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 “Whether you can observe a thing or not depends on the 

theory which you use. It is the theory which decides what 

can be observed.”, W. Heisenberg 1926 

  

Abstract 

 

 

This work intends to enhance the state of the research in power cycling tests 

with statements on achievable measurement accuracy, proposed test bench to-

pologies and recommendations on improved test strategies for various types of 

semiconductor power devices.  

Chapters 1 and 2 describe the current state of the power cycling tests in the 

context of design for reliability comprising applicable standards and lifetime 

models.  

Measurement methods in power cycling tests for the essential physical param-

eters are explained in chapter 3. The dynamic and static measurement accuracy 

of voltage, current and temperature are discussed. The feasibly achievable 

measurement delay tmd of the maximal junction temperature Tjmax, its conse-

quences on accuracy and methods to extrapolate to the time point of the turn-

off event are explained. A method to characterize the thermal path of devices 

to the heatsink via measurements of the thermal impedance Zth is explained.  

Test bench topologies starting from standard setups, single to multi leg DC 

benches are discussed in chapter 4. Three application-closer setups imple-

mented by the author are explained. For tests on thyristors a test concept with 

truncated sinusoidal current waveforms and online temperature measurement 

is introduced. An inverter-like topology with actively switching IGBTs is pre-

sented. In contrast to standard setups, there the devices under test prove switch-

ing capability until reaching the end-of-life criteria. Finally, a high frequency 

switching topology with low DC-link voltage and switching losses contrib-

uting significantly to the overall power losses is presented providing new de-

grees of freedom for setting test conditions.  
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The particularities of semiconductor power devices in power cycling tests are 

thematized in chapter 5. The first part describes standard packages and ad-

dressed failure mechanisms in power cycling. For all relevant power electronic 

devices in silicon and silicon carbide, the devices’ characteristics, methods for 

power cycling and their consequences for test results are explained.  

The work is concluded and suggestions for future work are given in chapter 6.  
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Kurzfassung 

Diese Arbeit bereichert den Stand der Wissenschaft auf dem Gebiet von Last-

wechseltests mit Beiträgen zu verbesserter Messgenauigkeit, vorgeschlagenen 

Teststandstopologien und verbesserten Teststrategien für verschiedene Arten 

von leistungselektronischen Bauelementen. Kurzgefasst der Methodik von 

Lastwechseltests. 

Das erste Themengebiet in Kapitel 1 und Kapitel 2 beschreibt den aktuellen 

Stand zu Lastwechseltests im Kontext von Design für Zuverlässigkeit, welcher 

in anzuwendenden Standards und publizierten Lebensdauermodellen doku-

mentiert ist. 

Messmethoden für relevante physikalische Parameter in Lastwechseltests sind 

in Kapitel 3. erläutert. Zunächst werden dynamische und statische Messgenau-

igkeit für Spannung, Strom und Temperaturen diskutiert. Die tatsächlich er-

reichbare Messverzögerung tMD der maximalen Sperrschichttemperatur Tjmax 

und deren Auswirkung auf die Messgenauigkeit der Lastwechselfestigkeit 

wird dargelegt. Danach werden Methoden zur Rückextrapolation zum Zeit-

punkt des Abschaltvorgangs des Laststroms diskutiert. Schließlich wird die 

Charakterisierung des Wärmepfads vom Bauelement zur Wärmesenke mittels 

Messung der thermischen Impedanz Zth behandelt. 

In Kapitel 4 werden Teststandstopologien beginnend mit standardmäßig ge-

nutzten ein- und mehrsträngigen DC-Testständen vorgestellt. Drei vom Autor 

umgesetzte anwendungsnahe Topologien werden erklärt. Für Tests mit Thy-

ristoren wird ein Testkonzept mit angeschnittenem sinusförmigem Strom und 

in situ Messung der Sperrschichttemperatur eingeführt. Eine umrichter-ähnli-

che Topologie mit aktiv schaltenden IGBTs wird vorgestellt. Zuletzt wird eine 

Topologie mit hoch frequent schaltenden Prüflingen an niedriger Gleichspan-

nung bei der Schaltverluste signifikant zur Erwärmung der Prüflinge beitragen 

vorgestellt. Dies ermöglicht neue Freiheitsgrade um Testbedingungen zu wäh-

len. 

Die Besonderheiten von leistungselektronischen Bauelementen werden in Ka-

pitel 5 thematisiert. Der erste Teil beschreibt Gehäusetypen und adressierte 

Fehlermechanismen in Lastwechseltests. Für alle untersuchten Bauelementty-

pen in Silizium und Siliziumkarbid werden Charakteristiken, empfohlene Me-

thoden für Lastwechseltests und Einflüsse auf Testergebnisse erklärt. 

Die Arbeit wird in Kapitel 6 zusammengefasst und Vorschläge zu künftigen 

Arbeiten werden unterbreitet.  
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Nomenclature 

 

Abbreviations 

µC  microcontroller 

2DEG  Two-dimensional electron 

gas 

AD   Analog-digital 

ADC  analog-to-digital converter 

AEC  Automotive Electronics 

Council 

AF  acceleration factor 

AMB  Active metal brazing 

AMR  anisotropic 

magnetoresistance 

AQG  Automotive Quality Group 

ASTM  American Society for 

Testing and Materials 

BGA  ball grid array 

BJT  Bipolar junction transistor 

BMWi  German federal ministry for 

economic affairs 

CFD  Computational fluid 

dynamics 

CIPS  International Conference on 

Integrated Power Electronics 

Systems 

CJC  Cold Junction Compensation 

DBC  Direct bonded copper 

DSC  Double Sided Cooling 

DUT   Device under test,  Device 

under test 

ECPE   European Center for Power 

Electronics e.V., European 

Center for Power Electronics e.V. 

EEM  Electrical/ Electronic Module 

EfA  “Elektronik Komponenten für 

Aktivgetriebe” - Electronic 

components for active gears 

emf  electromotive force 

EOL  End-of-Life or End-of-Line 

depending on context 

ETH Zurich  Swiss Federal Institute 

of Technology in Zurich 

FOM  Figure of merit 

FPGA  Field-programmable gate 

array 

GMR  Giant magneto-resistive 

effect 

HEMT  High electron mobility 

transistors 

HTGB  High temperature gate-bias 

IC  Integrated circuit 

IEC  International Electrotechnical 

Commission 

IGBT  Insulated-Gate Bipolar 

Transistor 

IOL  Intermittent Operational Life 

IPM  Intelligent power module 

IR  Infrared 

Isoamp  Isolation amplifier 

ITS90  International Temperature 

Scale 90 

JEDEC  Joint Electron Device 

Engineering 

JFET  Junction Gate Field-Effect 

Transistor 

JIS  Japanese Industrial Standard 
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LCC  Line Commutated Converters, 

Line commutated converter 

LESIT   - (Leistungselektronik) 

power electronics, systems, 

information technology 

LUT  look-up table 

MMC  Modular multilevel 

converter 

MOSFET   Metal-Oxide-

Semiconductor Field-Effect 

Transistor 

NIST  American National Institute 

for Standardization 

NTC  (thermistor with) negative 

temperature coefficient 

PCB  Printed Circuit Board 

PCmin  Power cycling test with long 

on-time 

PCsec  Power Cycling test with 

short on-time 

PCU   Power Converter Unit 

PI controller  proportional–integral 

controller 

PTFE  Polytetrafluoroethylene 

PWM  Pulse width modulation 

QL  qualification of lifetime 

RBSOA  Reverse Bias Safe 

Operating Area 

RKT  Ring core transformer - 

German: Ringkerntransformator 

RMS  Root mean square 

RTD  Resistance Temperature 

Detector 

SAM  Scanning Acoustic 

Microscopy, Siehe Scanning 

Acoustic Microscopy 

SBD  Schottky (barrier) diode 

SCR  Silicon or Semiconductor 

Controlled Rectifier 

Si  silicon 

SiC  silicon carbide 

SiPLIT  Siemens Planar 

Interconnect Technology 

SMPS  Switched mode power 

supply 

SMT  Surface-mount technology 

SPI  Siehe Serial Peripheral 

Interface 

SSR  Solid-state relay 

Sub-D  D-subminiature, named 

after D-shaped metal shield 

TC  thermocouple 

TCAD  Technology computer-aided 

design 

TDDB  Time-Dependent Dielectric 

Breakdown 

THT  Through-hole technology 

TIM   Thermal Interface Material, 

Thermal interface material, 

Thermal Interface Material 

TMR  Tunnel magneto resistive 

effect 

TO  Transistor Outline 

TSEP   Temperature Sensitive 

Electrical Parameter,  

Temperature Sensitive Electrical 

Parameter 

TVS  Transient voltage suppressor 

USB  Universal Serial Bus 

via  Vertical interconnect access 
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Symbols 

 

Symbol Description     Unit 

A Area  m² 

AF Acceleration Factor - 

AH Hall-constant m³/C 

A* Richardson constant A/(m²K²) 

ar Aspect ratio in SKIM63/93 model - 

B Magnetic field density Vs/m² 

c fatigue ductility exponent - 

c Specific heat capacity c/(K*kg) 

Cin Input capacitance F 

Cth Thermal capacity in J/K J/K 

D Bond wire diameter in CIPS2008 

model 

µm 

d Thickness or distance m 

E Energy J 

EA Activation energy eV or J 

Eon Turn-on energy loss in J J 

Eoff  Turn-off energy loss in J J 

Eppm Relative measurement error  ppm 

Erec Reverse recovery energy in J J 

fc Cut-off frequency kHz 



 

 
13 of 258 

 

Symbol Description     Unit 

fDiode Factor in SKIM63/93 model Hz 

fsw Switching frequency in Hz Hz 

h Planck’s constant Js 

I Current in A A 

IB Base current A 

ICEO Collector emitter leakage current A 

Isense Sense current in A A 

Iload load current in A A 

IF diode forward current in A A 

j Current density A/m² 

J Junction - 

K Proportional constant - 

kB Boltzmann constant J/K 

L Inductance H 

LM Main inductance H 

Lσ Stray inductance H 

Le,λ Energy spectrum W/(m²nm 

sr) 

ni Intrinsic carrier densities in  cm-3 

NA Acceptor density in cm-3 cm-3 

ND Donator density in cm-3 cm-3 
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Symbol Description     Unit 

Nf Cycles to failure - 

P Power  W 

Ploss Power loss W 

Pcon_IGBT Conduction losses IGBT  W 

Pcon_diode Conduction losses diode  W 

Psw_IGBT Switching losses IGBT W 

Psw_diode Switching losses diode  W 

q or e Elementary charge 1.60218×10−19  C 

Q, qi Lifetime consumption - 

Q̇ Heat flow W 

QF Stored charge  As 

R Electrical resistance Ω 

R Universal gas constant Ω 

RDSon Drain-source on-state resistance  Ω 

RDSon,spec Specific drain-source on-state re-

sistance  

Ω 

Rth Thermal resistance K/W 

tcyc Cycle time s 

td Delay s 

ton On-time  s 

toff Off-time  s 
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Symbol Description     Unit 

tfall Current fall time s 

tMD Measurement delay  µs 

tpeak Period of switching voltage peak  µs 

trise Current rise time s 

Ta  Ambient temperature  °C 

Tc Case temperature  °C 

Tf Fluid temperature   

Ths, Ts Heat sink temperature  °C 

Tinlet Inlet temperature °C 

Tj Junction temperature  °C 

Tj (t) Transient junction temperature  °C 

Tjmin Minimal junction temperature °C 

Tjmax Maximal junction temperature °C 

TM Average junction temperature °C 

Tref  Reference temperature  °C 

Tref (t) Transient reference temperature  °C 

∆T or Tcycle Temperature swing K 

Tvj Virtual junction temperature  °C 

Vbi Built-in voltage  V 

VCE Collector-emitter voltage  V 

Δ𝑣𝐶𝑠 Frequency of Caesium  
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Symbol Description     Unit 

VAC Anode-cathode voltage V 

Vchip Chip volume m³ 

VDS Drain-source voltage V 

VGC Gate-cathode Voltage V 

VGE Gate-emitter voltage V 

VGS Gate-source voltage V 

VF Diode forward voltage  V 

Vc DC voltage supply V 

Vpeak Peak voltage V 

Vrange Voltage range V 

Vres Resolution of voltage  V 

wB Base width m 

Zth Thermal impedance  K/W 

Zthj-ref  

Thermal impedance, junction to ref-

erence 

K/W 

α Coefficient of thermal expansion  - 

α Exponent in lifetime model - 

α Current gain - 

β Exponent in lifetime model or 

weibull slope 

- 

β Current gain - 

γ Exponent in lifetime model - 
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Symbol Description     Unit 

ε Emissivity - 

τ Time constant s 

τ transmissivity - 

τn, τp charge carrier lifetimes S 

λ Specific thermal conductivity W/m∙K 

λ Failure rate - 

Δ𝜖𝑝 is the plastic strain peak to peak - 

𝜖𝑓
′  fatigue ductility coefficient - 

ρ Density  kg/m3 

σ Standard deviation - 

ΔvCs Caesium frequency  s-1 
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1 Introduction 

 

Semiconductor power devices enable efficient power conversion and thus they 

are a key technology for efficient control of drives, compact power supply units 

and transformation of electrical power from renewable decentralized energy 

sources. This technology therefore provides opportunities to decouple growth 

of wealth from the consumption of fossil fuels, which took millions of years to 

accumulate in the terrestrial crust and releases large quantities of carbon diox-

ide in the atmosphere. Its impacts on nature and climate are known since more 

than 120 years [1] and described in theoretical models such as [2]. 

The successful commercialization and operation of a power electronic systems 

relies on a reasonable balance in the trade-off between cost optimization and 

fulfillment of the required reliability and robustness. The handbook for robust-

ness validation [3] defines robustness validation as “a process to demonstrate 

that a product performs its intended function(s) with sufficient robustness mar-

gin under a defined mission profile for its specified lifetime. It should be used 

to communicate, analyze, design, simulate, produce and to test an electrical/ 

electronic module (EEM) in such a manner, that the influence of noise (or an 

unforeseen event) on an EEM is minimized.” Classified to designing power 

electronic devices capability of switching, conducting, blocking or rectifying 

and robustness regarding short circuit, surge current events or other influences 

throughout the required lifetime shall be demonstrated. 

In [4] reliability is defined as the ability of a product to perform a required 

function at or below a stated failure rate λ for a given period of time. The failure 

rate λ of a device or machine varies during its lifetime, its plot resembles a 

bathtub, see Fig. 1. Three phases can be distinguished. During phase I, named 

infant mortality, outliers or weak parts from production cause early failures, 

which dominate the failure rate. A constant failure rate caused by random fail-

ures dominates during phase II. Aging caused by wear out mechanisms lead to 

increasing failure rates at the end of life in phase III. 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/On%23_CTVL00113c386b5b4ab4ebb9fa8150b7a54b127
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Atmospheric%23_CTVL001cf9aaf60bbf240a984ef5ae6a191ad22
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Fig. 1: The failure rate λ plotted over time forms the bathtub curve, with infant mortality in 

phase I, random failures in phase II and increasing failure rate in phase III caused by wear 

out mechanisms 

Referring to power electronic devices the infant mortality can be lowered by 

appropriate screening in production at the end of the assembly line, namely 

electrical parameters such as forward voltage drop, leakage currents or imag-

ing techniques like x-ray and scanning acoustic microscopy SAM. Addition-

ally, harsh testing above the RBSOA defined for application avoids shipping 

out weak parts. A prominent example of random failures is destruction caused 

by cosmic rays, where the failure rate depends on parameters like height above 

sea level and ratio of applied DC link voltage to specified blocking voltage. 

Empirical models derived from testing are used to design the probability of 

failure down to feasible levels, see [5].  

Besides other influences such as humidity, hazardous gases and mechanical 

vibration the useful life in application is determined by the amplitude and num-

ber of temperature swings of semiconductor’s junction ΔTj causing thermo-

mechanical stress in adjacent layers of materials with different coefficients of 

thermal expansion. The changes of temperature can originate from variation in 

ambient temperature or cooling conditions in combination with from internal 

self-heating in different power modes due to power losses. In [4] a power cycle 

is defined as a temperature cycle in an application resulting from cycling power 

on and off. This work focuses solely on the thereby triggered failure mecha-

nisms starting in this chapter with a short summary of the design for reliability 

and applicable standards. Published empirical lifetime models are explained 

with their underlying physical meaning. A comparison between the models 

shows how commercially available technologies advanced since the mid-

1990s.  

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Reliability%23_CTVL001e75f23c7462a4147b696a5f8d95c097f
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The design for reliability in terms of power cycling capability estimates the 

useful lifetime for a given mission profile, which a power electronic system 

design shall perform. Fig. 2 provides an overview in the application of an elec-

tric drivetrain taken from [6]. The mission profile consists of a set of ambient 

temperatures, which in the case of inverters facing environmental conditions 

could be based on climate data for a geographical region, together with ex-

pected cooling conditions and the load profile. In the case of drives for electric 

vehicles for example this could be torque-speed profiles of most demanding 

drivers, with data of the electrical motor this translates to electrical load pro-

files consisting of DC-voltage, phase current, power factor, modulation index 

and electrical frequency. For a given power electronic design expressed by a 

set of conduction and switching losses and modulation strategy a power loss 

profile can be calculated in analytical form. Formulas for basic designs using 

simplified models of devices’ conduction and switching losses are found in 

application manuals, [7] and [8]. For example loss calculation for two-level 

three phase inverters using linearized forward characteristics of devices is de-

scribed in [9] and [10]. 

 

 

 

Fig. 2: top: Overview of calculation steps for 

expected lifetime consumption from a given 

mission profile, found in [6]; right: Example 

for rainflow counting of a load profile taken 

from[11] and modified 

              

 

Time 

Load 

Valley 
Peak 

Avg. Load 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Progress%23_CTVL0016b6c58b73a8442e7907ddbb43ad82235
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Losses%23_CTVL001b9678b00a2ae4cac9ddca8c85ef897d1
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Losses%23_CTVL0018e589d71638847b5a55934b27e50feed
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Progress%23_CTVL0016b6c58b73a8442e7907ddbb43ad82235
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/APPLICATION%23_CTVL00196bfbf9fb1a443a2a0bec1a8424e0e5b
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The derived profile of losses feed a thermal model to derive the temperature 

profile of the power electronic devices. Respecting temperature dependency, 

power loss and thermal model are forming a loop, feeding back the actual de-

vice temperature into the power loss model. 

In the next step the occurring thermal cycles defined by the temperature swing 

ΔTj, the absolute temperature (here the maximal Tjmax is chosen) and the period 

of the temperature swing ton are counted to derive a mission histogram Nmiss 

(ΔTj, Tjmax, ton). In the norm ASTM E1049–85 [12] standardized cycle counting 

methods are defined. In [11] cycle counting methods are explained in detail. 

By studying the equivalent thermo-mechanical stress in finite element models 

publication [13] states that the Rainflow counting algorithm is the optimal 

method with the lowest average error of about 15%. The algorithm is inspired 

by raindrops falling on the roofs of a pagoda, drawing the load in x-direction 

and time downwards in y-direction, see Fig. 2 on the right. For defining a half-

cycle, the following rules apply: 

- A “rain drop” starts in every extremum 

- The drop moves along the line or drops down 

- The flow ends, if 

o It passes an extremum of equal or higher value in counter direc-

tion 

o It touches the course of another drop, which started earlier in time 

o It reaches the end of the plot 

The estimated lifetime consumption qi is then calculated for each element i 

(also called stress block), comprising of a set of a temperature swing ΔTj,x, an 

absolute temperature Tjmax,y and an on-time ton,z , in the histogram Nmiss as the 

ratio of number of cycles to the estimated number of cycles to failure by an 

applicable lifetime model. Available lifetime models for power electronic de-

vices are empirical and based on results of power cycling tests. 

𝑞𝑖 =
𝑁𝑚𝑖𝑠𝑠(Δ𝑇𝑗,𝑥,𝑇𝑗𝑚𝑎𝑥,𝑦,𝑡𝑜𝑛,𝑧)

𝑁𝑓(Δ𝑇𝑗,𝑥,𝑇𝑗𝑚𝑎𝑥,𝑦,𝑡𝑜𝑛,𝑧)
 (1) 

According to the Palmgren–Miner linear damage rule [14], [15], the damage 

cumulates linearly and the total lifetime consumption Q is the sum of all ele-

ments n. The end of life is reached when Q becomes equal or greater one. 

