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Abstract 
High-voltage SiC devices offer an attractive combination of fast switching and low losses, giving 

application users unprecedented levels of flexibility in choice of topology and control strategy for 

medium- and high-voltage power conversion. However, it’s really essential to have a suitable packaging 

technology taking into account high electric fields concentrations, whilst maintaining compact 

commutation loops and effective thermal management. This paper describes the design and the 

fabrication of a wire-bond-less, highly integrated planar multi-chip 10 kV SiC MOSFET power module 

with stacked substrates, embedded decoupling capacitors and a high performance integrated thermal 

management system. Thermomechanical simulations were carried out to study the bending behaviour of 

these substrates during the sintering process. 

 

Keywords: Silicone carbide, packaging, high voltage, high density, SiC MOSFET, power module. 

 

             

INTRODUCTION 

 

High-voltage silicon carbide (SiC) MOSFETs, such as 

Wolfspeed’s 3rd-generation 10 kV, 350 mΩ devices are 

capable of switching high voltages faster and with lower 

losses, than Si IGBTs [1]. However, it has been shown 

that the package can have profound impacts on the 

module performance. In particular, the high power 

density due to the application of high voltage devices 

requires a high performance cooling system which can be 

well aligned with the electrical and electromagnetic parts. 

To reap the full benefits of these unique devices, an 

optimized power module package must be developed. 

The aim of this work is to develop a high-density, high-

speed and highly integrated power package for 10 kV 

SiC MOSFETs. The designed module has a planar, 

sandwich structure with no wire bonds. The module also 

features stacked ceramic substrates in order to reduce the 

electrical field concentration inside the package, thereby 

increasing the partial discharge inception voltage. 

Furthermore, a direct-substrate, jet-impingement cooler 

was designed and integrated into the module housing. 

The result is a high-density module with low parasitic 

inductance, low electric field concentration, and low 

thermal resistance. 

This work builds on work previously reported by the 

authors in [2]–[7] with the addition of new material on 

the practical realization of a prototype module with the 

integrated cooling system. 

 

 

 

 

 

MODULE DESIGN 

 

Figure 1 shows the designed half-bridge power module, 

which has three 10 kV, 350 mΩ SiC MOSFET dies in 

parallel per switch position. The module has a planar 

structure using molybdenum (Mo) posts and a direct 

bonded aluminum (DBA) substrate for the 

interconnections instead of wire bonds. This type of 

structure allows for increased power density, and reduces 

the parasitic inductances and capacitances in the module, 

thereby improving the transient performance. The DBAs 

have special conducting vias for forming low-inductance 

electrical connections within the power module. Each 

MOSFET has its own decoupling capacitor placed 

directly over it. The module also features spring 

connectors for the terminations. The footprint of the 

designed module is 83.3 mm  68.2 mm  24.7 mm with 

the housing, which gives a power density of 4.3 W/mm3. 

For reference, the power density of Wolfspeed’s 10 kV, 

240 A SiC MOSFET module is 4.2 W/mm3, not including 

the cooling system [8]. 

To address the enhanced electric field associated with a 

10 kV, high-density design, two DBAs are stacked 

together, as reported in the previous work [2]. 

Furthermore, Mo bumps were used to provide sufficient 

insulation distance between the top and bottom DBAs. It 

should especially be noted that the filled vias in the DBAs 

have been to form the electrical connection between the 

MOSFETs and the top DBA. While planar structures 

with metal post spacers have been explored in the past, 

the voltages have been limited to below a few kilovolts 

[9]. 

Instead of mounting the module onto a baseplate, a 

direct-substrate, jet-impingement cooling system was 



custom designed and fabricated. Each jet impingement 

cell is located under each SiC MOSFET die, and the 

coolant is impinged on the bottom side of the stacked 

DBAs to remove the heat generated by the SiC 

MOSFETs (Figure 1). To the authors’ knowledge, this is 

the first time a highly integrated multi-chip design for 

10 kV SiC MOSFETs with an integrated cooler is being 

reported. In the next sections, the stacking of the DBA 

substrates is presented with thermomechanical modelling 

and simulation to study the bending behaviour of the 

substrates during the sintering process, followed by a 

detailed description of the full module assembly. 

 

 

ASSEMBLY OF THE STACKED DBA 

SUBSTRATES 

 

The designed module was fabricated using the following 

assembling process. First, two DBA substrates were 

stacked together using pressure-assisted silver sintering. 

Silver sintering was chosen because it has higher thermal 

conductivity and greater reliability than solder [10]. 

