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Abstract 

This thesis proposes several novel silicon carbide power module design concepts. 
The goal has been to address the problems with the present designs. The electrical, 
thermal, and thermomechanical performances of the demonstrators have been 
evaluated along with presentations of methodologies of experimental and numerical 
characterizations. 

Compact high-temperature power modules with adequate cooling systems are 
attractive to automotive applications. Therefore, a novel thermal design of a double-
sided liquid/air cooled silicon carbide power module (1200 V, 200 A) has been 
proposed. The concept integrates a dc-link capacitor, a gate driver board, and finned 
cooling channels. The cooling concept has been evaluated for three application 
scenarios based on a validated computational fluid dynamics model. Moreover, a 
simulation methodology has been developed to quantify the effect of different 
materials and thicknesses of the cold plates on the temperature of the silicon carbide 
power dies. 

For medium- and high-power applications, contemporary research concludes that 
the reliability of the existing packaging technology needs to be improved. Therefore, 
this work proposes a novel press-pack silicon carbide power module concept. The 
concept enables bondless package and allows for an order of magnitude higher 
clamping force on the heatsinks than what can be applied on the dies. First, 
experimental and numerical methodologies for thermomechanical performance 
characterization of a press-pack structure have been investigated. By using digital 
image correlation technique, the deformation of each stacked material layer has been 
obtained. The developed experiment has led to an analytical estimation of friction 
coefficients on the contact interfaces. The co-influence of the design parameters on 
the thermomechanical performance of the press-pack structure has been analyzed 
through a parametric study based on a finite element model. Second, the novel 
double press-pack silicon carbide power module concept has been evaluated in a 
demonstrator in terms of parasitic inductance, thermal resistance, and 
thermomechanical stress. 

Furthermore, many of the power module designs only stay at the stage of proof-
of-concept due to the cost of retooling of the manufacturing facility. Embedded 
power modules which employ advanced printed circuit board processing and die 
embedding technologies, enable a solution with possibility of low cost and mass 
production. Therefore, a novel design concept of a three-phase embedded power 
module (1200 V, 20 A) has been proposed. Simulation-driven design development 
has been implemented and lead to a fabricated demonstrator. The electromagnetic, 
thermal, and thermomechanical performances of the concept have been evaluated 
by simulations and compared to a commercially available power module. 

Keywords 
Silicon carbide, power electronics, power electronics packaging, experiment, 
modeling and simulation, computational fluid dynamics, finite element analysis, 
multiphysics. 
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Sammanfattning 

Denna avhandling föreslår flera nya koncept för effektmoduler för 
effekthalvledarkomponenter i kiselkarbid. Målet har varit att belysa problemen med 
existerande lösningar. Elektriska, termiska och termomekaniska egenskaper hos 
demonstratorer har utvärderats tillsammans med beskrivningar av metoder för 
experimentell och numerisk karakterisering.  

Kompakta moduler för höga temperaturer med anpassade kylsystem är attraktiva 
i fordonstillämpningar. För detta ändamål har en termisk konstruktion av en 
dubbelsidigt luft/vatten-kyld effektmodul (1200 V, 200 A) tagits fram. Konceptet 
inkluderar mellanledskondensator, gate-drivdon och kylkanaler med kylflänsar. 
Kylkonceptet har utvärderats med avseende på tre scenarier baserade på en 
validerad flödesdynamisk numerisk modell. Dessutom har en simuleringsmetod 
utvecklats med vilken temperaturen hos kiselkarbid-chipen kan kvantifieras 
beroende på val av olika material och materialtjocklek hos kylblocken.  

För medel- och hög-effekt tillämpningar anses allmänt att kapslingsteknikens 
tillförlitlighet bör förbättras. Därför föreslås i detta arbete ett nytt presspack-koncept 
för kiselkarbidkomponenter. Konceptet möjliggör bondtrådslös kontaktering och 
tillåter en storleksordning högre inspänningstryck på kylarna än vad chipen tillåter. 
I ett första skede har metoder för experimentell och numerisk karakterisering av 
termomekaniska prestanda för presspack-strukturer undersökts. Genom att 
använda digital bildkorrelationsteknik har deformationen hos varje skikt i 
strukturen kunnat bestämmas. Det utvecklade experimentet har lett fram till en 
analytisk bestämning av friktionskoefficienter på kontaktytorna. Den kombinerade 
inverkan av olika konstruktionsparametrar har analyserats genom en parametrisk 
studie som baseras på en finit-element-modell. I det senare skedet har det föreslagna 
presspack-konceptet utvärderats med hjälp av en experimentell prototyp. Parasitisk 
induktans, termisk resistans och termomekaniska spänningar har undersökts. 

Många nya kapslingskoncept stannar på det konceptuella stadiet pga kostnader 
för produktionsverktyg. Inbäddade effektmoduler som använder avancerade 
mönsterkortsmetoder och chip-integrationsteknik, möjliggör lösningar med låga 
tillverkningskostnader vid massproduktion. Med detta i åtanke har ett koncept för 
en inbäddad trefasmodul (1200 V, 20 A) tagits fram. Simuleringsdriven 
konstruktion har använts för att färdigställa en prototyp. Elektromagnetiska, 
termiska och termomekaniska egenskaper för konceptet har utvärderats genom 
simuleringar och jämförelser med en kommersiellt tillgänglig effektmodul. 

Nyckelord 
Kiselkarbid, effektelektronik, effektelektronisk kapsling, experiment, modellering 
och simulering, flödesdynamisk numerisk modellering, finit-element-analys, 
multifysik. 
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Chapter 1 

Introduction 

The information presented in this chapter is based on Publications I to V. 

1.1 Background 

Energy consumption has been increasing throughout history, especially with the 
recent rapid economy and technology growth. However, greenhouse gas emissions 
dramatically influence the life of human beings. The related pollution and 
environmental issues become ever more serious. Therefore, the global trend of 
energy saving is progressing pushed by governments. The European Union has set 
a 20 % energy savings target by 2020. By 2030, the target should be 30 % [1]. 
According to the report of the International Energy Agency in 2017, 68 % of the 
global energy is still not covered by the mandatory energy efficiency policies 
around the world. The global investment in energy efficiency increased to USD 231 
billion in 2016. Europe is responsible for the largest share of the global investment. 
Buildings, transport, and industry are the three main areas of the investment [2]. 

Power management systems employing power electronics technologies, play a 
major role of electric energy efficiency improvement. Power electronics 
technologies deal with controlling and converting electric power, and it covers 
areas such as power device design, analog/digital circuit design, control system 
design, packaging design, material processing and fabrication technologies, 
measurement and characterization technologies, computer-aided modeling and 
simulation, and so on. With the invention of the mercury-arc rectifier, the 
“classical era” of power electronics started from early 1900 due to the electric 
revolution which followed the industrial revolution in 18th century. In 1948, Bell 
Laboratories started the revolution of the power semiconductor devices by the 
invention of transistors. General Electric was the first company bringing power 
semiconductor devices to the commercial market from the 195os. The invention of 
the insulated-gate bipolar transistor in 1985 is a milestone in the history of power 
semiconductor devices [3].  

Modern power electronics faces technical challenges due to the demand of 
higher power density, higher temperature, higher efficiency, and higher reliability. 
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Packaging is one of the key issues in a power electronics system, which can 
influence the system performance dramatically. The conventional power 
electronics packaging technologies and peripheral components developed for 
silicon (Si), typically limit the junction temperature to approximately 150 °C [4]. 
This indicates that Si semiconductors are close to their physical limits. Meanwhile, 
silicon carbide (SiC) wide bandgap semiconductors pave the way into the high-
power, high-temperature power electronics applications where they may replace 
Si or even enable new applications where Si could not succeed.  

SiC power devices have recently reached a level of maturity where 
implementation in products is considered attractive due to both technical and 
economical reasons [5]. The technical reasons may be higher performance in terms 
of output power, controllability, and operation temperature, or a reduction of 
overall system size. The economical reasons are typically related to the technical 
ones as superior power semiconductor device performance yields benefits on the 
system level. High switching speeds may, for instance, enable higher switching 
frequencies, which in turn facilitates the use of significantly smaller passive 
elements in the circuit. As these passive circuits typically constitute a considerable 
part of the total system costs, significant cost savings are possible. In the same way 
reduced losses and higher maximum operation temperatures enable 
simplifications and reduced capacities of the cooling systems, which again results 
in lower costs. 

[6] and [7] provide a review of the state-of-art advanced packaging technologies 
for SiC devices. A majority of the commercially available power devices in SiC, 
however, employ packages which have been developed for power devices based on 
Si. This means that several of the advantageous properties of SiC power devices 
cannot be fully utilized [8]–[14].  

1.2 Main Objectives 

The main objective of this thesis is to propose novel SiC power module concepts 
with consideration of the problems of the current power module designs, while 
achieving solutions similar to or better than the contemporary Si power module 
technology. Another objective is to establish multiphysics experimental and 
numerical characterization methodologies for SiC power modules. These 
objectives can be itemized as follows: 

 Identify the problems with the current power module designs; 
 Propose novel SiC power module concepts with state-of-the-art design 

technologies with the goal to achieve similar to or better performance 
than the contemporary Si designs; 

 Evaluate the multiphysics performances of the demonstrators along with 
a presentation of the methodologies of the experimental and numerical 
characterizations; 
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 Implant variations of design parameters to produce different scenarios 
in order to predict the operation performances. 

