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A new packaging technology allowing the development of high performance power modules for harsh environment as well as the optimization of the manufacturing process is presented. The assembly is achieved using an aluminum nitride ceramic heat sink and multilayer silver sintering to make both current track and die attach layers. In order to control the properties of silver sintered layers, a focus on the pressure-less sintering process parameters at conventional and unusual high temperatures was performed. Depending on the sintering temperature and dwell time, the relative density of the sintered layers was evaluated in the range of 56% to 88%. The electrical resistivity was measured in a large temperature range for various densities and the latter can only be 30% higher than the one of bulk silver once the paste sintered at 500°C for 1 h. Finally, the mechanical and microstructure properties of assemblies using several metal adhesion layers on the ceramic heat sink and silver sintered multilayers were investigated. Assemblies using Ti/Ni/Ag sputtered layers and silver ink sintered layer as adhesion layers on the AlN ceramic show acceptable shear stress values of about 20 MPa while values less than 10 MPa are obtained for W/Ni/Au and W/Ni/Ag adhesion layers. For W/Ni/Au adhesion layers, Ag-Au solid solution was formed at the interface between the sintered silver and the Au finish, leading to a depletion zone at the sintered silver interface and hence a low shear stress. For W/Ni/Ag adhesion layers, the low shear stress value is mainly due to the oxidation of the Ni layer.

I. INTRODUCTION

he past few years have seen the increase of the electrical energy in aircrafts. Manufacturers predict that onboard electrical power of commercial airplanes will exceed 10 MW in 30 years [START_REF] Revol | Overview and new trends in technology bricks for reliability enhancement in future wide band gap power converters for More Electrical Aircraft (MEA) and More Electrical Propulsion (MEP) systems[END_REF]. However, various technological locks must be removed to reach such onboard power. Among others, the use of electronic converters in harsh environment [-60°C; 200°C] can be of first importance since it will allow integrating converters in hot area environments and/or increasing the power density of electrical systems. Power modules are critical components of the converter that ensure electrical connections between the power semiconductor devices and the external electrical connectors, the heat management and the mechanical robustness of the package. The emergence of wide band gap semiconductor components like Silicon Carbide (SiC) and Gallium Nitride (GaN) power devices able to operate at high temperatures (above 200°C) paves the road toward the use of power modules in harsh thermal environment [START_REF] Kyung-Ah | GaN-Based High Temperature and Radiation-Hard Electronics for Harsh Environments[END_REF] [START_REF] Funaki | SiC JFET dc characteristics under extremely high ambient temperatures[END_REF]. However, to complete this breakthrough, the whole packaging system must be redesigned.

A cross section view of a conventional power module assembly is schematically presented in Fig. 1a. The semiconductor device of the module is attached to the substrate by soldering. Solders with an operating temperature above 200 °C exist but most of them contain a high amount of lead (Pb), which is not compliant with the regulations of Restriction of Hazardous Substances (RoHS). Some solders can meet those regulations but they suffer from high cost (Au80Sn20, Au97Si3, Au88Ge12) or are difficult to process (Zn95Al5) [START_REF] Khazaka | Survey of High-Temperature Reliability of Power Electronics Packaging Components[END_REF]. New die attach techniques like transient liquid phase bonding or metal sintering technologies have emerged during the last decade [START_REF] Welch | Gold-Indium Transient Liquid Phase (TLP) wafer bonding for MEMS vacuum packaging[END_REF] [START_REF] Knoerr | Power semiconductor joining through sintering of silver nanoparticles: Evaluation of influence of parameters time, temperature and pressure on density, strength and reliability[END_REF]. Pressureless silver sintering is particularly attractive as it is a simple process providing joints with good physical properties (high thermal and electrical conductivities and low elastic modulus) [START_REF] Khazaka | Review on Joint Shear Strength of Nano-Silver Paste and Its Long-Term High Temperature Reliability[END_REF] [START_REF] Siow | Die-Attach Materials for High Temperature Applications in Microelectronics Packaging[END_REF].

