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This paper presents the design of an SiC switching cell made with the TAPIR technology. Electromagnetic and thermal simulations are carried out in order to analyze the performance of this switching cell. This cell is then compared to commercial power modules and discrete components and exhibits excellent junction to ambient thermal resistance and stray inductance.

Introduction

The energy transition involves a deep change in energy production and consumption patterns and involves an increase in the electrification of systems. According to the U.S. Advanced Research Projects Agency-Energy (ARPA-E)' more than 80% of electrical energy in the United States will use static converters by 2030 [START_REF] Broughton | Review of thermal packaging technologies for automotive power electronics for traction purpose[END_REF]. Modern power electronics is thus facing a substantial demand on improving efficiency while reducing size and cost of systems for a broad range of areas, including electric vehicles, renewable energies, industrial motors and generators, and distribution grid applications [START_REF] Lee | A Review of SiC Power Module Packaging Technologies: Challenges, Advances, and Emerging Issues[END_REF]. Size reduction and efficiency of converters have been improved in recent years due to the growth of widebandgap semiconductors use [START_REF] O¨ Stling | SiC power devices present status, applications and future perspective[END_REF]. The increase in switching frequency allows reducing the size of passive components and thus obtaining converters with higher power density [START_REF] Adamowicz | Performance comparison of sic schottky diodes and silicon ultra-fast recovery diodes[END_REF] [START_REF] Ranstad | On dynamic effects influencing IGBT losses in soft-switching converters[END_REF]. However, the packaging of these semiconductors requires special attention due to their high switching speeds [START_REF] Regnat | Optimized Power Modules for Silicon Carbide mosfet[END_REF].

Therefore, the challenges of tomorrow's power electronics designers include improving semiconductor packaging to reduce electrical and electromagnetic disturbances, and optimizing cooling to lighten converters to meet the needs of electric mobility where weight is a significant constraint. Indeed, the weight of the cooling system is generally non-negligible. For example, Delhommais et al. [START_REF] Delhommais | Using design by optimization for reducing the weight of a SiC switching cell[END_REF] propose a global optimization of a SiC switching cell and show that about 25% of the global weight is due to the heatsink and the fan.

The TAPIR (compacT and modulAr Power modules with IntegRated cooling) technology [START_REF] Bikinga | Low voltage switching cell for high density and modular 3D power module with integrated air-cooling[END_REF] seems to be able to reduce the mass of power modules and cooling systems by a ratio of 3 to 5 by distributing the heat sources (chips) in the volume of the heatsink. Contrarily to most researches on double side cooling [START_REF] Broughton | Review of thermal packaging technologies for automotive power electronics for traction purpose[END_REF], the heat extraction is made by air-cooling and the heatsinks are used as electrodes as it is the case with press-pack power converters [START_REF] Senturk | Converter Structure-Based Power Loss and Static Thermal Modeling of The Press-Pack IGBT Three-Level ANPC VSC Applied to Multi-MW Wind Turbines[END_REF] or Power Chip on Bus (PCoB) modules [START_REF] Xu | Development of an ultra-high-density Power Chip on Bus (PCoB) module[END_REF]. TAPIR technology consists in sandwiching vertical semiconductor components between two heat sinks. Then two sandwiches and a decoupling capacitor are assembled to make a low voltage-switching cell as shown in Fig. 1. Finally, the global power module is made by assembling several switching cells together. An example of a 4-phase converter is given in [START_REF] Bikinga | Low voltage switching cell for high density and modular 3D power module with integrated air-cooling[END_REF].

Fig. 1: TAPIR low voltage Switching cell

In [START_REF] Bikinga | Low voltage switching cell for high density and modular 3D power module with integrated air-cooling[END_REF], two packaged 60V-100A power MOSFETs are implemented in a switching cell that is characterized using the double pulse method. The parasitic inductance of the switching loop is less than 2 nH. Also the thermal behavior is estimated using thermo-sensitive electrical parameters. The measured junction to ambient thermal resistance is close to 1.30 K/W. The coupling thermal resistance is relatively low and limited to 0.2 K/W. However, the junction-to-ambient thermal resistance can be further reduced by using bare chips and improving the heat sink as proposed by Xu et al. [START_REF] Xu | Development of an ultra-high-density Power Chip on Bus (PCoB) module[END_REF]. In this reference, the authors propose a sandwich similar to the one of the TAPIR method and including SiC devices with a junction-to-ambient thermal resistance of only 0.5 °C/W.