1.3 Outline of the Thesis 

Chapter 1 introduces the thesis, gives a short background of the topic and 
briefly presents the main objectives and the scientific contributions. 

Chapter 2 gives a brief introduction to today’s available Si and SiC power 
modules for medium- and high-voltage ranges. 

Chapter 3 introduces a novel double-sided cooled SiC power module design. It 
presents the computational fluid dynamics (CFD) simulation results of the cooling 
concept evaluation for three automotive application scenarios. Moreover, it also 
presents the results from a parametric study on the effect of cold plate material 
and thickness variations on SiC die temperatures. 

Chapter 3 introduces a novel double press-pack SiC power module concept 
specially designed for medium- and high-power applications. It presents the 
experimental and numerical characterization results. 

Chapter 4 introduces a novel embedded SiC power module employing 
advanced printed circuit board (PCB) processing technology. Moreover, it presents 
a comparison to an existing reference module with respect to electromagnetic, 
thermal, and thermomechanical performances. 

Chapter 5 summarizes the work in this thesis and gives suggestions and ideas 
for future work. 

1.4 Main Scientific Contributions 

This thesis has resulted in the following original scientific contributions: 

A) 
Compact high-temperature power modules with adequate cooling systems, are 

attractive to automotive applications. Therefore, a novel thermal design of a 
double-sided liquid/air cooled SiC (50 kW, 1200 V, 200 A) power module 
integrated with dc-link capacitor and gate driver board for automotive applications 
has been proposed. This design enables cooling in two different automotive 
operating environments: under-hood and controlled temperature environment of 
a passenger compartment.  

The concept has been evaluated thermally for three application scenarios based 
on the validated CFD model. Furthermore, a simulation methodology has been 
developed to quantify the effect of different materials and thicknesses of the cold 
plates on the temperatures of SiC power dies. 
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B) 
For medium- and high-power applications, contemporary research concludes 

that the reliability of the existing packaging technology needs to be improved. 
Therefore, this work proposes a novel press-pack SiC power module concept. The 
concept enables a bondless package and allows for an order of magnitude higher 
clamping force on the heatsinks than what can be applied on the dies. First, 
experimental and numerical methodologies for thermomechanical performance 
characterization of a press-pack structure have been investigated. Second, the 
novel double press-pack SiC power module concept has been evaluated in a 
demonstrator in terms of parasitic inductance, thermal resistance, and 
thermomechanical stress.  

C) 
Many of the power module designs only stay at the stage of proof-of-concept due 

to the cost of retooling of the manufacturing facility. Embedded power modules 
which employ advanced PCB processing and die embedding technology, enable a 
solution with the possibility of low cost and mass production. Therefore, a novel 
design concept of a three-phase embedded power module (1200 V, 20 A, 
55 mm × 36 mm × 0.8 mm) has been proposed. Simulation-driven design 
development has been implemented and lead to a fabricated demonstrator. The 
electromagnetic, thermal, and thermomechanical performances of the concept 
have been evaluated by simulations and compared to a commercially available 
power module.  

1.5 List of Appended Publications 

I. Y. F. Zhang, I. Belov, N. G. Sarius, M. Bakowski, H.-P. Nee, and P. 
Leisner, “Thermal Evaluation of a Liquid/Air Cooled Integrated Power 
Inverter for Hybrid Vehicle Applications,” in Proc. 14th IEEE EuroSimE, 
Wroclaw, Poland, Apr. 2013. (Keynote presentation) 
 
A thermal design of an integrated double-sided cooled SiC (1200V, 200A) 
power inverter for hybrid electric vehicle (HEV) applications has been 
proposed to enable cooling in two different automotive operating 
environments: under-hood and controlled temperature environment of 
passenger compartment. The power inverter is integrated with air/liquid 
cooled cold plates equipped with finned channels. Concept evaluation 
and CFD model calibration have been performed on a simplified thermal 
prototype. Computational experiments on the detailed model of the 
inverter, including packaging materials, have been performed 
application scenarios defined for automotive industry, including two 
extreme and one typical driving cycles. For the studied application 
scenarios, the case temperature of the SiC transistors and diodes have 
been found to be below 210 °C. The maximum steady-state temperature 
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of the dc-link capacitor has been below 127 °C for the worst-case 
scenario including liquid cooling, and up to 140 °C for the worst-case 
scenario with air-cooling. 
 
The main contributions to this paper: constructing of the thermal 
prototype and the experimental setup; performing the thermal 
experiments and simulations; data analysis; preparing the manuscript. 
 
I. Belov contributed with advice on the development of the experimental 
and simulation methodologies. 
 

II. Y. F. Zhang, I. Belov, M. Bakowski, J.-K. Lim, P. Leisner, and H.-P. Nee, 
“Investigation of a Finned Baseplate Material and thickness Variation 
for Thermal Performance of a SiC Power Module,” in Proc. 15th IEEE 
EuroSimE, Ghent, Belgium, Apr. 2014. (Keynote presentation) 
 
A simplified transient CFD model of an automotive three-phase double-
sided liquid cooled SiC power inverter, including pin-fin baseplates, has 
been developed and qualified for parametric studies. Effective heat 
transfer coefficients (EHTCs) have been extracted from the detailed pin-
fin baseplate model for the two coolant volume flow rates of 2 l/min and 
6 l/min, at a coolant temperature 105 °C. The inverter model includes 
the temperature-dependent heat losses of SiC transistors and diodes, 
calculated for two driving cycles. Baseplate materials such as copper 
(Cu), aluminum-silicon carbide (AlSiC) metal matrix composite, 
aluminum (Al) alloy 6061 as well as virtual materials have been 
evaluated in the parametric studies. Thermal conductivity, specific heat 
capacity and density have been varied as well as thickness of the finned 
baseplates (1 to 3 mm). A trade-off between temperature of SiC chips 
and baseplate weight has been investigated by means of Pareto 
optimization. The main results of the parametric studies include a weak 
dependence (1 to 3 °C) of the chip temperature on the baseplate 
thickness. Furthermore, switching e.g. between Cu and AlSiC results in 
a 5 to 8 °C increase of the chip temperature, at a 65 to 70 % baseplate 
weight reduction. 
 
The main contributions to this paper: calculating the temperature-
dependent heat losses of SiC transistors and diodes for two driving cycles; 
developing the simplified transient model; performing the parametric 
study based on the CFD model; data analysis; preparing the manuscript. 
 
I. Belov contributed with advice on the development of the simulation 
methodologies. 
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III. Y. F. Zhang, T. Hammam, I. Belov, T. Sjögren, M. Bakowski, and H.-P. 
Nee, “Thermomechanical Analysis and Characterization of a Press-Pack 
Structure for SiC Power Module Packaging Applications,” IEEE Tran. 
Compon. Packag. Manuf. Technol., vol. 7, no. 7, pp. 1089–1100, Jul. 
2017. 
 
This paper presents an experimental methodology for the 
characterization of thermomechanical displacement and friction 
properties in a press-pack structure, and evaluation of the tensile stress 
on the semiconductor die through simulation of different mechanical 
and thermal loading conditions. The press-pack structure consists of a 
single silver (Ag)-metallized (1 μm) SiC (400 μm) in contact with 
rhodium (Rh)-coated (0.4 μm) molybdenum (Mo) square plates. The 
thermomechanical displacements in the press-pack structure have been 
obtained using the digital image correlation (DIC) technique, and the 
mean random error has been ± 0.1 µm, which is approximately 10 ppm 
of the measured length (10.5 mm). The developed experimental 
methodology has led to an analytical estimation of friction coefficients 
on the interfaces SiC-Mo and Mo-Cu. The results demonstrate that the 
thin Ag layer behaves as a solid film lubricant. A 2D finite element (FE) 
model representing the experimental setup has been implemented. The 
difference in displacement between measurement and simulation is less 
than 8 %. Furthermore, the co-influence of the design parameters on the 
thermomechanical performance of the stacked structure has been 
analyzed through simulations. Finally, design guidelines to reduce the 
tensile stress on the SiC die have been proposed regarding press-pack 
power electronics packaging.  
 
The main contributions to this paper: developing the test object; 
constructing the experimental setup and experimental procedure; 
performing the thermomechanical experiment by employing DIC 
technology; developing the modeling and simulation; data analysis; 
preparing the manuscript. 
 
T. Hammam contributed with advice on the development of the 
experimental setup and measurement data analysis. I. Belov contributed 
with advice on the development of the simulation methodologies. T. 
Sjögren contributed with advice on the development of the DIC 
measurement. 
 

IV. Y. F. Zhang, H.-P. Nee, T. Hammam, I. Belov, P. Ranstad, and M. 
Bakowski, “Multiphysics Characterization of a Novel SiC Power Module,” 
submitted to IEEE Tran. Compon. Packag. Manuf. Technol., 2018. 
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This paper proposes a novel power module concept specially designed 
for highly reliable SiC power devices for medium- and high-power 
applications. The concept consists of two clamped structures: 1) a press-
pack power stage accommodating SiC power switch dies, and 2) 
perpendicularly clamped press-pack heatsinks, in which, the heatsinks 
are in contact with electrically insulated case plates of the power stage. 
The concept enables bondless package with symmetric double-sided 
cooling of the dies and allows for an order of magnitude higher clamping 
force on the heatsinks than what can be applied on the dies. The concept 
has been evaluated in a first demonstrator (half-bridge configuration 
with ten paralleled SiC dies in each position). Experimental 
methodologies, setups, and procedures have been presented. The 
commutation loop inductance is approximately 9 nH at 78 kHz. The 
junction-to-case thermal resistance is approximately 0.028 K/W. 
Furthermore, a simplified   FE thermomechanical model representing 
the center unit of the demonstrator, has been established. The accuracy 
of the simulated temperatures is approximately within 4 % compared to 
the measurements. Finally, a 3D thermomechanical stress distribution 
map has been obtained for the simplified model of the demonstrator.  
 