The substrate provides the electrical insulation and insures the circuitry in the module through the upper metallic layout. Ceramic based substrates can be used at temperature higher than 300 °C but most of them suffer from poor thermomechanical reliability. During large amplitude thermal cycling (300°C), it has been found that 20 to 30 cycles are typically needed to crack or spall Direct Bonded Copper (DBC) substrates made of Al2O3 or AlN ceramics [START_REF] Ning | SiC Wirebond Mutlichip Phase-Leg Module Packaging Design and Testing for Harsh Environment[END_REF]. The CTE mismatch between Cu and the ceramic as well as the copper hardening due to the plastic deformation result in the fracture of the ceramic and the peel off of the Cu foil [START_REF] Tilford | Thermo-mechanical modelling of power electronics module structures[END_REF] [START_REF] Gunther | Failure Mechanisms of Direct Copper Bonding Substrates (DCB)[END_REF]. The use of Si3N4 ceramics with copper bonded using Active Metal Brazing (AMB) technology improves the substrate reliability [START_REF] Wang | Power Device Packaging Technologies for Extreme Enironments[END_REF] [13], but the Si3N4 thermal conductivity is half of the AlN one and hence thin ceramic plates should be used. In such case, the voltage withstand and the warpage of the substrate become serious issues [START_REF] Zhang | Residual stress and warpage of AMB ceramic substrate studied by finite element simulations[END_REF]. Direct Bonded Aluminum (DBA) on AlN ceramic has shown a high level of reliability when large amplitude cycles were used (1500 cycles from -55 °C to +250 °C) [START_REF] Guangyin Lei | Effects of Large-Temperature Cycling Range on Direct Bond Aluminum Substrate[END_REF]. This augmented reliability is due to the difference in the plastic hardening behavior between Al and Cu and the lower modulus of Al. However, since Al is not compatible with most solders and should be protected from oxidation, a nickel (Ni) layer is always applied. Al has a high CTE (24 ppm/°C) compared to the one of Cu (16 ppm/°C), leading to strong plastic deformation. As a consequence, surface roughening of Al has been observed after thermal cycling as well as cracks in the Ni layer [START_REF] Fukumoto | Effects of Extreme Temperature Swings (-55°C to 250°C) on Silicon Nitride Active Metal Brazing Substrates[END_REF]. This may alter the die attach reliability. In order to allow a high heat spreading, the substrate can be thermally coupled to the metal base plate using solder. The power modules are assembled to their heatsinks using Thermal Interface Materials (TIMs), such as thermal greases, elastomers or phase change materials. These materials are used to reduce the contact thermal resistance between the underside of the power module and its heatsink. However, organic based TIMs have a low thermal conductivity and a very low stability at high temperature [START_REF] Due | Reliability of thermal interface materials: A review[END_REF], which has a negative impact on thermal management. Graphite or graphene foils could also be used as TIM, but they suffer from very low thermal conductivity in at least one direction (anisotropic materials) [START_REF] Forsbach | Reliability of Thermal Interface Materials for Power Semiconductor Devices[END_REF]. In addition, in order to minimize the thermal contact resistance, the use of such foils requires a perfect surface finish as well as the application of high pressure during operation. Metal springs are also seen as a solution to reduce the thermal resistance of contact, but the main obstacle to their use is their high cost [START_REF] Graham | Sn+ Heat-Spring Solder RIMs for Superior Thermal Management in IGBT Power Modules[END_REF]. Cooling technologies such as jet impingement or spray cooling allow the evacuation of a large amount of heat and the elimination of TIMs [START_REF] Buttay | Compact Inverter Designed for High-Temperature Operation[END_REF] [20] [START_REF] Kim | Spray cooling heat transfer: The state of the art[END_REF]. Their main drawbacks are the limited exchange surface, the complex cooling system as well as the risk of clogging the cooling nozzles.

