value of 42 V and a current that increases with a slope of 0,014 A/!s. 

2D simulations of the three-pole structures

The monolithic integration of the proposed RC-IGBT structure permitted to design two complementary multi-pole chips: common anode/backside and common cathode/front side. We validated by simulations the integration approach on two complementary three-poles chips. For the simulations, each three-pole chip is composed of two RC-IGBT structures. Moreover, one RC-IGBT section is in on state, the other RC-IGBT is in OFF-state and must support the applied voltage (600 V in this case). Therefore, the electrical interactions between the RC-IGBT must be limited to an acceptable level.

To validate by 2D simulations the current bidirectionality of the proposed structures and analyse the impact of the current conduction of one RC-IGBT section on the adjacent RC-IGBT section which is in OFF-state and supports the applied voltage, we have simulated two three-pole structures in identical conditions: one section is in ON-state while the other is in OFF-state, a voltage is applied between electrodes (anodes or cathodes depending on the type of simulated three-pole structure) and a bidirectional DC-current source injects a current of 100 A from the common electrode.

Common Anode Chip

A 600 V DC-voltage is applied between the cathode electrodes. The right RC-IGBT section is in ONstate with a gate bias of 15 V while the left section is in OFF-state with the gate-to-cathode voltage being set at 0 V. A bidirectional DC-current is connected to the common anode electrode.

Figure 6a shows the equipotential lines in the RC-IGBT section which is in OFF-state. Figures 6b and6c show the current density distribution in the RC-IGBT section which is in ON-state for both the forward (IGBT) and the reverse (thyristor) conducting modes.

( 

Common Cathode chip

Similar simulations were carried-out for the case of the three-pole common cathode chip. A 600 V DC-voltage is applied between the anode electrodes. The right RC-IGBT section is in ON-state with the gate-to-cathode voltage being set at 15 V. The left RC-IGBT section is however in OFF-state with the gate-to-cathode voltage being set at 0 V. A bidirectional DC-current is connected to the common cathode electrode.

Figure 7a shows the equipotential lines distribution in the RC-IGBT section which is in OFF-state. We can notice that the junction P + wall /N - substrate is reverse biased and supports the applied voltage. The depletion region expands mainly in the N -region. Figures 7b and7c show the current densities in the RC-IGBT section which is in ON-state section for the two operating modes: forward (IGBT mode) and reverse (thyristor mode). 

2D Simulation of the two three-poles complementary chips in an inverter application

The previous common anode and common cathode chips were associated to form an inverter (Fig. 8a). The inverter circuit shown in figure 8a 

Experimental results

The experimental validation of the operating modes of proposed architectures requires the realization of the vertical P + wall as described previously. The development of this specific technological step is in progress at the micro and nanotechnologies platform in the Laboratory of Analysis and Architecture of Systems. It should be noted that the operating modes of the common anode chip (Fig. 1b) were recently validated by the authors [START_REF] Khadiry | Monolithically integrated switching cells suitable for high density power conversion[END_REF], [START_REF] Khadiry | Single -chip vertical integration approach suitable for medium power applications[END_REF], [START_REF] Khadiry | Multi-switch Si-chip structures and onsubstrate packaging techniques for improving the electrical performance of power modules[END_REF]. The realized common anode chip integrates two classical RC-IGBT structures. Each classical RC-IGBT is composed of an IGBT and a PiN diode, i.e. it does not use a vertical P + wall. The realized devices [START_REF] El Khadiry | A Single-chip Integration Approach of Switching Cells Suitable for Medium Power Applications[END_REF] are given in figure 9a and the electrical characterization results of the RC-IGBT in the forward and reverse conducting modes are given in figures 9b and 9c. 