The main contributions to this paper: developing the test object; 
construct and performing the experimental setup and experimental 
procedure for thermal resistance estimation; developing the modeling 
and simulation; data analysis; preparing the manuscript. 
 
T. Hammam contributed with advice on the development of the 
prototype assembly, experimental methodology and measurement data 
analysis. I. Belov contributed with advice on the development of the 
simulation methodologies. H.-P. Nee and P. Ranstad performed the 
inductance measurement. 
 

V. Y. F. Zhang, K. Neumaier, O. Zschieschang, G. Weis, G. Schmid, M. 
Bakowski, and H.-P. Nee, “Simulation-driven Development of a Novel 
SiC Embedded Power Module Design Concept,” in Proc. 18th IEEE 
EuroSimE, Dresden, Germany, Apr. 2017. (Lecture presentation) 
 
SiC embedded power modules enable a compact and cost competitive 
packaging solution for high-switching frequency and high-temperature 
operation applications. Power module packaging technologies span 
several engineering domains. At the early design stage, simulation-
driven development is necessary to shorten the design period and reduce 
the design cost. This paper presents a novel design concept of a three-
phase embedded power module (1200 V, 20 A, 
55 mm × 36 mm × 0.8 mm) including SiC metal oxide semiconductor 
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field-effect transistor (MOSFET) transistor and antiparallel diode dies. 
Based on the E/CAD design data, several layer built-up designs have 
been tested against thermal, mechanical, and electrical behavior. The 
obtained simulation data then have been evaluated against a commercial 
available power module (Motion Smart Power Module SMP33) which 
utilizes over mold direct bonded copper (DBC) substrates with soldered 
semiconductor dies and bond wire contacts. Compared to the 
conventional module, the loop conductive interconnection parasitic 
inductance and resistance of the design concept (Vdc+ to Vdc-) reduces 
approximately by 88 % and 72 %, respectively. The average junction to 
case thermal resistance has been improved by approximately more than 
10 % even though the total package size reduces by approximately 88 %. 
Furthermore, the contours of deformation and stresses have been 
investigated for the design concept in the thermomechanical simulation. 
 
The main contributions to this paper: developing the parasitic 
inductance simulation and estimation; being partially involved in the 
thermal and thermomechanical simulations and estimations; data 
analysis; preparing the manuscript.  
 
K. Neumaier contributed with advice on the development of the 
modeling and simulation methodologies. 
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Chapter 2 

Brief Overview of Si and SiC Power 
Modules 

Parts of this chapter are based on Publication IV. 

The medium and high voltage range (600 V to >6.5 kV) is believed to be the main 
application area of SiC power electronics [15]. Power electronics packaging for 
medium- and high-voltage semiconductor modules can be divided into two main 
categories with respect to the die-attach and interconnection aspects: 

1. DBC technology, where the semiconductor die is soldered or sintered to a 
metallized ceramic substrate with bond wires for the top side interconnect. 

2. Press-pack technology, where the semiconductor die is just pressed between 
two current collectors, usually Rh- or ruthenium (Ru)-coated Mo plates. 

In this chapter, a brief introduction of today’s available Si and SiC power 
modules for medium- and high-voltage applications is presented. 

2.1 Si Power Modules 

ABB Semiconductors, Microsemi, Danfoss, Infineon, Vincotech, STMicro, 
Semikron are some of the leading companies for today’s Si medium- and high-
voltage power modules [16]. Conventional Si power module packaging 
technologies include die attach, top interconnection, power substrate, power and 
signal terminals, baseplate, and encapsulation. In a typical Si wire-bond power 
module package, the bottom-side metallization of a semiconductor die is soldered 
on the Cu layer of a DBC substrate. The top-side metallization of the semiconductor 
die has Al bond wires as interconnections. Thermal greases are used between the 
cooling system and the power module. The common package failures are presented 
in [17]–[20], such as wire-bond lift-off/crack, die attach fatigue, die metallization 
reconstruction, dry contact fretting corrosion, substrate crack, terminal lift-off, 
thermal interface material (TIM) dry-out and pump-out, and so on. Over the years, 
several design improvements have been made. For example, Al bond wires can be 
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replaced by Al or hybrid Cu ribbons to overcome the wire fatigue and 
thermomechanical stress. Nickel coating polyimide can be plated to strength the 
metallization of the semiconductor dies. In order to improve the reliability of the 
wire bond package, the baseplate can be integrated with the cold plate to provide 
better heat dissipation. A typical cross-section of a Si wire-bond power module 
package and some examples of Si power modules for automotive applications are 
shown in Figure 2.1 [21] and Table 2.1, respectively. 

 
Figure 2. 1: Schematic of cross-sectional view of a typical wire-bond packaged 

module used in the 2004 Toyota Prius Hybrid. 

Table 2. 1: Example of Toyota Si power module packages. 

 

The press-pack technology, was first developed for high-power bipolar thyristors 
during the seventies [22], [23]. One example of a press-pack device with a large 
number of small semiconductor dies connected in parallel was presented 
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in 1998 [24]. In addition, there exists a hybrid packaging technology where the 
semiconductor die is soldered on top of a Mo plate. Whereas, the press-pack 
technique is applied on the top side of the die, a dedicated spring unit for each die 
provides a clamping force through a metal plate [25]. 

2.2 SiC Power Modules 

SiC power modules have been developed during almost a decade. A comparison 
of basic material properties for Si and SiC is provided in Table 2.2. SiC has 
approximately ten times the breakdown electric field of Si. Moreover, SiC has more 
than twice the thermal conductivity of Si. These properties enable SiC power 
semiconductors with substantially lower power losses and substantially better 
high-temperature performance than the Si counterparts. The coefficient of thermal 
expansion (CTE) values show that SiC will have a larger deformation compared to 
Si for a temperature gradient. CTE values are crucial on the contact surfaces 
between Si/SiC and other material. The CTE difference will build up mechanical 
stress on the contact surfaces. The higher Young’s modulus value of SiC compared 
to Si indicates that SiC provides a larger resistance to elastic deformation. This can 
lead to higher mechanical stress. 

Table 2.2 Basic material properties of Si and SiC. 

 

The main issue of SiC power electronics development will be system integration 
and cost reduction [28], [29]. The implementation of system-level integration 
schemes will raise the consideration of the thermal management, electromagnetic 
interference, and thermomechanical stress in power modules at high-power 
density and high-temperature operating conditions. Moreover, cost is always the 
major barrier for wide acceptance in the market. It is known that high-temperature 
packaging materials and processing with high reliability are costly. The cost 
reduction challenge covers materials of die-attach, substrate-attach, substrate, 
baseplate, encapsulation, interconnections, casings and gate-driver circuit. 

In 2017, several semiconductor companies have already commercialized full-SiC 
modules (usually SiC MOSFETs and SiC Schottky diodes). For instance, 
Wolfspeed, Rohm, Mitsubishi Electric, and Fuji Eelectric. The current 
commercially available SiC power modules have voltage levels mainly at 600 V, 
1200 V, and 1700 V while the current rating ranges from 15 A to more than 1000 A. 
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For 3.3 kV SiC power modules, only engineering samples are currently available. 
A prototype of a 6.5 kV full-SiC power module with the highest power density 
(9.3 kVA/cm3), was announced in January 2018.  

Commercially available SiC power modules typically aim at reducing switching 
loss and package size. As a consequence of a smaller package size, the parasitic 
inductance may be reduced due to the shorter electrical connections. Parasitic 
inductance can limit the switching speed, cause voltage overshoot across the power 
switches, and thus increase switching loss. It may also directly induce catastrophic 
failures, such as device breakdown and unintentional switching [30], [31].  

However, a smaller package size requires a better cooling efficiency is required. 
As the temperature increases, the possibility of failure may increase 
exponentially [32]. Different thermal designs have been investigated to find 
solutions for improving the cooling efficiency [33]–[35]. Moreover, uniform 
pressure distribution in a power module may help to improve heat dissipation. One 
way to obtain uniform pressure distribution in a power module is to minimize the 
mismatch in the CTE between assembly materials [36], [37]. 

Currently, most of the commercially available SiC power modules for medium- 
and high-voltage applications are based on DBC technology. However, some 
research works have been performed on the development of SiC power devices with 
pressure contacts during the recent years. In [38], SiC Schottky diodes in pressure 
packages have been evaluated for different clamping forces and contact materials. 
Thermal performance has been investigated for the SiC Schottky diodes pressure 
packages when aluminium graphite is used as the contact material. [39] presents 
a novel electrothermomechanical modeling methodology for a SiC Schottky diode 
using pressure contacts. The results show that aluminium graphite as the contact 
material results in a lower junction temperature compared to Mo. 