In order to avoid the aforementioned limitations of metallized substrates, TIM and die attaches, a new assembly based on multilayers silver sintering on highly thermally conductive AlN ceramic heat sink is presented in this paper (Fig. 1b,1c,1d). The main objectives of this paper is to optimize the sintering processes used to make the power assembly presented in Fig. 1d and to evaluate the properties of such assembly. The tracks of the electrical circuit are done by a thick sintered silver layer called "Track layer" as shown in Fig. 1c. The main goal of this layer is to carry the current in the horizontal direction. Its electrical resistance should therefore be as low as possible. Note, that it can be sintered at unusual temperature, above 400°C. An "adhesion layer" and a "die attach layer" are necessary to ensure respectively a good contact of the "track layer" with the ceramic substrate and the semiconductor chips. Various adhesion layers will be studied in this paper while it is proposed to make the die attach layer by silver sintering in order to limit the number of materials in the power module. The die attach layer must be sintered at conventional temperature according to datasheet to avoid die degradation, around 300°C. The main contributions presented in this paper are detailed hereafter:

1. Investigation of pressure-less silver sintering kinetics at nonconventional high temperatures using in situ shrinkage measurement. 2. Identification of the relationship between process parameters, relative density and electrical properties for sintered silver layers used as current track and die attach layers.

Evaluation of microstructural and mechanical

properties of the assemblies using various metal adhesion layers on AlN ceramic. The paper is organized as follows: section II describes the selected materials, the samples preparation and the experimental techniques that have been used. In section III, experimental results on silver paste sintering for track and die attach layers are displayed and discussed. Section IV presents the relationship between the sintering process and the physical properties of the sintered material. Finally, different assemblies (various adhesion and finish layers and various multilayer sintering processes) are compared in Section V.

II. MATERIALS AND EXPERIMENTS

A. Materials

AlN ceramic plates with a thickness of 1 mm supplied by Ceramtec and 350 µm thick Si diodes with Ni/Ag bottom metallization supplied by ABB (5SLY12E) were used in this study. AlN plates were used for this study instead of heat sink to ease the survey.

Various metal adhesion layers on the AlN ceramic have been tested using screen printing and/or sputtering technologies. The objective is to compare these different adhesion layers in order to select the best one for the proposed assembly. The first evaluated adhesion layer is a screen printable silver ink sintered at 850°C in air for 10 minutes. For this metallization technique, the main interest is to reduce the number of materials in the final assembly: only silver is present between the ceramic and the die metallization. The second studied technique involves layers of Ti/Ni/Ag sputtered onto the AlN plate (thickness 100nm/500nm/100nm). In this stacking, the Ti is used for adhesion on the AlN ceramic, Ni acts as diffusion barrier and Ag is used to facilitate the adhesion with the sintered silver layer and to prevent Ni oxidation. Finally, the third studied technique consists of a W layer sintered at high temperature to insure the adhesion with the AlN. To avoid element diffusion, NiP layer was then electroless plated on W, followed by a gold or silver finishing sputtered layer to protect nickel from oxidation (thickness 7µm/2µm/100nm). Au finishing has been selected for its good property to protect the lower layers from oxidation. Ag finishing is less effective in protecting against oxidation, nevertheless silver will be sintered on this layer. The Ag finishing will therefore avoid harmful diffusion phenomena that could occur between Ag and Au in the case of Au finishing as it will be observed later in the paper. Since the coefficient of thermal expansion of W (4.6 ppm/°C) is close to the one of AlN (4.5 ppm/°C), this solution allows reducing the mechanical stresses at the interface between the AlN and the metal adhesion layer. Hence a good thermomechanical reliability of the interface under thermal cycles can be expected.

