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Thermo-Mechanical Assessment of Silver Sintering for Attaching Power Components in Embedded PCB

PCB-Embedding technology is an established approach for the miniaturization of electronic systems and modules. Silver sintering, which is a reliable alternative to Lead-Free Bonding, is used to assemble the embedded power components in the PCB. Thermal cycles [-25°C/+125°C] have highlighted degradations in the die attach. The shear strength of dice decreases from 4 MPa before cycling to 2 MPa at 1040 cycles. The junction temperature has drifted during cycling especially at high temperatures. Simulations have shown that the maximal stresses are in the preg materials. This suggests cracks of the preg during the experiments. Simulations showed also a concentration of plastic stresses on the die attaches. The accumulation of stresses increases during ageing. The presented methodology of thermal cycling simulation represents a good way to estimate the lifetime of embedded PCB.

Introduction

This paper presents a novel concept of a highly integrated power module. This power module, dedicated to automotive and aeronautics applications, is designed to be integrated in a low voltage electric motor (≤48V). Thus, our application requires a single-phase leg topology with high current density inside each power switch (400A).

This integration is based on an embedding solution of power semi-conductor dice inside a PCB. This paper will show the concept design of the power module based on silver sintering technology for die attach and pre-impregnated composite fibres used as electrical insulation between copper layers.

Embedded printed circuit board has demonstrated many advantages such as mass and volume decreases, electrical performance optimization by short and geometrically well controlled interconnects. These advantages are supplemented with parasitic elements reduction and heat dissipation increase [START_REF] Hou | High Power-Density 3D Integrated Power Supply Module Based on Panel-Level PCB Embedded Technology[END_REF] [START_REF] Boettcher | Embedding of chips for system in package realization-technology and applications[END_REF]. In this concept, silver sintered joints have been chosen as die attach for its high electrical and thermal performance and high reliability [3] [4].

This paper shows the concept design of the power module based on silver sintering technology for die attach and preimpregnated composite fibres used as electrical insulation between copper layers. Then we will focus in this paper on reliability test results where the embedded power module is submitted to thermal cycling tests [-25/125] °C.
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Power module concept a Fig. 1 shows the selected design for embedding solution according to our patent N° FR3060255. This solution requires the use of silver paste Argomax 2010 for sintering and die attaching power Si-MOSFET components to heavy copper layers. These heavy copper layers are made with Insulated Metal Substrate (IMS) technology, finished with thin layer of gold for more compatibility with silver paste. For example, the low side IMS in Fig. 1 is composed by three layers; a thick copper layer (1mm thickness) on the low side for power control layered to another thin copper layer (35µm thickness) on the top side for signal control and laminated to each other due to pre-impregnated materials. Each die is sintered from both sides to two different IMS substrates. The gap inside the package is filled with pre-impregnated composite fibre materials.

To improve the industrialization efficiency during module manufacturing, silver sintering and pre-preg thermosetting are processed together. A force of 64 kN is applied on an assembly panel of the assembly. Then the assembly isco heated with a slope rate of 10 °C/min until reaching the temperature 135 °C. At this temperature the pre-preg material is cured for 20 minutes. Then, a second heating phase is set with a slope rate of 10 °C/min until reaching the temperature 195 °C. At this temperature, the silver paste is sintered. This sintering phase is programmed for 100 min. At the end of this sintering phase, the force is released, and the assembly is cooled, at room temperature. Furthermore, the thin copper foil connects 4 Si dies gate pads between each other in order to get them in parallel configuration. The connection between these in-layers gate signal and the driver is obtained due to plated through hole (PTH) vias. 

Test vehicle

Based on the concept design shown before, test vehicles were manufactured in partnership with Elvia PCB (France). Fig. 3 shows a single-phase leg test vehicle with the embedding packaging at four Si dice in parallel per switch, with two switches stacked on each other's to get the single-phase leg function (Fig. 4). 