2.3 Conclusion 

In this chapter, a brief review of today’s available Si and SiC power modules 
within medium and high voltage ranges has been presented. The conventional Si 
power module packaging technologies and package failure mechanisms have been 
explained shortly. Some of the commercial Si power modules for automotive 
applications have been given as examples. Moreover, a comparison of basic 
material properties for Si and SiC has been provided. The future trend of SiC power 
module development and the corresponding challenges have been discussed 
generally. The status of the current development of the full-SiC power modules has 
been given. The effects of size reduction of SiC power module packages has been 
introduced regarding parasitic inductance, cooling efficiency, and 
thermomechanical stress distributions. Two examples of SiC devices with pressure 
contacts have been given at the end of the chapter.
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Chapter 3 

Thermal Design of a Double-Sided 
Cooled SiC Power Module 

The information presented in this chapter is based on Publications I and II. 

3.1 Introduction 

SiC-based power electronics can enable a more compact and more powerful 
system compared to conventional Si-based ones. This is very attractive for 
automotive applications, especially for HEVs and electric vehicles (EVs) [40], [41]. 
Consequently, the cooling efficiency should increase when the system size 
decreases and the output power increases. The existing interconnect and 
packaging materials in the power system, however, may strongly benefit from a 
transition from single-sided to double-sided cooling [42], [43]. Moreover, the 
cooling systems both in research prototypes and in commercially available power 
modules are often restricted to using a single cooling method [44], [45], i.e. either 
air cooling or liquid cooling. This limits the possibility to perform comparisons 
between air and liquid cooling concepts. 

In this work, the study has been performed in two steps: 
First, a thermal design of an integrated double-sided cooled SiC power inverter 

(50 kW-1200 V-200 A) for automotive applications has been proposed. A 
representative CFD model of the thermal design has been developed. Based on it, 
computational experiments have been performed by simulations including two 
extreme driving cycles and one typical driving cycle. The cooling concept has been 
evaluated under liquid- and air-cooled conditions. For the liquid-cooled condition, 
it has been assumed that the SiC power inverter is installed close to the internal 
combustion engine (ICE) and cooled by the ICE coolant loop. For the air-cooled 
condition, it has been assumed that the SiC power inverter is installed in the 
passenger compartment and cooled by an air conditioner.  

Second, a simulation methodology has been developed for quantifying the effect 
of different materials and thicknesses of cold plates on the semiconductor die 
temperatures for the thermal design of the proposed power inverter. 
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3.2 Thermal Design of a Double-Sided Cooled SiC Power 
Module 

A simplified schematic diagram of the power inverter feeding the ac-motor is 
shown in Figure 3.1. The power inverter includes the following key components: 
two transistor-diode pairs per phase leg, one gate driver per transistor, a dc-link 
capacitor and a digital control unit. All components are located in an Al box with 
dimensions 128 mm × 79 mm × 78 mm. Cooling channels with fins realize the 
double-sided cooling of the SiC transistors and diodes.  

 
Figure 3. 1: A simplified schematic diagram of the power inverter feeding the ac-

motor. 

Figure 3.2 shows an approximate Cu layout, particularly the part of it realizing 
connections between the transistors, diodes, gate drivers, and terminals. The 
power inverter is built upon solder-free interconnects, see Figure 3.3. The SiC 
diodes and transistors are nano-Ag sintered to the upper and lower DBC power 
substrates (AIN: 0.6 mm, Cu: 0.3 mm), which reside on Al cold plates with thermal 
grease and Si elastomer pads as TIMs. The dc-link capacitor is placed as close as 
possible to the power transistors, see Figure 3.4. 

Cooling channels are integrated in the box as shown in Figure 3.4. The positions 
of the upper and lower ducts for cooling have an offset in relation to each other. 
This provides a space for phase and capacitor terminals as well as for cabling. The 
cold plate fin thickness, height, and pitch are 1.0 mm, 3.5 mm, and 4.0 mm, 
respectively.  

The cooling channels can either be connected to the ICE coolant loop or a 
passenger compartment air conditioning loop. In future, a power module design 
could include both different liquid and air supply plugs. An air duct or a liquid hose 
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could be options, both utilizing a universal socket as shown in Figure 3.5. A fan can 
be installed at the inlet of the air-flow splitter.  

 
Figure 3. 2: Top view of one phase leg: approximate Cu layout is provided for 

explanation of component locations. 

 
Figure 3. 3: Vertical layout of a transistor-diode pair in the double-sided cooled 

SiC power inverter thermal design. 

 
Figure 3. 4: 3D view of placements of the dc-link capacitor and the cooling 

channels. 
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Figure 3. 5: Conceptual image of air flow (left) / liquid flow (right) splitter to plug 

to the power inverter. 

3.3 Research Method 

3.3.1 Cooling concept evaluation 

The flow chart of the cooling concept evaluation for the thermal design of the 
double-sided cooled SiC power inverter is shown in Figure 3.6. A simplified 
prototype was manufactured for thermal experiments. Two thermal experiments 
were performed with different power inputs, from which the temperature 
measurements were used for CFD model validation. A CFD model of the 
experimental setup was created and simulated. The model was validated by 
comparing the measured and simulated temperatures obtained at different power 
input levels.  

A CFD model of the thermal design of the double-sided cooled SiC power inverter 
was developed for cooling concept evaluation simulations. In order to create a 
representative CFD model of the thermal design which can give realistic simulation 
results, the modeling methods such as the methods of ambient condition and 
coolant flow modeling, were adopted from the validated CFD model of the thermal 
experimental setup. The physical properties of the materials used in the 
investigation are summarized in Table 3.1. 
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Figure 3. 6: Flow chart of the cooling concept evaluation of the double-sided 

cooled SiC power module thermal design. 

Table 3. 1: Physical properties of materials. 

 
* Thermal conductivity defined by equation k(T) = k0 + c∙(T-T0), which is a linear 
fitting to the curve between temperatures 325 K and 483 K [46].  
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3.3.2 Parametric study on the finned cold plate 

The flow chart of the parametric study on the finned cold plate of the proposed 
thermal design of the double-sided cooled SiC power inverter is shown in 
Figure 3.7. 

 
Figure 3. 7: Flow chart of the parametric study on the finned cold plate of the 

thermal design of the double-sided cooled SiC power inverter. 

First, a modeling simplification method of a finned cold plate was developed 
based on a reference pin-fin cold plate. A CFD model of the reference pin-fin cold 
plate was created and simulated. The EHTC of the cold plate was extracted using:  

∙ ∙

	
	,                                      (3.1) 

where the parameters are given by Figure 3.8. htcconv is the convectional heat 
transfer coefficient on the walls of a cold plate facing the coolant; htccond is the 
conduction heat transfer coefficient of the cold plate; AreaS-F is the surface area of 
the cold plate facing the coolant; AreaS-S is the sum of the cross-sectional area of 
the fins; Total Area is the sum of AreaS-F and AreaS-S.  

A simplified CFD model of the reference pin-fin cold plate with the extracted 
EHTC was simulated. The simulated temperatures were compared with the 
experimental data available in the literature. 
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Figure 3. 8: Parameters of effective heat transfer coefficient extraction for a 

finned cold plate. 

Next, a CFD model of the center phase of the proposed thermal design of the 
double-sided cooled SiC power inverter was developed for parametric study. The 
finned cold plate was modeled by using the established modeling simplification 
method.  

The effect of the cold plates on the temperatures of the SiC power dies was 
evaluated through a parametric study. In the parametric studies, the thermal 
conductivity, density, and specific heat capacity of the cold plates were varied in a 
range covering the values of Cu, Al, AlSiC, copper molybdenum (CuMo), and 
copper tungsten (CuW), see Tables 3.2 and 3.3. The thicknesses of the upper/lower 
cold plates were varied as: 1 mm / 1 mm, 2 mm / 2 mm, 1 mm / 3 mm, and 
3 mm / 3 mm, see Figure 3.9. The coolant flow rate was simulated as 2 l/min and 
6 l/min, respectively. Transient (4 s) and steady-state (20 s) simulations were 
performed. In total, 400 cases were simulated. 

Table 3. 2: Physical properties of the cold plate materials. 

 

Table 3. 3: Cold plate physical property ranges. 
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Figure 3. 9: Thickness variation of the upper/lower cold plates in the parametric 

study. 

Furthermore, the trade-off between the temperature of the SiC die and the 
weight of the cold plate was investigated through a Pareto frontier. The Pareto 
frontier was obtained by optimization on a cost function (CF) [47]. The cost 
function including the temperature (T) of the hottest die and the weight (W) of the 
cold plate with pins, is given by 

∙ ∙ 	,                                               (3.2) 

where  is given by the product of a weight factor ( ) and a normalization factor. 
Accordingly, 

 ,                                                       (3.3) 

where  ranges between 0 and 1 and the normalization factor is defined through 
the maximum ( ) and the minimum ( ) values of the cold plate weight for 
the simulated cases. 

The quantity  is given by the product of a weight factor ( ) and a 
normalization factor. Accordingly, 

	 ,                                                       (3.4) 

where  ranges between 0 and 1 and the normalization factor is defined through 
the maximum ( ) and the minimum ( ) values of SiC die temperature for 
the simulated cases. 
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3.4 Main Results 

3.4.1 Cooling concept evaluation 

1) Application scenario 1: steady state liquid cooling in an extreme 
driving cycle 

The power inverter is assumed to be installed under the hood. It is cooled by 
the motor coolant (ethylene glycol solution). The ambient temperature is Tamb = 
125 °C and the coolant temperature is Tcoolant = 105 °C. The electric motor is run 
with the minimum ICE coolant flow rate 20 l/min. The driving cycle includes a 
long-time acceleration uphill with an initially hot engine (e.g. after a short stop in 
a long trip). The simulation results are provided in Figure 3.10. 