For track and die attach layers, a screen printable pressureless silver paste has been used [START_REF] Botter | Thermal aging of power module assemblies based on ceramic heat sink and multilayers pressureless silver sintering[END_REF]. The silver particles have been observed using scanning electron microscopy (SEM -Zeiss Ultra 55) and the results indicate that their size are in the range of 1 µm. The density of the paste is 4.3 g.cm -3 , which suggests a large amount of organic solvent and additives in its composition (silver density is 10.5 g.cm -3 ). Organic components allow preventing the premature agglomeration of silver particles during storage and give to the paste the viscosity required for screen-printing.

B. Samples preparation and experiments

The control of electrical and thermal conductivities of the sintered layers is mandatory for power module design. It is argued that the sintering process has a direct impact on the density of the sintered layers and the density directly governs the electrical and thermal properties of the layers [START_REF] Bai | Low-Temperature Sintered Nanoscale Silver as a Novel Semiconductor Device-Metallized Substrate Interconnect Material[END_REF] [START_REF] Rmili | Quantitative Analyses of Porosity and Transport Properties by FIB-SEM 3D Imaging of a Solder Based Sintered Silver for a New Microelectronic Component[END_REF]. Hence, a deep investigation of the effect of various sintering process parameters (atmosphere, heating rate, paste drying, sintering temperature, dwell time) on the sintered layer density was investigated by using in situ monitoring of the mass loss and the layer shrinkage and will be presented in the next sections.

Mass loss during de-binding was evaluated with 800 mg of paste by thermogravimetric analysis (SETARAM TGA 96) in order to optimize the thermal profile. The impact of oxygen on the organic evaporation was investigated by analyzing the losses in air and inert argon atmosphere.

Dilatometry (SETARAM TMA 96) was used to measure the variation of the thickness of the samples during sintering. The silver paste was sandwiched between two AlN plates with 8×8 mm 2 area and a thickness of 1 mm each. Silver ink with a thickness of 10 µm was used as adhesion layer on the AlN. The silver paste was screen printed on the sintered silver adhesion layer by using a 100 µm thick stainless stencil. The top AlN plate was deposited using a die bonder with a low force to avoid the smearing of the paste (0.1 N for 100 ms). The samples prepared for dilatometry tests are presented in Fig. 2c and2c'. In order to eliminate the effect of the thermal deformation of the sandwiched structure, a blank test was systematically implemented with two metallized AlN plates without silver paste before each test. The displacement measured during the blank test was then subtracted to the displacement measured during the paste sintering test. The electrical conductivity was measured from room temperature until 200°C for various sintering profiles using conventional four-probe method. The thermal conductivity was deduced from the Weidemann-Franz law. The samples prepared for electrical conductivity tests are presented in Fig. 2b'. The sintered layer density was deduced from weight and volume measurements on samples presented in Fig. 2c'. The impact of various adhesion metal layers and sintering parameters on the microstructure of the assembly was investigated using SEM. Samples are constituted of a Si device assembled on an AlN plate using three metallic layers: an adhesion layer, a track layer and a die attach layer Fig. 3b, c andd. One example of metallography with W/Ni/Ag as adhesion layer is presented in Fig. 4.

The shear tests were carried out using a Royce 600 series bond test equipment with a head tool length of 8 mm (larger than the device length) (Fig. 3e). The head tool was positioned at 20 µm above the ceramic surface and the displacement speed was fixed at 1mm.min -1 . The applied force is measured during the test until the failure detection. The shear stress is calculated by dividing the maximum measured force by the device area (6.3×6.3 mm 2 ). At least 4 samples have been tested for each condition to have an acceptable statistic distribution. In order to identify the weak points of each assembly, fracture analyses have been achieved using optical microscopy and SEM coupled with EDX elements analyses. 

III. SILVER PASTE SINTERING FOR TRACK AND DIE ATTACH LAYERS

In the following section, the impact of various parameters of the thermal pressure-less sintering process (such as atmosphere, heating rate, maximal temperature and dwell time) of the silver layer densification will be presented thanks to thermogravimetry and dilatometry analyses.