The aim of the present paper is to propose an implementation of the TAPIR technology on a high voltage SiC switching cell. The goal is to analyze the electromagnetic and thermal performances of the cell and compare it to commercially available power modules and discrete components. The implementation of the SiC switching cell is presented, followed by electromagnetic and thermal simulations. Before concluding, a comparison will be made with commercially available components.

Implementation of an SiC switching cell

SiC MOSFETs CPM2_1200_0080b (1200V-36A, RDSon=80mΩ) from CREE company were used to build a switching cell. A 4-layer printed circuit board (PCB) has been designed to connect the MOSFET to the gate drive circuit but also to ensure a connection of the die to the heatsinks with few thermal interfaces (Fig. 2 and3).

In Fig. 3, it can be seen that the source and gate pads of the chip are soldered on PCB layer 2. For this purpose, a nickel-gold coating has been made on the gate and source metallizations. Beneath the two source electrodes of the chip, a copper inlay is inserted between layer 2 and layer 4. Layer 1 is cut so that the Drain is accessible from the PCB surface through a hole (Fig. 2 and3). This implementation has several advantages in terms of thermal management:

-one heatsink can be directly connected to the drain of the chip, -the number of thermal interfaces between the source metallization and the other heatsink is relatively low.

The gate drive circuit (buffer) is located on layer 4 of the PCB and vias provide electrical connections between the control signals and the chip. Layer 1 is thin (35µm) to minimize the distance between the chip and the top of the PCB in order to have the thinnest soldering thickness and ensure good electrical and thermal conductions. Layer 3 is used to connect the gate to the driver circuit avoiding the guard rings. Vias connecting the source are located on either side of the gate track. This minimizes the inductance of the gate circuit and creates electromagnetic shielding of the gate. Layer 4 thickness is 120µm for allowing heat spreading of the heat flux and thus reducing the thermal resistance of the solder between the PCB and the heatsink. To make the switching cell, the heatsinks are cut (Fig. 4) to avoid any electrical contact with the components of the gate control circuit on the PCB board. The thickest component is the gate driver which has a height lower than 2 mm. This choice is made in order not to degrade too much the thermal performances by improving the electromagnetic one. Note that a gate driver chip could be directly integrated inside the PCB to simplify the assembly but the technological process is not done already.

Fig. 4: SiC Switching cell

Once the switching cell is presented, electromagnetic simulations will be proposed to estimate the parasitic inductance of the switching loop, then thermal simulations will be carried out to analyse the thermal performances of this assembly. 

Stray inductance of the SiC switching cell

Electromagnetic simulations are carried out with Flux3D software based on the finite element method. Indeed, the PEEC method that is usually used for evaluating power electronics packages is not adapted to the TAPIR geometry that does not include any thin electrical conductors like it is the case in classical power modules. The MIPSE software still under development at G2Elab which uses integral methods [START_REF] Le-Duc | A New Integral Formulation for Eddy Current Computation in Thin Conductive Shells[END_REF] is also used here to visualize the distribution of the current density in order to refine the mesh on Flux3D, but also to confirm the result obtained with Flux3D.

In Fux3D, a magneto-harmonic application at a frequency of 100 MHz is used. The simulation is done at this frequency because the equivalent frequency measured in [START_REF] Bikinga | Low voltage switching cell for high density and modular 3D power module with integrated air-cooling[END_REF] was about 100MHz. The decoupling capacitor is replaced by a current source of 1A injected on the surface over a thickness of 2mm (see Fig. 5). This consideration was made after having noted that during switching time only the lower part of the capacitor injects current in the structure (see Fig. 4). The voltage is measured across the current injection areas and the stray inductance is deducted. The capacitive effects are not included in this simulation.

The simulated geometry is shown in Fig. 5. The chip (3mm*3mm*0.35 mm) is assumed to be directly attached to the heatsinks, as well as the copper inserts (3mm *1mm*0.4mm). Only one internal layer is considered in this simulation because adding the second one does not change much the result. This inner layer is not connected to the copper inlay as can be seen on the PCB architecture in Fig. 3. The micro vias that link the inner layers to the source potential are represented as two bars.