It can be seen from Figure 3.10, that employing the ICE coolant loop for the 
power inverter is a feasible option for the SiC transistors and diodes. The 
maximum temperatures of these components do not exceed 170 °C and 155 °C, 
respectively. Here, the weakest point is probably the dc-link capacitor. The mean 
and the maximum dc-link capacitor block temperatures were calculated to be 
119 °C and 127 °C, respectively, which are somewhat beyond the temperature of 
stable operation for currently available dielectric film capacitors. However, with 
the view of upcoming capacitor technologies, the proposed thermal design is 
adequate for the compact liquid cooled 50kW-1200V-200A power inverter.  

 
Figure 3. 10: Simulation results for application scenario 1: maximum case 

temperatures for transistors (T), diodes (D) and gate drivers (DR), and 
temperature of the dc-link capacitor (Cap): A, B, and C represent the phase legs 

in which B is the phase in the center. 

2) Application scenario 2: transient air cooling in an extreme 
driving cycle 

The power module is assumed to be installed in the passenger compartment 
and cooled by the air from the air conditioner outlet. For the initial condition it is 
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assumed that a car has been left in the sun for a long time, such that the 
temperature in the non-ventilated passenger compartment reached 85 °C. Then, 
the car starts accelerating uphill. At the same time the air conditioner starts and 
sets at 25 °C. The air conditioner outlet temperature gradually decreases from the 
initial 85 °C to the set 25 °C during 60 s, which represents the temperature of the 
air in the cooling channels of the power inverter. The passenger compartment 
temperature gradually decreases from the initial 85 °C to the set 25 °C during 
10 min, which represents the ambient temperature for the inverter box.  

Temperature simulation results are shown in Figure 3.11. As can be seen, the 
thermal design that has been employed for liquid cooling can work for the air 
cooling conditions too. Surface temperatures of transistors and diodes do not 
exceed 210 °C and 200 °C, respectively, still leaving some safety margin to the 
250 °C limit at the junction. Of course, thermomechanical reliability of die-attach 
and interconnects would likely be worse due to a higher temperature as compared 
to the liquid cooling. However, this could probably be compensated by lower 
mechanical vibration levels in the passenger compartment.  

The maximum temperature of the dc-link capacitor is found to be below 125 °C 
during the first 200 s of driving. However, after 10 minutes, the temperature 
reaches 140 °C, which is nearly the steady-state temperature. Taking into account 
that short-term operation of some new capacitors is 150 °C [48], the proposed 
thermal design has the potential to provide acceptable cooling for this application 
scenario. 

 
Figure 3. 11: Simulation results for application scenario 2. 

3) Application scenario 3: transient air cooling in a typical driving 
cycle 

The power module is assumed to be installed in the passenger compartment 
and it is cooled by air from the air conditioner outlet. The initial condition is the 
same as for application scenario 2. However, the car is driven at various speeds. A 
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traction power profile corresponding to a typical driving cycle was converted to 
heat losses as function of time. The heat losses for the power transistors are 
presented in Figure 3.12 for the 50 kW SiC power inverter assuming a power 
efficiency of 99 % [49]. The results from the simulation are presented in 
Figure 3.13. As can be seen, the temperature of all the components are much lower 
than 250 °C. Moreover, Figure 3.13 indicates how fast and how much the system 
components react on the changes in driving events. 

 
Figure 3. 12: Estimated total heat losses of SiC transistors in a typical driving 

cycle, according to application scenario 3. 

 
Figure 3. 13: Simulation results for application scenario 3. 

3.4.2 Parametric study on the finned cold plate 

1) Finned cold plate simplification 
According to Eq. (3.1), the extracted EHTC was calculated to be 16242 W/m2∙K. 

The detailed model of the pin-fin cold plate was then replaced with the EHTC 
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applied to a flat surface of the cold plate. In order to compensate for both the 
conductive thermal resistance and the thermal mass of the pins, an effective 
material layer (2 mm) was introduced to the cold plate. The thermal conductivity 
of the effective fin layer was defined as 

	,                                                             (3.5) 

0	,                                                             (3.6) 

where , , and  are the thermal conductivity values of the effective fin layer in 
x, y, and z directions, respectively;  equals the thermal conductivity of Cu. 

The specific heat capacity of the effective fin layer was defined as 

, 	,                                                             (3.7) 

where ,  equals the specific heat capacity of Cu. 
The density of the effective fin layer was defined as 

∙ 	,                                                         (3.8) 

where  equals the density of Cu and  was defined as 

∙ 	/ 		,                                                         (3.9) 

where  is the number of pins on the cold plate, 	is the cross-sectional area of 
a cylindrical pin, and  is the total area of the cold plate surface. 

Moreover, additional simulations showed that the extracted EHTC is nearly 
independent of the length of the cooling channel, i.e. modeling one third of the 
length of the cooling channel can give a representative EHTC value. Therefore, only 
the center phase of the proposed thermal design of the SiC power inverter was 
modeled. 

2) Summary of the parametric study 
Figure 3.14 summarizes the parametric study results (cold plate material: Cu, 

Al, AlSiC, CuMo,CuW) for 20 s operation (steady state) at 6 l/min flow rate. The 
figure shows that the five cold plate materials result in approximately 8 °C in 
temperature variation on the SiC die. With the same material the cold plate 
thickness variation results in approximately 2.5 °C in temperature variation on the 
SiC die. Therefore, the effect of the cold plate thickness variation is not as 
important as the effect of the cold plate material variation regarding the 
temperatures of SiC dies for 20 s of operation. Moreover, the 1 mm/3 mm 
upper/lower Cu cold plates result in only approximately 1 °C in difference 
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compared to the 3 mm/3 mm ones. Therefore, the 1 mm/3 mm Cu cold plates 
maybe an economical choice compared to the 3 mm/3 mm ones for 20 s of 
operation. 

 
Figure 3. 14: Summary of parametric study results for 20 s of operation at 6 l/min 

coolant flow rate. 

Figure 3.15 shows the parametric study results of a comparison between 
6 l/min and 2 l/min of coolant flow rates for 20 s of operations. The thickness of 
the upper/lower cold plate is 2 mm / 2 mm, see Figure 3.9. The figures show that 
the SiC die temperature increases by less than 6 °C when the coolant flow rate 
reduces from 6 l/min to 2 l/min. It is obvious that the faster the coolant flow rate 
is, the colder the SiC die temperature can be achieved. However, it may not be cost 
efficient if the coolant flow rate is chosen as 6 l/min instead of 2 l/min for 20 s of 
operation, because the SiC die temperature is still much lower than 250 °C when 
the coolant flow rate is 2 l/min. However, from a reliability point-of-view it may 
still be an option to use 6 l/min coolant flow rate. 

Figure 3.16 summarizes the parametric study results (cold plate material: Cu, 
Al, AlSiC, CuMo, CuW) for 4 s of operation (transient) at 6 l/min flow rate. The 
figure shows that the five cold plate materials result in approximately 15 °C in 
temperature variation on the SiC die. With the same material the cold plate 
thickness variation results in approximately 3 °C in temperature variation on the 
SiC die. It can be seen that the effect of the cold plate material variation is larger 
for 4 s of operation compared to 20 s of operation. Therefore, it indicates that the 
effect of the cold plate material variation on the SiC die temperature reduces 
dramatically after the first 4 s during 20 s of operation. 
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Figure 3. 15: Parametric study results for 2 mm / 2 mm cold plates 20 s of 

operation: 6 l/min coolant flow rate (top); 2 l/min coolant flow rate (bottom). 

 
Figure 3. 16: Summary of parametric study results for 4 s of operation at 6 l/min 

coolant flow rate. 
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3.5 Conclusion 

A double-sided liquid/air cooled SiC power module thermal design has been 
proposed for HEV/EV applications. It enables the integration of a power module 
with dc-link capacitor, gate driver, and double-sided cooling channels.  

Three application scenarios have been simulated for the CFD model of the 
thermal design. The first application scenario simulation results show that the 
temperature on the dc-link capacitor is somewhat beyond the temperature of 
stable operation for currently available dielectric film capacitors. However, it can 
be solved by the upcoming capacitor technologies. The second application scenario 
simulation results indicate that the thermomechanical stress on the SiC dies would 
be worse with the air cooling concept than with the liquid cooling concept. 
However, it may be compensated by lower mechanical vibration levels in the 
passenger compartment. The third application scenario simulation results show 
that the temperatures of all the components are much lower than 250 °C. 