Furthermore, since the melting temperature of the 

sintered-silver joint after sintering (960 °C) is higher than 

the sintering temperature (≤ 260 °C), multiple sintering 

processes can be done without affecting the previously-

sintered joints. Before the assembly, thermomechanical 

modelling was carried out to study the bending behaviour 

of the stacked DBA substrates during the silver sintering 

process. 

 

 

 

 

 

 

Figure 1  Schematic and 3D model of the complete assembly. The color in the 3D model correspond to the node in the 

schematic with the same color. 3D model of the assembly with its integrated cooler is also presented. A cross-section of the 3D 

model shows the jet impingement cells cooling directly each SiC MOSFET die at the back of the stacked substrates. 

 

Figure 2  Schematic to represent the model used for the thermos-mechanical simulation of the stacked DBA1/DBA2 substrates 

showing the silver layer, the rigid parts, the PTFE and the applied force. 

 

Figure 3  Temperature and Force profile used for the 

thermo-mechanical simulation of the stacked substrates. 



Thermo-mechanical modelling 

 

The thermomechanical modelling and simulation has 

been done using commercially-available finite element 

analysis software (Abaqus 6.14) and its graphic user 

interface (CAE). The DBA substrates were modelled 

with 1-mm-thick aluminum nitride (AlN) and 0.3-mm-

thick aluminum on both sides of the ceramic with 

aluminum-filled vias. 

Figure 2 shows the geometric model of the bottom 

stacked DBAs (DBA1/DBA2 in Figure 1) with two rigid 

parts on either sides of the substrates and a PTFE layer 

(as a compliant material) on one side to mimic the 

experimental process. Both substrates were assumed to 

be initially stress free and flat with a 50-µm-thick silver 

layer between the two DBA substrates. A similar concept 

was used for the bottom stacked DBAs (DBA3/DBA4 in 

Figure 1). The 3D model was set at room temperature 

when applying the set force of 10 kN. To model the 

sintering process, the temperature was gradually 

increased to 250 °C. Upon reaching 250 °C, there was a 

dwelling time of 5 min, followed by a gradual reduction 

in the force at 250 °C and a cool down to room 

temperature (Figure 3). 

Figure 4 shows the deformation in the Z direction for the 

four DBA substrates after the modelled sintering process. 

It can be seen that the simulation shows about 5 µm of 

residual bending with a concave bottom surface of DBA1 

and a convex top surface of DBA2. As for the stacked 

DBA3/DBA4, the simulation shows about 3 µm of 

residual bending with a concave bottom surface of DBA3 

and a convex top surface of DBA4. These results are 

expected considering the distribution of the traces within 

the design. 

 

 

Stacking of the DBA substrates 

 

The four DBA substrates were silver finished to be 

suitable for the silver sintering process. DBA2, DBA3 

and DBA4 include filled vias for electrical connection 

between the top and bottom Al layers. Figure 5 shows the 

as-received four DBA substrates. The stacking processes 

of the DBA substrates were performed as follows: 

• All the DBA substrates were cleaned with the 

solvents and plasma etching prior to the 

assembly process 

• Wet nano-particle silver paste layers were 

printed on DBA4 and DBA2 using a stencil 

• The paste was then dried in the oven at 130 °C 

for 30 min to remove the organic materials 

• Then the sintering processes were performed 

using a hydraulic-press with a sintering force of 

10 kN, a sintering temperature of 250 °C and a 

dwell time of 5 min. The samples were left to 

cool down to room temperature. 

It should be noted that a layer of PTFE has been used on 

one side of the substrates as a compliant material in order 

to have a homogeneous distribution of the pressure across 

the DBA substrates. Figure 5 shows the stacked 

DBA1/DBA2 and the stacked DBA3/DBA4 after the 

sintering processes. Due to the high force applied by the  

 

Figure 4  Bending distribution in Z direction obtained by the thermomechanical simulation for the 3D models: Stacked 

DBA1/DBA2 and Stacked DBA3/DBA4 after the sintering profile. 



 

 

Figure 6  Surface profile of the four DBA substrates before (red line) and after (black line) the stacking process 

 

Figure 5  Photos show the four as-received silver finished DBA substrates, an example of the printed Ag paste on DBA4, and the 

samples after the stacking processes 



hydraulic press during the sintering processes, several 

cracks were observed in the ceramic of the sintered DBA 

substrates. 

An optical profilometer was used to measure the surface 

profile of the sintered DBA substrates. Multiple scans 

were performed across the samples in order to investigate 

the bending behaviour of all the DBA substrates before 

and after the sintering process. The results of the surface 

profile scans are shown in Figure 6. The bending of the 

stacked DBA1/DBA2 was estimated at about 10 µm on 

both sides. However, the bending of DBA3 and DBA4 

was more significant (about 50 µm). The pattern of the 

bending is in good agreement with the results obtained 

by the simulation. This large bending is a result of a high 

force located in the middle of the substrates during the 

sintering process, which led to the cracking of the 

substrates. These are obviously detrimental for the 

assembly and for the electrical insulation. 