Test description

Thermal Cycling Test (TCT), which allows a passive thermal cycling via the spreader from -40 °C to 200 ° C, is used. Samples were aged by TCT from -20 °C to +125 °C, 15 minutes dwell time for high and low temperature levels and 3 °C/min slope for transitions. A suitable box clamps are used to mount the Test Vehicles (TVs) on the plate. 7 samples (TV2 to TV8) are mounted and tightened on the aluminium plate as show in Fig. 5. The four screws of each Box clamps are tightened with a torque wrench at 3N and an adhesive, whose effect is ensured for [-55/180] °C, was put on the thread of these screws. The TV8 is instrumented in order to follow the intrinsic evolution of the module. 

Electrothermal characterization

An electrothermal characterization is performed by the thermal cycling test bench. This method called "Indirect Measurement Method" is carried out with a weak bias current. It allows to determine the junction temperature (Tj) by measuring the intrinsic body diode of the component (Vd). At thermal equilibrium, a constant 50mA is injected continuously into the component without causing significant self-heating. Thus, the voltage drop across the intrinsic body diode of the component (Vd) is measured for each junction temperature Tj. Finally, the characteristic "variation of the junction voltage as a function of temperature" is plotted and a trend line is then generated as shown in Fig. 6. 

Aging results

A current of 50 mA is injected into instrumented test vehicle during cycling and the evolution of voltage Vd is assessed throughout cycling. The junction temperature Tj is plotted for different cycles in order to follow and interpret its evolution during aging as shown in Fig. 7. It was observed that Tj is similar for the different readouts for low temperatures. However, for high temperature Tj, the measure fluctuates more and more versus number of cycles. This result indicates that TCT aging influences the state of health of samples. The preg which melting point is (140°C) is damaged at maximum temperature of the carried-out cycling (125°C). In fact, a propagation of a microcrack due to preg creep become easier when the layer is thinner. This propagation could cause the loss of the fundamental property of preg, namely electrical insulation. In order to assess the mechanical strength of the sintered silver attach, a shear test was carried out. Fig. 8 shows the evolution of the minimal shear strength value of sintered copper studs during aging. It represents the value of the first shear sintered side. This shear strength value decreases more and more with aging. These values are less important compared to single-sided sintering. The double-sided assembly is not yet mature because of the creep behaviour of preg materials and its interaction with sintered materials. The value obtained before aging does not follow the law observed on the rest of the readouts. Indeed, it turned out that the TV tested before aging contained process defects.

Fig. 8. Shear test measurement during ageing

In order to have a better understanding of this evolution, Scanning Acoustic Tomography (SAT/SAM) is used. Fig. 9 shows the consecutive images captured of a test vehicle which underwent 1040 thermal cycles. Fig. 9-a shows SAM micrographs of sintered silver die-attach layer of the test vehicle which underwent 1040 thermal cycles. A nonuniform image of the sintered silver die attach layer is observed because of large voids formed by entrapped gas from the flux in the sintered joint. Since the silver layer has a density of about 80%, the scanning acoustic microscopy was unable to resolve the sub-micron pores remaining in the partially sintered film (cf. Fig. 9-a).

In Fig. 9-b, the contrast differences show a delamination in the interface between the die and the sintered silver die attach. Delamination is usually caused by coefficient of thermal expansion mismatch of the materials as well as the mechanical stresses caused by higher level package integration and module assemblies. This delamination weakened the shear strength value.

Finite element simulation (ANSYS ©) of TCT cycles [-25/125] °C thermo-mechanical effect

Modelling

In order to study the influence of thermal cycling test on the sintered silver die attach strength, a simplified geometry is modelled. Only the part of the module under box clamps and containing the dice is taken into consideration as shown in Fig. 10. Then due to two planar symmetries, only a quarter of the area is modelled. 

Materiel properties

Silicon is considered as an isotropic brittle material, Preg as an anisotropic brittle material, Copper as a plastic material and Sintered Silver as a visco-plastic material. The thermophysical parameters of these materials are provided in Table 1.

Fig. 10. Modelled ePCB

Table 1. Properties of materials used in thermomechanical simulations [START_REF] Schriefer | Vibrational resistance investigation of an IGBT gate driver utilizing Frequency Response Analysis (FRA) and Highly Accelerated Life Test (HALT)[END_REF]- [START_REF] Henaff | Lifetime evaluation of nanoscale silver sintered power modules for automotive application based on experiments and finite-element modelling[END_REF]. 