Moreover, a CFD modeling simplification method of a finned cold plate has been 
developed. The effect of different materials and thicknesses of the cold plates on 
the semiconductor die temperatures, has been investigated by a parametric study 
on a simplified CFD model of the thermal design of the proposed power inverter. 
The simulation results reveal that the effect of the cold plate thickness variation is 
not as important as the effect of the cold plate material variation regarding the 
temperatures of SiC dies for 20 s (steady state) of operation. The 1 mm/3 mm Cu 
cold plates would be an economical choice compared to the 3 mm/3 mm Cu cold 
plates for 20 s of operation, because the corresponding SiC die temperature 
difference is only approximately 1 °C. Moreover, choosing a coolant flow rate of 
6 l/min instead of 2 l/min for 20 s of operation may not be cost efficient, because 
the SiC die temperature is still much lower than 250 °C when the coolant flow rate 
is 2 l/min. The effect of cold plate material variation reduces dramatically after the 
first 4 s in 20 s of operation. 
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Chapter 4 

Press-Pack SiC Power Module Concept 

The information presented in this chapter is based on Publications III and IV. 

4.1 Introduction 

For the press-pack design there are always conflicting conditions of a desired 
high compressive pressure on the semiconductor dies for low thermal resistance 
versus a desired low compressive pressure to reduce the stress on the 
semiconductor dies [50]. 

In this work, the study has been performed in two steps: 
First, an experimental setup, including a press-pack structure for SiC power 

module packaging applications, has been established for temperature and 
displacement measurements. Thermomechanical displacements of the stacked 
layers of the press-pack structure were measured in a DIC system. Friction 
coefficients between contact surfaces were derived analytically from the measured 
data, for several press-pack clamping force levels at certain temperature difference 
conditions. Moreover, a FE model representing the experimental setup has been 
developed. The co-influence of the design parameters on the thermomechanical 
performance of the press-pack structure has been analyzed through a parametric 
study. 

Second, a novel double press-pack SiC power module concept has been proposed. 
The concept has been evaluated in a first demonstrator with regards to parasitic 
inductance, thermal resistance, and thermomechanical stress. Moreover, a 
presentation of the methodologies of the experimental and numerical 
characterizations is provided. 

4.2 Press-Pack Structure 

4.2.1 Demonstrator 

The demonstrator of a press-pack structure for SiC power module packaging 
applications is shown in Figure 4.1. A 12 mm × 12 mm × 0.40 mm Ag metallized
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(1 µm) SiC bare die ⑦ was clamped in-between two Rh-coated (0.3-0.4 µm) 
square Mo plates (③ and ④), with the dimensions 12 mm × 12 mm × 1.34 mm. 
The SiC die was a resistor. This package was further clamped in-between two Cu 
bars (① and ②). Here, the Mo plate served as a stress-relief layer between the Cu 
bar and the SiC die. Thick FR4 epoxy blocks (⑤ and ⑥) were used to provide 
thermal insulation between the structure and the universal testing machine 
(UTM). TCs were attached to the assembly surface at the crosses. 

 
Figure 4. 1: Exploded view of the main parts of the press-pack structure: ① and 
② are Cu-1 and Cu-2 busbars, respectively; ③ and ④ are Mo-1 and Mo-2 plates, 

respectively; ⑤ and ⑥ are FR4-1 and FR4-2 blocks, respectively; ⑦ is a SiC 
bare die. 

4.2.2 Research Method 

The flow chart of the press-pack structure study is presented in Figure 4.2. The 
thermomechanical experimental setup consisted of the following parts: a press-
pack structure, a UTM, a heating system, a temperature data logger, and a DIC 
measuring system. An overview of the experimental setup for thermomechanical 
analysis is shown in Figure 4.3. Four separate test cycles have been performed 
which were denoted as SiC-15MPa, SiC-30MPa, SiC-60MPa, and SiC-75MPa, see 
Table 4.1. The recorded thermal and mechanical loads from the test cycle SiC-
75MPa are shown in Figure 4.4. 
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Figure 4. 2: Flow chart of the press-pack structure study. 

 
Figure 4. 3: Experimental setup. 
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Table 4. 1: Loading condition associated with DIC image. 

 

 
Figure 4. 4: Thermal and mechanical loads recorded from the test cycle SiC-

75MPa. 

Corresponding to the measurement results, the friction coefficients between two 
solid surfaces in contact were analytically calculated. The total normal force was 
the sum of the normal mechanical load  and the pre-clamping force .The 
friction coefficient on the interface between the SiC die and the Mo plate 
was calculated using: 
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	 ,                                                   (4.1) 

where the friction force  is given by:                               

∙ ∙  ,                                             (4.2) 

where  is the stress of the SiC die due to  and  is the total side area of 
the SiC die.  

The friction coefficient on the interface between the Mo plate and the Cu 
bar was calculated using: 

	 ,                                                   (4.3) 

where the friction force  is given by: 

∙   .                                          (4.4) 

where  is the stress of one Mo plate due to  and  is the total side area of 
one Mo plate. 

The FE model of the thermomechanical experimental setup with the derived 
friction coefficient values on the interfaces, has been developed and validated by 
comparing measured deformations with simulation results. Finally, a parametric 
study was performed based on the FE model. Consequently, a design guideline was 
provided regarding the co-influence of the design parameters on the 
thermomechanical performance of the press-pack structure. The size of the SiC die, 
the clamping force, and the experimental assembly temperature varied within a 
range of interest according to Table 4.2. Parameters W, H, P, and T represented 
the SiC die width, thickness, the clamping pressure on the single SiC die, and the 
temperature, respectively. In total, 256 cases were simulated. The average tensile 
stress on the SiC die in different design cases was computed. Hereafter, the average 
tensile stress on the SiC die is referred to as tensile stress. A design limit of 
100 MPa was assumed for the SiC die in order to indicate a warning of potential 
failure [51] in cases where this value would be exceeded. 

Table 4. 2: Design parameters and variation range. 
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4.2.3 Main Results 

1) Analysis of DIC measurement results 
Figure 4.5 shows the measured deformation in the x-direction due to friction 

during the cooling steps (from 150 ºC to 25 ºC, at the target compressive load. As 
can be seen, the SiC die and Mo plates have negative deformation due to the 
compressive stress while Cu bars have positive deformation due to the tensile 
stress during the cooling steps. 

 
(a) 

 
(b) 
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(c) 

Figure 4. 5: Deformation in the x-direction due to friction during the cooling 
steps. 

Figure 4.5 reveals the deformation in the x-direction due to increased friction 
when the normal load increases. The SiC die bears the largest absolute values at 
about 25 ºC in Figure. 4.5 (a)-(c) compared to the values for the Mo plates and Cu 
bars. This is due to the fact that the SiC die was the thinnest plate of the press-pack 
structure. 

2) Analytical estimation of friction coefficient 
The estimated friction coefficients for each material interface in test cycles SiC-

15MPa, SiC-30MPa, and SiC-75MPa are provided in Table 4.3. 

Table 4. 3: Estimated friction coefficient at ΔT=125 ºC. 

 

The obtained Mo-to-Cu dry friction coefficient was in the range between 0.4 and 
0.6, which was a reasonable value for two dissimilar metals according to [52]. The 
obtained Mo-to-SiC friction coefficient was in the range 0.15–0.29. It was 
demonstrated in [53] that a friction coefficient value as low as 0.15 can be achieved 
for a 5 µm Ag coating. Such a low friction coefficient value can be explained by the 
thin Ag coating in-between two hard surfaces acting as a solid lubricant [53], [54]. 

3) Parametric study 
Table 4.4 shows the parametric study results of the tensile stress on the SiC die 

when the die width is 6 mm and in the temperature range of 125 °C to 250 °C. From 
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the table, it can be seen that the tensile stress on the 0.1 mm thick die doubles when 
the temperature increases from 125 °C to 250 °C at a certain clamping pressure. 
However, for the 0.35 mm thick die the tensile stress does not change when the 
temperature increases from 125 °C to 250 °C and the clamping pressure range is 
from 15 MPa to 30 MPa. When the load increases from a low-load case (15 MPa, 
125 °C) to a high-load case (60 MPa, 250 °C), the tensile stress increases by 
approximately 4 times in the 0.35 mm thick SiC die and by approximately 2 times 
in the 0.1 mm thick die. Therefore, it indicates that the stress on a 0.35 mm thick 
SiC die is not influenced by the die temperature when the compression load is 
between 15-30 MPa for the simulated cases. However, the stress on a 0.1 mm thick 
SiC die is relatively much more sensitive to both the die temperature and the 
compression load for the simulated cases.  

Table 4. 4: Tensile stress on the 6 mm × 6 mm SiC die when the temperature 
varied from 125 to 250 ºC. 

 

Figure 4.6 shows the tensile stress on the SiC die when the clamping pressure 
is 45 MPa. The tensile stress on the SiC die is doubled when the die area increases 
from 9 to 100 mm2. At a certain die size and at 45 MPa clamping pressure, the 
tensile stress on the 0.1 mm thick die is more sensitive to the temperature than on 
the 0.35 mm thick die, when the temperature increases from 125 ºC to 250 ºC. 
Therefore, relatively small and thick SiC dies had less tensile stress for the 
simulated cases. 9 mm2 SiC die area could be considered as a preferable choice 
when the operating temperature is as high as 250 ºC and the applied clamping 
pressure on the die is as high as 60 MPa. 64 mm2 and larger SiC die areas would 
lead to a significant increase in the tensile stress on the die even at 125ºC compared 
to 9 mm2 SiC die area. 
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(a) 

 
(b) 

 
(c) 
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(d) 

Figure 4. 6: Tensile stress on the SiC die at the clamping pressure 45 MPa while 
the temperature and the die dimensions vary. 