In order to avoid the cracks of the ceramics, a lower force 

was applied during the stacking process. Both stacked 

substrates were then sintered at a corresponding pressure 

of about 1 MPa with a sintering temperature of 260 °C 

and a hold time of 30 min. The longer sintering time was 

needed to ensure a good sintering joint at a lower 

sintering pressure. The stacked substrates sintered at 

1 MPa were successfully sintered without any cracks at 

the ceramics. 

 

 

ASSEMBLY OF THE FULL MODULE 

 

The 10 kV SiC MOSFET dies were supplied with 

aluminum top surface. They are first cleaned and coated 

with Nb/Au using e-beam evaporation through a shadow 

mask, to provide a suitable surface for sintering. 

The multi-chip module has been produced using multiple 

fabrication steps. The stacked DBA1/DBA2 and the 

coated SiC MOSFETs were first cleaned using solvent 

and plasma etching, then the wet nano-particle silver 

paste were printed on the top of the stacked DBA1/DBA2 

using a stencil. The Ag paste was then dried in the oven 

at 130 °C for 30 min. The SiC MOSFET dies were then 

placed on the top of stacked DBA1/DBA2 with a die 

bonder to ensure an accurate positioning. The die attach 

sintering was performed using a hydraulic press with a 

sintering pressure of about 10 MPa, a sintering 

temperature of 260 °C and a sintering time of 30 min. 

Mo posts were chosen to provide sufficient electrical 

insulation distance between to the top and bottom stacked 

substrates, and to ensure electrical interconnection at the 

top of the SiC MOSFETs and the stacked DBAs. Since 

one side of the Mo posts will be soldered to the top 

DBA3/4 stacked substrates, the posts used in this design 

were laminated with copper for improved bonding 

strength. The copper laminate was finished with gold for 

compatibility with silver sintering since the other side of 

the Mo posts will be sintered to the MOSFET dies and 

the bottom DBA1/2 stacked substrates. The Mo posts 

 

Figure 7  Images of the multi-chip 10 kV SiC module at different stages of the assembly: first the SiC MOSFETs were sintered to 

the stacked DBA1/DBA2, the Mo posts were sintered on the corresponding position and the full assembly after bonding the top 

stacked DBAs. 



were placed on the corresponding positions and sintered 

using the die bonder to ensure accurate positioning. 

The next step is the bonding of the top DBA stack (shown 

in Figure 1) to the top sides of all the Mo posts. Solder 

was chosen instead of silver sintering because a thicker 

solder layer can be achieved to accommodate height 

variations of the Mo posts and solder is more compliant 

so that it can absorb more of the thermomechanical 

stresses than a rigid, thinner silver layer. It should be 

noted that the 10 kV SiC MOSFETs used in this module 

were semi-functional dies and were used to evaluate the 

fabrication processes for the final module containing 

more MOSFETs. Figure 7 shows different images at 

different stages of the full module assembly. 

The critical aspects of the assembly, namely the 

alignment and attachment of the top DBA stack to the Mo 

posts, were evaluated with X-ray imaging, as shown in 

Figure 8. Good alignment between the Mo posts (dark in 

the image) and the aluminum traces on the top DBA stack 

(medium-grey in the image) is confirmed. 

The next step in the assembly process will be to solder 

the spring terminals and decoupling capacitors. Images 

of a completed smaller version of this 10 kV module 

were previously reported showing the an example of the 

full assembly process with the spring terminals and 

embedded decoupling capacitors [4][6][7]. 

The assembled multi-chip 10 kV module was placed in 

the integrated cooler showing the inlet and outlet on one 

side and the jet impingement cells under each SiC 

MOSFET die (Figure 9). The thermal performance of the 

cooler was reported previously and the lowest junction-

to-ambient specific thermal resistance of the module was 

measured to be 26 mm2•K/W (0.38 K/W) [7]. 
 

 

CONCLUSION 
 

In this paper, the design and the fabrication of a wire-

bond-less, half-bridge, highly integrated planar multi-

chip 10 kV SiC MOSFET module was presented. First, 

thermomechanical simulations were carried out to study 

the bending behavior of the stacking processes of the 

DBA substrates, followed by the experimental processes 

and evaluation. The assembly of the full module with 

multi-chip on each switching position has then been 

presented. The assembled module was placed in an 

integrated jet impingement cooling system, which offers 

efficient cooling for a high-density application. 
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