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Introduction

In the domain of power electronics, great importance is given to power systems integration. Integration allows to improve their compactness and fabrication cost as well as reliability and performance. There are different integration modes that depend upon the intended application and power range. In particular, there are monolithic integration and hybrid integration. The judicious association of several discrete components within a power module characterizes the hybrid integration. Whereas, the monolithic integration is characterized by the association of several components within a single silicon chip.

This paper focuses on new power integration approaches that mix hybrid and monolithic integration methods. Indeed, integration is carriedout at the silicon level so that to minimize the number of chips, and at the packaging level so that to reduce bond wires and the stray inductance in a commutation loop that makes the power converters more reliable, more efficient and more compact.

Proposed integration approach: « two-chip multipole approach » a) Presentation of the approach

The proposed « two-chip » integration approach is dedicated to low and medium power applications. The multi-phase converter is integrated within two multi-pole macro-chips (Fig. 1): a common anode chip that integrates all the high-side RC-IGBTs of the converter, and a common cathode chip that integrates all the low-side RC-IGBTs of the converter [START_REF] El Khadiry | Monolithically integrated switching cells suitable for high density power conversion[END_REF][START_REF] El Khadiry | Multi-switch Sichip structures and on-substrate packaging techniques for improving the electrical performance of power modules[END_REF][START_REF] El Khadiry | Monolithic multipole converter device for medium power applications[END_REF][START_REF] Lale | Analysis of the three-chip switching cells approach for integrated multi-phase IGBTbased power converter[END_REF][START_REF] Takahashi | 1200V Class Reverse Conducting IGBT optimized for Hard Switching Inverter[END_REF]. In this paper, the approach is validated experimentally, intermediately in a singlephase converter by using a three-pole common anode chip and two RC-IGBT structures.

The common anode chip integrating two high-side RC-IGBTs is given in Figure 2. This chip has three power electrodes (three-pole chip) but can be extended to a greater number of cathode electrodes: one anode electrode at the die's bottom, common to two RC-IGBTs, and two or more cathode electrodes at the die's top.

The common cathode chip integrating two (or more) low-side RC-IGBTs is shown in Figure 3. This latter has also three or more power electrodes: one cathode electrode, common to two or more RC-IGBTs, and two (or more) anode electrodes. Unlike the common anode structure, the common cathode structure requires insulation regions between the RC-IGBT sections. We used the reverse biased P-N junction insulation method. This is achieved by the realization of a P + wall through all the N -substrate. This creates two anti-series connected P + /N - junctions that will be reverse biased depending on the state of the RC-IGBT sections. 

b) 2D simulations of the multi-pole structures

Before validating the operating modes of the two macro-chips associated in a single-phase inverter, we have studied them separately in order to analyze the impact of the ON-state section on the OFF-state section. Figures 4 and5 show the simulation conditions as well as the results for the common anode chip and the common cathode chip, respectively. For each macro-chip, we can see both the equipotential lines in the OFF-state section (right section) and the current flow-lines in the ON-state section (left section). The two structures were associated to form a single-phase inverter (Fig. 6a). The switching cells characteristics [START_REF] El Khadiry | Monolithic multipole converter device for medium power applications[END_REF].

Experimental results in switching mode

Figure 7 shows the realized wafer that contains RC-IGBT chips and common anode chips. [START_REF] El Khadiry | Monolithic multipole converter device for medium power applications[END_REF].

After the previous functional validation in ON-state operation of the proposed dies, the "onpackage" integration type and the switching capability of the dies appear as an important step of the validation.

In this approach, a first complete H-bridge was realized as illustrated in Figure 8. It is based on a 35µm PCB substrate -gold finish with a three-die configuration: a three-pole common-anode RC-IGBT (as high-side die) is connected to the two-pole RC-IGBTs (flip-chip low side dies) (Fig. 9). It can be noted that these latter dies are flipped to reduce the number and the length of the wires in series inside each switching cell (in theory, only one wirebonding bundle can be used). All dies are metallically connected by using the Epotek™ H20E glue and are spaced with the substrate by means of a thin 125µm Kapton™ layer. Firstly, such a layer is mandatory for the flipped dies permitting the insulation of the peripheries areas facing to the PCB substrate. Secondly, using an identical width of layer permits an identical height of all the dies and, thereafter, a possible substitution of the wires by a rigid direct lead connection as a sort of busbar link. Finally, note that a simple polypropylene film capacitor is only used for this set-up and connected through the bottom of the PCB that will be completed by a smaller high temperature ceramic capacitor for next prototypes and more closer to the dies. Figure 10a shows a permanent buck-mode on the scope screen at low current operation due to the absence of heat sink. In Figure 10a a greater load current can be obtained by means of a low frequency "double pulsed" method whose typical waveforms are recalled in Figure 10a. Based on this, Figure 10b and 10c, give the obtained voltage and current waveforms on one low-side RC-IGBT die: at turn-on (recovery sequence of the high side RC-IGBT's diode) with the inductive voltage drop of the loop; and at turn-off (slight inductive over-voltage across the die). It should be noted that the current measurement was realized by means of a small Rogowski™ (20MHz) coil around a wire section and the PCB that appears as an interesting nonintrusive method for integrated converter. The correct switching time of the dies (<200ns) with low oscillations demonstrate the dynamic electrical capability of the proposed dies and the assembly approach. [START_REF] El Khadiry | Monolithic multipole converter device for medium power applications[END_REF].