4.3 Double Press-Pack SiC Power Module Concept 

4.3.1 Concept and Demonstrator 

A view of the double press-pack concept is shown in Figure. 4.7. The proposed 
concept consists of two separate clamping structures: the press-pack power stage 
and the press-pack heatsinks. The two clamping structures are perpendicularly 
positioned. The press-pack power stage consists of a stack of parallel Cu busbars 
and a set of semiconductor carrier units (Figure. 4.8 and Figure. 4.9). The 
semiconductor carrier units are placed in rows and clamped between the busbars 
(Figure. 4.8). Furthermore, the press-pack power stage has two ceramic electrical 
insulation plates with good thermal conductivity placed between the busbars and 
the two case plates (Figure. 4.8). 

Each semiconductor carrier unit consists of two Rh-coated Mo plates 
(Figure. 4.9): 1) the base plate with plastic frames for positioning the 
semiconductor dies, and 2) the cover plate. The Mo plates function as metallic 
electrical current collectors. Moreover, they serve as mini heat spreaders and 
stress-relief buffer layers. The gate connections are provided through insulated 
spring-loaded pins, protruding through the holes in the cover plate. 

In the proposed concept the busbars have three functions. The first function is 
to mechanically hold the semiconductor carrier units and the insulated spring-
loaded gate pins in position. The second function is to serve as heat spreaders for 
effective heat transfer from the semiconductor carrier units to the heatsinks via the 
electrical insulation plates and the case plates. The third function is that the 
terminal ends of the thick busbars have threaded holes with screw thread inserts 
for robust connection of the power terminals. 

In order to evaluate the proposed double press-pack power module concept a 
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demonstrator has been manufactured and characterized, see Figure. 4.10. 
However, at this study phase, commercial SiC diodes (CPW5-1200-Z050B) were 
used as semiconductor dies for simplicity. 

 
Figure 4. 7: View of the double press-pack SiC power module concept with two 

clamping structures separated: ① press-pack power stage; ② press-pack 
heatsink; ③ clamping structure. 

 
Figure 4. 8: View of the press-pack power stage: ① busbar; ② semiconductor 
carrier unit; ③ electrical insulation plate; ④ case plate; ⑤ clamping structure 

insulation; ⑥clamping structure. 
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Figure 4. 9: Example of a semiconductor carrier unit: ① base plate; ② cover 

plate; ③ plastic frame; ④ semiconductor die; ⑤ insulated spring-loaded gate 
pin. 

 
Figure 4. 10: The double press-pack SiC power module demonstrator without 
case plates: (a) the demonstrator overview; (b) the press-pack power stage; (c) 

the semiconductor carrier units; (d) close-up view of the base plates of the 
semiconductor carrier units. 
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4.3.2 Research Method 

The flow chart of the double press-pack SiC power module concept study is 
shown in Figure 4.11. Parasitic inductance and thermal resistance have been 
evaluated by employing electrical and thermal experiments on the demonstrator. 
A simplified FE model of the demonstrator has been developed for 
thermomechanical performance evaluation. The temperatures at TC locations in 
the simplified FE model of the thermal experimental setup, have been compared 
with those in a validated CFD full model. The modeling methodology for the 
simplified FE model was adopted from a validated FE model of a press-pack 
structure. The press-pack structure is introduced in Section 4.2. 

 
Figure 4. 11: Flow chart of the double press-pack SiC power module concept 

study. 

4.3.3 Main Results 

1) Parasitic inductance 
A detailed description of this experiment is found in [55] The measurement 

results are shown in Table 4.5. The inductance between the terminals V+ and V- is 
approximately 9.2 nH using a resonant frequency of approximately 78 kHz.  

The parasitic inductance parameter can most likely be improved by means of 
geometrical optimization, such as reducing the distance between the busbars. 
However, required electric insulation and electric creep distance will limit the 
minimum distance between the busbars, and hence set the ultimate boundaries for 
possible improvement with respect to parasitic inductance. However, in this study 
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phase, encapsulation was not part of the study scope. 

Table 4. 5: Commutation loop inductance of the demonstrator. 

 

2) Thermal resistance 
The estimated thermal resistances are provided in Table 4.6. A subdivision of 

different contributions to the junction-to-ambient thermal resistance is shown in 
a pie chart, see Figure 4.12. A relatively large value of Rthsa indicates that there is 
space for improvement of the heatsink design used in the experiment. However, in 
this work, the research effort was not focused on optimizing the thermal resistance 
of the heatsinks. The design of the power stage is intended to suit the use of 
commercial heatsinks and clamping structures with force indicators intended for 
thyristors/diodes of hockey puck type. The use of commercial heatsinks will 
probably result in significantly less thermal resistance than was achieved with the 
demonstrator.  

Rthcs was just 7.5 % of the total thermal resistance, and this low thermal 
resistance was achieved without using any thermal compound. Thus, the proposed 
double press-pack design with a high clamping pressure (15 MPa) applied on the 
heatsinks enables good heat transfer between the case plates and the heatsinks 
without using a thick layer of thermal grease or TIM, which thus avoids the 
problem of increasing thermal resistance during long-term operation due to dry-
out and pump-out effect. 

Furthermore, Rthmb is 8 % less than Rthjm which is probably due to the relatively 
larger heat dissipation area from the Mo plates to the Cu busbars comparing that 
from the SiC dies to Mo plates. Thus, the Mo plates constitute mini heat spreaders 
as intended. Rthjm can probably be reduced if the Ag foils are replaced with Ag 
electroplated coating on the SiC dies. The use of Ag foils was only relevant during 
prototype development. 

Table 4. 6: Estimated thermal resistances based on measurements. 
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Figure 4. 12: A subdivision of different contributions to the junction-to-ambient 

thermal resistance. 

3) Thermomechanical stress 
The von Mises stress on the press-pack power stage in the demonstrator was 

investigated based on a developed FE thermomechanical module, see Figure 4.13. 
The deformation of one of the SiC dies is presented with a scale factor of 1000. As 
can be observed from the figure, the die is bent somewhat at the edges due to that 
the Mo plate on the cathode side is larger than that on the anode side of the die and 
in combination with the applied clamping pressure on the die. The bend at the 
edges of the die can be avoided by adding a slight chamfer on the edges of the larger 
Mo plate. The average von Mises stress on the SiC dies was approximately 95 MPa 
at an average temperature of approximately 132 °C. The maximum stress on the 
die was less than 150 MPa.  
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Figure 4. 13: 3D von Mises stress map of the center unit of the power stage in the 
demonstrator, and a close-up view of one of the SiC dies. 

4.4 Conclusion 

An experimental methodology has been established for the characterization of 
thermomechanical deformation and friction properties in a press-pack structure. 
The modeling methodology for FE thermomechanical simulation on a press-pack 
structure has been developed. 

Furthermore, a novel double press-pack SiC power module concept has been 
proposed. The concept has been evaluated, both simulation-wise and 
experimentally, on a manufactured demonstrator with regards to electrical, 
thermal, and thermomechanical performances. Finally, it was found that the 
commutation loop inductance is approximately 9 nH at 78 kHz. The junction-to-
case thermal resistance is 0.028 K/W. The simulation results show that the 
average von Mises stress on the SiC dies was approximately 95 MPa when the 
heatsink clamping pressure was 15 MPa and junction temperature was 132 °C. 
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Chapter 5 

Embedded SiC Power Module Concept 

The information presented in this chapter is based on Publication V. 

5.1 Introduction 

Many of the power module designs only stay at the stage of proof-of-concept due 
to the cost of retooling of the manufacturing facility [7]. Embedded power modules 
which employ advanced PCB processing and die embedding technology, enable an 
alternative 3D packaging solution with possibility of low cost and mass production. 
However, embedded SiC power module with double-sided cooling, are missing. 
There is lack of public research results on the characterization of embedded SiC 
power modules. Moreover, there is lack of information about the comparison 
between embedded SiC power modules and conventional ones. 

The standard process and the related material of the embedding technology are 
described in detail in [56]. An advantage of the embedding technology is to allow 
high degree of miniaturization. Also, a low parasitic inductance can be achieved 
with embedding technology due to the short interconnections. Furthermore, the 
cost of manufacturing of embedded power modules will be low, since the PCB 
processing technology is sufficiently mature for mass production. A problem of the 
embedding technology is package warpage for high-power and high-temperature 
applications. Therefore, it is important to characterize thermal and 
thermomechanical performance of a new embedded power module design. 

A novel design concept of a three-phase embedded power module (1200 V, 20 A, 
55 mm × 36 mm × 0.8 mm) including SiC MOSFETs and antiparallel diode dies, 
has been proposed. Simulation-driven design development has been implemented 
and lead to a fabricated demonstrator. The electromagnetic, thermal, and 
thermomechanical performances of the concept have been evaluated through 
simulations. Moreover, the results have been compared to a commercially 
available power module which utilizes over-mold DBC substrates. 
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5.2 Embedded SiC Power Module Concept 

A concept of a three-phase embedded SiC power module (1200 V, 20 A) has been 
proposed. The circuit diagram of the module is shown in Figure 5.1. 

 
Figure 5. 1: Circuit diagram of a three-phase power module using MOSFETs and 

diodes, realized in the design concept: G: gate; S: Kelvin source; L: phase 
terminal; M: MOSFET; D: diode. 