𝑄 = ∑ 𝑞𝑖
𝑛
𝑖=1  (2) 
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Although this approach involves some simplifications its application is state of 

the art in lifetime estimation for power electronics. Examples of mission pro-

file based lifetime estimation in different applications are found in [16] for 

hybrid electric vehicles, [17] for offshore-wind power stations and in for solar 

inverters [18]. A faster method to derive temperature plots from a power losses 

and thermal model in the frequency domain was published in [19]. It was in-

vestigated and proven applicable for bond wire fatigue under different temper-

ature swing amplitudes in [20].  
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2 Applicable Standards and Lifetime Models 

 

 Applicable Standards 

 

This chapter provides a survey of applicable standards concerning power cy-

cling tests. Beginning with the standard IEC 60749-34, which provides a short 

descriptive explanation of the testing method power cycling. While the auto-

motive standard AEC Q-101 mainly focuses on printed circuit board mounted 

discrete devices, the AQG 324 standard targets on qualification of power mod-

ules and provides clear definition of test conditions to determine lifetime mod-

els for estimating power cycling capability. 

 

2.1.1 ISO Standard IEC 60749-34 

 

The International Electrotechnical Commission founded in 1906 provides in-

ternational applicable standards for definitions, units and methods. Within the 

standard series IEC 60749 concerning environmental testing the standard IEC 

60749-34 [21] defines power cycling as a destructive test method to determine 

“the resistance of a semiconductor device to thermal and mechanical stresses 

due to cycling the power dissipation of the internal semiconductor die and in-

ternal connectors.” The devices under test are in conduction mode and the load 

current is applied and removed periodically causing rapid changes of temper-

ature with intending to simulate typical applications in power electronics. Ex-

pected failure-mechanisms in standard technology are bond-wire and soft sol-

der fatigue. Regarding test conditions the standard distinguishes between tests 

with short on-time ton<15s with focus on chip close interconnections, now typ-

ically referred to as PCsec, and long on-time ton>=1min with high case temper-

ature swing ΔTc>50K stressing large area system solders and thermal inter-

faces called PCmin. The standard mainly orientated based on the experiences 

in the LESIT-project from the Mid 1990s, results were published in [22], which 

is discussed in more detail in chapter 2.2.4. 
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The standard further recommends to select the amplitude and waveform of the 

load current close to the application. This implicates that AC currents with 50 

or 60Hz are applied for mains diodes and thyristors. For IGBTs and MOSFETs 

however DC current pulses shall be used, whereas in application also for these 

devices a pulsating half sinusoidal like load current is typical for inverter ap-

plications. Publication [23] investigated the influence of the different wave-

forms AC half sine pulses and DC current on power cycling capability of IG-

BTs on an air cooled test bench. Using half sine current the lifetime of inves-

tigated IGBT modules was about 87.5% higher than using DC current. Test 

conditions ΔTj = 120K and Tjmin=40°C were same and ΔTC = 20 ... 25K. Cur-

rent loads deviated however with 80A average (half-sine) and 100A (DC), be-

cause the peak current was limited to 140Apeak at the test with half-sine wave-

form. The observed high difference in power cycling capability cannot be ex-

plained by on-time and load current dependency alone, see chapter 2.2.5. Alt-

hough using AC waveform is closer to real application conditions, it has the 

drawback of higher uncertainty for measuring Tjmax than DC current shaped 

load current pulses, as discussed in chapter 4.3. 

In [7] the following test conditions and acceptance criteria are given for power 

cycling tests for qualification referring to IEC 60749-34: 

• 20.000 load cycles at ΔTj = 100 K for MOSFETs, IGBTs 

• 10.000 load cycles with ΔTj = 100 K for diodes, Thyristors 

Making it an example for testing for fit-for-standard opposed to testing for fit-

for-application, where tests are performed until End-of-life to determine a life-

time model. The named cycle number for MOSFETs, IGBTs lies within ex-

pectation for CIPS 2008 model using the parameter for IGBT generation 3, see 

Fig. 8, but only prove power cycling capability in one test condition. 

 

2.1.2 JEDEC Standards JESD22-A122 and –A105 

 

The JEDEC Solid State Technology Association (formerly Joint Electron De-

vice Engineering Council) is an US-American organization founded in 1958 

and has around 300 member companies. It provides open standards for the mi-

croelectronics industry. The standard JESD22-A122 [24] describes the test 

method power cycling as a method for performing non-uniform temperature 
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distributions within package components. Where heat is generated by the pow-

ered device itself. Temperature range being in from room temperature up to 

the maximal junction temperature of the device. Beside the nominal tempera-

ture swing Δ𝑇 a dwell time for keeping the device temperature at +/-5K of the 

minimal and maximal temperatures is specified. Example test conditions are 

stated in between Tcycle(min)=10°C and Tcycle(max)=125°C. 

It is stated that “For application specific qualifications, the power cycling setup 

should reflect the actual product situation as close as possible.” In chapter “4.2 

Power cycling methods” the standard allows the use of four different control 

strategies, which distinguish in between  

a) constant power (open loop) and b) variable power (closed loop) 

c) constant cooling (open loop) and d) variable cooling (closed loop).  

Where closed loop control interferes with the heating characteristic, primary 

intended to accelerate cycling time as stated with “to allow faster heat ramps” 

and “can also enable increasing the cycle rate”. This definition however holds 

some drawbacks. As was reported in [25] published in 2010 variable control 

of power to reach a constant junction temperature swing during testing for ex-

ample may over-estimate the power cycling capability by a factor of 3.2 com-

pared to constant on-time (with constant load current amplitude). The latter is 

closer to application, where the load will not be reduced during lifetime and 

thus degradation of thermal resistance and voltage drop will increase the tem-

perature swings for the same given load cycle and cause self-accelerating of 

degradation to take place. Up until the 2016 release of JESD22-A122 no sig-

nificant content-related changes were made. 

The method advices to perform electrical readouts online or at intervals to eval-

uate thermal interface degradation, interconnect fatigue, chip to package inter-

action failures and package substrate integrity. Statements on performing elec-

trical tests such as blocking capability however are described in a very gener-

ous way in the chapter “5 Failure criteria”. These shall include at least “her-

meticity for hermetic devices, parametric limits, functional limits and mechan-

ical damage resulting in failure of the test point of interest”. Applicable pro-

curement documents are required to contain details on test setup and method 

to tolerances in measurements, interim measurements intervals, acceptance 

and failure criteria and sample size. 
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In the test method JESD22-A105C [26] “Power and temperature cycling” de-

vices under test shall perform power cycles while subjected to temperature 

changes in between varying cooling conditions. Typical test conditions are 

given with Tcycle(min)=-40°C and Tcycle(max)=80...125°C and temperature cy-

cle time of >=1 h. For power cycling on-time is stated as 5min per default and 

5min for off-time. The standard focuses on board assembled devices still it is 

the only method described in standards, which the author found, that comes 

close to testing for applications, where devices heat up with long time constants 

from cold ambient temperatures, while being operated. A method targeting on 

the application in hybrid electric vehicles named super imposed power cycling 

over temperature cycling was published for power modules in [27]. Chapter 

4.8.3 describes the approach in more detail. 

2.1.3 Automotive Standard AEC-Q101 

 

The standard AEC-Q101 [28] formulated by the Automotive Electronics 

Council AEC, founded by US-American car manufacturers Ford, Chrysler, 

GM-Delco in 1994, focuses on discrete semiconductors. Beside temperature 

cycling and temperature shock tests, where devices under test passively un-

dergo temperature changes, also two power cycling test methods are described 

therein.  

Method 10 the “Intermittent Operational Life” (IOL) test is referenced to a 

military standard (MIL-STD-750 Method 1037 [29]). The method requires 

power applied suddenly to the device during the on period resulting in a tem-

perature swing at the case of minimal 85K or at least a junction temperature 

swing Δ𝑇𝑗 ≥ 100𝐾 (for thyristors Δ𝑇𝑗 ≥ 60𝐾). Forced cooling is allowed dur-

ing off period only. The heating power shall be provided by DC current during 

on period. For rectifiers and thyristors sine wave is permissible. The on period 

during testing shall be at least 30s or at least one minute for TO-3 or larger 

devices. The time for qualifying the samples after testing is limited to four days: 

“End-point measurements shall be completed within 96 hours after removal 

from specified test conditions”. The number of cycles required is specified as 

2,000 cycles per default. Contrary to the low number of cycles compared to the 

industry standard, see chapter2.1.1, a fairly high sample size is defined as 77 

samples per lot for three lots. Method 10 alt (alt for alternative)“Power and 

temperature cycle” (PTC) refers to JEDEC JESD22 A-105 [24] described in 

chapter 2.1.2. 
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2.1.4  Automotive Standard AQG 324 

 

The working group “AK 4.9” formed by German car manufacturers released 

the supplier regulation 324 (LV 324) in 2013/2014. It summarizes qualification 

and test routines for power electronic modules and specially focuses on defin-

ing suitable power cycling testing routines [6]. Based on this supplier regula-

tion the working group AQG 324 inside the European Center for Power Elec-

tronics e.V. (ECPE) published the Guideline AQG 324 in 2018, latest revision 

see [30]. The scope is set on “for use in power electronics converter units 

(PCUs) of motor vehicles up to 3.5 t gross vehicle weight”. (In other words, 

electric drive trains for heavy trucks and busses are not in scope). Whereas the 

requirements essentially refer to power semiconductors based on silicon and 

future releases are advertised to address wide bandgap semiconductor technol-

ogies and novel packaging technologies. Two methods for qualification of life-

time (QL) regarding power cycling are described.  

QL-01 Power Cycling (PCsec) requires power cycling with on-time ton<5s to 

target chip-near interconnections and a derived lifetime model with cycles to 

failure Nf as a function of junction temperature swing, maximal junction tem-

perature and on-time.  

𝑁𝑓    =  𝑓(∆𝑇𝑣𝑗  , 𝑇𝑣𝑗,𝑚𝑎𝑥, 𝑡𝑜𝑛 ) (3) 

Referring to IEC 60749-34:2011 the standard specifies the following additions 

(wording and order slightly changed, added comments in italic by the author): 

1. Constant on- and off-time and constant gate voltage during test is man-

datory, other control strategies are not permissible (see statements on 

JESD22-A122 in chapter 2.1.2) 

2. Reduction of gate voltage to adjust the temperature swing is only al-

lowed within saturation range meaning VGE>>VGE,th or VGS>>VGS,th () 

3. Gate threshold voltage as a TSEP is not allowed for measuring Tj, in-

stead e.g. for MOSFETs the body diode shall be used  

4. The test shall be conducted for at least two different temperature swings 

∆𝑇𝑣𝑗, where in the test with maximal ∆𝑇𝑣𝑗1 it is at least 40% higher than 

in the one with minimal ∆𝑇𝑣𝑗 
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5. “All relevant current paths in structurally similar DUTs must be tested 

for each temperature rise ΔTvj,1 to ΔTvj,n so that all semiconductors and 

components of a module are tested at least once.” Power cycling capa-

bility may be affected by effects like current imbalance for non-symmet-

rical current paths, this becomes even more pronounced for denser ar-

rangement of chips as discussed in [31]. 

6. Sample size is at least six topological switches from three different 

DUTs 

7. The load current in one test shall be at least 0.85 times the DUT’s nom-

inal current. This requirement targets on proper stress on bond wires or 

terminals during testing and prevents unrealistically high ratings of 

nominal current.  

8. For testing MOSFETs, the body diode can be energized for heating up 

the device. If necessary, the load current may be selected lower than 

required in 7., but must be documented. Possible effects of testing the 

body diode on power cycling capability is discussed in chapter 5.2.3. 

9. Lifetime model of the diodes must be confirmed. Typically for devices 

for 1200V and smaller the diodes inhibit lower power cycling capability 

than IGBTs in the same interconnect technology and voltage class, 

probably because of higher thickness, compare factor fdiode in 

SKIM63/93 model and factor V in CIPS2008 model. 

10. The DUTs must be fully functional before and after the test and all pa-

rameters must be within specifications. Blocking capability, forward 

voltage drop, switching and surge current capability, gate threshold 

voltage and gate leakage current are of special interest on chip level. 

11. The virtual junction temperature Tvj must be determined using the 

VCE(t)-method. Alternative chip temperature measurement methods are 

possible, if the module manufacturer provides a correlation to the 

VCE(t)-method described in [32], see also chapter 3.3.2. 

12. Calculation of the virtual junction temperature Tvj by using datasheet 

values of thermal resistance and typical power loss is not permissible. 

13. The test conditions formulated in IEC 60749-34:2011 [21], table 1, 

must not be taken into account (because these are not suitable for vali-

dating a lifetime model). 

14. With the given ranges for on-time, load current and gate voltage the 

module manufacturer shall define the remaining parameters to achieve 

the desired temperature swing 
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15. For devices under test mounted with thermal interface materials (TIM) 

possible reduction of Rth due to settling effects shall be taken into ac-

count when defining the test conditions (see chapter 4.8.1 for an exam-

ple ). Therefore, the temperature swing at test start ΔTvj,start shall be de-

rived after the cycles needed for settling Nstart. 

16. The following parameters shall be documented for each device under 

test: 

o Temperature rise of virtual junction temperature (starting value 

for test after possible settling process) ∆Tvj,start  

o Duration of settling process (in cycles)  Nstart   

o Load current  IL   

o On-time of the load current (heating period)  ton   

o Off-time of the load current (cooling period)  toff    

o Minimum virtual junction temperature at the start of the test  

Tvj,min   

o Maximum virtual junction temperature at the start of the test  

Tvj,max   

o Coolant feed temperature  Tcool   

o Gate voltage  Vgate   

17. The DUTs must be loaded at least until the first occurring EOL criterion 

has been reached. It is strongly recommended, however, to continue 

loading the DUTs after reaching the first EOL criterion in the sense of 

improved evaluation of the results. Still the full functionality has to be 

proven at the derived numbers until failure, unmounting for character-

ization and remounting increases testing effort and entails the risk of 

cooling conditions. Test bench concepts, which test blocking and 

switching capability of DUTs throughout the test, are described in 

chapters 4.5 to 4.7. 

18. The parameters for failure criteria forward voltage drop, thermal re-

sistance and other technology related parameters shall be monitored for 

each cycle (monitoring of gate threshold voltage and gate leakage cur-

rent seems worthwhile). And recorded with a sufficient granularity re-

garding expected lifetime. Especially for low ∆Tvj,start with high expected 

cycle numbers it is more practical to do not record every cycle, as a 

rule of thumb the author recorded each 0.1% of total cycles resulting in 

1000 lines for analysis in Excel and at least 0.001% in raw data, see 

example given in chapter 4.5. 

19. Failure criteria shall be 5% increase above initial voltage drop at load 

current and 20% increase of thermal resistance Rthjc, Rthjs, Rthjf from 
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junction to case/heatsink/coolant. Additional Rth-measurement cycles 

shall be included in the test, if Rth increase cannot be measured with 

sufficient accuracy, f.e. due to low temperature swing or short on-time. 

The given thresholds were set historically in the LESIT project, see 

chapter 2.2.4. 

 

Definition of standard tolerances applicable in power cycling tests stated in 

AQG 234 and its consequences on tolerance of thermal resistance is discussed 

in chapter 3. Up until today these requirements represent the most profound 

specification of power cycling tests defined in any known standard concluding 

more than twenty years of research in the topic. As stated however, for Si 

MOSFETs and wide band gap semiconductor devices refinements and exten-

sions are needed. Some first results are discussed in chapters 5.2.3 and 5.2.8 

and are still subject of research and recent publications. 
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 Lifetime models 

In terms of studying thermo-mechanical stress two approaches for lifetime 

modeling can be distinguished. The first group representing a bottom-up ap-

proach investigates fatigue mechanisms of individual materials and compo-

nents based on physical parameters. The individual aging mechanisms are then 

combined into multi-physic simulation models together into the system. Un-

fortunately, the parameters in the material and physical laws taken as a basis 

are complex. Dependencies on geometry, temperature, combination of materi-

als, process parameters and micro structure of materials complicate good esti-

mations on the absolute power cycling capability.  

This work focuses on an empirical approach, where the device under test is a 

full functional sample, regarded as a black box to a certain degree with details 

on composition of materials and process parameters unknown to the reliability 

engineer. The device under test is set into operation and heated by its own 

power losses. Test conditions are to be chosen as close as possible to applica-

tion, yet intensified to accelerate testing and gaining test results in a reasonable 

time. The resulting number of stress cycles of the same kind test samples are 

fit into models which rely on basic physical laws. The established models com-

bine a Coffin-Manson term to describe the lifetime dependency on the ampli-

tude of the applied stress and an Arrhenius term to model dependency on ab-

solute temperature. Some models also respect the stress duration, geometry 

parameters and load current amplitude. The thereby created empirical lifetime 

models are only proven in the investigated range, regardless often extrapola-

tion to lower stress and thus higher cycle fatigue in the application is needed.  

2.2.1 Terms in empirical lifetime models 

In the following the basic terms are explained first, followed by a short survey 

of the statistical method used to evaluate test results. Then empirical models 

are presented in chronological order. The chapter closes with a comparison, 

which portrays the improvement of power cycling capability in the last 20 

years. 

2.2.1.1 Temperature swing - Coffin-Manson 

Under mechanical stress materials undergo a deformation according to their 

specific stress-strain dependency. If the stress amplitude is sufficiently low, 

the deformation is fully reversible in theory and therefore called elastic. For 

higher stress amplitudes plastic deformation takes place and plastic energy is 
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deposited in the material causing grain boundary migration and formation of 

cracks. The plastic strain energy density can be derived from the area of the 

hysteresis in the stress σ strain 𝜖 diagram. The limit from where on plastic is 

distinguishable from elastic deformation dependents on various influencing 

parameters such as temperature, time, the microstructure and initial stress of 

the material.  

The Coffin-Manson term describes the fatigue under stress amplitudes, where 

plastic deformation energy is deposited in the investigated materials published 

in [33] and [34]. Under these conditions the fatigue happens at a low number 

of cycles. Historically the range of low cycle fatigue was defined as failure at 

lower than 104  cycles. 

Δ𝜖𝑝

2
= 𝜖𝑓

′ (2 ⋅ 𝑁𝑓)
𝑐
      (4) 

,where 

Δ𝜖𝑝

2
 

is the plastic strain amplitude 

𝜖𝑓
′  is an empirical constant known as the fatigue ductility coef-

ficient, the failure strain for a single reversal 

2 ⋅ 𝑁𝑓 is the number of reversals to failure (Nf cycles); 

c is an empirical constant known as the fatigue ductility expo-

nent, commonly ranging from -0.5 to -0.7 for metals in time 

independent fatigue. Slopes can be considerably steeper in 

the presence of creep or environmental interactions 

 

Rearranged to the number of cycles to failure Nf: 

𝑁𝑓 = log𝑐
Δε𝑝

4⋅ε𝑓
′       (5) 

Manson [33] described the dependency of cycles to failure in thermal shock 

tests with the thermally induced plastic strain: 

𝑁𝑓 = 𝐾 ⋅ Δ𝜖𝑝
𝑛     with a proportional constant K and the exponent n around -3. 
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Further it was stated that plastic flow occurs when the thermal strain caused by 

thermal expansion, expressed by the coefficient of thermal expansion α and 

absolute temperature T above the initial temperature (thus temperature swing) 

is greater than twice the elastic strain εY of the material. Two test results with 

different thermo-mechanical stress set into relation results in: 

𝑁𝑓2

𝑁𝑓1
= (

𝛼⋅𝑇1−2⋅𝜖𝑦

𝛼⋅𝑇2−2⋅𝜖𝑦
)

3

     (6) 

And allows to calculate the proportionality constant A. This yields the funda-

mental relationship between cycles to failure and temperature swing: 

𝑁𝑓 = A ⋅ Δ𝑇𝑗
𝛼 ∼ 𝐾 ⋅ (Δ𝜖𝑝)

𝑛
     (7) 

applied in any lifetime model. Here the exponents α and n are empirical ma-

terial constants. 

 

2.2.1.2 Absolute Temperature – Arrhenius 

Reliability modeling has a long history in mechanical engineering, yet for sem-

iconductors and integrated circuits it was stated in [35] that failure time of any 

failure mechanism follows the temperature dependence described by the Ar-

rhenius function. It is used to model the acceleration of creep processes during 

plastic deformation at higher temperature in empirical models. Originally the 

equation is used to calculate the number k of molecule collisions per second, 

which result in a chemical reaction. At a higher temperature T, the ratio of 

collisions at impact energy higher than the activation energy EA rises. The pre-

exponential factor A defines the rate due to collisions in the correct orientation. 

In the field of chemical science, the form using the universal gas constant R 

and activation energy in Joule is common. 

𝑘 = 𝐴 ⋅ 𝑒−
𝐸𝐴
𝑅⋅𝑇  in mol (chemical background)    (8) 

𝑘∗ = 𝐴∗ ⋅ 𝑒
−

𝐸𝐴
∗

𝑘𝐵⋅𝑇 in number of molecules (physical background)  (9) 

In physical sciences the form with the Boltzmann constant kB is accounted for 

activation energies in eV. The activation energy and the pre-exponential factor 
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are considered to be temperature independent in applications of low tempera-

ture range. In lifetime modeling the inverse of the collision rate models the 

impact on lifetime and the exponent becomes positive. 