Stray inductance -Measurement results

Two prototypes of H-bridge converter have been designed and the first stray inductance measurement results are provided.

Following the previous section, Figure 11 shows the H-Bridge converter with a five-die configuration with a similar implementation to the previous three-die configuration. Indeed, the highside die is a three-pole common anode RC-IGBT (blue in the schematic) but the two low-side RC-IGBTs have been replaced by the association of two flip-chip IGBT dies (gray) and two diode dies (red). As shown in Figure 12, the IGBT stray inductance (red area) is orthogonal to the PCB plan [START_REF] Lale | Analysis of the three-chip switching cells approach for integrated multi-phase IGBTbased power converter[END_REF] [START_REF] Videau | Convertisseurs continucontinu non isolés à haut rapport de conversion pour Piles à Combustible et Electrolyseurs -Apport des composants GaN[END_REF] and is equal to the diode stray inductance (green area) because the common anode chip is placed between the other chips. This loop exhibits a lower stray inductance than a planar classic loop. The results obtained in this section can be extended to the threedie configuration by using an RC-IGBT instead of the IGBT. A conventional H-bridge is used in order to compare the measurement results to those of the proposed solution (Fig. 13). Four RC-IGBTs are used and the lateral power loop is illustrated in Figure 14. The solution that we propose, presents a stray inductance area which is approximately 4 times lower than the conventional design leading to lower stray inductances. Results in Table 1 are given at 1MHz and 10 MHz. The assembly of the three-pole common-anode and two low side flip-chip RC-IGBTs reduces significantly the stray inductance. 

Conclusion

The paper deals with the integration of a generic power converter (DC/AC or AC/DC). The aim of this integration approach is to suppress wire bonds and to have a compact package in order to improve electrical performance as well as reliability of the power modules in medium power applications. To that end, the integration approach combines both monolithic integration in silicon and hybrid integration on a PCB/DBC substrate. The approach presented in the paper is the « two chip » approach that integrates a multi-phase converter within two complementary multi-pole power chips named common anode and common cathode power chips.

The approach is validated in an H-bridge converter through Sentaurus TM 2D numerical simulations as well as experimental characterizations. Indeed, the common anode multipole chip is realized and characterized alone. Then, it is assembled on a PCB substrate with two RC-IGBT chips (partial flip-chip assembly) to realize the H-bridge.

First experimental electrical characterization validated the operating modes of the H-bridge converter. Specific stray inductance measurements of the commutation loop using an impedance analyzer showed that its value is highly reduced, as compared to the conventional one.
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 1 Figure 1: Illustration of the proposed « two-chip » multi-pole integration approach [1-2].
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 2 Figure 2: (a) Cross-sectional view of the common anode chip (example for three-pole die) (b) schematic representation [1-2].
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 3 Figure 3: (a) Cross-sectional view of the common cathode chip (example for three-pole die) (b) schematic representation [1-2].
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 45 Figure 4: (a) Equipotential lines distribution and (b) current flow-lines (IGBT mode) in the common anode chip [1-2].
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 6 Figure 6: (a) H-bridge 2-level control realized with the multi-pole chips, (b) control signals, (c) output

Figure 7 :

 7 Figure 7: The realized wafer[START_REF] El Khadiry | Monolithic multipole converter device for medium power applications[END_REF].
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 89 Figure 8: Electrical circuit (three-die configuration).

Figure 10 :

 10 Figure 10: (a) Typical double-pulse waveforms produced by the set-up, (b) turn-on RC-IGBT (flipchip die) waveforms, (c) turn-off RC-IGBT (flip-chip die) waveforms[START_REF] El Khadiry | Monolithic multipole converter device for medium power applications[END_REF].

  Figure 11: (a) Electrical circuit (five-die configuration) and (b) details on stray inductance.

Figure 12 :

 12 Figure 12: Proposed H-bridge (5 dies) circuit and illustration of the orthogonal loop: (a) top view and (b) side view.

Figure 14 :

 14 Figure 13: Conventional H-bridge (4 dies) -Electrical circuit.

Figure 15 :

 15 Figure 15: Experimental measurement with the impedance analyzer used with a special PCB probe.

Table 1 : Measurements of the stray inductance for the conventional and proposed design for 3, 2 and 1 wire bonding (WB).

 1 

	Ls -nH	Conventional 1MHz 10MHz	Proposed 1MHz 10MHz
	3WB	10.97	10.78	4.66	4.54
	2WB	12.11	12.03	5.43	5.29
	1WB	16.43	15.88	8.13	7.72
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