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Power Modules – Packaging and Reliability 


Left: Overview of the DBC layer structure of the full GaN power module © Fraunhofer IISB 


Right: vGaN-ready halfbridge power module with module-integradred driver stage © Elisabeth Iglhaut / Fraunhofer IISB 


Left: Power module lifetime test © Fraunhofer IISB 


Right: SiC MPS diodes during PCmsec with 2260 A/cm² © Jakob Breuer / Fraunhofer IISB
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Application-specific packaging concepts for power electron-
ics are key to reach goals like the optimization of perfor-
mance and volume or weight per cost. This is achieved by 
investigating different electrical, mechanical, thermal, and 
thermo-mechanical designs. Amongst others, the IISB works 


on single-and-double-sided multichip die attach, single-and-dou-
ble-sided cooling, materials with minimized or matched coefficient 
of thermal expansion (CTE), laser ablation for fine line structuring 
of power substrates and ceramic embedding of semiconductors. 
For prototyping, we operate a complete solder and sinter process 
line. With intelligent concepts tailored to the addressed application, 
the bill of material can be minimized. The result is low-cost power 
electronics that meet the electrical and lifetime specifications.


Most important for each package is solid processing and 
understanding the working principle of packaging tech- 
nologies. At the IISB, we are particularly specialized in silver 
and copper sintering. We employ a great variety of differ-
ent characterization tools. Each process step can also be 


analyzed in detail to gain deeper physical understanding. Current-
ly, a strong focus is on high-performance polymers for coatings 
to control electrical fields or as corrosion inhibitors. In addition, 
technologies for cryogenic temperatures are being investigated to 
address hydrogen liquid cooling for power electronics as well as 
quantum electronics.


We offer comprehensive know-how on the lifetime of 
power electronics, covering lifetime testing, statistical 
models, failure rates and simulation-based lifetime pre-
diction. Our test methods include power cycling of semi-
conductors and capacitors, temperature cycling as well as 


temperature and humidity storage both unbiased or biased, salt 
spray, corrosive atmosphere, and many others. The IISB can support 
the setup of a test matrix based on statistics, conduct tests (e.g., 
according to AQG 324) and in-situ or post investigations on the 
failure mechanism. A huge variety of characterization and anal-
yses tools are utilized to understand the physics of failure. The 
results are not only used to improve the technologies, but also to 
parameterize existing empiric lifetime models or to model material 
behavior as an input for thermo-mechanical simulation tools. To 
calculate the lifetime consumption and lifetime predictions based 
on FEM simulation, we develop digital twins that reflect the pro-
duction history and incorporate mission profiles and load scenarios. 
The physics of failure is successfully applied to predict a set of test 
parameters without any change in failure mechanisms.


Packaging concepts, technologies and  
prototyping for power electronics


Evaluation of cooling concepts, liquid and 
air, single-and-double-sided cooling, heat 
spreading
Design for electrical, thermal, mechanical,  
and lifetime constraints
Low parasitic inductance commutation cells 
especially for SiC and GaN
High temperature applications up to 300 °C 
junction
Silver and copper sintering (pressureless and 
pressure assisted process for small and large 
areas)
Vacuum and overpressure soldering  
(void free soldering with paste and preform 
material)
Die bonding with pick and place
Wire and ribbon bonding (from 25 µm gold 
wire to 500 µm aluminum, copper or compo-
sites wires)
3D printing in different kinds of technologies 
Parylene coating 
 
 


Design verification from device to system


Infrared thermography, Rth and Zth measure-
ments at device and system level
Electrical static and dynamic characterization
Material characterization, tensile tests, nano 
indentation at elevated temperatures
Electrical, thermal, thermo-mechanic 
simulation
Digital Twin


Accelerated aging, lifetime, reliability


Active temperature cycling with up to 1200 A
Passive temperature cycling from LN2 to  
400 °C max
Climate and corrosive tests, salt spray
Qualification testing according to AQG 324


Analysis


Metallographic cross-sections
Focussed ion beam sectioning with 3D 
tomography
Optical, electron, and acoustic microscopy
Statistics and lifetime prediction
Lock-in-thermography








Full GaN 400 V, 200 A half bridge power 


module with module integrated driver output 


stage © Thomas Richter / Fraunhofer IISB


Full GaN power module with multilayer DBC structure as solution for ultra-low inductive switching cell design. The 3D power 


module design is basis for the equivalent electric circuit. The circuit parameters are extracted from a Q3D RLCG frequency-depen-


dent simulation. Frequency-dependent magnetic coupling between single current path is considered © Fraunhofer IISB


Power module design


Compared to their silicon counterparts, Wide-Bandgap (WBG) 
power semiconductor devices require a reduced chip area to 
conduct a specific current value. These devices enable fast 
switching and consequently lower switching losses. However, 
the fast-switching capability directly corresponds with certain 
challenges during the design process of the switching cell. 
These challenges include:


Compliance with the semiconductor voltage ratings
Homogeneous current distribution in multi-chip power 
modules


Application and research


The Fraunhofer IISB R&D activities for customers cover circuit-
simulation-supported design and validation of WBG switching 
cells:


Prediction of the switching behavior by circuit simulation 
models of the complete switching cell
Application-oriented adaption of the current paths in order 
to generate valid switching cell designs
Derivation of driving strategies to enable reliable operation 
of the power module with following validation on in-house 
test benches


Enabling the Performance of WBG  
Power Semiconductor Devices


WBG Power Modules







Procedure for deriving the switching behaviour based on a geometric 


model of the power module © Fraunhofer IISB


Switching cell modeling for electronic circuit simulation


Advanced packaging concepts often impede the validation and commissioning of switching cell 
concepts due to the inaccessibility of the power switch terminals.


In order to predict the current and voltage 


waveforms within a WBG power module 


during operation (right graph) the implemen-


tation of circuit simulation models with high 


accuracy requires detailed knowledge of the 


electric behavior of each individual component 


of the switching cell.