𝑁𝑓 ∼
𝐴∗

𝑘∗
 = 𝑒

𝐸𝐴
∗

𝑘𝐵⋅𝑇     (10) 

In [36] an extensive study of the absolute temperature dependency was pre-

sented. The soldered chip die attach being stressed above its homologous tem-

perature is more susceptible to damage with absolute temperature changes than 

the materials involved in the bond wire interconnection. This results in a higher 

activation energy for solder fatigue EA=0.159eV, whereas for bond wire lift-

off EA=0.069eV was determined with reference to Tjmax.  

 

 

 

 

Fig. 3: Activation energies for bond 

wire lift-off and solder fatigue taken 

from [36], ΔTj was around 108K 

and on-time ton=7s for both groups, 

cycles until failure on log-axis plot-

ted over 1/Tjmax fit on a straight line 

 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Impact%23_CTVL001ba757d6186294b3186b99b5b6373ca35
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Impact%23_CTVL001ba757d6186294b3186b99b5b6373ca35


 

 
37 of 258 

 

2.2.2 Statistical Methods 

For practical reasons, reliability tests can only be performed on a limited num-

ber of samples and the failure rate for devices in the application several orders 

of magnitude higher shall be estimated. For example in AQG324 [30] six de-

vices under test are the requested minimum for each test point defined with a 

pair of absolute temperature, typically Tjmax, and temperature swing ΔTj, while 

numbers of devices in the field may be in the range of 105 to several 106. There 

devices are tested until End-of-life and the probability of failure extracted from 

individual cycles to failure. Whereas the temperature cycling test on discrete 

devices according AEC-Q101 [28] requires to test 77 samples out of three lots, 

in sum 231 device under test, for a given number of cycles with a temperature 

swing between -55°C to maximal junction temperature.  

When results of power cycling tests are fitted to the dependencies respected in 

lifetime models a 50% survival rate is derived. This applies to all lifetime mod-

els discussed in the following. For the application engineer however it is im-

portant to estimate the lifetime for large numbers of devices and typically a 95% 

survival rate or even higher is requested for given mission profiles. The failure 

rates of devices derived in testing can be represented by probability density 

functions, an overview is given in [37]. Here only two of which shall be dis-

cussed the lognormal and the Weibull distribution. [38] states that the lognor-

mal describes degradation mechanisms which are general and extensive in na-

ture and not restricted to a very localized region of the material. Examples for 

this type of failure mechanisms are wear-induced failure, creep-induced failure, 

and fatigue-induced failure, where power cycling induced failures are to be 

grouped in. The Weibull distribution better serves for degradation mechanisms, 

which describe the failure of a weakest link. The Time-Dependent Dielectric 

Breakdown TDDB is given as a famous example, where a whole capacitor fails, 

because one localized region will tend to degrade faster than other regions of 

the dielectric. Publication [39] makes similar implications. However, the cu-

mulative failure function F cannot be derived analytically, and needs to be nu-

merically evaluated and described by complementary error function erfc and 

the standard deviation σ: 

𝑓(𝑡) =
1

𝜎√2𝜋
⋅ 𝑒

(−(
𝑡−𝑡50

𝜎√2
)

2
)
     (11)  

𝐹(𝑡) = ∫ 𝑓(𝑡)𝑑𝑡
𝑡

0
     (12)  
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𝐹(𝑡) =
1

2
𝑒𝑟𝑓𝑐 (

𝑡−𝑡50

𝜎√2
) , (𝑓𝑜𝑟 𝑡 ≤ 𝑡50)   (13)  

𝐹(𝑡) = 1 −
1

2
𝑒𝑟𝑓𝑐 (

𝑡−𝑡50

𝜎√2
) , (𝑓𝑜𝑟 𝑡 ≥ 𝑡50)   (14)  

𝜎 =  𝑙𝑛(
𝑡50

𝑡16
 )      (15)  

The Weibull distribution was applied in 1951 by W. Weibull in his research in 

metal fatigue as an extension of the exponential distribution [40]. It uses two 

parameters the time or number of cycles for a probability that 63.2% of devices 

failed expressed in the parameter α, also referred to as t63, and the form factor 

β (also called Weibull slope). t16 and t50 are corresponding with cycles to 16% 

and 50% of tested devices having failed. The cumulative failure function can 

be described analytically and yields a simple formula. 

𝑓(𝑡) = (
𝛽

𝛼
) (

𝑡

𝛼
)

𝛽−1

𝑒
(−(

𝑡

𝛼
)

𝛽
) 

    (16)  

 𝐹(𝑡) = ∫ 𝑓(𝑡)𝑑𝑡
𝑡

0
= 1 − 𝑒

(−(
𝑡

𝛼
)

𝛽
) 

   (17)  

Solving for the Weibull slope β and the time for a given cumulative failure 

probability, one obtains: 

𝛽 =
ln(− ln(1−𝐹))

ln(
𝑡

𝛼
)

  and 𝑡𝐹%  = 𝛼 ⋅ 𝑒
1

β
⋅ln(− ln(1−𝐹))

  (18)  

The Weibull slope β is smaller 1 for infant-mortality failures, is greater 1 for 

wear-out mechanisms, while β=1 indicates random failures. For the value  

β=3.4 it approximates the normal distribution.  

Useful solutions are  

𝑡50%  =
𝛼

𝑒
0.366

β

   𝑡5%  =
𝛼

𝑒
2.97

β

  and  𝑡1%  =
𝛼

𝑒
4.60

β

 

Setting into relation the time for 5% failed devices to 50% failure, follows: 

𝑡5%

𝑡50% 
=

𝛼

𝑒
2.97

β

⋅
𝑒

0.366
β

𝛼
= 𝑒

−
2.316

𝛽  and analog for 1% failed devices 
𝑡1%

𝑡50% 
= 𝑒

−
4.234

𝛽  
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 The Weibull slope as an indicator of deviation in power cycling capability and 

its implication on lifetime estimation shall be discussed with two types of ex-

amples found in literature. In [41] test results of one test on four samples with 

Infineon HybridPack1 were published. There a Weibull slope β=7.59 is given 

and from the plot cycles to failure for 5% and 50% can be seen and set into 

relation t5%/t50%=33,000/46,000 this yields a ratio of 0.73. From the four test 

results plotted in Fig. 4 left side it is seen that only one sample failed about 

10,000 cycles earlier than the other three samples. This lowers the Weibull plot 

by far and results in a much more pessimistic estimation by approximately 25%. 

The observed deviation may result from both influencing factors real deviation 

of the power cycling capability of the tested samples resulting from the joining 

technology, which shall be named 𝛽𝑡𝑒𝑐ℎ ≫ 1 (for wear-out failures induced by 

power cycling) and inaccuracies of measurement parameters as discussed in 

chapter 3, which the author suggests to name 𝛽𝑚𝑒𝑎𝑠 ≤ 1. An example where 

the Weibull slope was used beside the actually achieved t50% for comparing 

stitch bond layouts is given in [42]. 

The second example depicted in Fig. 4 is found in the publication of the 

SKiM63/93 model [43]. There test results of one type of sample (despite 

different aspect ratio of bond wire loop) with only one type of failure 

mechanism bond-wire failure is observed in a wide range of test conditions and 

is normalized with a lifetime model. The latter names a third source of 

deviation, the inaccuracies arising from applying empiric lifetime models 

𝛽𝑀𝐷𝐿 ≤ 1. Weibull slope β=2.59 was derived, which results into a ratio of 

t5%/t50%=0.2/0.5=0.41. This means with a targeted 5% failed devices only 41% 

of lifetime as expected from the lifetime model may be assumed. 

From fitting test results in a Weibull plot only 𝛽𝑡𝑒𝑠𝑡 is observable. The design 

target for improved power cycling capability in new technology, expressed as 

an achieved number of cycles to failure under given test conditions Nf(ΔTj, 

Tjmax, ...) as base for lifetime models , also needs to come with a high Weibull 

slope for the technology 𝛽𝑡𝑒𝑐ℎ.  

𝛽𝑡𝑒𝑠𝑡 = 𝛽𝑡𝑒𝑐ℎ ⋅ 𝛽𝑚𝑒𝑎𝑠     (19)  

Finally In application two more factors could express all the differences due to 

deviations in between results from standard power cycle testing and real-world 

application. One named 𝛽𝑠𝑦𝑠 ≤ 1 would express influences like deviation of 

devices’ switching losses, both device intrinsic and due to tolerances in the 

gate driver, effects such as current imbalance (discussed for example in [31]) 
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or in the thermal path outside the device under test, arising from inhomogene-

ous cooling conditions. The last named 𝛽𝑚𝑖𝑠𝑠 ≤ 1 could be derived from the 

differences in mission profiles assumed for the same power electronic system. 

Setting this factor to 1 can be achieved by assuming worst case profiles, which 

are required to be fulfilled. Examples are worst case driver types or trolley cars 

in mountain regions with cold starts at low temperatures, for electrical 

drivetrains or solar power inverters in desert areas, with high temperature cy-

cles in day-night cycles and operating peak power at hottest ambient conditions. 

The Weibull slope expressing the deviation for estimated lifetime in applica-

tion ultimately is a combination of all the mentioned factors: 

𝛽𝑒𝑠𝑡 = 𝛽𝑡𝑒𝑠𝑡 ⋅ 𝛽𝑀𝐷𝐿 ⋅ 𝛽𝑠𝑦𝑠 ⋅ 𝛽𝑚𝑖𝑠𝑠    (20)  

 

 

 

 

 

Fig. 4: Weibull plots found in publications left: test result of one test with Infineon Hy-

bridPack1 indicate β=7.59 t5%/t50%=33,000/46,000=0.73 taken from [41], dotted orange 

line would result from considering only the three upper test results right: test results of 

Semikron SKiM63/93 in wide range of test conditions normalized with lifetime model 

indicate β=2.58 and ratio t5%/t50%=0.2/0.5=0.41 taken from [43] (with changing format) 
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Fig. 5: Relationship between Weibull slope and ratio of cycle number with 5% to 50% fail-

ures, marked dots represent the two discussed examples from literature, dotted line repre-

sents ratio of cycle numbers between 1% to 50% failures 

 

2.2.3 Norris-Landzberg Model 

Being the first publication that took into account the period of applied temper-

ature cycles in electronics, Norris and Landzberg [44] reported on the reliabil-

ity of solder joints for multi-pad integrated circuit chips on printed circuit 

boards in thermal cycling. Calculating an acceleration factor AF between num-

bers of cycles to failure between field and testing conditions they assumed that 

the plastic strain range is proportional to the temperature swing ΔT of the sol-

der material at board level by applying a Coffin-Manson term. The dwell time 

at high temperature in form of cycling frequency f, measured in cycles per day, 

where maximal value is 6, was taken into account. Additionally, an Arrhenius 

term models the impact of maximal temperature. The model was fitted on test 

results from temperature cycle tests on tin-lead (SnPb) ball grid array BGA 

interconnects. 

 

𝐴𝐹 =
𝑁𝑓𝑖𝑒𝑙𝑑

𝑁𝑡𝑒𝑠𝑡
= (

𝑓𝑓𝑖𝑒𝑙𝑑

𝑓𝑡𝑒𝑠𝑡
)

−𝑚

⋅ (
Δ𝑇𝑓𝑖𝑒𝑙𝑑

Δ𝑇𝑡𝑒𝑠𝑡
)

−𝑛

⋅ (𝑒

𝐸𝐴
𝑘𝐵

(
1

𝑇𝑚𝑎𝑥,𝑓𝑖𝑒𝑙𝑑
−

1

𝑇𝑚𝑎𝑥,𝑡𝑒𝑠𝑡
)

)  (21)  

Tab. 1 lists the parameters found in the original publication compared to more 

recent published values for tin-lead-copper SnAgCu solder alloys, where [45] 

states the same values for SnAgCu as the original paper. Up until today the 

model is used in reliability studies of surface mounted devices. Publication [46] 
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confirms the parameters and states absolute values for cumulative failure rate 

of 0.01% to 0.5%. Notably the factor for the activation energy expressing the 

dependency of absolute temperature is in similar range as for lifetime models 

for power modules. 

Tab. 1: Comparison of published parameters for the Norris-Landzberg model 

Solder material [reference] m n 𝐸𝐴

𝑘𝐵
 

SnPb [44] 1/3 1.9 1414 

SnAgCu in [47] 0.136 2.65 2185 

SnAgCu in [45] 1/3 1.9 1414 

<not stated> [46] 1/3 1.9 1414 

 

 

2.2.4 LESIT Model 

In the early 1990s the power cycling capability of standard module technology 

from different manufacturers was investigated in the LESIT project at ETH 

Zurich. The test results on 300A/1200V IGBTs with Al-wires of 300µm diam-

eter were presented in [22]. The dominating failure mechanism was bond-wire 

lift-off. The end-of-life criterion was chosen according to: 

Δ𝑉𝐶𝐸[%] =
1500

𝐼𝑛𝑜𝑚[𝐴]
    (22)  

For the investigated devices this is equal to Δ𝑉𝐶𝐸[%] = 5%. Up until today 

this criterion is fixed to values of 5% (or 8%) increase to the initial value. The 

idea to scale the EoL-criterion according to the module’s rated current was 

probably dropped to avoid confusion.  

The test results were fitted into a combination of a Coffin-Manson term for 

dependency on temperature swing and an Arrhenius term for dependence on 

absolute temperature. The temperature swing was mainly adjusted by variation 

of on-time between 0.6 to 4.8s as the load current only varied between 80-100% 

of the IGBTs’ rated current and gate-emitter voltage was kept constant at 
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VGE=15V. A possible influence of on-time on the degradation of soft solder 

was not regarded. 

Since then, this model is known as the LESIT model being the first available 

lifetime model for module technology. The parameters given in the original 

publication were adjusted in the Semikron handbook [7]. There a slightly 

higher dependency on the temperature swing ΔTj was proposed. In Fig. 6 the 

parameter sets are compared for a fixed Tjmax=125°C, the average temperature 

TM was adjusted according to ΔTj. For further comparisons the parameter set 

proposed by Semikron will be used. 

    (23)  

 

 

 

Tab. 2: Parameters of LESIT model given in 

original publication by [22] and in application 

manual by Semikron [7] 

Parameter Original 
Semikron 
Handbook 

A 640 302500 

α -5 -5,039 

Q or EA 78000 J/mol 9,891E-20 J 

R or kb 
8,314 J*mol-

1K-1 
1,38065E-23 

J*K-1 

Q/R or EA/ 
kb 9381 K 7164 K 

 

 

Fig. 6: Comparison of LESIT model in 

defined range ΔTj=30..80K with origi-

nal set of parameters from [22] and 

those given in Semikron’s manual [7], 

Tjmax=125°C TM is varied accordingly, 

at ΔTj=80K the original parameters es-

timate 23% more cycles  
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𝑁𝑓 = A ⋅ Δ𝑇𝑗
𝛼 ⋅ 𝑒

𝑄
𝑅⋅𝑇𝑀  ≈ A ⋅ Δ𝑇𝑗

𝛼 ⋅ 𝑒
𝐸𝐴
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2.2.5 CIPS2008 Model 

In IGBT Generation 4 improvements in bond wire technology and increase of 

the maximal specified junction temperature to 150°C made solder fatigue a 

more pronounced failure mechanism in standard module technology. This fail-

ure mechanism being driven by creep processes results in a dependency of on-

time. Furthermore, the devices of higher voltage class apply higher thermo-

mechanical stress in the die soldering and bonded interconnections, as thicker 

chips are less flexible. In [48] a lifetime model based on a wide range of test 

conditions and devices, IGBTs and diodes of voltage and current classes, was 

published. For expressing the dependency of lifetime regarding absolute tem-

perature the minimal junction temperature Tjmin during power cycling was cho-

sen as parameter to suppress the correlation of the physically more meaningful 

maximal or average temperature with the Arrhenius term found in other life-

time models. There the parameters of Coffin-Manson term and Arrhenius term 

are linked with: 

𝑇𝑗,𝑚𝑎𝑥 = 𝑇𝑗,𝑚𝑖𝑛 + Δ𝑇𝑗 or 𝑇𝑗,𝑀 = 𝑇𝑗,𝑚𝑖𝑛 + Δ𝑇𝑗/2  (24)  

Seven different bonding technologies and seven different packages were rep-

resented. This allowed to model a dependency of bond-wire degradation on the 

bond foot geometry. Higher current per bond-foot I leads to higher local heat-

ing of bond wires and also might trigger electro-migration in the chip’s top 

metallization. Bigger bond wire diameters D inhibit greater stress on the 

thereby larger bond interface. Thermomechanical stress on both bond-wire and 

die attach also scales with device thickness, which rises with the voltage class 

V. These conclusions added physical impacts in an empirical derived model. 

Published in 2008 on CIPS conference it is commonly referred to as CIPS2008 

model [48]: 

𝑁𝑓 = 𝐾 ⋅ Δ𝑇𝑗
β1 ⋅ 𝑒

β2
𝑇𝑗𝑚𝑖𝑛+273 ⋅ 𝑡𝑜𝑛

β3 ⋅ 𝐼β4 ⋅ 𝑉β5 ⋅ 𝐷β6   (25)  

 

Some parameters are only given in [7], published in 2009. Additionally, to the 

originally investigated IGBT Generation 4 also a technology factor K for IGBT 

Generation 3 is given, see Tab. 3. It indicates an increase of power cycling 

capability by factor 4.6 in between the two generations.  
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Tab. 3: Parameter set and range for CIPS2008 model as published in [7] 

Parameter 

Sym-

bol Unit Range 

Expo-

nent Value 

Technology Factor A – 

IGBT 3 K - - - 2.03E+14 

Technology Factor A – 

IGBT 4 K - - - 9.34E+14 

Temperature swing ΔTj K 45…150 β1 -4.416 

Min. chip temperature  Tjmin °C 20…120 β2 1285 

Pulse duration  ton s 1…15 β3 -0.463 

Current per bond foot  I A 3…23 β4 -0.716 

Voltage class/100 V V 6…33 β5 -0.761 

Bond wire diameter D µm 75…500 β6 -0.5 

 

2.2.6 SKIM63/93 Model 

In [43] a lifetime model derived from tests on sintered die attach devices with 

Al-bond wires was published. It is valid for IGBT modules type SKIM63/93 

by Semikron. The improved die attach in these devices excludes the degrada-

tion of the thermal path as failure mechanism. This enabled to study the influ-

ences on the lifetime of Al-bond wires exclusively. Thereby it involves a factor 

ar for aspect-ratio, which is the ratio of loop height to distance of the bond 

stitches to describe the bond loop geometry. The bond wires were 300µm alu-

minum standard type. All investigated devices were of voltage class 1200V, 

thus no dependency of chip thickness was investigated. Out of 97 test results, 

9 tests were performed on the free-wheeling diode with ΔTj in the range of 90 

to 100K. For the 1200V CAL diodes a derating factor fdiode is introduced. It 

was stated that the derating could have been caused by the diode’s greater 

thickness in the range of 270µm compared to an estimated 120µm for the 

1200V IGBT. Additionally, there might be reasons related to the electrical de-

vice characteristics as discussed in chapter 5. The dependency of on-time was 

tested in between 70ms to 63s. The cycles to failure Nf are modeled with the 

parameters listed in Tab. 4. 

𝑁𝑓(Δ𝑇𝑗, 𝑇𝑗𝑚, 𝑎𝑟, 𝑡𝑜𝑛) = 𝐴 ⋅ Δ𝑇𝑗
𝛼 ⋅ 𝑎𝑟1

𝛽1⋅Δ𝑇𝑗+𝛽0 
⋅ (

𝐶+𝑡𝑜𝑛
𝛾

𝐶+1
) ⋅ 𝑒

𝐸𝐴
𝑘𝐵⋅𝑇𝑗𝑚 ⋅ 𝑓𝐷𝑖𝑜𝑑𝑒    (26)  
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Tab. 4: Parameters of SKIM63/93 model, taken from [43] 

Parameter Value Data range 

A 3.4368E14  

𝛼 -4.923 64K≤ 
𝛼 ≤113K 

𝛽1 -9.012E-3 0.19≤ar≤0.42 

𝛽0 1.942 

C 1.434 0.07s≤ton≤63s 

𝛾 -1.208 

𝐸𝐴 [𝑒𝑉] 0.06606 32.5°C≤Tjm≤122°C 

𝑓𝑑𝑖𝑜𝑑𝑒 0.6204 1200V Chips 

 

For the single side sintered chips, the Al-wire bonds are the limiting factor. 