A. Impact of the atmosphere and the heating rate on organic evaporation

As aforementioned, silver pastes contain organic components that must be removed before sintering. Hence, the optimization of the organic removal is necessary to reach the best conditions for subsequent sintering. Results of two TGA experiments with a heating rate of 1°C.min -1 from ambient temperature in argon flow and in air flow are presented in Fig. 5. On each curve, two separate loss steps can be identified. The first one with a large mass loss of 10.1 wt.% corresponds to the solvent evaporation and it is independent of the atmosphere. The second loss step corresponds to dispersant evaporation and it occurs between 250°C and 280°C with only 0.6 wt.% loss. It takes place at lower temperature in air due to the oxygen presence that promotes the dispersant elimination. Accordingly, the next experiments have been achieved in air, as it facilitates the dispersant elimination. Above 300°C, the mass remains unchanged in both tests, which suggests that the whole organic materials have been removed from the paste. The mass and volume fractions of silver inside the paste were calculated to be 89.3 % and 36 % respectively. Dilatometry tests were carried out to analyze the effect of the heating rate on the shrinkage during solvent removal. Fig. 6 shows the shrinkage measured for two heating rates: 1 and 5°C.min -1 from ambient until 300°C. At 1°C.min -1 , shrinkage is observed between 50 and 150°C, with a total value of 10%. Then, the measured displacement did not significantly evolve until 300°C. This shrinkage is due to particle rearrangement during evaporation of the solvent, until the achievement of a more compact packing with particles in contact. On the other hand, during the test with a heating rate of 5°C.min -1 , a strong swelling is observed around 150°C, followed by an equivalent shrinkage and a flat period until the start of sintering at 300°C. Since a high quantity of liquid is suddenly evaporated during the 5°C.min -1 heating, the internal pressure increases and can create macropores inside the silver layer. The lower shrinkage measured at 300°C for the 5°C.min -1 test confirms the higher porosity of the silver particle packing after drying. Since macropores are difficult to eliminate during sintering, it is recommended to evaporate the organic of the paste by using a heating rate of 1°C.min -1 . 

B. Impact of the heating rate on the joint sintering

In order to evaluate the impact of the heating rate on sintering and to avoid the swelling during the organic evaporation, a temperature profile with a slow heating rate until a drying step of 1h at 150°C has been selected. In this way, most of organic components are removed without swelling before reaching the sintering temperature. After the drying step, heating rates of 5°C.min -1 and 20°C.min -1 have been selected to reach the sintering temperature. Results showing the shrinkage and the temperature as functions of time are presented in Fig. 7. A small swelling related to the dispersant evaporation is still recorded at about 250°C. However, since the swelling leads to only 2% deformation, it has been decided to ignore it. At the end of the sintering process, the shrinkage difference is less than 1% between the two curves, meaning that the heating rate has little effect in this range. Hence, in order to reduce the process time, the heating rate of 20°C.min -1 will be used in the next presented experiments. 

C. Impact of the temperature and dwell time on the silver densification

The aforementioned results show the interest of using an oxygen atmosphere, a low heating rate during solvent evaporation and a high heating rate to reach the sintering temperature. Hence, for the next experiments aiming at evaluating the effect of the sintering temperature and dwell time on the densification, air atmosphere has been chosen and the following thermal cycle has been followed: slow heating rate of 1°C.mm -1 until drying for 1h at 150°C, followed by 20°C.min -1 heating until the maximum sintering temperature. Four temperatures have been compared: 325°C, 400°C, 500°C and 850°C. The value of 325°C has been selected for studying the sintering of the die attach layer (maximum recommended temperature in the SiC MOSFET datasheet CPM3-0900-0010A), while the other values have been selected for the sintering of the track layer. In Fig. 8a, the swelling induced by the dispersant evaporation is systematically found after approximately 185 min. The densification begins just after this swelling and the shrinkage of the sintered joint increases with increasing sintering temperature and dwell time. For the temperatures of 325°C, 400°C and 500°C, the shrinkage value after 60 min is 22, 32.5 and 40%, respectively. The higher shrinkage of about 47% is observed for sintering at 850°C and more than 90% of the shrinkage takes place during heating. In the latter case, the dwell time does not impact the densification. The link between densification, time and temperature can be explained by the fact that sintering is controlled by diffusion mechanisms which are thermally accelerated.