The information of different domains must be 


merged in a single time domain-based circuit 


simulation model of the switching cell. Using 


in-house developed algorithms (e.g., commu-


tation loop, left graph) the information in the 


frequency domain is transformed to the time 


domain. Thereby, this process is compatible to 


all commercial EM simulation tools. 
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1200 V full SiC half bridge with sintered  


semiconductor devices on CeramTec AlN  


ceramic heat sink © CeramTec


1200 V full SiC half bridge with sintered semi-


conductor devices on CeramTec AlN ceramic 


heat sink © Thomas Richter / Fraunhofer IISB


Ag sintered 
SiC MOSFETs


Ceramic heat sink with 
internal pinfin structure


Module integrated  
ceramic capacitor


Power module design
1200 V SiC half bridge 
power module based on 
CeramTec AlN heat sink
Ceramic heat sink –  
Integration of cooler  
and ceramic substrate 
Direct sintering of SiC chips 
on metallized ceramic heat 
sink
Double sided use of cera-
mic heat sink – Integrated 
ceramic capacitors on 
back side for easy system 
application
Scalable and flexible design


Key features
Low thermal resistance 
(Rth’ = 0.15 Kcm²/W)
Low stray inductance
Very low weight and small 
size (cooler weight = ~10 g)


Advanced cooling technologies


Highly-Integrated SiC Power 
Module on Ceramic Heat Sink







Prototyping: power module 


manufacturing in IISB’s own  


AIT-cleanroom © Anja  


Grabinger / Fraunhofer IISB


Characterization: analysis 


of current distribution and 


power loop inductance  


© Fraunhofer IISB


Engineering: vGaN-ready 


power module with integrated 


gate driver stage © Elisabeth 


Iglhaut / Fraunhofer IISB 
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Fraunhofer IISB - Your Partner in Power Modules


Design of custom-specific 
power modules: 	 


High Power
	– Double-sided cooling
	– High parallelization
	– Reliable interconnec-


tion technologies for 
high thermal cycling 
capability


High Performance
	– Fast-switching SiC  


and GaN
	– Integrated RC-snubber


Application specific
	– Power modules on cera-


mic substrates, IMS,...
	– Innovative cooling
	– 3D-integrated design


Concepts and 
Engineering


Characterization and 
Modelling


Electrical performance 
analyses
	– Switching behavior, 


switching and static 
losses


Extraction of parasitic 
elements  
	– Inductances in commu-


tation loops, current 
density estimation and 
capacitive coupling


Thermal and thermo-
mechanical analyses
	– By simulation and 


measurement
Modelling setup 
	– For virtual switching cell 


prototypes and thermal 
networks


Prototyping


Manufacturing of custom-spe-
cific prototypes with newest 
packaging technologies inclu-
ding tests under clean room 
standards: 


Manufacturing of custom- 
specific power modules
Packaging technologies 
	– For top and bottom side 


chip contact (sintering, 
soldering, wire bonding, 
direct bond,…)


	– Encapsulation and 
coating


Subtractive and additive 
manufacturing processes
Tests
	– Electrical and thermal 


characterization
	– Destructive and non-


destructive analyses of 
die attach


	– Lifetime testing and 
reliability


Fraunhofer IISB  |  Highly-Integrated SiC Power Module on Ceramic Heat Sink








vGaN-ready halfbridge power module with 


module-integrated driver stage  © Elisabeth 


Iglhaut / Fraunhofer IISB


Parasitic extraction (inductance, capacitance) of a power module as input parameter for circuit  


simulation - turn off overshoot due to the inductance © Fraunhofer IISB 


Understanding the electrical, thermal and thermo-mechanical 
interactions is the key to designing innovative power modules. 
At Fraunhofer IISB, the focus is on simulation and calculation 
during development as well as the coupling of the different 
domains, both in the area of power modules as well as for 
complete power electronic systems. All simulations are closely 
linked to the application and verified by measurements. 


For each power electronics focus and application, from watts to 
megawatts, specific simulation tools are used. Our expertise in 
the field of power electronics simulation covers a wide range of 
applications and projects, particularly in the following areas: 


Automotive, aviation and more
Inverter, DCDC converter and charging applications
Power electronics for cryogenic up to high temperature 
conditions 


Air cooling, liquid cooling, direct-cooling, cooling with  
cryogenic medias
Single- and double sided cooling approaches, advanced 
cooling technologies 


Simulation-assisted power module and PCB-circuit design – 
electrical, thermal, thermo-mechanical
Integration of components and embedding in power 
modules
SiC, GaN, vGaN, Si 


Analysis of vibration and shock loads as well as robustness
Lifetime analyses and modelling


What are you challenging us to do?


Device, Power Module and  
Power Electronic System Simulations


Simulation for Power Electronics
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Power module design


Calculation of the inductance and capac-
itance values of PCB or standard power 
module designs as well as of sensors and 
other similar applications 
Electric current, potential and field strength 
distribution analysis, Electromagnetic 
simulation
Optimization and analysis of structures and 
arrangements via simulation
Computation of the deformation due to 
temperature loads of the fabrication process 
or during operation
Illustration of the internal stress of the 
attached materials in a stacked arrangement
Fundamental assessment of the tempera-
ture distribution
Identification of critical areas of the insula-
tion due to high field strengths
Verification of test structures by various 
in-house measurement possibilities, for 
instance static and Lock-In-Thermography, 
indirect thermal impedance and resistance 
(Rth, Zth / different coolants, flow rates, tem-
peratures), etc.
Material characterization for realistic mate-
rial properties as input for simulations (for 
example nanoindentation, tensile tests at 
different temperatures)


Cooling


Computational fluid dynamics (multi-fluid)
Investigation of the temperature distribution 
of operating electronics
Steady-state and transient temperature 
behavior
Radiation and Joule heating
Detailed chip, board, and system level 
within one simulation
Complex geometries and 3D component 
assemblies