Semikron published in [49] and [50] first results of power cycling for an im-

proved technology with a flexible circuit board sintered on top of the chips. 

There an increased power cycling capability by factor of about 14 was demon-

strated with more than 700k cycles to failure with test conditions 𝛥Tj=110K, 

Tjmax=150°C, IC=280A, ton=7s, toff=7s, where the SKIM63/93 model expects 

End-of-Life at around 50k cycles (with are=0.31). 

 

2.2.7 .XT Model  

In [51] power cycling test results of Infineon’s .XT-technology were published. 

The devices under test were 1200V IGBTs and diodes approx. 120µm and 

140µm thick with silver sintered or diffusion soldered die attach and copper 

bond wires of 400µm diameter. Between IGBTs and diodes no difference in 

lifetime or failure mechanism was found. Two groups were investigated, pro-

totypes with two paralleled IGBTs on standard alumina DBCs without 
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baseplate and ready assembled ones in modules, where the DBCs were sol-

dered on copper baseplates using “improved solder technology”, see Fig. 7. 

Here the presented lifetime models shall be named .XT with/without baseplate 

in this work. Earlier results for power cycling tests with long on-time were 

published in [52]. There on-time was set to ton=15...30s and for improved sys-

tem solder more than 100k cycles at ΔTj=130K was reached without failure. 

Both publications report the failures of the DBC, copper delamination and 

cracks in the ceramic, as root-cause. 

 

Fig. 7: Power cycling results of Infineon’s .XT samples employing copper wire bonding, 

LTJT or diffusion solder for die attach, taken from [51] 

For the samples without baseplate temperature and on-time dependencies re-

lated to creeping effects were considered negligible as the investigated temper-

ature range (158°C < Tjmax  < 205°C ) was well below the homologous temper-

ature of the involved materials. For solder alloys the creep range begins at 

about 40% of the homologous temperature, which is the ratio of absolute tem-

perature to temperature of the melting point. This means for copper Cu 

1359K ⋅ 0.4 = 271°C and for silver Ag 1235 K ⋅ 0.4 = 221°C. Thus, solely a 

Coffin-Manson term was used to fit the test results. 

𝑁𝑓 = 𝐴1 ⋅ Δ𝑇𝑗
𝛾1 = 2.5 ⋅ 1013 ⋅ Δ𝑇𝑗

−3.55   (27)  
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For sintered devices the observed failures were vertical cracks in the front and 

back side copper layer. The investigated range is Δ𝑇𝑗 = 85. .140𝐾. 

For the samples with baseplate creep effects for the system solder were re-

spected by terms for temperature and on-time dependency. 

𝑁𝑓 = 𝐹 ⋅ Δ𝑇𝑗
𝛾1 ⋅ 𝑡𝑜𝑛

𝛾2 ⋅ e
(

𝛾3
𝑇𝑗𝑚𝑎𝑥

)
= 5.3 ⋅ 1011 ⋅ Δ𝑇𝑗

−6.28 ⋅ 𝑡𝑜𝑛
−0.58 ⋅ 𝑒

(
7296

𝑇𝑗𝑚𝑎𝑥
)
  (28)  

The investigated ranges of test parameters are Tjmax = 170. .185°C , Δ𝑇𝑗 =

100. .140𝐾 and ton = 2. .60𝑠. The higher impact of temperature swing on life-

time for devices with baseplate were assumed to be caused by the bending be-

havior of the fixed DBCs.  

2.2.8 Comparison of Lifetime Models 

This chapter closes with a comparison of available life time models for power 

cycling capability. It reflects the achievements in improved power cycling ca-

pability of commercially available power modules over the last 25 years. Ob-

viously two orders of magnitude higher cycles to failure are reached when 

comparing LESIT model and .XT model, while the maximal junction temper-

ature was increased from 125°C to 175°C, see Fig. 8. For this comparison 

ton=1s was set for models respecting on-time dependency. For CIPS2008 

model a current per bond-foot was set to 10A and for SKIM63/93 model an 

aspect ratio ar= 0.31 was assumed. The exponent for temperature swing de-

pendency is in the range of -3.55 and -5.39 for most models, which matches 

well with the statements in [39] (Table 5.14.1) for hard metal alloys and inter-

metallics. This should be applicable for the failure mechanism bond wire-lift 

off, while for ductile metals like solders a range of -1...-3 is stated. Surprisingly 

for the .XT model for samples with base plates an exponent smaller -6 was 

derived, which should be valid for brittle materials such as ceramics. 

Tab. 5 provides an overview of the discussed lifetime models including the 

investigated ranges of temperature swing, on-time, absolute temperature, de-

vices and failure mechanisms. Up until today the CIPS2008 model is the only 

model covering a wide range of devices known to the author. Therefore, no 

other model provides dependencies for varied technologies such as bond wire 

diameter or chip thickness.  
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Fig. 8: Comparison of lifetime models, at their specified Tjmax, ton=1s, for CIPS2008 model: 

I – current per bond-foot was set to 10A, for SKIM63/93 aspect ratio ar= 0.31 was set 

The activation energy expressing the dependency of absolute temperature is 

related to different reference temperatures of test conditions, namely minimal 

Tjmin, average TM and maximal Tjmax junction temperature. For the purpose of 

better comparison, the expected cycles are normalized assuming ΔTj=80K and 

the resulting Tjmax is taken for reference, see Fig. 9. For LESIT Tjmax=100°C 

was set as reference, for others were referred to Tjmax=125°C. Interestingly 

the .XT w baseplate model possesses an activation energy similar to the LESIT 

model, which appears as a graph with similar shape; shifted by 25K only be-

cause of the different assumed reference temperature. The SKIM63/93 pos-

sesses the lowest dependence on absolute temperature.  

 

Fig. 9: Dependency on Tjmax, TM is adjusted for SKIM63/93 and LESIT models at an as-

sumed ΔTj=80K 
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Tab. 5: Comparison of lifetime models, range of test data, coefficents for ΔTj and absolute 

temperature dependency, types of devices and dominating failure mechanisms, all models 

estimate a survival rate of 50%, for device types T-IGBTs and D-diodes 

Model Range 

of ΔTj in 

K 

Range 

of ton in 

s; con-

sidered? 

Abs. temp. 

as 

Tjmin/TM/Tjm

ax; Range 

in °C 

Expo-

nent 

of ΔTj 

𝐄𝐀

𝐤𝐛
 

Nr. Of 

Chips 

Device 

types 

Limiting 

inter-

connec-

tion 

LESIT 30..80 0.6...4.8;

No 

TM; 

 60..100 

-5.039 7164 multi 1200V 

T 

Bond 

wire 

domi-

nated 

CIPS2008 45..150 1…15; 

Yes 

Tjmin, 80..205 -4.416 1285 multi 0.6…3.

3kV T, 

D 

Bond 

wire and 

chip sol-

der 

SKIM63/93 64..113 0.07...63

; Yes 

TM;  

32.5...122 

-4,923 768 single 1200V 

T, D 

Bond 

wire 

.XT with-

out 

baseplate 

85..140 1.5…2;

No 

Tjmax; 

158..205 

-3.55 none single 1200V 

T, D 

Cu in 

DBC 

.XT with 

baseplate 

100..140 2…60; 

Yes 

Tjmax; 

175..185 

-6.28 7296 multi 1200V 

T, D 

System 

solder 

 

On-time dependency is expressed in all models where on-time was varied in 

the test conditions by more than one order of magnitude. For comparison of 

the models CIPS2008, SKIM63/93 and ‘.XT w baseplate’ the expected cycles 

to failure were normalized to factor ton=1. The result is shown in Fig. 10 for 

each model. Above 1s the SKIM63/93 model reports the lowest impact on ex-

pected cycles for on-time. The reason seems to be that bond wire lift-off is the 

only failure mechanism and creepage effects in the solder layer do not play a 

role. For CIPS2008 model on-time greater than 15s shall be set accounted as 

15s in the model. This yields for ton=60s a factor 2 between on-time depend-

ency of SKIM63/93 and CIPS2008. Only SKIM63/93 provides expectation for 

on-time dependency shorter than 1s based on testing data. It predicts factor 10 

more achievable cycles at 75ms on-time than at 1s. In [43] it is explained that 
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the plastic deformation is time dependent up until about 1s, higher than that a 

stationary situation is reached. The model .XT w baseplate shows the strongest 

on-time dependency with exponent -0.58, which might be explained by the 

impact of creepage degradation in the large area system solder. 

 

Fig. 10: Comparison of on-time dependency within specified ranges normalized to ton=1s, 

CIPS2008 and .XT models predict lower lifetime for longer on-time compared to 

SKIM63/93 model 

All discussed lifetime models have in common that the expected cycles to fail-

ure represent a survival rate of 50%. For the application engineer typically a 

higher survival rate is more interesting for proper designing of power cycling 

capability, for example a survival rate of 95%. Depending on the deviation in 

between samples, expressed as the Weibull slope much lower cycle numbers 

can be expected. Therefore, device manufacturers typically provide dedicated 

lifetime models for their products with statements for the expected survival 

rate.  
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3 Measurement parameters in power cycling tests 

This chapter discusses the physical parameters observed in power cycling tests, 

how their accuracy impacts determination of test conditions and thus the pre-

cision of the data on which power cycling lifetime models are based on. In 

AQG324 [30], standard tolerances are defined as given in Tab. 6 for measure-

ments in lifetime tests stated in this standard.  

Tab. 6: Definition of standard tolerances of measured parameters stated in AQG324, [30] 

Frequencies ± 1% 

Measured temperatures, here Tref ± 2°C 

Indirectly determined temperatures, here Tj ± 5°C 

Humidity ± 5% 

Times + 5%, - 0% 

Voltages, here V ± 2% 

Currents, here I ± 2% 

 

Measuring the thermal resistance Rthj,ref of a device derived from the tempera-

ture difference 𝑇𝑗,𝑚𝑎𝑥 − 𝑇𝑟𝑒𝑓 and a power pulse of forward voltage drop VCE 

or Vf and load current ILoad form a tolerance chain: 

𝑅𝑡ℎ =
𝑇𝑗,𝑚𝑎𝑥−𝑇𝑟𝑒𝑓

(𝑉⋅𝐼)
     (29)  

At an assumed temperature difference 𝑇𝑗,𝑚𝑎𝑥 − 𝑇𝑟𝑒𝑓 = 100𝐾  and V=1.5V, 

I=100A, Tjmax=125°C, Tref=25°C follows according to the propagation of un-

certainty: 

Δ𝑅𝑡ℎ = √(
𝜕𝑅𝑡ℎ

𝜕𝑇𝑗,𝑚𝑎𝑥 
⋅ Δ𝑇𝑗𝑚𝑎𝑥)

2

+ (
𝜕𝑅𝑡ℎ

𝜕𝑇𝑟𝑒𝑓
⋅ Δ𝑇𝑟𝑒𝑓)

2

+ (
𝜕𝑅𝑡ℎ

𝜕𝑉
⋅ Δ𝑉)

2

+ (
𝜕𝑅𝑡ℎ

𝜕𝐼
⋅ Δ𝐼)

2

 (30)  
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Δ𝑅𝑡ℎ = √(
Δ𝑇𝑗,𝑚𝑎𝑥

𝑉⋅𝐼
)

2

+ (
−Δ𝑇𝑟𝑒𝑓

𝑉⋅𝐼
)

2

+ (
−(𝑇𝑗,𝑚𝑎𝑥−𝑇𝑟𝑒𝑓)

𝑉2⋅𝐼
⋅ Δ𝑉)

2

+ (
(𝑇𝑗,𝑚𝑎𝑥−𝑇𝑟𝑒𝑓)

𝑉⋅𝐼2 ⋅ Δ𝐼)
2

 (31)  

 

with applying the standard tolerances ΔV=0.03V, ΔI=2A, ΔTjmax=5K and 

ΔTref=2K an uncertainty 

Δ𝑅𝑡ℎ = √(
5𝐾

150𝑊
)

2

+ (−
2𝐾

150𝑊
)

2

+ (−
100𝐾⋅0.03𝑉

1.5𝑉2⋅100𝐴
)

2

+ (−
100K⋅2A

1.5V⋅1002𝐴²
)

2

= 40𝑚𝐾/𝑊 (32)  

Is obtained for the given example and results in  

Δ𝑅𝑡ℎ

𝑅𝑡ℎ
=

40mK/W

666mK/W
= 6.1%    (33)  

a rather unsatisfactory relative uncertainty of 6.1% of the measured thermal 

resistance Rth. The statements in [53] confirm a similar range. More details on 

the evaluation of measurement accuracy is found in the “Guide to the expres-

sion of uncertainty in measurements”, [54]. The measurement accuracy of the 

parameters is on the one hand limited by the measurement equipment in am-

plitude and dynamics and better accuracy than requested by standard can be 

achieved as shown in the chapters covering voltage, current and reference tem-

perature. On the other hand, limitation by the properties of the devices under 

test themselves are present as described for the measurement delay tmd and the 

virtual junction temperature Tvj. This makes measurement inaccuracies smaller 

5K for Tjmax challenging and proper extrapolation from the time point of meas-

urement is needed. 

 Voltage  

 

The difference between two electric potentials is called voltage V, electric ten-

sion or electromotive force emf. In the past the value of voltage was defined 

using electrochemical cells at given temperature, such as the Clark Cell stand-

ardized 1893 with 1.434V at 15°C and not much later in 1908 the Weston Cell 

with 1.0184V at 20°C was chosen, which has lower temperature dependency 

and can reaches an accuracy of 50ppm. The latter remained the standard as the 

voltage norm until 1990. A historical overview and technical information on 

construction, maintenance and parameters impacting the observed voltage is 

given in [55]. Since the new definition of SI-units in 1990 the voltage is stand-

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/The%23_CTVL001a864434251684eabbcb6a90fe38c922b


 

 
55 of 258 

 

ardized by the use of the Josephson effect, where a voltage drop across a junc-

tion between two super conductors is only related to the frequency and the 

elementary constants Planck constant h and elementary charge e, [56]. An 

overview of historical uncertainties in voltage definition is depicted in Fig. 11 

with improving the setups of Josephson voltage standards the agreement be-

tween laboratories was improved by 5 orders of magnitudes since the Weston 

Cell has been replaced, [57].  

 

Fig. 11: Historical over view of specified accuracy of DC voltage standards , 

taken from [57] 

Having started with the technically possible accuracy this chapter focusses on 

the accuracy reasonably needed in power cycling test benches. Static and dy-

namic phenomena, which affect the measurement accuracy, and circuitry to 

protect the measurement channels from high common and differential mode 

transients are explained. 

 

3.1.1 Measurement accuracy 

 

First it is to estimate the voltage range to be measured. The voltage drop in 

conduction mode of all typical devices under test is well in the range of 0V to 

5V for a range of 0 – 200% nominal current. If the junction temperature of 

MOSFETs is measured using the inverse diode, while devices are operated in 

MOSFET mode during heating phase, negative voltage down to about -3V for 

SiC devices are to be measured accurately. The voltage range Vrange of the an-

alog-to-digital converter ADC would be shifted to -5 to 5V and a range of 10V 

would be necessary. The linear calibration coefficient K in the calibration 
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curves is in the range of 1...2 mV/K depending on the device under test and the 

applied sense current density as discussed in chapter 3.3. This leads to a re-

quired accuracy of 1mV, which means relative to the measurement range 0.1% 

accuracy, to reach a temperature accuracy of 1K. The binary resolution of ADC 

used should therefore be equal or greater 16 bit as the resolution is: 

𝑉𝑟𝑒𝑠 =
𝑉𝑟𝑎𝑛𝑔𝑒

2𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑏𝑖𝑡𝑠
=

10𝑉

216
= 0.15𝑚𝑉   (34)  

The sum of static measurement errors such as offset, gain and non-linearity of 

the whole measurement circuit should be less than 1mV especially in the volt-

age range for Tj-measurement, for example Si bipolar junctions 0.1V to 0.9V 

and SiC bipolar junctions -2.3V to -3V for temperature ranges 20°C to 200°C. 

Tab. 7 shows an example of an analog input. There the requirement for abso-

lute accuracy of less than 1mV is fulfilled at a range of 5V to -5V. 

Tab. 7: Analog inputs’ accuracy of a measurement system, example NI 6363 (National IN-

STRUMENTS) taken from [58], with a voltage range -5V to 5V the requirement of abso-

lute accuracy <1mV is fulfilled 

 

 

Common AD-converters with delta-sigma modulation for 16bit at 10kSam-

ples/s to 1MSamples/s sampling rate are sufficient. The sampling rate defines 

the smallest observable time constant 𝜏𝑡ℎ,𝑚𝑖𝑛 of the voltage and ultimately the 

thermal impedance, see chapter 3.5. For a rule of thumb, the smallest times 

constant 𝜏𝑡ℎ,𝑚𝑖𝑛 ≥ 100µ𝑠  can be assumed. Therefore, the sampling rate 𝑓𝑠 

should be 3.183 kSamples/s or higher according to the Nyquist-Shannon sam-

pling theorem:  

𝑓𝑠 ≥ 2 ⋅
1

2𝜋⋅𝜏𝑡ℎ,𝑚𝑖𝑛
= 3.183 𝑘𝑆𝑎𝑚𝑝𝑙𝑒𝑠/𝑠   (35)  

The voltage measurement in between channels needs to be differential for to-

pologies with several devices connected in series. A low budget approach is 
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the quasi-differential measurement. There a multiplexed AD-converter is used 

with a multiplexer feeding the individual voltage values in reference to a com-

mon ground to one single ADC and the difference between two pins per chan-

nel is calculated. A drawback of this approach is the ghosting effect, described 

here [59]. Jumping in between the potentials of different measurement chan-

nels causes the input capacitance Cin of the ADC to be charged via the chan-

nel’s input resistance Rin. This results in an error expressed in ppm 𝐸𝑝𝑝𝑚 for a 

given settling time tsettle caused by time constant Rin and the input capacitance 

Cin, see Fig. 12.  

𝐸𝑝𝑝𝑚 = 106 ⋅ 𝑒
−

𝑡

𝑅𝑖𝑛⋅𝐶𝑖𝑛     (36)  

NI USB 6363 is compared with the specified Cin=100pF adding 60pF for par-

asitic capacitance to the values stated in the data sheet as an example. For high 

input resistance, even extremely low parasitic capacitances of the setup may 

influence the measurement results. For example, with an input resistance of 

10kOhm a settling error of 2000ppm or 0.2% would be observed with settling 

time 10µs. 

 

Fig. 12: Settling error versus time for different source impedances for multi channels meas-

urements on NI USB-6363 taken from [60] , for example given a 10kOhm impedance and 

the settling error after 10µs comprises 0.2% of the step amplitude, comparison with 

Cin=160pF yields good agreement of data sheet specification 

This effect leads to a “ghost” like appearing of voltage signals “cross-talking” 

between the measurement channels and is therefore called ghosting. This is not 

to be confused with actual cross-talking, which is rather used for coupling in 

noise from the environment or other channels. Recommended solutions for this 

phenomenon are  
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• Decreasing the input impedance to lower 1kOhm, f.e. by using a voltage 

follower 

• Decrease sampling rate  

• Decrease voltage difference in between adjacent channels, by proper se-

lection of ground reference or decreasing the number of DUTs in series 

• Decrease total voltage difference 

So, for example to keep the error caused by ghosting lower than 100ppm, 

meaning 0.5mV at 5V jumping input potential, a settling time tsettle=17.5µs 

with given input resistance 10kOhm and 8 devices under test in quasi-differ-

ential mode (factor 2) needs to be kept. This leads to a maximal sampling rate 

fs=3500kSamples/s and would fulfill the requirement above. 

𝑓𝑠(𝑅𝑖𝑛 = 10𝑘, 𝑒𝑟𝑟𝑜𝑟 = 100𝑝𝑝𝑚, 8 𝐷𝑈𝑇𝑠) =
1

2⋅𝑛𝐷𝑈𝑇𝑠⋅𝑡𝑠𝑒𝑡𝑡𝑙𝑒
  

         =
1

2⋅8⋅17.5µ𝑠
= 3.571 𝑘𝑆𝑎𝑚𝑝𝑙𝑒𝑠/𝑠     (37)  

The author stumbled upon the effect when working on a multiphase test bench 

with 64 analog input channels comprising of two multiplexed ADCs across 32 

channel each. Only under certain configurations of the test setup, such as num-

ber of devices or adversely selected potential of ground reference, the problem 

was noticeable. This comprises a high risk of measurement error, which may 

not be obvious in the first glance and needs to be ruled out by proper design 

decisions and work instructions.  

Individual AD-converters for each measurement channel rule out these prob-

lems for test bench topologies with low DC link voltage, see chapter 4. High 

DC link voltage and jumping potentials on the input demand isolation ampli-

fier circuits with high common mode isolation and rejection. At their outputs 

again multiplexed ADCs can be used. A comparison of such circuits is dis-

cussed in chapter 3.1.2. 