Plotting the shrinkage rate shows that the densification phenomenon takes place in 3 steps pointed by red arrows in Fig. 8b. During the first step, just after swelling, the shrinkage rate increases drastically. A second step can be detected after about 190 min when the rate stabilizes and reaches a plateau with a value of about 1%.min -1 . Finally, when the temperature reaches 350°C, the shrinkage rate increases again to reach its maximum value. The first acceleration of densification occurs after complete dispersant evaporation, when particle get in contact with each other. The second acceleration observed at 350°C can be due to the activation of new sintering mechanisms that take place at high temperature.

IV. RELATIONSHIP BETWEEN THE PROCESS AND THE SILVER LAYER PHYSICAL PROPERTIES

The microstructure after sintering at various temperatures has been investigated on the top surface of bare sintered silver layers (Fig. 9). For the sample sintered at 325°C for 10 min, it can be seen that diffusion mechanisms have already created necks between particles. These necks have greatly increased in size after 10 min sintering at 400°C. Finally, in the sample sintered at 500°C during 1h, the number of pores has greatly decreased, revealing a porosity that is probably closed. Usually, cross section observation combined with image analysis is used to evaluate the porosity of sintered materials. However, the polishing of sintered silver can severely compromise the relevance of porosity quantification because of pore smearing and smudging. In order to avoid complex and expensive preparation techniques, the porosity of the samples was deduced from volume and mass measurements. Results for various sintering conditions are presented in Table 1. The higher the temperature and the longer the sintering time, the higher the densification. Once the density of sintered materials is calculated for various temperature profiles, the objective is to link it to the physical properties of the materials. The electrical resistivity of different sintered silver samples at for 10min, 400°C for 10min, 400°C for 1h and at 500°C for 1h was measured. The measurements were carried out at various temperatures between 20 and 200°C, as the aim is to improve the performance of the power modules in high-temperature environment. The results are presented in Fig. 10. As expected, the higher the sintering temperature, the lower the resistivity. A resistivity of 21 nΩ.m (30% higher than the one of bulk silver) is found for the paste sintered at 500°C for 1 h. All samples show a thermal electrical coefficient similar to that of bulk silver which is 0.0038°C -1 . The thermal conductivity as function of sintered layer density was determined from electrical resistivity thanks to the Wiedemann-Franz equation [START_REF] Mahan | Wiedmann-Franz law at boundaries[END_REF] and both values found at 20°C as function of joint porosity rate are shown in Fig. 11. In the whole density range, both electrical and thermal conductivity values are comparable with the ones obtained after pressure assisted silver sintering [START_REF] Shang | Pressure-Assisted Low-Temperature Sintering of Silver Paster as an Alternative Die-Attach Solution to Solder Reflow[END_REF]. In the worst case where the sample presents a porosity of 44%, the thermal conductivity is about 150 W.m - 1 .K -1 which remains three times higher than the one of conventional solders [START_REF] Duch | Comparison of Thermal Measurement Methods and Determination of Thermal Resistance of Die Attach Materials used in Power Electronic Modules[END_REF]. V. MECHANICAL EVALUATION OF THE ASSEMBLIES In this section, the mechanical strength of the whole assembly (die attach layer, track layer, adhesion layer and ceramic) will be evaluated. Regarding previous dilatometry results, sintering the track layer at a temperature of 850°C seems to be the best option. However, due to the small differences in final porosities between the 850°C and 500°C tests, and in order to reduce residual thermomechanical stresses in the assembly after the process, the sintering temperature at 500°C for 1h was selected. In addition, to evaluate the importance of the sintering profile of the track layer, more porous samples sintered at 400°C for 10 min have also been fabricated. For all assemblies, the die attach layer has been sintered at 325°C during 10 min to avoid die degradation. In the following, different adhesion metal layers will be compared. Results of shear stress for different adhesion metal layers with track layers sintered at two different temperatures are presented in Fig. 12. For Ti/Ni/Ag and silver ink adhesion layers, samples with a track layer sintered at 500°C for 1 h show average shear stress values of 25 MPa and 21 MPa respectively. The fracture surface as well as the thickness of the metal layer remained on the substrate after the shear test in both cases are presented in Fig. 13a andb. It comes that the fracture took place at the die attach level. The difference in shear strength between silver ink and Ti/Ni/Ag samples with a track layer sintered at 500°C for 1h comes probably from the difference of thickness of the assembly, visible in Fig. 13e. Average shear stress for samples with a track layer sintered at 400°C during 10 min show values of about 19 MPa irrespectively of the adhesion layer. The fracture location is similar to the one obtained for track layers sintered at 500°C for 1h. For both adhesion layers, a good contact is achieved with the track layer shown by SEM cross section images in Fig. 14a andb. This analysis highlights that the adhesion layer is not the limiting factor of the assembly in the cases of a silver ink and Ti/Ni/Ag adhesion layers.