Circuit simulations


Circuit simulation of power modules, for 
instance half-bridge or commutation cells
Circuits based on designed layouts, 
the extracted parasitics serve as input 
parameters
Realistic answers of the system to applied 
voltage and current wave forms
Parasitic extraction of electronic setups – 
capacitance, conductance, inductance and 
resistance matrices


Electric and electromagnetic 
simulation


Electric field strength distribution
Parametric studies of dependencies with 
respect to the field distribution
Electromagnetic losses in high frequency 
applications


Multiphysics simulation


Multiphysics coupling of simulation
Coupled structures via electromagnetic 
fields
	– Coupling of coils –  


contactless energy transfer
	– Inductive heating of  


conductive components
Coupling of simulation software – FEM 
calculations linked with circuit simulation


Software used for simulation


Always up-to-date versions of simu-
lation software for multiphysics and 
electromagnetic
Simulation, for instance ANSYS, Maxwell, 
Q3D, SixSigma, Spice,…


Electronics simulation of Joule heating, component losses and forced convection © Fraunhofer IISB
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Mounted 4H-SiC UV-sensor © Anja Grabinger /  Fraunhofer IISB


SiC MOSFETs embedded in DBC substrate with vias  


© Anja Grabinger / Fraunhofer IISB


Features


High temperature capability ≥ 250 °C
High active and passive cycling capability
Double sided cooling
Fast switching with WBG, high power density
Flexible design of 3-dimensional integrated power modules
High current carrying capability, thick copper metallizations


Packaging concept


Embedding of WBG devices in ceramic substrates
Double sided sintering of WBG devices in ceramic substrates
Ceramic insulation, Al2O3 / AlN / Si3N4


Thick aluminum and copper metallizations ≤ 800 µm
Soldering and silver sintering technologies
Vias in multilayer DBC stacks


Applications


Electric vehicles
Aerospace
Railway & tramway
Space and defense
Solar inverters
Down hole oil drilling
Sensor technologies
Geothermal instrumentation


Future Power Electronics Solutions  


High Temperature Packages  
for WBG Semiconductors 







SiC devices embedded in a DBC substrate  


© Fraunhofer IISB


Concept of double-sided power module


© Fraunhofer IISB


SiC devices double sided sintered in DBC sub-


strates © Fraunhofer IISB


V-T-characteristic of a 1.3 mm2 temperature 


sensor in CCFB mode © Fraunhofer IISB
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Ceramic embedding


Laser structuring of ceramic substrates
Soldering or silver sintering of devices
Filling of vias
Sealing and stacking of embedded package


Vias in DBC substrate


Laser drilling of blind-holes  
or through-holes
Via filling by stencil printing, dispensing  
or mechanical pressing
Via materials as silver paste, copper paste  
or copper rivets 
 
 
 


Double sided sintered power module


DBC sandwich concept
Two level etching of substrate metal
SiC devices sinterable on both sides
Laser welding of metal housing


4H-SiC high temperature sensing & 
electronics


Mixed-signal circuits operating at tempera-
tures beyond 250 °C
Combination of sensing function with  
on-chip amplification and Smart-Power IC 
for actuation
Temperature-sensitive diodes operating in 
constant current forward bias mode (CCFB)
High sensitivity (dV/dT) up to 4.5 mV/K
High linearity up to 500 °C


Fraunhofer IISB  |  High Temperature Packages for WBG Semiconductors








Inverter building block for the 


IISB electric vehicle technology 


demonstrator; robust con-


cept with directly cooled CTE 


matched baseplate, full alumi-


num approach, integrated gate 


driver, current sensor and DC 


link capacitor (600 V IGBT half 


bridge)  © Fraunhofer IISB


Double sided silver sintering of power semicon-


ductors; design study of various top side ribbons 


for extended lifetime and processability  


© Thomas Richter / Fraunhofer IISB


Equipment


Multi-physics simulation tools (electro-thermo-mechanical), 
CAD
Plasma cleaning and activation of surfaces
Printer for paste materials
Vapor-phase vacuum soldering
Formic acid-activated infrared vacuum reflow
Hydrogen-activated infrared vacuum reflow 
Full automatic die placer with high temperature and ex- 
tended tool force capability
Automatic wire and ribbon bonders (aluminium, copper, 
composites, and gold)
Servo press for sintering
Ultrasonic and resistance welding machines for electric 
terminals


Conceptional investigations


Evaluation of cooling concepts, liquid and air, single  
and double sided cooling, heat spreading
Lifetime improvement by matching and minimization  
of coefficients of thermal expansion (CTE) for different  
components and materials
Designs with and without baseplate
Design for electrical, thermal, mechanical and lifetime 
constraints
Low parasitic inductance commutation cells especially  
for SiC and GaN
High temperature applications up to 300 °C junction


High Lifetime, High Temperature  
and excellent Reliability 


Packaging for Electronics







Cross section of silver sintered, gold-germanium, aluminum-zinc


and high lead-soldered bond lines © Fraunhofer IISB


Double sided cooled sintered power module  


© Fraunhofer IISB


Head spreading and CTE matching by graphite 


© Fraunhofer IISB
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Silver sintering


Pressureless and pressure assisted (up to  
75 kN) process for small and large areas
Single and double sided semiconductor 
devices
Multichip power modules using 
pre-attaching
Selective sintering on populated circuit 
boards or in cavities of busbars
Sintering of active and passive components
Sintering on DBC, PCB and leadframe
Screening of different sinter materials in-
teresting for aerospace application


Soldering 


Standard lead free tin-based and high-tem-
perature alloys
Void-free soldering with paste and preform 
material


Wire and ribbon bonding


From 25 µm gold wire to 500 µm copper 
wire
Different materials such as gold, aluminum, 
copper and composites


Prototyping


Material selection including housing and 
potting
Procurement of materials 
Small-scale production and qualification