The low voltage analog inputs need to be protected from high voltage peaks, 

which occur during switching events or sudden failure of a device under test 

e.g., due to bond wire lift-off. Two principles of such a protection circuits, as 

widely used, are depicted in Fig. 13 principle A and in Fig. 14 principle B. A 

high input resistance Rin of 10kOhm limits the input current to 100mA at an 

assumed voltage peak of Vpeak=1kV. The peak power dissipation across the 

input resistor would therefore be 100W. For test bench topologies with switch-

ing devices under test the input resistor needs to withstand high average power 
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dissipation. As an example, it results in 5W heating losses for an assumed pe-

riod of switching peak voltage with tpeak=1µs at fsw=50 kHz switching opera-

tion. 

𝑃 =
𝑉𝑝𝑒𝑎𝑘

2

𝑅𝑖𝑛
⋅ 𝑡𝑝𝑒𝑎𝑘 ⋅  𝑓𝑠𝑤    (38)  

For these topologies bulk metal oxide resistors are preferred as wire wound 

resistors are typically high-inductive and foil resistors tend to degrade causing 

increased resistance. Both effects may increase the measurement delay and 

shall be omitted. 

Another stumbling block is the leakage current of the used diodes, which leads 

to a voltage drop across the input resistance, see Fig. 13. In principle A) peak 

power across the TVS-diode is 9V·100mA=0.9W for the example above and 

would lead to 45mW average power for above mentioned example values. This 

does not lead to critical self-heating, but might increase the TVS-diode’s leak-

age current. In principle B) the diodes D1 and D2 conduct the input current to 

voltage sources, when the input voltage exceeds the measurement range, here 

+/-10V. This leads to roughly 10 times lower self-heating than in principle A), 

with assumed forward voltage drop of 0.9V. Within the measurement range, 

the diodes’ leakage current needs to be lower than 0.1µA to limit the voltage 

drop across the given input resistance of 10kOhm to 1mV. Using a much 

higher input resistance for example 360kOhm might falsify measurements due 

to this effect. 

 

Fig. 13: Input protection for voltage meas-

urement channels principle A) using TVS-

diode and series resistor 

 

Fig. 14: Measurement input protection 

for voltage measurement principle B, 

which limits the measurement input to 

+/-10V provided by the isolation ampli-

fier, see chapter 3.1.2 
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Fig. 15: Implemented input protection for 

voltage measurement channels using TVS-

diode and series resistor, ten pair analog in-

puts to D-Sub 25 pin plug, used in test bench 

topologies with low DC link voltage 

In Fig. 15 an implemented board ac-

cording to principle A) for ten chan-

nels is depicted. On the right-side 

twisted pair cables connecting the 

sense terminals of devices under test 

are plugged in to clamping contacts. 

Behind the input protection the sig-

nals are forwarded to a D-sub 25 pin 

plug, which feeds into the measure-

ment system.  

 

3.1.2 Isolation Amplifiers 

 

In test bench topologies with switching devices under test it is advised to con-

nect analog isolation amplifiers (Isoamp)s in series with the input protection 

circuit discussed before and the measurement system. Where at low DC link 

voltage it is advised, but could be omitted by appropriate design. At high DC 

link voltage isolation amplifiers still could be omitted by using galvanic iso-

lated communication to the measurement system, such as optocouplers for 

USB or Ethernet interface. Anyhow ground loops need to be avoided for robust 

measurement. So, in the discussed projects it was decided to use isolated sig-

nals on the measurement analog inputs. The basic principle of such devices is 

given in Fig. 16. On the input side an input amplifier and input circuitry prepare 

the input signal for the coupler stage. This could be either realized by ampli-

tude modulation on a high frequent carrier frequency for analog transmission 

or a sigma-delta conversion for digital transmission. On the output side the 

analog measurement signal is reconstructed and amplified. In parallel every 

analog isolation amplifier needs an external galvanic isolated DC-DC con-

verter to supply the input side, if not included in the device itself. The coupling 

stage can be realized using either optical, inductive or capacitive coupling.  
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optical 

 

Capacitive 

 

Inductive 

 

Fig. 16: Left: Principle of isolation amplifiers, coupling of signal and power across the iso-

lation barrier, amplification and processing of input and output signals needed; Right: Three 

concepts of signal coupling optical, inductive and capacitive 

Optical couplers use light emitting diodes on the input side. A transparent iso-

lator separates the light triggered transistor on the output side. As these isola-

tors tend to degrade over lifetime a feedback loop and use of digital signals 

counteract possible impacts on accuracy. Capacitive and inductive couplers 

typically use analog signal transmission. 

In a project thesis written by Mohamed Omara four analog isolation amplifiers 

and external circuitry were studied. An overview of datasheet values and a low 

volume BOM cost according online search in 2013 is given in Tab. 8. The two 

optocouplers ACPL-C87V and ACPL-790B provide low input voltage range 

making an input rectifier necessary for the given application. The capacitive 

based isolation amplifier has an input offset voltage of typically +/- 20mV and 

maximal +/-50mV with a temperature sensitivity of 200µV per °C. Therefore, 

in direct comparison the inductive isolation amplifier AD215AY shows best 

technical data, with an acceptable bandwidth of 120kHz. Also, the DC/DC 

converter is included in the device. This comes at a high bill of materials cost 

of more than 62€ per piece as found in 2013.  
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Tab. 8: Comparison of analog isolation amplifiers, prices stated were lowest as found in 

online search in 2013 

 

 

For the purpose of comparison similar external circuitry for all investigated 

isolation amplifiers were implemented. An example is given in Fig. 18 show-

ing the circuit with AD215. The input amplifier INA 128P is protected with 

20kOhm input resistor and a TVS diode. Its output feeds the input of the 

AD215 and is low passed with τ=12µs. A DC-DC converter 12V/+-15V of 

type Traco Power TEL_2-1223 supplies the input side, which is not necessary 

for the AD215, but was implemented for comparing it to other isolation ampli-

fiers in the same circuitry. The output side is equipped with an amplifier with 

Sallen-Key second order low pass filter, its cut off frequency fc is given by: 

𝑓𝑐 =
1

2𝜋⋅√𝑅5𝑅6𝐶14𝐶15
=

1

2𝜋⋅√4.7𝑘Ω⋅10𝑘Ω⋅1𝑛𝐹⋅220𝑝𝐹
= 49.5𝑘𝐻𝑧 (39)  

The +/-15V power source on output side is supplied by the same type of DC-

DC converter as for the input side.  

The static characteristic of these four circuits was measured with input voltage 

between 0V to 5V. The difference between output and input is given in Fig. 

17. Although these early measurements do not reflect optimized settings of 

circuit parameters, they shall be discussed to illustrate possible issues, which 

need to be ruled out. Obviously the ACPL-C87B circuit violates the require-

ment of 5% tolerance stated in AQG-324 due to gain error and offset in the 

range below 0.5V. The unbiased circuitry with ISO124P violates it due to 

about 50mV offset error. The circuits with ACPL-790B and AD215AY fulfill 

the requirement from the standard, however the measurement inaccuracy be-

low 1V is up to 20mV. Thus, temperature measurements with the VCE(T)-

method may violate the requirement for 5K tolerance. Proper countermeasures 
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for offset compensation need to be taken, a software-based solution is dis-

cussed at the end of this chapter. 

      

Fig. 17: Static charac-

teristic of first proto-

types with different 

isolation amplifiers, 

the difference between 

input and output volt-

age signal is plotted, 

offset and gain errors 

were not compensated, 

dotted line indicates 

5% tolerance stated by 

AQG 324 

 
Vin in V 

o
ff

se
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Fig. 18: Early version of isolation amplifier circuit for investigation of measurement delay, 

ripple, offset and gain, design by Ulrich Kumm, TU-Chemnitz 2013 

The dynamic characteristic of these early prototypes was investigated with a 

step response to 5V supplied from a function generator. Plots are given Fig. 19. 

Obviously, the low pass characteristic is dominated by the low pass filter with 

a time constant around 57µs and its tolerances. Still the measurements indicate 
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high ripple voltage noise of several 100mV. The DC-DC converter was iden-

tified as the root cause and replaced by a higher quality power supply with 

appropriate filtering circuit in later versions. There only one circuit supplies up 

to twelve isolation amplifier circuits. 

 

 

a) 

 

b) 

 

c) 

 

d) 

Fig. 19: Dynamic Characterization of investigated isolation amplifier circuitry 

5V step response for a) ACPL-790B 80mVpp ripple, b) ACPL-C87B 800mVpp 

ripple, c) ISO 124P, d) AD215 50mVpp ripple, all screenshots: input-

800mV/div(top) and 900mV/div(bottom), output 1V/div, time 20µs/div 

 

Fig. 20 shows the latest version of isolation amplifier circuit using the isolation 

amplifier AD215BY, which was published in [61]. There, the design B of input 

protection is used and the input resistors are distributed between positive and 

Vin 
Vou

t 
Vou

t 

Vou

t 
Vou

t 

Vin 

Vin Vin 
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negative input terminals. Thus, jumping potentials on both terminals will lead 

to just half the amplitude against ground potential, which is fed into the cou-

pling capacitance of the isolation amplifier. In the clamping circuit low leakage 

diodes type Nexperia BAV199 are used to minimize the input voltage drop. 

Any active outer circuitry around the isolation amplifier is omitted. The inter-

nal power supply is used for the clamping circuit and buffered with capacitors. 

On the output a passive low pass filter is implemented. 
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Fig. 20: Final design of isolation amplifier circuitry using AD215BY [62], capable to with-

stand 1kV in common and 1 kV for duty cycle 0.25 differential mode, designed by René 

Warsitz TU-Chemnitz, published in [61] 
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The measurement accuracy was greatly improved with the latest update of the 

design compared to earlier versions and was used in the following. Still a cal-

ibration routine in the test bench software was implemented to calibrate the 

offset and gain of the isolation amplifier circuitry. A sine shaped signal of se-

lectable amplitude (f.e. +/-2V and offset 0V or 2V) and selectable frequency 

(f.e. 1Hz) is generated on an analog output pin. This signal is connected to all 

inputs with isolation amplifier in parallel. The thereby measured offset and 

linear gain error is calculated and saved for all channels in a compensation 

matrix to a text file. It is applied to measurement signals during testing. The 

calibration routine shall be performed before and after each power cycling test. 

Changes in calibration parameters need to be noted and possible effects on 

measurement data needs to be investigated. 

Another concept is depicted in Fig. 21. There a MOSFET bypasses and thereby 

protects the AD-converter, if the device under test is in blocking mode and the 

input voltage surpasses the reference voltage, here 3V. When the input voltage 

is within the measurement range the comparator turns-off the MOSFET and 

allows the 16bit AD-converter to transmit the voltage drop across the device 

under test via Serial Peripheral Interface Bus (SPI) through a digital opto-cou-

pler to the microcontroller (µC). The circuit was designed by Sebastian Hiller 

and applied for the VCE(T)-method in inverter application, published in [63]. 
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Fig. 21: Isolation amplifier using an active input voltage limitation, an AD-converter on 

HV-side, which transmits via SPI-bus over digital opto-coupler for isolation, designed by 

Sebastian Hiller and published in [63] 
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 Current 

 

Traditionally the unit of current Ampere was defined by the force two paral-

leled conducting wires exert on each other. Whereas 1 A – defined as a DC 

current through two paralleled indefinitely long and small in diameter conduc-

tors in vacuum with 1m distance to each other, which applies a force of 2 ⋅
10−7N per meter length. The new definition from May 2019 [64] defines the 

unit ampere through the elementary charges e per second with  

1𝐴 =
1𝑒

1.602176634⋅10−19𝑠
=  6.2415 ⋅ 1018 𝑒

𝑠
   (40)  

This chapter discusses three types of currents of interest in power cycling tests. 

Starting with the sense Isense used for temperature sensing of the device under 

test. The static and dynamic accuracy of the sense current source and the over-

all concept of the test bench is of interest. The second type the load current is 

for standard power cycling and thermal impedance measurement setups the 

only source of power losses to heat the device under test. Typically, its ampli-

tude is chosen in a range of 50...120% of the device’s nominal current. The 

load source’s stability during testing and measurement accuracy strongly im-

pacts the quality and comparability of the results. Last but not least this chapter 

highlights a lesser discussed topic in power cycling, which nevertheless is vital 

for the statements determined regarding power cycling capability, the gate 

leakage current. This is a measure for the integrity of voltage-controlled de-

vices and their capability of performing switching operation in the application.  

 

3.2.1 Sense current 

 

Precise temperature measurement using VCE(t)-method requires the sense cur-

rent, which is typically chosen to be around 1/1000 of the device under test’s 

nominal current, to be within a tight tolerance of max. 2..3%, compared to the 

value at which the device under test was calibrated, see for example the dis-

cussion in [65]. After turning-off the load current pulse, the sense current 

source experiences a jump in load. Depending on the test bench topology and 

setup, this can vary from the saturated voltage of several devices under test or 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Method%23_CTVL001cc464197fe5b4f4a97ed49ab3a0706bb
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even open circuit, for actively operated devices, to the voltage drop at low cur-

rent of a single device. Therefore, limitations regarding the earliest time point 

of measurement due to dynamic of sense current source was investigated.  

The setup given in Fig. 22 shows a constant current source realized by a voltage 

source with a high resistance in series. This sample source is named PULS 

CS10 according to the used 24V power supply type Puls CS10. A MOSFET in 

series controlled by a function generator signal amplified by a gate driver ap-

plies the load jump. The four diodes provide output protection against transient 

voltage peaks as in designs for hard switched operation needed. The load re-

sistor of 3.9Ohm at the bottom represents the load with IM=100mA follows 

0.39V voltage drop nearly the value as a built-in voltage at elevated tempera-

ture. 

 

Fig. 22: Setup for testing sense current sources; example shows “PULS CS10” 24V voltage 

source with resistor in series marked with dotted line, diodes D1...D4 are a protective meas-

ure for a test bench topology with switching devices under test 

Beside the already mentioned, three different types of current sources were 

investigated. An early prototype called “MSTQ LEEMV”, a commercially 

available unhoused current source type Servowatt “VM 10/24” and a precise 

laboratory current source type Keithley 6221. The results are depicted in Fig. 

23. Obviously, the sample “MSTQ LEEMV” shows a high current peak after 

the load dump, and only 880µs after switching event the desired value is 

reached. The Sample VM 10/24 shows an over current peak of roughly 800mA 

and reaches 100mA after about 48µs. As the detailed zoom on the right shows 

the simple setup “PULS CS10” without any active controller element even out-

performs the precision laboratory equipment. Tab. 9 concludes the results list-

ing the delay time to reaching the desired value of sense current with 5% and 

Function-

generator 

Gate driver 

IM      Rload 
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the peak current after the jump in load. The impact on measured cooling curves 

of IGBTs after a power pulse is depicted in Fig. 24. The falsely elevated sense 

current below 1ms after the switching event, would lead to a measurement er-

ror of roughly -8K when the junction temperature is measured 300...400µs af-

ter the turn-off event using the early prototype “MSTQ LEEMV”. The com-

parison with a measurement using the “PULS CS10” at lower inlet temperature 

allows to estimate the actual temperature trend.  

 

 

 

 

 

Fig. 23: Response of investigated sense current sources to a load jump from open circuit 

to minimal voltage drop, on the right: zoom of the two best options investigated 

 

Tab. 9: Comparison of sense current sources delay time 

Sense current source Delay td in µs Peak current during 

overshoot Ipeak in A 

MSTQ LEEMV 880 3.52 

Keithley 6221 7.4 0.23 

Servowatt VM10/24 48.6 0.95 

Puls CS10 1.6 None 

 

Servowatt 

VM10/24 
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Fig. 24: Comparison of cooling curves measured with different sense current sources, 

“PULS CS10” and “MSTQ LEEMV”, Cooling curves derived with “MSTQ LEEMV” 

indicate rising temperature between 300µs and 1000µs after turn-off, caused by initially 

too high sense current Isense; measurements were performed at different coolant 

temperatures and power pulses 

Several designs were studied after this comparison and finally a sense current 

source based on the design shown in Fig. 25 was designed by René Warsitz 

from TU-Chemnitz. There a galvanically isolated voltage is generated by a 

rectified output of a transformer and buffered with capacitors. N-JFETs are 

configured as constant current source with a negative feedback from source to 

gate. A fast current source type LT3092 (Linear Technologies) compensates 

drifting due to self-heating of the JFETs. With this design response times of 

less than 20µs from open circuit to minimal load 0.5V were realized. A version 

with desired value 100mA and a switchable version with up to 500mA was 

built up. 

 

Fig. 25: Design of implemented sense current source; IC LT3092 controls 10% of the 

current to compensate temperature drift of constant current source realized with JFETs 
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3.2.2 Load current 

 

Two methods of measuring load currents are widely used. A shunt based, 

where the voltage drop across a low ohmic resistor is measured, and a magnetic 

sensor-based solution, where the magnetic field around a conductor is evalu-

ated. Both designs can be implemented to fulfill the requirement of 2% toler-

ance and both were in service for power cycling test benches at TU-Chemnitz. 

The measurement via shunt has the draw back not to be an integrated solution 

and proper calibration is mandatory. That is why the solution with integrated 

magnetic sensor is preferred and shall be discussed in the following.  

Among magnet current sensors the ones based on the Hall-effect are the best 

established. The Hall-effect describes that the measurable voltage VH caused 

by the shift of charge carriers under the impact of the Lorentz force is propor-

tional to a vertical external magnetic field Bz through a current Ix [66]. The 

proportional factor AH is the material specific Hall-constant. In the absence of 

an external magnetic field an offset voltage VOH exists, which is caused by the 

hysteresis of the magnetic core. 

𝑉𝐻 = 𝐴𝐻 ⋅
𝐼𝑥⋅𝐵𝑧

𝑑
+ 𝑉𝑂𝐻     (41)  

Typically, semiconductors are used as sensor elements, with holes or electrons 

carrying the current. Integrated solutions come with a magnetic core to con-

centrate the magnetic field and an integrated circuit with a controlled current 

source and amplification of the measured voltage. The cheaper types are in 

open-loop configuration and drift caused by temperature- and saturation effects 

are only compensated to some extent by calibration parameters. In closed loop 

configuration a winding around the magnetic core is fed with a current high 

enough to compensate the magnetic field controlled by the Hall sensor, thus 

forming a feedback loop with advantages in precision and immunity to noise. 

Tab. 10 lists two types of current transducer used in power cycling test benches 

at TU-Chemnitz and their specifications, which indicate the difference in 

measurement quality. 
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Tab. 10: Examples of Hall-effect based current transducers by manufacturer LEM 

Part Type IPN in 

ARMS 

accuracy Linearity 

error 

Step response time 

LF 305-S Hall closed 

loop 

300 +/-0.5% @ 

IPN 

<0.1% <1µs to 90% IPN 

with 100A/µs 

HAT 1500-S Hall open 

loop 

1500 +/-1% of IPN 

+ offset 

<0.75% 

<1% <5µs to 90% IPN 

with 50A/µs 

ITN 1000-S 

ULTRASTAB 

Hall closed 

loop 

1000 +/- 0.0032% 

of IPN 

1ppm <1µs to 90% IPN 

with 100A/µs 

 

For applying the VCE(T)-method to measure the maximal junction temperature 

it is of great interest to ramping down the load current pulse as fast as possible 

to the amplitude of the sense current. Therefore, at a test bench with single 

phase topology, as described in chapter 8.2, the trend of the current after turn-

off was investigated. This involves the challenging task of measuring the sense 

current Isense=100mA with a precision of a few milliampere in a conductor, 

where a few 10µs before a load current of several 100A was conducted; mean-

ing 5 orders of magnitude difference. It is possible with a so-called current 

bypass; one or more high current diodes limit the forward voltage drop at high 

current. A resistor in parallel takes over the currents which result in a voltage 

drop smaller than the built-in voltage of the diodes. Fig. 26 shows the principle. 

For a design with two diodes and a 3.9Ohm resistor the forward characteristic 

is plotted. Up to a current amplitude of about 200mA only the resistor conducts 

the current and provides a linear scale for current measurement. At a sense 

current 100mA consequently 390mV is measured as referring the time point 

that the turn-off process is finished and temperature measurement can be per-

formed. 

Measurement plots of currents up to 380A during turn-off in the same test setup 

are given in Fig. 27. On the left the plots as observed with the current sensor 

of the test bench of type LEM LF 305-S indicate a current slope of -2.2A/µs. 