Conclusion

An RC-IGBT structure based on the monolithic integration of an IGBT and a self-firing thyristor is presented and its operating modes were validated through 2D physical Sentaurus TM simulations. This 12 show the forward and reverse on-state I(V) characteristics of the realized RC-IGBTs, respectively. The channel conduction of the RC-IGBT in the reverse mode is shown in Fig. 13 this propriety of this device permits the reduction of the thermal losses in switching modes. Fig. 14 shows the I(V) characteristics of the two RC-IGBT sections that compose the common anode chip for the case in which one RC-IGBT section is in on-state while the other RC-IGBT section is in off-state. It can be easily seen that the leakage current level through the RC-IGBT section in off-state is structure doesn't present a snapback in the forward conducting mode (IGBT mode). In the reverse conducting mode, a snapback due to the turn-on of the self-firing pilot thyristor section is observed. In the simulated structures, the thyristor turn-on occurs at low anode current density and a low anodecathode voltage. In order to improve the reliability as well as electrical performance of power modules, the monolithic integration of multiple RC-IGBTs is an interesting approach. We have used 2D physical simulations to validate the operating modes of the resulting three-pole chips (common anode and common cathode) which were then simulated in an inverter application. From the technological realization point of view, the elementary RC-IGBT structure uses the same technological steps required for the realization of the common cathode three-pole chip [START_REF] Bourennane | Cellule monolithique de circuit intégré et notamment cellule de commutation monolithique[END_REF], [START_REF] Khadiry | Monolithically integrated switching cells suitable for high density power conversion[END_REF], [START_REF] Khadiry | Multi-switch Si-chip structures and onsubstrate packaging techniques for improving the electrical performance of power modules[END_REF]. Indeed, the common cathode three-pole chip also uses a vertical P + wall for insulation between the RC-IGBT sections that compose it.
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 1 Fig.1: (a) Multi-switch two-chip based integration approach; Cross-sectional view of two three-poles structures that use conventional RC-IGBT: (b) Common anode three-pole chip, (c) Common cathode three-pole chip[START_REF] Bourennane | Cellule monolithique de circuit intégré et notamment cellule de commutation monolithique[END_REF],[START_REF] Khadiry | Monolithically integrated switching cells suitable for high density power conversion[END_REF].

Fig. 2 :

 2 Fig. 2: (a) Cross sectional view of the proposed RC-IGBT structure, (b) Symbol

Fig. 3 :

 3 Fig. 3: Cross-sectional view of the simulated three-pole structures and their schematic representation: (a) Common anode chip, (b) Common cathode chip.

Fig. 4 :

 4 Fig. 4: (a) Cross section of the simulated RC-IGBT, (b) I A (V AK ) characteristics of the proposed RC-IGBT, (c) Distribution of the forward current density (IGBT) at I anode =100 A, (d) Thyristor turn-on, (e) Distribution of the reverse current density (thyristor) at I anode =-100 A.

Fig. 5 :

 5 Fig. 5: (a) Simulated electrical circuit, (b) Gate control signal, (c) Current and voltage waveforms across the thyristor within one switching cycle, (d) Zoom on the turn-off phase of the thyristor, (e) Zoom on the turn-on phase of the thyristor.

Fig. 6 :

 6 Fig. 6: (a) Equipotential lines distribution, (b) Current density distribution in IGBT mode, (c) Current density distribution in thyristor mode (reverse conducting mode)

Fig. 7 :

 7 Fig. 7: (a) Equipotential lines distribution, (b) Current density distribution in IGBT mode, (c) Current density distribution in the thyristor mode

Fig. 8 :

 8 Fig. 8: (a) Simulated inverter circuit resulting from the association of the two complementary threepoles; Output characteristics for the case of: (b) Bipolar control type, (c) Unipolar control type

Fig. 9 :

 9 Fig. 9: (a) Realized common anode chip [23], (b) RC-IGBT forward I(V) characteristics (IGBT mode), (c) RC-IGBT reverse conduction (PiN diode conduction)

Fig. 10 .

 10 Fig. 10. Devices realization and characterization a) wafer top view, b) onwafer electrical characterization Fig. 11 and Fig.12show the forward and reverse on-state I(V) characteristics of the realized RC-IGBTs, respectively. The channel conduction of the RC-IGBT in the reverse mode is shown in Fig.13this propriety of this device permits the reduction of the thermal losses in switching modes. Fig.14shows the I(V) characteristics of the two RC-IGBT sections that compose the common anode chip for the case in which one RC-IGBT section is in on-state while the other RC-IGBT section is in off-state. It can be easily seen that the leakage current level through the RC-IGBT section in off-state is

Fig. 12 .

 12 Fig. 12. RC-IGBT reverse conduction
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