Testing  


Static and dynamic thermal measurements 
from chip to coolant
Thermal measurements with thermography
Static electrical characterization
Dynamic switching characterization
Scanning acoustic microscopy
Shear, pull, peel test
Active power cycling
Passive temperature cycling


Fraunhofer IISB  |  Packaging for Electronics








Automated wire bonding of power 


electronic modules © Fraunhofer IISB


Gold wire (25 µm) © Fraunhofer IISB


Research fields


New materials for bond wires, like copper, composites  
or alloys
Influence of bonding parameters, geometry and materials  
on reliability and life-time optimization 
Metalization and surface optimization of semiconductors  
for bondability
Cleaning processes to achieve reliable bond connections
Correlation between bonding parameters and lifetime using 
power cycling tests


Our services


Aluminum and copper wedge/wedge bonding with diame-
ters from 100 µm to 500 µm
Ribbon bonding
Gold ball bonding with diameters from 25 µm to 75 µm
Heatable chuck for bond process under temperature for up 
to 200 °C
Quality assurance by pull and shear tests
Control of reliability and lifetime by active power cycling test, 
passive temperature cycling and vibration tests
Design of experiment techniques to optimize bonding 
parameters


Topside Connection for Semiconductors


Wire Bonding







Aluminum wire (125 µm) © Fraunhofer IISB


Aluminum wire (375 µm) © Fraunhofer IISB


Copper wire (250 µm) © Fraunhofer IISB


surfaces


wires AI Cu Au Ni Pd Ag Sn


AI       


Cu     X  X


Au  X   X  X


Pd  X X X X  X


Ag       X


Sn  X X X X X 
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Functional principle


Ultrasonic bonding works with high-fre-
quency acoustic vibrations under pressure 
creating solid-state welded joints
For aluminum wedge/wedge-wire bonding, 
ultrasonic energy is applied to the wire	
for a specific duration while being held 
down by a bond force
Thermosonic gold bonding includes heat 
treatment and can be used to form solid-
state bonds below the melting points of 
the mating metals
For ball bonding, a gold ball is formed 
before the bonding process by melting  
the end of the wire applying a high voltage 
 


Devices and packaging


Power electronic modules
Discrete semiconductors
Si, SiC, and GaN devices
Surfaces providing best weld solutions: 
aluminum, copper, gold, and silver
Various material combinations of wires  
and surfaces - please refer to table below


Bonder features


Semi-automatic bonding process 
Programmable bond layouts 
Deformation limit control
Image recognition of semiconductors  
and substrates
Large area modules as well as small  
micro-electronic devices bondable
Fast changing/mounting of bond heads  
and pull or shear heads


Table of materials combinations


Fraunhofer IISB  |  Wire Bonding








Mounting samples on a cold plate  


© Thomas Richter / Fraunhofer IISB


In-house test layout © Fraunhofer IISB


Fields of research and service


Power module qualification according to AQG 324
Design and assembly of power modules  
for testing (silver sintering, soldering, wire bonding)
Generation of lifetime data 
Statistical analysis and interpretation  
of measured lifetime data
Lifetime modelling for die attach technologies  
and power modules
Long-term experience on power cycling tests  
and analyzing of failure mechanisms
Consultancy on test planning, failure modes,  
and result interpretation


Special features


7 independent test benches available
Up to 40 devices within one test run
On-line measurement and control system for each 
device under test (indirect measurement principle)
Thermal impedance Zth measurement during each cycle  
and of all samples
Individual setting of gate-voltage for every device under test
Automatic end-of-life-detection
Heating current from 0.1 A up to 2000 A
Heating voltage up to 35 V
Heating and cooling power up to 20 kW
Coolant temperatures from -60... +350 °C possible


Lifetime Characterization of  
Power Module Technology 


Active Power Cycling Test







Power Module © Fraunhofer IISB


Discrete on PCB © Fraunhofer IISBHeat sink for ten power modules  


© Fraunhofer IISB
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Description of test principle


Active temperature cycling is an accelerated 
lifetime test for power electronic devices
Reliability characterization of new packa-
ging concepts, materials, devices and 
technologies 
The device is heated up via DC current by 
semiconductor power losses
After heating, the samples are cooled down 
by the heat sink coolant


Devices for testing


IGBTs, MOSFETs, JFETs, thyristors
Resistors 
Schottkydiodes, pn-diodes
Si, SiC, and GaN devices


Packaging for testing


Power modules with or without baseplate
PCB-boards with discretes (To-devices, 
D2Paks, etc.)


In-house test layouts and samples
Packaging services


Coolant strategies


Liquid and air cooling
Coolant temperatures from -60... +350 °C 
possible
Coolant pressure up to 8 bar possible
Various coolants possible
Interaction of power cycling with tempera-
ture or pressure swings in coolant possible


Test procedures


Constant heating current (application near)
Constant temperature swing (academic by 
adjusting the gate voltage)
Constant heating power


Fraunhofer IISB  |  Active Power Cycling Test








Lock-In-Thermography in action © Fraunhofer IISB


Optical microscopy of IGBT


© Thomas Götz / Fraunhofer IISB


Lock-In-Thermography ampli-


tude of IGBT © Thomas Götz / 


Fraunhofer IISB


Lock-In-Thermography phase 


of IGBT © Thomas Götz / 


Fraunhofer IISB


Description of Lock-In-Thermography analysis


Detection of failed power electronic devices such as IGBTs, 
MOSFETs, diodes, and resistors
Analysis of short circuits, ESD defects, oxide damages, edge 
termination defects, avalanche break down, whiskers, and 
electrical conductive contamination
High sensitivity for hot spot detection with a heat dissipation 
in the μW range
2D / 3D defect localization for further destructive analysis to 
identify the failure mechanism 


Special features


Measurement voltage from mV up to 10 kV
Decapsulation of mold compounds and silicone gels
Chemical removal of chip topside metallization and contacts,  
for instance bond wires and ribbons out of different 
materials
Follow-up investigations such as cross-sections, scanning 
electron microscopy, and micro sections with focused ion 
beam
Interpretation of test results and failure mechanisms
Consultancy on the different investigated failure modes,  
for instance chip damage due to improper bond wire process 
parameters