For the W/Ni/Au adhesion layer sample, the mean shear strength is between 7 and 8 MPa. This result is independent of the track layer sintering temperature, which suggests that the weak point of the assembly is the adhesion layer. This hypothesis is confirmed by the measurement of the silver thickness remaining on the substrate, as shown in Fig. 13e. This measurement indicates that the samples delaminate at the adhesion layer level. The samples with a track layer sintered at 500°C for 1h showed the same fracture surface with a delamination at the adhesion layer also. The low shear strength can be explained by the presence of a silver depletion zone at the interface. This depletion zone can be seen in Fig. 14c. The Energy Dispersive X-ray spectroscopy (EDX) in Fig. 15 performed on the fracture surface clearly shows the presence of Ag and Au, further confirming the location of the fracture. Low shear strength of silver sintered joints on gold finishes have been already observed [START_REF] Yu | Reliability of Ag Sintering for Power Semiconductor Die Attach in High-Temperature Applications[END_REF].

For the W/Ni/Ag adhesion layer sample, the mean shear strength value is around 9MPa. Analyses of fracture surface in Fig. 13d and Fig. 13e show that the failure occurs systematically at the adhesion layer. Unlike the W/Ni/Au adhesion layer, no depletion zone is visible in Fig. 14d. However, EDX analysis of the interface with the silver in Fig. 15 reveals that the NiP layer was partially oxidized during processing and could be the cause of the low shear stress values. This analysis confirms the color of the fracture surface, visible in Fig. 13d. The previous results suggests that metallization with Au finish is not suitable for the assembly proposed in this work. The W/Ni/Ag based metallization also shows poor shear strength due to the partial oxidation of the NiP layer. However, the shear strength of the assemblies with silver ink and Ti/Ni/Ag sputtered layer based metallization present satisfactory shear strength, higher than 20 MPa. Finally, the sintering temperature of the track layer is also important for the mechanical strength of the assembly. Samples with track layers sintered at 500°C for 1h have a better mechanical strength than those with a track layer sintered at 400°C for 10min. This is probably due to a stronger adhesion at the interface with the 500°C sintered layer, as this layer is much denser with larger contact area. Therefore, it is recommended to select a metallization layer based on silver ink or Ti/Ni/Ag sputtered layer, with a 500°C sintered track layer.