The laminated power module structure, consisted of multiple Cu layers as 
conductive routing substrates, Cu vias as vertical interconnect accesses, six pairs 
of embedded SiC MOSFET and antiparallel diode dies, and prepregs as electrical 
insulation. Each SiC die has a final metallization of 10 µm Cu on top and bottom 
sides to enable connection through Cu filled vias. The top and the cross-section 
views of the design concept are shown in Figures 5.2 and 5.3, respectively. The 
dimensions are shown in Table 5.1. The overview of the concept and the 
demonstrator is shown in Figure 5.4. 

 
Figure 5. 2: Cross-section of the design concept with labeled laminated Cu layers 

filled with prepregs: SiC dies were embedded between layer 3 and 4. 
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Figure 5. 3: Top view of the design concept: each phase was geometrically 

identical. 

Table 5. 1: Package and device geometric dimensions. 

.  

 
Figure 5. 4: Overview of the concept and the demonstrator. 

5.3 Reference Module 

Fairchild motion Smart Power Module SPM33 [57], (1200 V, 20 A, see 
Figure 5.5) with six-pack configuration was selected as a reference module for 
comparison. It has the same semiconductor die size and power rating as the design 
concept. With an epoxy mold compound package (60.6 mm × 31 mm × 7.2 mm), 
SPM33 is designed for a wide range of motor control applications. SPM33 utilizes 
a DBC (Cu/Al2O3/Cu=0.30 mm/0.63 mm/0.25 mm) as carrier and heat sink 
contact. The power devices are soldered onto the DBC and are contacted using wire 
bonding.  
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Figure 5. 5: Reference design: Motion SPM33 module. 

5.4 Research Method and Main Results 

According to the simulation results and the E/CAD design data, different layer 
built-up designs were tested in order to meet the design requirements: low 
parasitic inductance and resistance, low thermal resistance, and low 
thermomechanical stress.  

Four design tests were developed and performed, see Table 5.2. L2 and L5 are 
power planes marked in Figure 5.6. The yellow area between L5 and L6 can be 
filled by thermal prepreg to improve heat dissipation. 

Compared to Design test 1, the change of the cross-section layout in Design 
test 4 means that L2 is removed and the thicknesses of L1 and L5 increase from 
70 µm to 160 µm comparing to Design test 1, see Figure 27. The vias between L1 
and L2 are removed. The via-islands beneath the semiconductor dies and above L5 
are removed. Moreover, the change of the lateral layout in Design test 4 means that 
shorter gate and Kelvin source paths could be used. 

Table 5. 2: Design tests for simulation-driven development. 
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Figure 5. 6: Cross-section comparison between Design test 1 (a) 

and Design test 4 (b). 

First, the electrical performance of the first version of the design concept 
(Design test 1 in Table 5.2) was evaluated and compared with the reference 
module. The parasitic inductances and resistances on the main loop (Vdc+ to Vdc-) 
and the gate loop were reduced significantly in the design concept comparing to 
the reference module, which reduced by approximately 88 % and 72 %, 
respectively (Table 5.3). This is due to a symmetric structure in the design concept. 
Moreover, the multilayer planar structure in the design concept avoids bond wires, 
which results in a reduction of parasitic inductance and resistance.  

Then the thermal performance of Design test 1 was evaluated. However, the 
junction-to-case thermal resistance of Design test 1 was approximately 1.67 times 
of that of the reference module on the semiconductor die M3 and M4, see 
Table 5.4. Figure 5.7 shows the heat dissipation comparison between Design test 1 
and the reference module under the same thermal load. 

Therefore, Design test 2 and 3 were developed subsequently. Compared to 
Design test 1, the thickness of the power plane (L2, L5) in Design test 2 was 
increased from 70 to 160 µm to in order to improve the heat dissipation from the 
semiconductor die to the power planes. Compared to the reference module, the 
junction-to-case thermal resistance of Design test 2 reduced by approximately 
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5.5 %. For further testing, Design test 3 was developed. Compared to Design test 2, 
Design test 3 replaced the thermal prepreg by the conventional prepreg. However, 
the junction-to-case thermal resistance of Design test 3 was worse than Design 
test 1, see Table 5.4. 

Table 5. 3: Parasitic inductance and resistance at 20 MHz. 

 

Table 5. 4: Junction-to-case thermal resistance evaluation. 

 

Finally, Design test 4 was developed by changing the layout as mentioned 
above. Compared to the reference module, the junction-to-case thermal resistance 
of Design test 4 reduced by approximately 10-14 % (Table 5.4). Furthermore, 
shorter gate and Kelvin source paths were provided in order to reduce the parasitic 
inductance and resistance compared to Design test 1. Therefore, Design test 4, 
thermally and electrically outperformed the reference module. 

 
Figure 5. 7: Heat dissipation comparison between Design test 1 (left) and the 

reference module (right). 



CHAPTER 5 EMBEDDED SIC POWER MODULE DESIGN CONCEPT 

53 

Figures 5.8 and 5.9 show that there is a convex bending in Design test 4 at 
125 °C, which has the opposite behavior as the reference module. Design test 4 has 
larger warpage than the reference module.  

 
Figure 5. 8: Total deformation [mm] of Design test 4 at 125 °C. 

 
Figure 5. 9: Total deformation [mm] of the reference module excluded mold 

compound at 125 °C. 

Figure 5.10 shows the top view of the equivalent stress of Design test 4 at 
125 °C. Generally, Design test 4 has uniform stress distribution (< 100 MPa).  

 
Figure 5. 10: Top view of the equivalent stress [MPa] of Design test 4 at 125 °C. 
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5.5 Conclusion 

Compared to a commercially available reference module, the simulation results 
of the proposed embedded SiC power module concept show that the design concept 
significantly enhances the electrical performance. Compared to the reference 
module, the loop parasitic inductance and resistance of the design concept (Vdc+ 
to Vdc-) reduces approximately by 88 % and 72 %, respectively. Moreover, 
simulation results show that the average junction-to-case thermal resistance of the 
design concept is at the same level as the reference module.
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Chapter 6 

Conclusion and Future Work 

6.1 Conclusions 

The main objective of this thesis is to propose novel SiC power module concepts 
with consideration of the problems with the current power module designs, while 
achieving solutions similar to or better than the contemporary Si power module 
technology. The multiphysics performances of the demonstrators have been 
evaluated along with a presentation of the methodologies of the experimental and 
numerical characterizations. 

Compact high-temperature power modules with adequate cooling systems, are 
attractive to automotive applications. Therefore, a thermal design of a double-
sided cooled SiC power inverter (1200 V, 200 A) for automotive applications has 
been proposed. It enables the integration of a power module with dc-link capacitor, 
gate driver, and double-sided cooling channels. The cooling concept has been 
evaluated by simulations including two extreme driving cycles and one typical 
driving cycle. Moreover, a simulation methodology has been developed for 
quantifying the effect of different materials and thicknesses of cold plates on the 
semiconductor die temperatures for the thermal design of the proposed power 
inverter.  

For medium- and high-power applications, contemporary research concludes 
that the reliability of the existing packaging technology needs to be improved. 
Therefore, a novel double press-pack SiC power module concept has been 
proposed. The concept enables bondless package and allows for an order of 
magnitude higher clamping force on the heatsinks than what can be applied on the 
dies. First, an experimental methodology has been established for the 
characterization of thermomechanical deformation and friction properties in a 
press-pack structure. Thermomechanical displacements of the stacked layers of 
the press-pack structure were measured in a DIC system. Friction coefficients on 
contact surfaces were derived analytically from the measured data, for several 
press-pack clamping force levels at certain temperature difference conditions. 
Moreover, a modeling methodology for FE thermomechanical simulations on a 
press-pack structure has been developed. The co-influence of the design 
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parameters on the thermomechanical performance of the press-pack structure has 
been analyzed through a parametric study. Second, the novel double press-pack 
SiC power module concept has been evaluated in a first demonstrator with regards 
to parasitic inductance, thermal resistance, and thermomechanical stress. A 
presentation of the methodologies of the experimental and numerical 
characterizations has been provided. 

Many of the power module designs only stay at the stage of proof-of-concept due 
to the cost of retooling of the manufacturing facility. Embedded power modules 
which employ advanced PCB processing and die embedding technologies, enable 
a solution with the possibility of low cost and mass production. Therefore, a novel 
design concept of a three-phase embedded power module (1200 V, 20 A) including 
SiC MOSFETs and antiparallel diode dies, has been proposed. Simulation-driven 
design development has been implemented and lead to a fabricated demonstrator. 
Compared to a commercially available reference module, the simulation results of 
the proposed embedded SiC power module concept show that the design concept 
significantly enhances the electrical performance. Moreover, simulation results 
show that the average junction-to-case thermal resistance of the design concept is 
at the same level as the reference module. 

6.2 Suggested Future Work 

Generally speaking, high power density and high integration is the trend of the 
SiC power module development. Therefore, more high-temperature packaging 
materials with high thermal performance are expected for future development. 
More efficient cooling technologies are expected as well. As a short-term goal, 
high-temperature passive components with small sizes are needed urgently in 
order to match the reduced sizes of power electronics systems. 

Future work based on this work could be reliability characterization of the 
proposed SiC power module design concepts. Therefore, more advanced 
characterization methodologies may have to be developed based on the 
experimental and numerical methodologies established in this work. Furthermore, 
the identification, development, and quality assessment of process steps could be 
performed for manufacturing preparation. Besides that, the impacts of the 
packaging manufacturing processes on the performance of SiC power modules 
could be investigated. 
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