Non-Destructive Localization  
of Electric Active Defects 


Lock-In-Thermography







Focused ion beam © Fraun-


hofer IISB


From power module to a Lock-In overview to a Lock-In detail 


© Thomas Götz / Fraunhofer IISB


Demolded device © Fraunhofer 


IISB


Topography © Thomas Götz / 


Fraunhofer IISB


Cross-Section © Fraunhofer IISB
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Analysis principle 


The device under test is 
pulsed with the rectangular 
voltage by arbitrary			 
Lock-In-Frequency (typical: 
1 Hz to 25 Hz)
Electrical defects dissipate 
thermal power
Thermal power heats up 
the surface
Measurement of infrared 
signal with infrared camera
Acquisition of amplitude 
image as well as resulting 
time dependent step res-
ponse (phase image)


Advantages


Differential measurement 
principle
Best suited for different 
emission coefficients of the 
device surface materials
No influence of the 
ambient (temperature, 
reflections)
Three different zoom 
lenses to investigate struc-
tures from complete power 
module to single IGBT cells


Application example


After fabrication, a power 
module failed the final 
electrical quality test,  
for instance gate-emitter 
leakage current
Lock-In-Thermography 
helps to detect which 
semiconductor is responsi-
ble for the leakage current 
and determines the exact 
position of the defect on 
the device 
The next step is to remove 
the bond wires and alumi-
num metallization from the 
semiconductor, followed by 
a second Lock-In-Thermo-
graphy analysis to determi-
ne the location of the 
defect in the microscale
An additional step could 
be a focused ion beam 
investigation with scan-
ning electron microscopy 
to determine the cause of 
failure, such as a damaged 
gate structure
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Teardown of a DC-Link film capacitor  


© Elisabeth Iglhaut / Fraunhofer IISB


Active power cycling test set up for capacitors up to 1000 µF developed at the IISB  


© Elisabeth Iglhaut / Fraunhofer IISB


Capacitors are an essential component in power elec-
tronics. They are mainly used as DC-Link or snubber 
capacitors. With increasing power density of conver-
ters and fast switching wide bandgap semiconductors 
the load on capacitors is increased. In view of this 
development, reliability of capacitors is becoming  
even more important.


Fraunhofer IISB is working in several fields  
concerning lifetime and reliability of capacitors:


Lifetime testing of capacitors: Development of test  
procedures and test hardware
Electrical characterization of capacitors
Thermal characterization of capacitors
Evaluation of capacitors for power electronic applications


Characterization and Lifetime Testing


Capacitors







Capacitors failed during active stress testing  


© Fabian Dresel / Fraunhofer IISB


Electric characterization of capacitors 


© Fabian Dresel / Fraunhofer IISB
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Lifetime testing


Power cycling test
	– Active heating of capacitors
	– Rectangular AC current load 
	– Switching frequencies up to 100 kHz


High temperature load, damp heat (HTRB, H3TRB)
	– Online leakage and capacitance measurement
	– Up to 120 DUTs in one test run
	– Up to 200 °C, 3000 V


Temperature shock
	– Air to air / liquid to liquid
	– 1 and 2 chamber test systems


Features 


Film, ceramic and electrolytic capacitors
Capacitance from 1 nF to 1000 µF
Typical nominal voltage 1200 V 
Load current up to 500 A


Characterization


Capacitance, ESR, ESL
Insulation resistance; leakage current 
Dependent on voltage, temperature and frequency


Failure analysis / Reverse engineering


Cross sections
Scanning acoustic microcopy SAM; X-ray
Electron microscopy REM, EDX, FIB section
Material analysis
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Microscopic images of a parylene coated  


metallization edge: homogeneous parylene 


coating with good edge covering


© Helena Waldau / Fraunhofer IISB


AMB circuit carrier plus IGB, partially coated with 


parylene F-AF4, after exposure to hydrochloric acid  


© Antonia Diepgen / Fraunhofer IISB


Insulation and corrosion protection for power  
electronic modules


Homogeneous potting without gas enclosures is crucial for the 
reliable function of power electronic modules. Especially when 
it comes to complex module designs with gaps, undercuts, and 
sharp edges, conventional potting methods reach their limits. 
A drawback of the widely used silicone gels as potting mate-
rial is the permeability for humidity and gases, which can lead 
to corrosion attack under harsh environmental conditions as 
they are given for many applications (e.g., traction, aerospace, 
off-shore). 


Parylene coatings for power electronic modules


Parylene are a class of thin film forming materials that belong 
to the thermoplastics. They include a variety of chemical vapor 
deposited poly(-p-xylylene) polymers. The basic molecule, called 
parylene N, is a carbohydrate (phenyl ring and aliphatic carbon 
bonds). By halogenation of different H-atoms, other parylene 
types are created. 


Due to properties like high temperature resistance, high 
dielectric strength, good gap filling, and corrosion resistance, 
parylene coatings are a highly promising approach for the insu-
lation and protection of power electronic modules. As parylene 
coatings are, with a maximum of about 50 µm, comparably 
thin, they can be seen as lightweight insulation that is especially 
interesting for aerospace applications.