All components of the switching cell are assumed to be made of aluminum of resistivity 2.68E-8 Ω.m. This approximation is valid since the size of the chips and inserts is small compared to that of the heatsinks.

Fig. 5: Simulated switching cell geometry

For applying boundary conditions, an infinite box is used. Its dimension is twice the size of the device to be tested as recommended in the software documentation. The thickness of the infinite box is 20mm.

Simulations have been performed to analyze the impact of increasing the size of the infinite box. This has almost no influence on the results.

As in any finite element resolution, the quality of the mesh has an impact on the veracity of the results. For this purpose, it is necessary to know which is the main current path and thus to adapt the mesh by decreasing the elements size in critical areas. Several simulations have been done with Flux3D and MIPSE sofwares to determine the current path at the proposed frequency. Fig. 6 shows the distribution of the current density in logarithmic form obtained after simulation on MIPSE. It can be seen that the current flows mainly on the edges (skin effect) of the heatsinks and in the semiconductor chips and copper inlay. The mesh is densified at these places by adding 100µm plates shown in red in Fig. 5, so as to have at least two meshes in the skin thickness which is about 60µm. The mesh creates more than 500,000 1st order volume elements.

Fig. 6: Current path in the switching cell

The parasitic inductance obtained after simulation with Flux3D is 1.41nH. To carry out the simulation with MIPSE, the appropriate mesh is exported from Flux3D. The application is always magnetoharmonic and the injected current is 1A. The elements here are assumed to be in copper simply because that is the only available conductive material. This time the parasitic inductance obtained is 1.38nH that confirms the value obtained with Flux3D. Note that the simulation time is largely decreased using MIPSE compared with Flux3D, it will allow optimizing the geometry in the future.

The parasitic inductance of the simulated SiC cell is thus less than 1.5 nH while the parasitic inductance measured in [START_REF] Bikinga | Low voltage switching cell for high density and modular 3D power module with integrated air-cooling[END_REF] is 2nH. This is explained by the fact that in [START_REF] Bikinga | Low voltage switching cell for high density and modular 3D power module with integrated air-cooling[END_REF] the MOSFETs are packaged and thus the PCB is thicker that increases the stray inductance of the assembly.

The SiC switching cell shows the advantages that were expected from an electromagnetic point of view.

The thermal behavior will now be studied.

Thermal behavior of the SiC switching cell

Thermal simulations are performed to estimate the junction to ambient thermal resistance of a MOSFET and the thermal coupling that would exist between the two MOSFETs of the switching cell. They are carried out with the Flotherm software. The simulated architecture is shown in Fig. 7 and Fig. 8. This assembly is fairly representative of the actual switching cell. The solder thickness of 200µm between the heatsink and the drain of the chip (fig. 7) is present in practice due to a too large margin taken by the subcontractor (CIBEL) in order to avoid the breakdown of the chip during the PCB fabrication. This thickness will be considerably reduced in the next phases of production. Contact resistances are not considered in these simulations. The thermal conductivity of the different materials used for the simulation are shown in Table I. The heat transfer coefficient varies between 500 and 1500 W.m-². K-1, these values are estimated from heat sink datasheets [START_REF] Bikinga | Low voltage switching cell for high density and modular 3D power module with integrated air-cooling[END_REF]. The dissipated power is 50W in MOS1 and 0W in MOS2. The average temperature of both MOSFETs is measured to determine the junction to ambient thermal resistance of MOS1 and the coupling thermal resistance between MOS1 and MOS2.

The results are shown in Fig. 9.