This is well below the limit of maximal current slope of 100A/µs specified for 

“accurately followed”. Still for the maximal current of 380A, already higher 

than the sensor’s nominal value IPN=300A, at t=175µs after turn-off the sensor 
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measures a residual current of >10A. However, this is just a measurement ar-

tefact from the current sensor circuitry itself. The manufacturer only specifies 

reaction and response times in the region of 10% to 90% of the current ampli-

tude, see [67]. Also, other Hall-effect based sensors show this behavior, which 

might result in misinterpretations such as a discovery of a non-existing tail-

current effect of SiC-MOSFETs. On the right the plot of voltage drop at the 

current bypass confirms that within about 175µs after turning off 380A the 

desired amplitude of sense current is reached. 

I D

RI R
I G

R diff D1

U

 

Fig. 26: Left: Schematic of a cur-

rent bypass consisting of one 

diode in parallel with a 3.9Ohm 

resistor; Right: Forward charac-

teristic of a current bypass with 

two diodes in series 
 

  

Fig. 27: Left: Plot of load current measured with Hall-effect based sensor after turning-

off in test bench topology DC current single leg test bench in buck-converter like topology 

without switch I2, see chapter 4.1 Fig. 69 ; right: Voltage drop across current bypass after 

turning-off load current to obtain the measurement delay after which the desired  sense 

current for applying VCE(T)-method is reached, (single phase DC current test bench) 
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Beside Hall-effect based sensors sensor types based on magneto resistive ef-

fects gain popularity. There are a couple of different effects known, where ma-

terials change their resistance under the influence of an external magnetic field, 

and applied for current sensors. The longest known is the anisotropic magne-

toresistance AMR effect described by Thomson in 1857 [68]. Compared to 

Hall-effect based sensors with flux concentrators these sensors offer higher 

bandwidths, do not obtain a hysteresis and are less prone to homogeneous in-

terference fields [69]. The Giant magneto-resistive effect GMR was discovered 

in the late 1980s [70]. Its application enabled increased data density in hard 

disk drives in the early 2000s, current sensors are commercially available since 

a few years, for example by manufacturer Sensitec GmbH. They were used in 

prototypes of inverters for in-wheel drive in EU funded project COSIVU 

(Compact, Smart and Reliable Drive Unit for Fully Electric Vehicles). The lat-

est magneto-resistive effect discovered for application in current sensors is the 

Tunnel magneto resistive effect TMR [71]. In the Mid 90s the first nanostruc-

tures of material combinations were found with reasonable large effect at room 

temperature. Now in 2020 the first sensors based on this effect are entering the 

market with promising cost performance indications.  

 

3.2.3 Gate leakage current 

Failure mechanisms of isolated gate degradation are not directly observable by 

the EoL-criteria VCE, Vf 105% and Rth 120%. Thus, when voltage-controlled 

devices are tested, the gate leakage current IGES shall stay within specified lim-

its according to datasheet until EoL is reached. As the chip surface and its fine 

gate structures are exposed to thermo-mechanical stress and might degrade be-

fore other EoL-criteria are reached, it is advised to implement a certain way to 

measure the occurrence of increased gate leakage current during the power cy-

cling test. Manual intermediate measurements are both time consuming and 

might influence test results. Typically, the maximal leakage current specified 

is not smaller than 120nA (checked for Infineon low power IGBTs/ SiC 

MOSFETs and Mitsubishi Electric in several datasheets July 2019). Although 

a threshold chosen this low seems a bit stringent, in application the low-ohmic 

gate driver circuit is capable of driving several 10µA additional to the driving 

current in switching operation without impacting gate voltage, switching or 

thermal behavior.  
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file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Nobel%23_CTVL001a09b2d2ee2bb4d03976500383d48c68f
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For test bench setups, where devices under test are always in on-state, the fol-

lowing gate supply circuitry was implemented, depicted in Fig. 28. A voltage 

divider between R3=1.75kOhm and a trimming potentiometer R2=2 ... 500 

Ohm enables to adjust the gate voltage between 11.7V and 15V. Also, it drives 

a recommended minimal load for the voltage supply V1, which consists of an 

isolated DC/DC converter rated 24V/15V and nominal power 1W. A capacitor 

C1 smoothens and a TVS-Diode D1 limits the gate voltage to below 20V. A 

high ohmic resistor R1, here 516kOhm, is connected in series to the gate of the 

device under test. With an increased gate leakage current, here represented by 

R4=125MOhm equal to 120nA at VC1=15V, a susceptible voltage VR1 of ap-

prox. 60mV drops over resistor R1. This may lead to increase in the device’s 

forward voltage drop and thus would be protocolled in the log files.  

 

Fig. 28: Schematic of gate supply with adjustable gate voltage between 11.7V and 15V; 

resistor R4 symbolizes a gate leakage current of ca. 1µA 

Another way would be the direct measurement of VR1. In Fig. 29 an imple-

mented gate supply PCB for ten devices under test is depicted. There the po-

tentials before and after R1 for each channel is forwarded to a 25 pin D-Sub 

connector.  

Because measurement channels on early test benches at TUC were limited and 

differences between potentials were above 10V in reference to measured emit-

ter potentials, two prototypes of analog multiplexers were implemented. One 

uses two 8-channel analog multiplexer ICs for addressing eight devices under 

test. The other one uses a matrix of mechanical relays to realize a higher input 

impedance of the measurement circuit. The multiplexed signal is fed into an 

analog isolation amplifier, which forwards it into the measurement system. In 

the test bench program with each performed power cycle another DUT’s VR1 

is addressed during off-time – reducing noise interference- and logged to file. 

The principal function of both circuits was demonstrated, but not further in-

vestigated. Some gate defects in early tests were found to be linked to over-

voltage at the device’s gates. The problem was solved with the root cause fixed 
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and lowered threshold conditions for aborting power cycling tests. Thus, tests 

ended before fatal damage to devices and no gate defects in subsequent meas-

urements were observed anymore. 

 

 

Fig. 29: Implemented Gate supply PCB for up to 10 devices under test; Input voltage 24V 

from plug on the right is distributed via 10 isolated 24V/15V DC/DC-converters to output 

clamps on the top; optionally voltage drop across sense resistor can be measured via 25 pin 

Sub-D plug on the left 

In test bench topologies with devices in switching operation, this measurement 

setup would be hard to implement and could only be applied in parallel to the 

gate driver during off-time. However, in these topologies switching capability 

is proven during testing under application close conditions and hence provides 

even better confidence in the actual test results.  

 

 Temperature 

The temperature is a measure of the average over the energy of particles per 

degree of freedom. Historically its unit K Kelvin was defined with the triple 

point of water being the absolute temperature 273.1575 K, which equals 

0.0075°C. In 2019 the definition of the unit Kelvin [72] is linked to the energy 

expressed in Joule via the Boltzmann constant kB: 

1𝐾 =
1.380649

𝑘𝐵
⋅ 10−23𝐽     (42)  

With one second being 9192631770 periods of radiation of Caesium Cs133, 

expressed by Caesium frequency Δ𝑣𝐶𝑠 , and the Planck constant 

h=6.62607015⋅10-34Js it is written as: 
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1𝐾 =
1.380649⋅10−23

6.62607015⋅10−34⋅9192631770
⋅

Δ𝑣𝐶𝑠⋅ℎ

𝑘𝐵
≈ 2.2666653

Δ𝑣𝐶𝑠⋅ℎ

𝑘𝐵
   (43)  

As discussed before temperature swing and absolute temperature are the most 

important parameters determining power cycling capability of devices. There-

fore, precise temperature measurement is the key parameter for precise lifetime 

modeling. In this chapter methods for measuring the reference temperature are 

explained and the choice of thermocouples as standard method is justified. The 

accuracy of reference temperature measurements directly influences the cali-

bration of device temperature, where a temperature sensitive electrical param-

eter is referenced to it. The chapter closes with some thoughts on measuring 

device temperature using infrared camera. 

 

3.3.1 Reference temperature 

Basically, three main groups of thermal sensors can be distinguished. Repre-

sentatively for resistance temperature detectors RTDs platinum resistors and 

resistors with negative temperature coefficient NTCs shall be portrayed. 

Mostly the author used thermocouples TCs in calibration and power cycling 

test setups, so they shall be discussed in more detail with basic principle and 

peculiarities in application. The third group is semiconductor based thermal 

sensors. This shall be discussed with focus on power electronic devices in the 

next chapter. Although it is worth mentioning that similar principles are also 

used in ICs for improving measurement accuracy such as for cold junction 

compensation or offset drift compensation. 

3.3.1.1 Platinum resistors  

At sufficiently high temperature all pure metals show almost linear tempera-

ture dependency of electrical resistance, caused by increased scattering due to 

thermal vibration of the crystal lattice. Platinum Pt being a noble metal exhibits 

a good immunity against physical and chemical effects, which may affect its 

temperature characteristic. Temperature sensors based on Platinum resistors 

use the almost linear temperature dependency of a high ohmic Pt element. The 

Callendar-Van Dusen equation describes its resistance sensitivity with temper-

ature T in °C. For Pt 3850ppm the values are defined in [73] : 

𝑇 ≥ 0°𝐶: 𝑅(𝑇) = 𝑅0 ⋅ (1 + 𝐴 ⋅ 𝑇 + 𝐵 ⋅ 𝑇²)      (44)  

𝑇 < 0°𝐶: 𝑅(𝑇) = 𝑅0 ⋅ (1 + 𝐴 ⋅ 𝑇 + 𝐵 ⋅ 𝑇2 + 𝐶 ⋅ (𝑇 − 100°𝐶) ⋅ 𝑇3)  (45)  
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𝐴 = 3.9083 ⋅ 10−3°𝐶−1,  𝐵 = −5.775 ⋅ 10−7°𝐶−2 , 𝐶 = −4.183 ⋅ 10−12°𝐶−4 

More precise polynomial calibration functions of the order 15 are given in the 

international temperature scale ITS-90 [74]. These reach for the temperature 

range 273.16K to 1234.93K a precision of 0.13K. Based on their resistance at 

0°C the two standard values 100Ohm and 1kOhm name the types Pt100 and 

Pt1000. Possible measurement circuits use a Wheatstone-bridge with two- or 

three-wire configuration or when aiming at a higher accuracy a four-wire con-

figuration is used. There a constant excitation current of 0.1mA is fed into a 

Pt1000 type sensor or 1mA for Pt100. This results in a temperature sensitivity 

of about 0.385mV/K at 50°C and avoids self-heating by keeping the losses 

below 0.02mW for temperatures up to about 250°C. The supplier TC Mess- 

und Regeltechnik GmbH specifies for Pt100 types with lowest tolerance down 

to +/-0.03K at 0°C and +/-0.08K at 100°C. This accuracy cannot be achieved 

using thermocouples; therefore, it is recommended to use this type of temper-

ature sensors at least for the purpose of calibration. A supplier of measurement 

equipment specifies accuracy +/- 0.15°C for temperature range -200°C to 

150°C [75]. 

A down-side of Pt-based thermal sensors is that the minimal diameter of avail-

able sensors is limited to 1.5mm. In test bench setups using the concept with 

adapter plates it is recommended to use diameters <=0.5mm to minimize the 

impact on heat transfer at the measurement spot, this leaves the choice to ther-

mocouples on the test bench.  

 

3.3.1.2 Thermocouples 

Thermocouples used as temperature sensors are mostly wires made of two dif-

ferent metal alloys joined on two ends. In 1822 Seebeck published studies for 

different materials observing the effect on a compass needle in the vicinity of 

a closed thermocouple loop. At that time it was unknown that an electric cur-

rent was the reason behind the phenomenon and the effect was called thermal-

magnetic effect [76]. The current is driven by an electromotive force, which 

arises as electron energy levels shift differently in different materials and junc-

tions form at the contact points. When exposed to different temperatures TH 

and TC an electrical potential difference is perceptible between the two junc-

tions.  

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Guide%23_CTVL001a08b4ac722294fa499008eef95f7bb56
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At an open loop thermocouple this potential difference is proportional to the 

temperature difference and the Seebeck coefficient S, which is material spe-

cific, often referred to the pairing material platinum, and temperature depend-

ent. 

𝑉𝑂𝑈𝑇 = 𝑆 ⋅ Δ𝑇 = 𝑆 ⋅ (𝑇𝐻 − 𝑇𝐶)   (46)  

It is important to understand that the voltage measured VOUT with a thermo-

couple consisting of material A and B is always a differential measurement 

from the measuring temperature TH to the temperature at the reference junction 

TC, which needs to be known precisely, see Fig. 30. Consequently measure-

ment ICs are equipped with a temperature measurement for determining the 

cold junction temperature, see for example [77] and [78]. In practical setups 

the thermocouple is connected to a terminal consisting of a third material C, 

for example copper. As long as both terminals are at the same reference tem-

perature 𝑇𝐶 = 𝑇𝐶1 = 𝑇𝐶2 this does not affect the measurement as 𝑆𝐴𝐵 = 𝑆𝐴𝐶 +
𝑆𝐵𝐶 is given. 

𝑉𝑂𝑈𝑇 = 𝑆𝐴𝐵 ⋅ 𝑇𝐻 − 𝑆𝐴𝐶 ⋅ 𝑇𝐶1 − 𝑆𝐵𝐶 ⋅ 𝑇𝐶2 = 𝑆𝐴𝐵 ⋅ (𝑇𝐻 − 𝑇𝐶)  (47)  

 

  

Fig. 30: Principle of thermocouple measurement, measured voltage scales with tempera-

ture difference between measuring and reference junction; right: in practical setups a third 

material, here copper, does not impact the measurement as long as both terminals are on 

the same reference temperature TC, drawings taken from [77] 

 

For the eight most common types of thermocouples the output voltage to the 

reference temperature triple point of water at TC=0.01°C is specified in the 

International Temperature Scale 90 (ITS90). An online source is provided at 

the American National Institute for Standardization NIST [79]. Fig. 31 depicts 

the scales for base metal alloy types in the temperature range relevant for the 

application in power cycling tests -40°C to 250°C. Beside these also noble 
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metal alloy thermocouples exist, which are interesting for applications in harsh 

environments only. The temperature sensitivity α expresses the change in volt-

age over change in temperature: 

𝛼 =
𝛿𝑉

 𝛿𝑇
     (48)  

is in the range of several 10µV/K and is highest for type E, J and T. In appli-

cations with high currents type J is less favorable, because it is ferromagnetic. 

Type E was not preferred for another reason. The sensitivity alone is not suffi-

cient to conclude the achievable accuracy, as also tolerances in manufacturing 

play a role. A list of specified tolerance for the best tolerance class by the man-

ufacturer TCGMBH is given in Tab. 11. There type T is specified to have the 

best accuracy and was consequently chosen for test setups by the author.  

 

 

 

 

Fig. 31: Comparison of base metal thermocouples; Left: Thermo-electric voltage for ref-

erence junction at 0°C; right: temperature sensitivity, data taken from [79] 

Tab. 11: Most common types of thermocouples, material, temperature range and accuracy 

specified by [80], sensitivity extracted from data found in [79] 

Type (no-

ble/base metal) 

Thermocouple 

(pos. – neg. ele-

ment) 

Temperature 

range in °C 

(long term) 

Accuracy in 

K(Class 2) 

Sensitivity alpha 

in µV/K in in 

range -

40...260°C 

K (base) Ni/Cr-Ni/Al 0..1100 1.5 (-

40...375) 

35..42 
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T (base) Cu – 

Cu55/Ni44/Mn1 

(Konstantan) 

-185...300 0.5 (-

40...125) 

35..55 

J (base) Fe – 

Cu55/Ni44/Mn1 

(Konstantin) 

20..700 1.5 (-

40...375) 

48..55 

N (base) Ni/Cr/Si-Ni/Si 0..1100 1.5 (-

40...375) 

25..35 

E (base) Ni/Cr- 

Cu55/Ni44/Mn1 

(Konstantan) 

0..800 1.5 (-

40...375) 

54..76 

R (noble) Pt/Rh13%-Pt 0..1600 1.0 (0...1100) <not checked> 

S (noble) Pt/Rh10%-Pt 0..1550 1.0 (0...1100) <not checked> 

B (noble) Pt/Rh30%-Pt/Rh6% 100..1600 % <not checked> 

 

For calibrating thermocouples compact and precise laboratory calibration units 

are available. The thermocouples are put into a precisely controlled heater car-

tridge which provide highly accurate temperature set points. In an automatized 

setup using a dry-well calibration equipment Fluke 9100s [81] with specified 

accuracy of +/-0.25K at 100°C and +/-0.5K at 375°C a group of six thermo-

couples type T, class 2 with 0.5mm diameter were calibrated. The program sets 

the desired temperature in 10K steps starting at room temperature up to 340°C. 

After reaching each temperature setpoint the Calibrator’s reference tempera-

ture and the one measured from the thermocouples using a NI 9213 with USB 

interface was logged. The measurement device’s functions Auto-Zero and CJC 

were active. 

Fig. 32 plots the difference between thermocouples and reference temperature. 

The tolerance of up to +1.3K and -2.9K cannot be explained by non-ideal con-

tact of thermocouple and reference temperature alone. At around 160°C a jump 

increase by about 1K is visible in all plots. The reason could be a range switch 

in the measurement device’s internal software. It was not possible to check for 

this device, the source code is closed. In the software functions, which convert 

the raw data from the applied real-time measurement system c-Rio, it could be 

verified that the converting functions as defined by the ITS-90 are imple-

mented both as look-up tables (LUTs) and optionally as polynomial functions. 
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The latter uses two functions, one for the temperature range below and another 

one for higher than 0°C. The author does not recommend to use these functions 

as rounding errors will affect the measurement accuracy. Instead, the LUTs 

with linear interpolation are more accurate. 

 

Fig. 32: Temperature difference measured between thermocouples type T using calibrator 

device Fluke 9100s [81] and NI 9214 USB 

The manufacturer National Instruments specifies the accuracy of the thermo-

couple measurement devices NI 9213 [82] and NI 9214 [83] under the follow-

ing conditions: 

• Autozero is enabled – Offset compensation is enabled by default 

• Open thermocouple detection is disabled – is enabled by default 

• Cold-Junction-Compensation is enabled – is enabled by default 

• 0 V common-mode voltage – low-ohmic grounding of test bench setup 

is mandatory 

The tolerances do not include the accuracy of the thermocouple itself. The 

main difference between the two devices is that NI 9214 uses several spots 

close to the terminals for cold junction compensation and additionally an iso-

thermal block minimizes the difference. In a chassis for several modules adja-

cent modules will heat the measurement module and thus increase the gradient 

to the cold junction compensation. The resulting accuracy will lie somewhere 

in between the specification for room temperature and the extended tempera-

ture range -20...70°C. Looking at the plots for the latter the datasheets specify 
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a tolerance of at least 2K for the NI 9213 and 1K for the NI 9214, when ther-

mocouples type T are used. For other types the tolerance is slightly higher, see 

Fig. 33 and Fig. 34. 

Concluding it must be noted that the achievable measurement tolerance using 

thermocouples is higher than 1.5K in the temperature range until 300°C even 

when using state of the art measurement equipment and thermocouples with 

highest precision. This does not only impact absolute temperature measure-

ment, but also ultimately the measured temperature swing of the junctions of 

devices under test, which are calibrated with these measurement systems. 

 

 

Fig. 33: NI 9213 specified maximal meas-

urement tolerance for thermocouples type T 

and E ; for device temperature range -

20..70°C a tolerance of more than 2K is de-

picted, taken from  [82]   

 

Fig. 34: NI 9214 specified maximal  meas-

urement tolerance for different types of 

thermocouples in High-Resolution mode 

and temperature range -20..70°C of meas-

urement device, taken from [83]    

 

In practical use on test benches, where the thermocouples might be used for 

several years under relatively high temperatures jacked thermocouples are cho-

sen to avoid corrosion effects. The supplier TC Mess-und Regelungstechnik 

GmbH (TCGMBH) specifies three different types of jacked thermocouples in 

[80]: 

• type 2I with Isolated measuring tip, with typical isolation re-

sistance >100MOhm (typical value cannot be guaranteed as bending 
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of the jacket will change the thickness of isolation, which is important 

for measuring spots at high potential, such as press pack coolers) 

• type 2G with grounded measuring tip touching the jacket 

• type 2X with open measuring tip  

The jacket typically is made of stainless steel and filled with magnesium oxide 

for electrical isolation. The time constant of the response time specified by the 

supplier for isolated thermocouples (type 2I) to reach 63% of the value in a 

step response when the thermocouple is dipped into boiling water ranges from 

15ms for diameter of 0.25mm and 30ms for 0.5mm diameter. For thicker and 

more robust thermocouples with for example 3mm, which was applied in in-

side a cooling circuit, the response time is 800ms. This effect has to be consid-

ered in setups where the temperature at the reference spot is affected by fast 

changes. TCGMBH notes that response times for grounded measuring tips is 

half that short. The author preferred type 2I for application in power cycling 

test benches, because open thermocouples are more prone to corrode. 