Electrical Insulation and Corrosion Protection 


Parylene Coatings







Cross-section of parylene coated device: 


parylene covers the interior surfaces of the 


device homogeneously via a 50 to 100 µm gap 


© Adem Erboga / Fraunhofer IISB


Molecular structure of the parylene monomers 


C (top) and F-VT4 (bottom) © Victoria Zimmer-


mann / Fraunhofer IISB


Parylene types N C F-VT4 F-AF4


Temporary peak temperature in °C 120 200 300 450


Continuous temperature in °C 90 125 190 350


Tensile strength in MPa 45 69 52 52


Dielectric strength, short time in V/mil at 1 mil 7000 5800 5500 5500


Permeability for humiditiy (cm³xµm)/(m²x24h) at 37 °C, 90 % RH 0.59 0.06 0.23 0.22
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Parylene


Group of film forming thermoplastics
Established material in medical engineering 
or aerospace
Material properties
	– Inert
	– Hydrophobic
	– Transparent
	– High dielectric strength: Electrical 


insulation
	– Good gap filling capability: Suitable for 


complex module designs incl. undercuts
	– Resistance against environmental influ-


ences (temperature, humidity, acids): 
corrosion protection of electronic devices


Void free coating via Chemical Vapor 
Deposition (CVD) in vacuum: Layers in the 
range of nm to µm
No outgassing of solvents or other additives


Coating procedure


Chemical Vapor Deposition (CVD)
	– Sublimation: parylene dimer powder 


is heated from solid to gaseous state  
(T > 100 °C)


	– Pyrolysis: Splitting of gaseous dimers to 
reactive monomers (T > 500 °C)


	– Deposition on the samples via conden-
sation reaction and film forming by 
polymerization at RT


Pre-treatment


Treatment to enhance adhesion of parylene 
coatings 
	– Plasma activation
	– Primer coating as bonding agent
	– Customized cleaning


Selected material properties of different Parylene types
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(1) Removal of mold compound by etching © Fraunhofer IISB


Dendrites on a ceramic circuit carrier  


© Anja Grabinger / Fraunhofer IISB


(1) Removal of mold compound by laser © Fraunhofer IISB


Environmental testing


Investigation of influences like temperature, humidity and 
(hazardous) gases on degradation and corrosion of electro-
nic devices and materials
Simulation of various fields of application with their different 
conditions (e.g. offshore PV, rail and automotive, aerospace)


Testing methods (performed at Fraunhofer IISB)


Salt spray (e.g. DIN EN 60068-2-52) ordamp heat testing 
(e.g. DIN EN 60068-2-67), thermal shock, temperature  
cycling (e.g. DIN EN 60068-2-14)
Corrosive gas (H2S, NO2, Cl2, SO2 and mixed gas) (e.g.  
DIN EN 60068-2-42)


Highly accelerated stress test (HAST), pressure cooker test 
(PCT) (e.g. DIN EN 60068-2-67)
Also available for (reverse) biased devices


The focus is on Electrochemical migration of power 
electronics


Steadily increasing demands in terms of higher packing 
densities
Demand for applications of power electronic modules  
under extreme environmental conditions is rising
Assemblies that are exposed to changing environmental 
influences e.g. in automotive and energy
Electrochemical migration (ECM) that leads to dendrite 
formation is one important form of corrosion in power 
electronics


Environmental Testing,  
Corrosion and Failure Analysis







(2) Cross section of IGBT power module © Fraun-


hofer IISB


(3) Dendrite formation and electrical treeing


 © Fraunhofer IISB


(4) SEM picture of dendrite on an IGBT module


 © Fraunhofer IISB


(5) EDX analysis of dendrite, element maps of 


sulfur and silver © Fraunhofer IISB


EDX - AgEDX - S
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Mechanisms behind ECM


Potential and humidity between metallic 
structures is present
Metal ions dissolve
Positive metal ions migrate from the anode 
to the cathode
Ions are captured at the cathode
Dendrites grow from the cathode to the 
anode


ECM occurs immediately in electronic 
packages if the following is given


Gaps exist (due to delaminated insulating 
potting material)
Metals and metal combinations tend to 
corrode and form dendrites
Humidity is present
A sufficient voltage load is given (several 
volts)


Measures against corrosion


Cleaning and adhesion promotion
Chemical corrosion inhibition
Protective coatings: Potting and parylene 


Coating material
	– Processes
	– Characterization


Failure analysis


Partial discharge measurement
Optical microscopy for dendrite localization 
and shape analysis
Laser interferometry (for analysis of coating 
quality and coating thickness)
Cross-sectioning by sawing, grinding, pol-
ishing, as in figure 2
Cross-sectioning by femto-laser cutting
Comparative tracking index (CTI)
Scratch test (Cross-cutting test)
Decapsulation of mold compounds as well 
as silicone gels, e.g. as in figure 1
Scanning electron microscopy (SEM) and 
elemental analysis with energydispersive 
X-ray spectroscopy (EDX), distribution and 
quantity, as in figures 4 and 5
Focused ion beam (FIB), high speed cutting 
by plasma
Thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC)
Fourier-transform infrared spectroscopy 
(FTIR)
Radiography / Co
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Demolded IGBT and diode of an D2Pak device © Fraunhofer IISB


Analysis and discussion of sinter layers by 


optical microscopy © Fraunhofer IISB


Fields of research and service


Investigation of field returns
Characterization of samples accompanying in-house and 
external lifetime tests such as active power cycling
Analysis of new packaging concepts and joining technolo-
gies, for instance sinter technology versus soldering
Competitive analysis of power electronic systems, modules 
and devices like power electronics of hybrid vehicles
Physics of failure analysis, material characterization for 
parameterization of existing lifetime models or enhanced 
ones
Interpretation of test results and failure mechanisms such as 
edge termination break down of semiconductor devices
Consultancy on the different investigated failure modes, for 
instance chip damage due to improper bond wire process 
parameters 


Analyzing methods


Non-destructive techniques, for instance scanning acoustic 
microscopy
Destructive techniques such as cross sections, focused ion 
beam or shear tests


Destructive and Non-Destructive Analysis  
for Power Electronics 


Failure Analysis of Electronic  
Devices and Systems 







Focused ion beam analysis of an IGBT  


© Susanne Beuer / Fraunhofer IISB


Scanning acoustic microscopy of an DBC sub-


strate with conchoidal fracture © Fraunhofer IISB


Cross section of IGBT power module  


© Fraunhofer IISB


Scanning electron microscopy  


© Susanne Beuer / Fraunhofer IISB
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Non-Destructive analysis