VI. CONCLUSIONS

An innovative power module packaging including an adhesion layer on an AlN heat sink and pressure-less sintered silver layers has been presented. The impact of the process parameters such as the sintering atmosphere, the de-binding conditions, the heating rate, the sintering temperature and the dwell time of silver paste has been evaluated using in situ shrinkage measurement and thermogravimetry analysis. It has been shown that the de-binding stage should be achieved with a low heating rate to avoid swelling during silver sintering. The relationship between the process, the microstructure and the physical properties of sintered silver such as porosity and thermal and electrical conductivities has been established. It has been shown that thermal conductivities as high as 150 W.m -1 .K - 1 and 300 W.m -1 .K -1 for the die attach and the track layer respectively can be obtained. These results as well as the dilatometric results will be very useful to allow optimizing future power assemblies. Finally, the mechanical properties of the complete assembly with various adhesion layers on the AlN substrate have been investigated. The study revealed that classical gold finish layer leads to low shear strength (about 8MPa) due to the creation of a depletion zone at the interface with the sintered silver. Results are equivalent for W/Ni/Ag metallization. For this adhesion layer, it seems that the sputtered layer does not adhere well to the NiP layer and fails to protect it from oxidation. Nevertheless, a high strength (of the order of 20MPa) has been found for assemblies with silver ink and Ti/Ni/Ag adhesion layer. For these assemblies, the fracture path takes place essentially at the level of the sintered die attach layer. The study of the evolution of the assemblies as a function of aging is ongoing in order to consolidate the results and will be presented in a future paper.
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 1 Fig. 1: (a) Cross section of standard power module assembly, (b) proposed power module assembly using ceramic heat sink and multilayer silver sintering, (c) Schematic cross section view of proposed assembly, (d) Top view of power assembly on ceramic plate.
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 2 Fig. 2 Cross section of the ceramic and the silver ink adhesion layer (a), cross section and top view of samples used for electrical resistivity measurement (b) and (b') respectively, cross section and top view of samples usé for dilatometry measurement (c) and (c') respectively.
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 3 Fig. 3: Schematic view of the assembly preparation: (a) cross section of the ceramic with the various tested adhesion layers, (b) track layers sintered using two thermal profiles on the various metal adhesion layers, (c) die attach of the device. (d) Top view picture of the assembled samples and (e) picture of the sample under shear test.
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 4 Fig. 4: SEM cross section view of assembly.
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 5 Fig. 5: TGA results with a heating rate of 1°C.min -1 in argon and air flows.
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 6 Fig. 6: Shrinkage versus temperature measured during drying with two heating rates.
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 7 Fig. 7: Dilatometric results showing the impact of the heating rate used to reach the sintering temperature.
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 8 Fig. 8: Dilatometric results showing the impact of the sintering temperature on the measured shrinkage (a) and the shrinkage rate for different sintering temperatures (b).
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 9 Fig. 9: Top view of various sintered silver layers observed by SEM: (a) 325°C-10min, (b) 400°C-10min and (c) 500°C 1h.
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 10 Fig. 10: Electrical resistivity as a function of temperature for silver sintered layers with different thermal profiles.
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 11 Fig. 11: Electrical resistivity and thermal conductivity at 20°C as function of porosity.
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 12 Fig. 12: Shear stress of different assemblies using various metal adhesion layer and two sintering profiles for track layers.

13 :

 13 Fracture surface after shear tests of assemblies with: (a) Ti/Ni/Ag sample and track layer sintered at 500°C during 1h, (b) silver ink sample and track layer sintered at 500°C during 1h, (c) W/Ni/Au sample and track layer sintered at 400°C during 10min, (d) W/Ni/Ag sample and track layer sintered at 400°C during 10min, (e) Thickness measurement of silver thickness remaining on the substrate after shear test.
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 1415 Fig. 14: SEM images of the interface between the track layer (sintered at 400°C for 10min) and various metal adhesion layers: (a) Ti/Ni/Ag, (b) silver ink, (c) W/Ni/Au, (d) W/Ni/Ag.
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