 

3.3.1.3 Thermistor NTC 

In power modules mostly thermistors with negative temperature coefficient, 

also called NTCs, are used as temperature sensors. The resistance of a thermis-

tor is defined in the Japanese standard JIS C 5602 as follows: “The DC re-

sistance value of a thermistor when measured at a specified temperature with 

sufficiently low power dissipation where its resistance change due to self-heat-

ing is negligible as compared to the overall error in measurements.” found in 

[84].  Measures for thermal self-protection such as derating of performance or 

the reference temperature in thermal models are based on it. NTCs are semi-

conductors made of sintered ceramic material of oxidized manganese, cobalt 

and nickel [85]. A patent [86]states that the manufacturing method of an NTC 

thermistors use manganese nitrate, cobalt nitrate, nickel nitrate, manganese ac-

etate, cobalt acetate and nickel acetate as raw material. It is dissolved in an 

alcohol-based solvent, dried and fired at a temperature of 800 °C or lower. In 

1968 Steinhart and Hart published an equation to fit the resistance of such sem-

iconductors [87]: 

1

𝑇
= 𝐴 + 𝐵 ⋅ 𝑙𝑛 𝑅 + 𝐶 ⋅ (ln 𝑅)3   (49)  

By activating the equation towards resistance R in Ohm: 
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𝑅 = 𝑒(𝑥−𝑦)1/3−(𝑥+𝑦)1/3
    (50)  

where 𝑦 =
1

2𝐶
(𝐴 −

1

𝑇
) and  𝑥 = √(

𝐵

3𝐶
)

3

+ 𝑦2  (51)  

For practical reasons the third order polynomial is left out in application and 

manufacturers specify only limited temperature ranges. Thus, the Steinhart-

Hart equation simplifies to: 

𝑅𝑁𝑇𝐶(𝑇) = 𝑅25 ⋅ 𝑒𝐵(
1

𝑇
−

1

298.15𝐾
)
   (52)  

With activating towards T yields: 

𝑇 =
1

ln
𝑅𝑁𝑇𝐶(𝑇)

𝑅25
𝐵

+
1

298.15𝐾

    (53)  

An example of datasheet values for a three phase power module is given in 

Tab. 12, taken from [88]. The tolerance of the NTC is specified only at a single 

temperature point 100°C with +/-5% of R100. Additionally, three B-values are 

given for different temperature ranges from 25°C to 50°C, 80°C and 100°C. 

The plot of the NTCs resistance over temperature RNTC(T) calculated for all B-

values is depicted in Fig. 35. Obviously, the difference in between the plots is 

small and becomes clearer, when the error in temperature estimation is derived 

and compared in between. In Fig. 36 the difference between the B25/50 and 

B25/80 B25/100 characteristic curves is shown. The resulting tolerance of -

0.8K/+1.8K still lies within the specified tolerance of the resistor itself. As-

suming the same tolerance at 100°C is applicable to the whole temperature 

range a tolerance of maximal -1.9K/+2.2K results. The statement of several B-

values therefore seems a bit over specified, also temperatures below 25°C are 

not covered. 

Tab. 12: Typical datasheet values of a NTC, here taken from data sheet for 

FS400R07A1E3, Infineon [88] 
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Fig. 35: Plot of resistance of a NTC cal-

culate with different B-values shows lit-

tle difference, values taken from [88] 

 

 

Fig. 36: Impact on temperature accuracy by 

choosing inappropriate B-value still is within 

+1.8K/-0.8K and smaller than the specified 

tolerance of resistance at 100°C, which was 

applied to the whole temperature range with 

+2.2K/-1.9K, values taken from [88] 

In application NTCs are typically evaluated using a voltage divider, described 

for example in [89]. With a resistor Rin in series at a fixed DC voltage of VCC. 

the voltage drops across the NTC VNTC results to: 

 

𝑉𝑁𝑇𝐶(𝑇) = 𝑉𝐶𝐶 ⋅ (1 −
𝑅𝑖𝑛

𝑅𝑖𝑛+𝑅𝑁𝑇𝐶(𝑇)
) = 𝑉𝐶𝐶 ⋅ (1 −

1

1+
𝑅𝑁𝑇𝐶 (𝑇)

𝑅𝑖𝑛

)  (54)  

 

The temperature sensitivity alpha is calculated by the derivative after temper-

ature:  

𝑉𝑁𝑇𝐶(𝑇)

𝑑𝑇
= 𝑉𝐶𝐶 ⋅ (−

𝑅25
𝑅𝑖𝑛

⋅𝑒
𝐵⋅(

1
𝑇

−
1

298
)

⋅𝐵⋅(−𝑇)−2

(1+
𝑅25
𝑅𝑖𝑛

⋅𝑒
𝐵⋅(

1
𝑇

−
1

298
)

)

2 )  (55)  

The method of applying the voltage divider shall be compared with a constant 

excitation current. With boundary conditions VCC=5V and an assumed maxi-

mal allowed power dissipation of 7mW to avoid self-heating a resistor 

Rin=1kOhm is chosen. For the method excitation current follows with  
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VNTC = Iexc ⋅ RNTC(−40°C) < 5V   (56)  

𝐼𝑒𝑥𝑐 = 42.6µ𝐴 ≈ 40µ𝐴    (57)  

The resulting temperature sensitivity is compared in Fig. 37 . The method with 

constant excitation current only allows high measurement accuracy in a com-

parably small temperature range. In laboratory application it can be used for 

increased measurement accuracy within an expected temperature range of a 

few 10K. The comparably high tolerances in available NTCs make individual 

calibration mandatory to allow for precise measurements of coupling imped-

ance between power semiconductor chips and NTC temperature sensor. The 

voltage divider however allows measurements in a wider temperature range 

and is almost mandatory in application environment. Fig. 38 shows the plots 

for sensitivity and power loss for the voltage divider. The local maximum of 

power losses lies near the area with the highest sensitivity and should be chosen 

well below the specified maximum to avoid self-heating. Both spots are de-

pendent on the ratio between the NTC’s and the serial resistance  
𝑅25

𝑅𝑖𝑛
 for a 

given supply voltage.  

 

Fig. 37: Comparison of temperature 

sensitivity of a NTC a) with fixed cur-

rent at 40µA compared to b) a voltage 

divider with Rin=1kOhm in series to 

VCC=5V 

 

Fig. 38: Power loss and temperature sensitivity 

of the 5k NTC resistor specified in [88], when 

in series to a 1kOhm resistor 
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3.3.2 Device temperature  

 

JEDEC dictionary JESD88E defines the virtual-junction temperature Tvj being 

“A temperature representing the temperature of the junction(s) calculated on 

the basis of a simplified model of the thermal and electrical behavior of the 

semiconductor device.”, [4]. Methods to use the chip itself as temperature sen-

sor using temperature sensitive electrical parameters (TSEP) have been inves-

tigated and applied for more than fifty years [90]. Reviews of different TSEPs 

applied are found in [91], [8] and [92]. 

Before explaining the methods in more detail, the importance of accurate de-

vice temperature measurement for adequate lifetime modelling based on power 

cycling shall be highlighted. As described in lifetime models, see chapter 2.2, 

both absolute junction temperature and temperature swing strongly impact the 

power cycling capability and are the key parameters to define test conditions. 

Taking the parameters of CIPS2008 model as described in chapter 2.2.5 the 

impact of an error in measurement of maximal temperature from 0.5K to 10K 

for given test conditions ΔTj ranging from 40K to 130K the resulting error in 

lifetime estimation is illustrated. In Tab. 13 the cells are highlighted assuming 

that a tolerance smaller than 20% would be acceptable. Plotting the values, it 

can be seen that an already challenging to achieve measurement accuracy of 

2K will result in an uncertainty greater than 10% for temperature swings 

smaller than 90K, see Fig. 39. The required maximal tolerance of 5K according 

to AQG324 [30] would result in more than 25%. 

 

Fig. 39: Relative error in determining the power cycling capability in dependence of tem-

perature swing ΔTj with assumed measurement error ΔTj,error ranging from 0.5 to 10 K, ac-

cording to CIPS2008 model [48] 
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Tab. 13: Resulting deviation in lifetime estimation assuming measurement tolerances in the 

range 0.5K to 10K for test conditions with temperature swing in the ranging from 10K to 

130K 

ΔTj in K 

relative error of derived cycles in % for an error 
in junction temperature in K 

-10 -8 -6 -4 -3 -2 -1 -0.5 

20     219 124 85 52 24 12 

30  184 124 74 52 33 16 8 

40 168 124 85 52 38 24 12 6 

50 124 93 65 40 29 19 9 4 

60 98 74 52 33 24 16 8 4 

70 80 61 44 28 20 13 6 3 

80 68 52 38 24 18 12 6 3 

90 59 46 33 21 16 10 5 2 

100 52 40 29 19 14 9 4 2 

110 47 36 26 17 13 8 4 2 

120 42 33 24 16 12 8 4 2 

130 39 30 22 14 11 7 3 2 

 

3.3.2.1 Junction Temperature 

In power electronics, the temperature-dependent voltage drop at a pn-junction 

with low current densities is the most widely accepted and investigated method. 

With the IGBT being the major subject of power cycling studies, the term 

VCE(T)-method is often used. For pn-junctions in silicon the voltage change by 

temperature is typically around -2mV/K. Linear characteristics are found up to 

1700V nominal voltage. High voltage devices may inhibit non-linear charac-

teristics, due to a contribution of the wide low doped region and leakage cur-

rent, as the example for a 6.5kV IGBT in Fig. 40 shows. It can further be seen 

that an error of 5mA in sense current leads to a measurement error of 1.7K at 

temperature 140°C and 100mA sense current. The temperature dependent volt-

age drop at a pn-junction 𝑉𝑝𝑛(𝑇) can be estimated by solving the Shockley 

equation as shown in [93] and considering all temperature dependent parame-

ters. 

𝑉𝑝𝑛(𝑇) =
𝑘𝐵⋅𝑇

𝑞
⋅ ln (

𝑗𝑀

𝑗𝑠(𝑇)
+ 1)    (58)  
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Fig. 40: VCE(Tj)-calibration curves of a 6.5kV 200A IGBT-module, with different sense 

current Isense 

The calibration curves need to be obtained for each device under test individ-

ually. The typical approach is placing the device on a heat plate and mounting 

a sensor for reference temperature measurement as close as possible to the chip. 

The sense current Isense is fed into the device’s junction and other current paths 

need to be avoided. For IGBTs this means applying the nominal gate voltage 

VGE,nom and passing the sense current from collector to emitter. For MOSFETs 

the channel needs to be closed by applying VGS<=0V for silicon-based devices 

and negative bias for silicon carbide devices. Chapter 5.2 lists recommended 

methods for all commonly used power semiconductor devices. The device is 

heated passively to maximal temperature of the temperature range in scope. 

The setup shall be thermally isolated against ambient with limited the heat flow 

to allow slow cooling, equal temperature distribution inside the device. This is 

especially important for large power modules with many chips in parallel. The 

difference between measured reference temperature and actual junction tem-

perature shall be minimized. Also, the resulting power loss shall be estimated 

and not attribute to self-heating. During calibration the resulting voltage drop 

is measured and set into relation to the reference temperature. Automatized 

measurement setups with up to 10 devices in calibration have been imple-

mented and replaced earlier laborious and error prone manual measurements. 

A controllable current source was automatized to determine calibration curves 

with varying sense currents such as depicted in Fig. 40.  

A more convenient approach is to calibrate directly on the power cycling test 

bench. There the devices mounted on an adapter plate are lifted from the cooler, 
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isolated from ambient and heated up by forward losses fed in by the load cur-

rent source. Either during the heat up process, waiting more than three times 

the estimated thermal time constant in between pulses, or during cooling down 

the calibration curve can be determined. It is important not to exceed the max-

imal specified junction temperature during this process. As there always needs 

to be some cooling down process before referring the chip temperature to the 

reference sensor this calibration method is not applicable for the full tempera-

ture range. However, the method might be less stressful for the devices than 

heating on a heat plate and remounting onto the test bench. The method was 

filed and granted as a patent [94]. Its application might be interesting for state 

of health monitoring in application without the need of disassembling power 

modules. 

 

3.3.2.2 Gate Threshold Voltage 

Another temperature sensing method for voltage controlled devices uses the 

temperature dependence of the gate threshold voltage VGEth(T) for IGBTs or 

VGEth(T) for MOSFETs, described for example in [91]. The measured calibra-

tion curves for silicon IGBTs show a temperature resolution of about -10mV/K, 

which is temperature dependent, whereas about -8mV/K are caused by VGEth(T) 

and -2mV/K at the collector pn-junction. Si devices can be calibrated until 

about 300°C, if the sense current is set to sufficiently high values to compen-

sate the leakage current. This is demonstrated for a 4.5kV/50A Si-IGBT in Fig. 

41. This method might however be affected by trapped charges near the chan-

nel and is therefore not recommended for lifetime tests used in qualification.  
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Fig. 41: VGEth(T)-calibration curves of a 50A 4.5kV Si-IGBT; gate and collector con-

nected, left: variation of sense current; right: calibration curves for three DUTs deviate by 

about 8K at same measured voltage, measured by Jens Kowalsky 

A comparison of both methods for a 650V/400A IGBT is given in Fig. 42. In 

a first test run on a power cycling bench the depicted circuit was used to drive 

the device under test with 15V at the gate during load current operation and to 

shorten the gate with collector/drain during VGEth(T)-measurement. Automa-

tized for IGBTs the setup changes in between both temperature measurement 

methods. For a number of test conditions, the temperature measurements are 

compared, see Tab. 14. For the investigated points the derived temperature 

swing agreed within a tolerance of 2.6K. By tendency higher power densities 

and on-time result in higher overestimation of Tjmax and thus ΔTj when VGEth(T) 

is applied compared to VCE(T). This could be explained by higher weighting 

of the IGBT’s top side temperature, where in standard module technology the 

gate channel is located, compared to the VCE(T)-method. Also, VGEth(T) might 

pronounce hot spots stronger. The method is not applicable for currently avail-

able SiC MOSFETs as discussed in chapter 5.2.8.  
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Fig. 42: left: Calibration curves VGE(T) and VCE(T) of a 650V/400A IGBT module at 

Isense=100mA, VGE(T) shows non-linear characteristic with sensitivity >|-10|mV/K com-

pared to |-2.4|mV/K for VCE(T); right: schematic of setup on the power cycling bench to 

operate load current at VGE=15V and compare both methods by controlled shortening of 

gate and drain (here a MOSFET is depicted, for IGBTs the sense current can be operated 

in same direction and compared in same test run with alternated switching between both 

temperature measurement methods) 

Tab. 14: Comparison of both measurement methods VGEth(T) and VCE(T) with a 

650V/400A IGBT module for several power cycling test conditions, values were derived 

from more than 50 cycles for each point and averaged, both measurements agree within 

2.6K, VGE(T)-method determines slightly higher temperatures in most cases 
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3.3.2.3 Thermography 

Thermography also called thermal imaging enables to evaluate the temperature 

distribution in power electronic systems, where a free line of sight is given. 

The approach uses the physical principle that materials emit photons in an elec-

tromagnetic spectrum of radiation unique to its temperature. This chapter dis-

cusses the method and gives an example of performed measurements. The 

Stefan-Boltzmann law states the power P irradiated by a black body for given 

surface A is dependent of its temperature T. 

𝑃 = 𝑘𝐵 ⋅ 𝐴 ⋅ 𝑇4     (59)  

The law of energy distribution, described 1900 by PLANCK in [95], states the 

relation between the energy spectrum Le,λ(λ,T) across the light’s wavelength λ 

in dependence of temperature. 

𝐿𝑒,𝜆(𝜆, 𝑇) =
𝑐1

𝜆5 ⋅
1

𝑒
𝑐2
𝜆⋅𝑇−1

    (60)  

with 

𝑐1 = 2 ⋅ ℎ ⋅ 𝑐2 = 1.19 ⋅ 10−16𝑊𝑚2 𝑎𝑛𝑑  𝑐2 =
ℎ⋅𝑐

𝑘𝑏
= 1.44 ⋅ 10−2𝑚𝐾 (61)  

Fig. 43 depicts spectra of radiance for black bodies in temperature range -

40°C..175°C. Wien’s displacement law describes the peak of spectral radiance 

being at wavelength 𝜆𝑝𝑒𝑎𝑘 =
𝑏

𝑇
 with b ≈ 2898 μm⋅K.  
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Fig. 43: Spectrum of radiation for black body in temperature range -40°C..175°C, dotted 

line indicates range for sensitivity >30% in range 7.5...15µm of a micro bolometer infrared 

camera, straight line indicates maximum of the spectral radiance according to Wien’s dis-

placement law, above 125°C the maximum lies outside of the most sensitive range of IR-

sensors based on microbolometer (borders of 30% sensitivity given) 

 

A real object is not idealistic black and called a gray body, which expresses 

that the transmitted total energy Etot to an observer is partly reflected from am-

bient objects at ambient energy Eamb. The rate of emitted to totally transmitted 

energy is called degree of emission or emissivity ε.  

𝐸𝑡𝑜𝑡 = 𝜖 ⋅ 𝐸𝑜𝑏𝑗    (62)  

The emissivity depends on material, surface quality and angle of radiation. For 

so called non-gray materials such as metals dependencies even on wavelength 

and temperature affect the emissivity. Tables of emissivity for various materi-

als are found in [96] and [97], but can only serve as rough indication. For dif-

ferent types of paint ranging from white to black color values of emissivity 

stated ranges from 0.90 to 0.96. An error of 0.01 in emissivity results in 1K 

measurement error at 150°C object temperature, see Fig. 44 taken from [98], 

whereas an error of 0.1 in emissivity corresponds to about 6K measurement 

error. 

Additionally, the atmosphere in the line of sight between object and observer 

absorbs energy Eatm expressed with the degree of transmission τ. Thus, the total 

energy received by the observer calculates to: 

𝐸𝑡𝑜𝑡 = 𝜖 ⋅ 𝜏 ⋅ 𝐸𝑜𝑏𝑗 + (1 − 𝜖) ⋅ 𝜏 ⋅ 𝐸𝑎𝑚𝑏 + (1 − 𝜏) ⋅ 𝐸𝑎𝑡𝑚  (63)  
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Especially when protective screens in between observer and objects are placed, 

for example made of ceramics such as zinc sulfide ZnS or zinc selenide ZnSe 

or polymers such as poly propylene the degree of transmission and its wave 

length dependency needs to be respected for compensation. Software tools pro-

vided with IR-cameras feature these functionalities. Publication [99] discusses 

the maximal achievable accuracy using thermography. Proper calibration by 

measuring the device under test with a temperature sensor shall be performed. 

A measurement setup using an isolated box for SiC devices is given in [100]. 

 

 

Fig. 44: Resulting temperature error with emissivity grade wrong by 0.01, for long wave 

infrared LWIR, similar to microbolometer range follows 1K, x-axis temperature of object 

in °C, y-axis measurement error in K, taken from [98] 

 

Infrared (IR)-cameras detect the electromagnetic spectrum with wavelengths 

in the range from 900 to 14,000 nm and produce images of that radiation. The 

most affordable ones use microbolometers, two-dimensional infrared focal 

plane arrays as imaging sensor, which can be operated uncooled. The relative 

sensitivity is varying over the wavelength and is calibrated in the software of 

the camera to allow determination of the respective temperature. The markings 

in Fig. 43 indicate the borders of the spectrum, where the relative sensitivity is 

greater than 30%. Obviously for temperatures greater than 125°C the peak of 

the energy spectrum lies outside the range with highest sensitivity. 

The measurement method requires a free line of sight to the chip surface. For 

standard, single side cooled power modules the cover needs to be removed, 

sense terminals need to be connected with wires or with an appropriate PCB 
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with windows to allow the sight to the chip surface. The silicone gel needs to 

be removed and the surface needs to be covered with a paint with known emis-

sivity. Investigations on a 600A/1200V IGBT FF600R12ME4 by Infineon 

were published in [101], see Fig. 45. The device under test was heated by a DC 

current pulse on a single-phase power cycling test bench and the junction tem-

perature was measured using the VCE(T)-method to compare the two methods.  

Deriving the device temperature an IR-image was processed. The chip surface 

of one IGBT consisting of three chips represents 3900 pixels from the field of 

interest. A histogram was derived with number of pixels with temperature val-

ues, see Fig. 46. The results indicate that virtual junction temperature derived 

by VCE(T)-method lies with 2K accuracy on the 2/3 distance between minimal 

and maximal temperature of the histogram. These findings confirm the state-

ment in [32]. 

However, the method to correlate measured surface temperature and virtual 

junction temperature is not standardized for semiconductor power devices yet 

and needs to be evaluated for individual devices under test. Proper calibration 

shall be performed for example by heating the device under test on a heat plate 

to the maximal temperature of interest and measuring the surface temperature 

with temperature sensors. 