Micro-CT (X-Ray micro tomography)
Scanning acoustic microscopy (investigation 
of voids, cracks, delamination)
Partial discharge measurement for isolation 
quality investigations
Ultra-violet imaging of discharge effects
Infrared imaging, thermography for thermal 
resistance measurements
Lock-In-Thermography for localizing of 
defects
Eigen frequency measurement to determine 
cracks inside the material 
Static and dynamic electrical 
characterization


Destructive analysis 


Cross-sectioning
Optical microscopy (magnification up to 
5000x)
Scanning electron microscopy (SEM)
Element analysis (EDX, distribution and 
quantity)
Focused ion beam (FIB) 


Decapsulation of mold compounds and 
silicone gels
Chemical removal of chip topside metalliza-
tion and contacts, for instance bond wires 
and ribbons out of different materials
Nanoindentation, tensile tests under 
extended temperatures
Shear, pull and peel tests


„Physics of Failure“ method


The „physics of failure“ method assists to get 
a better understanding of the reasons behind 
the symptom. Fraunhofer IISB helps to ask the 
right questions for the interpretation of failure 
analysis: 


Failure mode: What kind of failure effect? 
Short/ open circuit, heating, etc.
Failure cause: What kind of process? Crack 
formation and growth, migration, corro-
sion, etc.
Failure mechanism: What triggers the fail-
ure? Bond wires, solder layer, cooling, etc.
Failure model: How can the failure be 
described? Mathematical or statistical 
model, FEM simulation, etc.
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Thermal characterization of power modules mounted 


on a water-glycol cooled heat sink © Fraunhofer IISB


Power module during thermal impedance measurement 


© Fraunhofer IISB


Thermography © Fraunhofer IISB


Fields of research and service


Thermal characterization of new packaging 
concepts, materials, devices, and technolo-
gies for power electronic devices
Power module characterization acc. to  
AQG 324
Static and dynamic thermal measurements 
(Rth, Zth)
Heat sinks for single and multi devices (up 
to 20 samples per heat sink)
Design and assembly of power modules 
for testing (silver sintering, soldering, wire 
bonding)
FEM-simulation of thermal behavior from 
semiconductor to coolant
Workshops for test result interpretation


Measurement system


Temperature acquisition via device under 
test (indirect measurement principle)
Direct temperature measurement by 
thermography, PT100 and thermo-couples
Heating current from 0.1 A up to 2000 A
Heating voltage up to 35 V
Heating and cooling power up to 20 kW
Coolant temperatures from -60 up to  
+350 °C possible
Coolant flow up to 25 l/min
Maximum pressure: 8 bar


Resistance RTH and Impedance ZTH Measurements 


Thermal Characterization







FEM simulation © Fraunhofer IISB Example of thermal impedance measurement © Fraunhofer IISB


Power module during thermal impedance measurement  


© Fraunhofer IISB
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Devices for testing


IGBTs, MOSFETs, JFETs, thyristors 
Resistors
Schottkydiodes, pn-diodes
Si, SiC, and GaN devices


Packaging for testing


Power modules with or without baseplate
PCB-boards with discretes (To-devices, D2Paks, etc.)
Direct or indirect water cooled systems


Liquid and air cooled devices
With or without housing or molding
In-house test layouts and samples
Packaging services


Additional services


Foster/Cauer network calculation and parameter extraction
Thermal management consulting
FEM simulations
Statistical analysis
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Sample preparation for simultaneous thermal analysis 


at the NETZSCH STA 449 F3 Jupiter © Fraunhofer IISB


Micro scale thick silver-sintered dog bone immediately before hot 


tensile test © Fraunhofer IISB


Mechanical behavior of silver-sintered dog bone in tensile test at 


different test temperatures and sintering pressures © Fraunhofer 


IISB
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Why material charaterization?


Analyze thermal and mechanical material properties 
Reveal best material combination for specific application
Find adequate parameters for processing of solder- and 
sintering-layers, casting compounds, base plates, housings, 
terminals, interconnections, windings, dielectrics
Improve lifetime and reliability of packaging concepts
Reduce development time and costs


Research and applications


Temperature-dependent characterization of mechani-
cal properties including creep-, fatigue-, fracture-, and 
failure-investigations
Material property mapping by spatially resolved nanoinden-
tation at small scales
Application examples: intermetallic phases, die-attaches, 
bond wires, phase boundaries and spatial property gradients
Thermal analysis of materials: specific heat of semicon-
ductors, die-attaches, solder pastes (evaporation of fluxes, 
melting temperature, solidification behavior), sintering pastes 
(drying and sintering time, temperature, and atmosphere), 
substrates, TIMs


For Power Electronics Packaging Materials


Material Characterization 







Berkovich nanoindent on 


a silver-sintered bond line 


obtained by nanomechanical 


microscopy © Fraunhofer IISB


Unaxial Testing Nanodentation STA


Specimen Rectangular cross section from 


sheets to bulk materials


Thin layer, multi layers, 


bulk materials


Liquid or solid 


objects


Temperature RT to 300 °C RT to 500 °C 190


Atmosphere N2, AR, Air N2, AR, Air N2, AR, Air, O2


Z
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Assembly of test specimens 


Soldering: all kind of solders (lead-free, 
lead, gold, etc.)
Silver-sintering: representative specimens for 
tensile tests and nanoindentation	
Wire ultrasonic bonding and resistance 
welding
Polishing, etching, micro machining


Tensile and compression testing 
Global mechanical material parameters:


Temperature dependent
Elastic properties, tensile-, compressive-, 
yield-, creep- and fatigue-strength
Different strain rates for time-dependent 
material behavior 
Stress-strain curves for nonlinear FEM
Special data for material models, e.g.,  
Ramberg-Osgood, Anand, Garofalo


Nanoindentation 
Local, global and gradients in mechanical 
material parameters:


Temperature dependent
Elastic modulus, hardness, creep parameters
3D-Mapping of material properties
Quantitative scratch and wear testing 
According to test standard ISO 14577


Simultaneous thermal analysis STA 
Thermal material parameters:


Characteristic temperatures (sintering, mel-
ting, formation of intermetallics, decompo-
sition, oxidation, glass transition) 
Temperature dependent specific heat capa-
city measurements
Analyse of peak areas in dependence of 
mass change
Kinetics of reactions, for instance oxidation 
and sintering
Evaluation of mass change steps, for in-
stance leakage of organics and debinding
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Fracture surface of sintered die-attachment layer 


tested at 200° C, Center: FE-Simulation of principal 


stress field during a nanoindentation experiment


© Fraunhofer IISB


FE-Simulation of principal stress field during a 


nanoindentation experiment © Fraunhofer IISB


Hysteresis loop for combined nonlinear isotro-


pic-kinematic viscoplastic hardening material  


© Fraunhofer IISB
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Benefits in the field of power electronics 


Analyse thermal and mechanical material properties for the 
use in Finite-Element-Simulations (FEM)
Obtain best material design and combinations for a specific 
application 
Find optimal manufacturing parameters for processing of 
solder- and sinter-interconnections, casting compounds, 
base plates, housings, terminals, windings, dielectrics, and 
many further materials and components
Understand process-lifetime-reliability-interactions for a 
product
Improve lifetime and reliability of your packaging concepts 


Research areas and services at Fraunhofer IISB


In-situ temperature-dependent characterization of mecha-
nical properties of electronic packaging materials including 
creep, cyclic, and fracture behavior
Nanoindentation method for local analysis of material 
behavior and direct probing of samples to take the complete 
process history into account
Modelling of nonlinear mechanical material behavior and 
further special material effects that can be implemented in 
the finite-element-code
Ageing of packaging materials during accelerated lifetime 
or field tests: Investigation of microstructure evolution and 
effective mechanical behavior, they can be seen as light 
weight insulation that is especially interesting for aerospace 
application


For Power Electronics Applications


Material Characterization  
and Modelling







Xe+-Dual beam plasma FIB system at the IISB © Kurt Fuchs / 


Fraunhofer IISB


In-situ mechanical test module © Fraunhofer IISB


Different model predictions for a multiple-hard-


ening-relaxation test at elevated temperature.


 © Fraunhofer IISB


Left: 3d-Pore network reconstruction of sintered silver inter-


connection obtained by FIB-tomography. Right: Representa-


tive-volume-element for investigating microstructural impact 


on macroscopic behavior © Fraunhofer IISB  
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1   Mechanical characterization
In-situ mechanical testing: tension, compression, cycling, 
4-pt.-bending, fracture mechanics
Nanoindentation and nanoscratch testing 
Nanomechanical topography analysis
Testing temperature up to 500 °C 


2   Thermal characterization
Simultaneous thermal analysis (DSC+TGA) 
Thermomechanical analysis: CTE, thermal deformation 


3   Optical characterization
Optical (light) microscopy
Dual beam Xe+-FIB/SEM (tomography) 


4   Structural/Chemical characterization
Electron backscattering diffraction (EBSD)
X-ray microanalysis (EDS)  


5   Simulation methods
Finite-Element-Method, Finite-Volume-Method
Multiscale: Representative-Volume-Element analysis
Inverse model parameter identification 


6   Specimen development and preparation
All relevant electronic packaging technologies available
Macroscopic to microscopic sample sizes
Optimization of specimen design and manufacturing


Steps of Material Modelling
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Crack propagation in sintered die-attachment  


layer experiment  © Fraunhofer IISB


top: Simulated deformation field, bottom: simulated stress field  


© Fraunhofer IISB


Lifetime & reliability considerations during product 
development


One essential goal of the design process of an electronic 
product is to create a robust and reliable design that meets the 
demands from field operation. Typical measurement values, the 
number of failures per operation time and their distribution are 
evaluated. Using accelerated aging tests together with numer-
ical simulations, it is possible to get access to these quantities 
and to predict the lifetime of a product for different load cases. 


Application and research


Development of lifetime estimation strategies (experimental 
and theoretical)
Statistical methods according to industrial standards and 
guidelines
Numerical and analytical modeling of physical degradation 
mechanisms
Objectives: electronic systems, subsystems, and components 
(e.g., converters, power modules, semiconductors, capaci-
tors, inductors, etc.)


A typical lifetime prediction analysis involves the 
following steps (see backside) 


We support our customers during each step to avoid over-engi-
neering, increase power density, and enhance the competitive-
ness of your products.


For Power Electronics Assemblies


Lifetime Prediction







Response surface from parameter  


sensitivity analysis © Fraunhofer IISB


Finite-Element-Analysis of GaN-on-


PCB-Package © Fraunhofer IISB


Lifetime analysis 


simulation chain 


© Fraunhofer IISB


Lifetime
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2 Power loss profile
Electrical simulations
Empirical mathematical 
relations


3 Temperature profile
3D-transient thermal 
Finite-Element-Analysis
1D-modeling by electro-
thermal circuits


4 Load analysis
Constant, variable, block, 
and random loads
Extraction of hysteresis 
loops from load signal 
by use of counting 
algorithms


5 Lifetime model
System response and 
damage variables
	– Accelerated ageing tests 


(e.g. power cycling, 
thermal cycling, shock 
tests, etc.)


	– Nonlinear transient 
Finite-Element-Analysis


Modeling of damage 
evolution 
	– Empirical, by obser-


vable variables, e.g. 
heating voltage, thermal 
resistance


	– Physical, by internal 
state variables, e.g. 
inelastic strain, plastic 
strain energy density, 
damage variables (CDM)


6 Prediction of lifetime
Accumulation of damage 
per load increment
Calculation of predicted 
lifetime


1 Mission profile
Use cases, e.g. drive cycles
Operating data, e.g. V and I 
vs. Time


Example: lifetime analysis 
simulation chain
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