Cycles number

Chaboche's model is a suitable model that describes the plastic behavior of copper which undergoes hardening during cyclic aging [START_REF] Woirgard | Identification and analysis of power substrates degradations subjected to severe aging tests[END_REF]. Table 2 summarizes the data of the non-linear kinematic model of Chaboche of Copper hardening (Ci and γi). Anand's model is used to interpret the viscoplastic deformations. This model uses a Garofalo hyperbolic sine function under stress and is based on the creep speed. This model was chosen to represent the deformations of sintered silver.

Table 3 presents the values of the nine parameters of the Anand visco-plastic model for silver sintering. Table 2. Parameters of constitutive model of Chaboche kinematic hardening of copper [START_REF] Woirgard | Identification and analysis of power substrates degradations subjected to severe aging tests[END_REF] [8].

Meshing and boundary conditions

The thermomechanical element SOLID186 was chosen to mesh the geometry as shown in Fig. 11. The latter allows several degrees of freedom among which, the displacements Ux, Uy, Uz and the temperature can be cited. The mesh is refined for the volumes representing dice and sintered silver die attach.

The displacements along X of the axis X = 0 points and those along Y of Y = 0 are cancelled due to the double symmetry. In addition, the central point is frozen for all directions. All nodes of the sample rear surface are selected to undergo TCT cycling. Table 3. Anand visco-plastic model parameters for silver sintering [START_REF] Zhou | Vibration Durability Comparison of Sn37Pb vs SnAgCu Solders[END_REF]. 

Results and discussions

After one thermal cycle application, the equivalent Von Mises stresses are plotted at the reference temperature (25 °C) as shown in Fig. 12. It was observed that the maximum stresses are concentrated at the edges of the chip suburbs' in the preg. Their value (106 Mpa) exceeds the ultimate strength of preg (56 Mpa). This suggests cracks in the red area of the preg during the experiments. Indeed, the preg, a brittle material, is sandwiched between two thick layers of copper which are ductile. This indicates that the preg undergo cracking to relax the concentrated stresses.

The Strain Energy Density (SED) is often used to establish the prediction model for the lifetime of viscoplastic materials. This model depends on initiation and growth of cracks. The number of thermal cycles corresponding to the crack initiation is influenced by the overall geometry of the assembly, the materials used and the thermal loading. Therefore, the number of cycles to failure is predicted by an empirical relationship. Fig. 12. Equivalent stresses of one die surrounding Fig. 13 shows the SED distribution at Ag/Si/Ag layers after 1 and 100 aging cycles. It has been observed that the SED is maximum in the die attaches. This is understandable given that silicon is brittle while sintered Ag is viscoplastic.

However, in a more realistic assembly, the test vehicles are not only composed of PCBs and dice bounded using the sintered joint but also of a heat sink. In the case where the test vehicle also consists of a heat sink, there will certainly be stresses at the PCB /heat sink interface. However, this heat sink will especially limit the strains of the PCB at the PCB/ sintered silver die attach interface and therefore potentially the problem of thermal differential will mitigate. give an approximate indication of the number of cycles undergone by the sintered silver before failure. Fig. 14 shows the maximum and averaged SED accumulation during the first 100 cycles. The polynomial generated curves could give a rough idea of the SED accumulation at the die attach and therefore a more reliable estimation of sintered silver die attach lifetime [START_REF] Henaff | Lifetime evaluation of nanoscale silver sintered power modules for automotive application based on experiments and finite-element modelling[END_REF].

Conclusion

The present work has examined the effect of thermal cycling on embedded PCB prototypes using simulations and experiments.

Thermal cycling test is performed to investigate the environmental effect on Silicon MOSFETs embedded in a PCB. Experimental results imply that the number of thermal cycles affects the state of health of embedded-PCB. Electrical measurement become more and more perturbed during cycling. This could be due the preg which submitted cracking at high temperature close to its melting point. This crack propagation could cause the loss of the preg electrical insulation. Mechanical measurements of die attach strength decrease during ageing.

Finite Element (FE) simulations have shown that the stresses are in the preg. This suggests cracks of the preg during the experiments. FE simulations showed also a concentration of plastic stresses on the die attaches which is in a good agreement with experimental shear test. The presented methodology of thermal cycling simulation represents a good way to estimate the lifetime of embedded PCB based on the SED accumulation. 
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