Then MOS2 dissipates 50W and the other 0W to check if the heat is extracted in the same way. The thermal resistance value is slightly lower than that of the MOS1 and is 1.38K/W for a heat transfer coefficient of 1500 W.m-². K-1 instead of 1.46 K/W for MOS1. The coupling remains the same 0.074K/W. Fig. 9: Junction to ambient thermal resistance and thermal coupling as a function of the heat transfer coefficient

It is then interesting to analyze the temperature map inside the assembly to understand what can be done to improve its thermal behavior. For that purpose, Fig. 10 presents the evolution of the temperature along two paths: the first is perpendicular to the chip surface and crosses its center, the second is also perpendicular to the chip but crosses the center of the copper inlay. First it can be observed that the temperature is not uniform in the chip, the temperature being largely higher at the chip center than at the inlay center. It is something usual but that is accentuated here by the non-uniform dissipation area on the source side of the device. It is also observed that the temperature drop in the inlay is relatively high. It is due to its small cross section compared to the chip surface area. This problem induces a nonsymmetrical heat flux diffusion inside the assembly: using Flotherm, it is estimated that about 2/3 of the total dissipated heat flows through the top heat sink (ΦD in the figure) and thus only 1/3 of the remaining heat goes through the bottom heat sink (ΦS in the figure). Therefore, a good way to improve the global thermal behavior should be to propose a solution for increasing the average cross section of the copper inlay to obtain a better heat repartition between the two faces of the chip. Also, it is observed that there are large temperature drops in the heat sink base plates and between these base plates and the ambient temperature. This is the reason why the temperature evolution inside the assembly using a copper base plate was also shown. It can be clearly seen that the better thermal conductivity induces a lower temperature gradient and a better heat spreading (the temperature at the base plate surface is decreased). The last way to improve the thermal behavior would be to use a more performant heat sink to increase the global heat transfer coefficient. The thermal performances obtained are those expected. However, it would be possible to optimize the heatsink in order to have higher heat transfer coefficients and therefore a lower junction-to-ambient thermal resistance. The TAPIR SiC switching cell will then be compared with commercially available discrete SiC power modules and discrete components.

Benchmark of TAPIR SiC switching cell with commercially available power modules and discrete components

For this comparison power modules and discrete components using 1200V-80mΩ MOSFET SiC devices are chosen. It is obvious that the thermal resistance depends on the size of the devices and on the number of paralleled chips but it can even give fist ideas on the performance of the proposed package. Data are given in Table II.

Considering the stray inductance parameter, the TAPIR switching cell exhibits very interesting performances (1.5 nH) compared with classical power modules [12] and circuits using discrete devices with global stray inductances that are higher than 10 nH. Today commercial power modules are improved, by including decoupling capacitors for example [13], but such a low stray inductance is not reported. Note that if N devices are put in parallel in the TAPIR technology, the stray inductance is divided by N which is hardly obtained when implementing 2D packages.

Considering thermal aspects, it can be seen that the junction to ambient thermal resistance of the TAPIR switching cell is close to the junction to sink thermal resistance of power modules. That proves its very good thermal behavior. The use of better ceramic materials in power modules could reduce their thermal resistances but it has also to be noted that the thermal resistance of the TAPIR switching cell could be largely reduced by implementing better heat sinks. It was proved by Xu et al. [START_REF] Xu | Development of an ultra-high-density Power Chip on Bus (PCoB) module[END_REF] that obtained a junction to ambient thermal resistance of 0.5 K.W-1 with a geometry close to the TAPIR one. Finally, it is important to mention that the coupling thermal resistance of the TAPIR technology is very low especially when the heat transfer coefficient is high because the cooling is made at chip level. In the case of power modules, a thermal coupling exists through the power module substrate but also through the heat sink that induces more important values. For example, in [START_REF] Dbeiss | Power semiconductor ageing test bench dedicated to photovoltaic applications[END_REF], the thermal coupling resistance between devices was until 25 % of the junction to ambient thermal resistance using water cooling. 

Table II: Electromagnetic and thermal performances benchmark

Conclusion

An SiC switching cell was designed and the structure of the related PCB was presented. The results obtained from the electromagnetic simulations show the quality of the switching loop and therefore makes this technology suitable for wideband gap components. The TAPIR SiC switching cell has also been evaluated from a thermal point of view. It has be seen that this technology is more efficient than those currently on the market. The TAPIR solution has a junction to ambient thermal resistance close to the junction to sink thermal resistance of some modules. The next step will therefore be to electrically and thermally characterize the SiC switching cell. The breakdown voltage, the common mode perturbations and the assembly of several switching cells to make a more complex topology will also be specific points to be addressed in the future.
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