 

Fig. 45: Left: device under test 600A/1200V IGBT FF600R12ME4, Infineon before re-

moval of silicone gel and application of black paint, right: 3D-image of temperature distri-

bution, published in [101] 
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Fig. 46: Process to derive junction temperature of processed IR-image, from the field of 

interest 3900 pixels represent chip surface; histogram with temperature values (dots) indi-

cates that virtual junction temperature (Tvjmax(VCET)) lies on the 2/3 distance (T_upper 

third) between min and max temperature , published in [101]  

 

 Measurement Delay 

 

As discussed earlier, the VCE(t)-method only allows temperature measurement 

after a power pulse is removed and the current amplitude reaches the sense 

current. When off-time begins during power cycling, junction temperature 

drops exponentially with time constants in the range of a few milli-seconds of 

the smallest FOSTER element, see chapter 3.5. Keeping the resulting meas-

urement error lowest as possible it is necessary to measure the resulting voltage 

drop as soon as possible after the power pulse. So far only limitation caused 

by the test setup have been discussed. In this chapter first the minimal meas-

urement delay for bipolar silicon devices discussed with observation from a 

dedicated measurement setup and the theory behind. After that the widely ap-

plied square-root t method is explained. Investigating the resulting error in a 

simplified thermal model exponential fit is suggested instead. 
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3.4.1 Setup to determine the measurement delay 

 

On a modified single pulse measurement setup, depicted in Fig. 47 and sche-

matic in Fig. 49 the behavior of a 650V IGBT (Infineon FS200R07A1E3) and 

a 6.5kV IGBT (FZ400R65KF1 – one out of two parallel systems connected) 

was investigated. In series to the device under test, a current bypass containing 

two modules in series with SiC SBD (Infineon FF600R12IS4F) of 360A rated 

current in parallel to a 1.3Ohm resistor allows to determine the sense current 

before and after the load current pulse. A switch, 1200V/900A IGBT module 

(Infineon FF900R12IP4D), turns on for 400µs allowing the load current to 

ramp up to 180A in the load inductance, which is close to the nominal value of 

the investigated devices. The on-time was selected long enough to allow the 

flooding of the IGBTs with charge carriers and short enough to prevent self-

heating. This allows to compare the voltage drop before and after the power 

pulse at sense current. The time at which the voltage drop reaches its initial 

value is the minimal measurement delay tMD. 

A first test run was performed with a 200V MOSFET (Semikron SKM 

453A020) operated in forward MOSFET mode to determine the minimal ver-

ifiable measurement delay due to influences of the test bench and measurement 

setup. The device under test is kept with gate voltage constantly at VGS=15V. 

Results are depicted in   Fig. 52 and Fig. 53. The resulting minimal delay was 

about 50µs and includes parasitic effects like tail current of auxiliary switch, 

capacitive coupling at the sense current source response time. 

When investigating the passive switching of the 6.5kV IGBT the voltage drop 

reached its initial value 320µs after the switching event, see Fig. 54 with the 

junction temperature at 25°C. At the specified maximal temperature 125°C, it 

took about 650µs to reach the initial voltage drop. A rough estimation of the 

temperature rise during the power pulse, using linear rise of current IC and 

maximal voltage drop VCE(Imax), shows that self-heating can be neglected and 

is not the root-cause of the modulated voltage:  

𝛥𝑇𝑗 ≈ 𝑃𝑙𝑜𝑠𝑠 (𝑇𝑗 = 125°𝐶, 𝐼𝑛𝑜𝑚 ) ⋅ 𝑍𝑡ℎ𝑗𝑐  (𝑡𝑜𝑛 = 400µ𝑠) = 5𝑉 ⋅
200𝐴

2
⋅ 1𝐾/𝑘𝑊 = 0.5𝐾  (64)  

This temperature increase would result in a change of VCE by only about -1mV, 

much smaller than the measurement noise. The observed voltage drop at sense 
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current after turn-off was reduced by up to 60mV, which would result in an 

overestimation of the junction temperature of about 30K. 

The removal of charge carriers can be accelerated by active switching of the 

device under test. For this the setup is modified as depicted in Fig. 50. There 

the device under test is controlled by a gate drive unit. Thus, during switching 

off, a voltage peak appears, which is limited by active clamping in the gate 

driver circuitry to 1kV, similar as discussed in chapter 4.6. A comparably high 

measurement resolution for VCE is achieved by using a clamping circuit, which 

limits the input voltage observed by the oscilloscope. It consists of two SiC 

Schottky diodes (Infineon 15A/1200V), which limit the input voltage to about 

1V, and a serial resistor connected in parallel to the DUT, see Fig. 48 bottom. 

As long as the device under test is off and the auxiliary switch is turned on, the 

resistor needs to withstand the voltage almost equaling VDC and resulting 

power losses Ploss. Designing for maximal 100W results in a resistance 

R=4.7kΩ. The time constant τ of the measurement input amounts to less than 

1.2µs with the SiC diodes’ low junction capacitance Cdiode=0.25nF. 

𝑃𝑙𝑜𝑠𝑠 =
𝑉𝐷𝐶

2

𝑅
=

6002𝑉2

4.7𝑘Ω
≈ 77𝑊    (65)  

𝜏 = 𝑅 ⋅ 𝐶𝑑𝑖𝑜𝑑𝑒 = 4.7𝑘𝑂ℎ𝑚 ⋅ 0.25𝑛𝐹 = 1.175µ𝑠  (66)  
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Fig. 47: Single pulse test setup, top: oscilloscope 

operated with isolation transformer, center: 

DUT on heat plate, voltage clamping and cur-

rent bypass, bottom: auxiliary switch, DC link 

capacitor and discharge circuitry 

 

 

Fig. 48: Top: Current bypass consisting of 

two SiC diodes in PrimePACK module 

(Infineon) in series parallel to a resistor, 

bottom: Voltage clamping device consist-

ing of two SiC diodes in EconoPACK 

module (Infineon) in series to a 4.7kOhm 

resistor 

 

Fig. 49 Single pulse setup for DUT always in on-

state, current is passively switched off, the DUT 

is constant on with VGE=15V, current divider 

enables precise measurement of IM= 100mA 

 

Fig. 50: Single pulse setup for DUT 

switching actively, VCE-clamping enables 

precise measurement of VCE(IM), current 

divider  

 

Current bypass 

Current 

bypass 
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Fig. 51 depicts the pulse pattern applied for the tests with actively switched 

devices under test. The external switch turns on 500µs before the device turns 

on. While both are turned on, in this example for 420µs, the current ramps up 

to the desired current amplitude with the current slope defined by the DC link 

voltage and the adjustable inductance LLoad=1...4mH. Then the device under 

test turns off, against the high DC link voltage and the induced voltage across 

the stray inductance Lstray. The resulting electric field accelerates charge carri-

ers out of the low doped base, which shortens the recovery time. With a delay 

T1 after the switching event, the external switch turns off. A period of T1 =17µs 

leads to the shortest measurement delay in the setup. After a short delay T2, 

where both devices stay off. The device under test is switched on again to con-

duct the sense current. In this setup, the total minimal delay before switching 

on the DUT again was found to be T2=21µs. 

 

 

Fig. 51: Pulse pattern in setup with actively switched DUTs 

 

The active switching was performed at 25°C and 125°C, see Fig. 55.The ex-

pected reduction of the measurement delay was confirmed. All results of in-

vestigated devices are summarized in Tab. 15. The determined measurement 

delay for the 6.5kV is at least twice as long as for the 650V IGBT. By actively 

switching the device under test the minimal measurement delay is reduced to 

half the value with about 260µs for the 6.5kV IGBT. Increasing the DC voltage 

from 600V to 1200V did not show any impact on the delay. 
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Tab. 15: Measurement delay tMD for investigated devices using sense current Isense=100mA 

for junction temperature 25°C and 125°C, reference measurement performed with 200V 

MOSFET module derived tMD=50µs to account for parasitics in setup  

DUT switching  VDD in V tmd in µs (25°C) tmd in µs (125°C) 

650 V IGBT passive -/- 120 320 

6.5 kV IGBT passive -/- 320 650 

650 V IGBT active 600 70 160 

6.5 kV IGBT active 600 160 260 

6.5 kV IGBT active 1200 160 260 

200V MOSFET passive -/- 50* -/- 

The observed longer recovery time for the high voltage device can be 

explained by longer lifetimes of charge carriers for devices of higher voltage 

class. The removal of charge carriers at low voltage is determined by the stored 

charge QF and charge carrier lifetimes τn and τp. The stored charge QF can be 

estimated as the product of the elementar charge q, the average hole 

concentration pavg, the device volume with active surface A and base width wB. 

𝑄𝐹 = 𝑞 ⋅ 𝑝𝑎𝑣𝑔 ⋅ 𝐴 ⋅ 𝑤𝐵    (67)  
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Fig. 52: Single pulse measurement with 200V 

MOSFET Semikron SKM 453A020, load pulse 

is a ramp with 200A peak amplitude and about 

420µs length, VDSmax(200A)=1.4V confirms 

datasheet value of RDSon,tot=7mOhm current is 

switched of at t=0, depicted current measure-

ment is only valid for values <1A 
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Fig. 53: Details of plot to the left, sense 

current is proven to reach its initial value 

Isense=0.5A 50µs after turning- off load 

current, VDS(t)=V_DUT(t) is the same 

value before and after load pulse within 

50µs (measurement depicts voltage offset 

by about -50mV, RDSon,tot=7mOhm with 

ID=0.5A VDS≈3.5mV expected ) 

VDU

T 
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Fig. 54: Single pulse passively switched off 

6.5kV IGBT, on-time 400µs, load current close 

to nominal current 200A, top: overview shows 

passive turn-on voltage peak, bottom: detailed 

view shows minimal measurement delay of ap-

prox. 320µs at 25°C and 720µs at 125°C; Abso-

lute values show offset errors 

 

 

Fig. 55: Detail of single pulse active turn-off 

by DUT, top: 6.5kV IGBT, on-time 400µs, 

load current close to nominal current, mini-

mal measurement delay approx. 160µs at 

25°C and 260µs at 125°C; bottom: for 650V 

IGBT 70µs at 25°C and 160µs at 125°C was 

determined; absolute values show offset er-

rors 
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For rough estimation the base width 

wB is estimated with the depletion 

width for an abrupt p+n-junction 

given in [93], further assuming 

NPT-characteristic for both devices. 

For the 650V IGBT roughly 70µm 

and for the 6.5kV IGBT 700µm is 

estimated. Consequently the stored 

charge is about 10 times higher for 

the 6.5kV IGBT at the same current 

density. 

 

 

Fig. 56: “breakdown voltage, and depletion 

width at breakdown as functions of the dop-

ing density ND for abrupt p+n-junctions in Si 

at 300 K.”, taken from [93] 

The temperature dependency of charge carrier lifetimes is given in [102] 

referencing to the value at 300K with an exponent α, which is dependent on 

the recombination centers used for the specific device technology. 

𝜏𝑛,𝑝(𝑇) = 𝜏𝑛,𝑝(300𝐾) ⋅ (
𝑇

300
)

𝛼
    (68)  

The findings from measurement are compared to semiconductor device 

simulations in Sentaurus TCAD performed by Weinan Chen. There any 

possible impacts from device self-heating and from the measurement setup are 

excluded, however uncertainties from unknown and consequently estimated 

device parameters arise. A 2-dimensional model of a 4.5kV IGBT with 

nominal current 50A with an active area of 1.39cm² and planar cell structure 

is used. 

The lifetimes for electrons τn and holes τp are estimated to 80µs and 1µs. The 

temperature dependency exponent α is assumed to be 3. In the simulation the 

collector current was set as boundary condtion similar to the test conditions. 

From the sense current 25mA, representing a ratio of 0.5 thousandth between 

sense current and load current as used in the tests, the collector current is 

ramped up to 45A within 400µs and stepped down to sense current amplitude 

again at time point t=0.  

Fig. 58 shows the resulting plot of current and collector-emitter voltage VCE 

for device temperature 125°C. When ramping up the current a passive turn-on 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Temperature%23_CTVL001b32a10f3f7374f18868619448ffc7c65
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voltage spike is visible. After turning-off it takes about 274µs to reach the 

initial voltage level. For five marked time points along the plot the electron 

density is depicted. It indicates that at t=274µs the charge carrier density 

reached its initial value as in time point t=-410µs, while at 150µs the carrier 

density is still elevated and thus the measured VCE is reduced.  

In Fig. 57 measurement and simulation results are compared to the calculated 

charge carrier lifetime with assumed values in simulation. The measurement 

yielded longer measurement delay by factor 2..3. This might result from 

uncertainties in the model parameters and tolerances in the measurement 

equipment. Further investigation and results were published in [103]. 

 

 

 Fig. 57: Lifetime of charge carries in 

dependence of junction temperature Tj 

for a 4.5kV IGBT compared to meas-

urement and simulation results of 

minimal measurement delay tMD ; cir-

cles are simulation results by Weinan 

Chen, dots measurement results  

 

  

Fig. 58: Simulation results for a 4.5kV IGBT model at 125°C, left: plot of current ramped up 

to IC=45A within 400µs before and after that period IC=100mA, VCE is reduced after turn-

off; right: internal electron density on vertical axis is elevated after turn-off and reaches initial 

value at t=274µs; simulations performed by Weinan Chen 
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3.4.2 The square-root t Method 

For extrapolation of the measured maximal junction temperature at the time 

point t=0 of switching Tjmax(t=0), standards such as [104] recommend the use 

of the square-root t method, which was described in [105]. The method is based 

on a simplified one-dimensional model. If the heat is dissipated in point x=0, 

the fundamental solution of the heat equation (equation (69) will be valid:  

𝜕

𝜕𝑡
𝑇(𝑥, 𝑡) − 𝑎

𝜕2

𝜕𝑥2
𝑇(𝑥, 𝑡) = 0  (69) 

 

With the temperature conductivity  𝑎 =
𝜆

𝜌⋅𝑐
 . It was shown that the cooling 

curve follows a square root function shortly after a power step: 

 

𝑇𝑣𝑗(𝑡) − 𝑇𝑟𝑒𝑓(0) =
2 ∙ 𝑃

(𝜌 ∙ 𝜋 ∙ 𝜆 ∙ 𝑐)
1
2 ∙ 𝐴

𝑡
1
2 (70) 

Where: 

• Tvj...virtual junction temperature af-

ter power pulse of width t [°C] 

• 𝜆... coefficient of heat 

conductivity [W/mK] 

• Tref(0)...reference temperature (tem-

perature before power pulse) [°C] 

• c...specific heat capacity [J/(K 

kg)] 

• P...heating power [W] • A...active chip area [mm2] 

• 𝜌…density [g/cm3] • t...time after pulse [s] 

In [106], good agreement of the measured Tvj with this approximation was 

found up until 10 ms after switching off the heat pulse. Fig. 59 shows such 

measurements for a 600A/1200V IGBT (Infineon Technologies 

FF600R12ME4), published before in [101]. The slope of the square root- func-

tion is proportional to the dissipated heating power density, constant material 

parameters assumed:  
𝑃𝑣

𝐴
~𝑑𝑇/𝑑√𝑡 . 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Transient%23_CTVL0014f6ada9b4ec8407bbbb244df867582a6
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Fig. 59: Cooling curves after load pulses with different power densities are fit linearly on 

the square root of time, device under test is 600A/1200V IGBT (Infineon Technologies 

FF600R12ME4), published in [101] 

 

3.4.3 Further Correction method 

For the square-root t method to be fully valid, the following assumptions are 

made: 

1. One dimensional case 𝑇(𝑧, 𝑡) 

2. Ideal heat conductivity below chip with fixed temperature 

3. Linear gradient dT/dz of the temperature profile in the beginning 

𝑇(𝑧, 0) 

4. Linear heat conductivity (constant material-parameters) 

5. Ideal switching-off of heating power at 𝑡 = 0 

Condition 3 is given if the heat is generated at the chip’s topside and solely 

dissipated to the bottom side. After switching off the heating power the heat 

flux is constant  
𝜕𝑇(𝑧,𝑡)

𝜕𝑧
= 𝑐onst. . It leads to a non-linear temperature distribu-

tion along the heat path z. As soon as the heat flux changes the square-root t 

method loses its validity. 

The question arises, if the maximal junction temperature can be extrapolated 

properly by the square-root t method under more realistic conditions. A 

70A/1200V diode under test was investigated by 2D-FEM analysis. Two cases 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Improving%23_CTVL00106f2797782a2430099ddfef72abe05db
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were investigated: with the power dissipation taking place in the center 90% 

of device thickness, the area of temperature measurement was altered once the 

upper 10% strip (for diode like case) and in the lower 10% strip (for IGBT like 

case) of the device. The conditions for both cases were: 

Layer Material Thickness 

in µm 

Conditions 

Chip Si 300 • Heat flux only via thermal 

foil, there fixed temperature 

set to 25°C 

• Constant material 

parameters 

• Temperature homogenously 

distributed in the beginning 

25°C 

• Ton = 0.2s, Toff=0.3s second 

cycle – steady state not 

reached), simulated until 

0.25s 

• Time steps: ON: 50, OFF: 

400, exponentially rising 

• Inhomogeneous power 

density in the strip based on 

temperature dependent 

diode characteristic, const. 

current I=115A, average 

power density 

P/A=438W/cm² 

Solder SnAg 50 

DBC-top Cu 300 

DBC-

ceramic 

Al2O3 300 

DBC-

bottom 

Cu 300 

Solder SnAg 50 

Base plate Cu 2500 

Thermal foil Kerafol 

86/60 

50 

 

 

Fig. 60 shows the resulting temperature distribution at switching off the second 

power pulse. Fig. 61 shows the trends of minimal, average and maximal tem-

perature in the device during the second power pulse and 50ms after. The time 

point t=0.2s is set as time point t=0 in the following discussion.  

The resulting temperature swings and the temperature sensing junction ΔTj 

were 69.2K and 65.6K, respectively. The cooling curves were fitted within 0.5 
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and 1ms after switching off. Using the square-root t method and with an expo-

nential function of type:  

𝑇𝑗 = 𝑇𝑜𝑓𝑓𝑠𝑒𝑡 + 𝑇𝑠𝑙𝑜𝑝𝑒 ⋅ (1 − 𝑒−
𝑡

𝜏)    (71)  

In both cases, the square-root t fit overestimates the temperature at time 

point=0 by 2.4K (diode like case) Fig. 62 and 1.7K (IGBT case) Fig. 63. The 

exponential fit however agrees with an accuracy of <0.1K and should be pre-

ferred. 

The approximation with square-root of time of the cooling curves may agree 

better with the actual trend even in the two-dimensional case and more realistic 

conditions, if the power is dissipated at the top of the chip, which holds true 

for lateral devices and SiC devices. However, if the majority of the power dis-

sipation happens further away from the chip’s surface, like in high voltage Si 

devices, the maximal temperature and thus the power cycling capability may 

be overestimated. Under these circumstances condition 3 is badly fulfilled. The 

cooling curve flattens towards 

t=0:            
𝜕𝑇𝑚𝑎𝑥(𝑡)

𝜕𝑡
(𝑡 = 0) ≈ 0, thus a square-root function with its deriva-

tion tending to infinity 
𝜕𝑇𝑚𝑎𝑥,𝑠𝑞𝑟𝑡_𝑡

𝜕𝑡
(𝑡 = 0) → ∞ cannot be a good approxi-

mation. 

If the temperature swing in this case study is estimated 2.4K too high for actual 

ΔTj=69.2K the lifetime is overestimated by about 14%. For the same power 

density and geometry, the difference between junction temperature measure-

ment at the top compared to measurement at the bottom was found to be 3.8K 

in this example. Rated in power cycling capability this would account for about 

22% difference, which should be considered when comparing IGBTs and di-

odes. Therefore, it is suggested to use an exponential fit instead of the square 

root-t method for improved accuracy. 
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Fig. 60: left: temperature distribution 

at timepoint t=Ton of second power cy-

cle in simulation of 2D-model, power 

dissipation in 90% of the chip 

thickness, published in [107] 

 

Fig. 61: Trends of minimal, average and 

maximal temperature in the chip during 

and after second power pulse, rule of 

thumb: average temperature lies at around 

upper third between minimum and maxi-

mum, published in [107] 

 

 

Fig. 62: Simulated cooling curve of average 

temperature measured at the chip’s top-side 

(Diode like case), square-root t fit overesti-

mates Tjmax by 2.4K, exponential fit agrees 

well with actual value, published in [107] 

 

Fig. 63: Simulated cooling curve of average 

temperature measured at the chip’s bottom-

side (IGBT like case), square-root t fit over-

estimates Tjmax by 1.7K, exponential fit 

agrees well with actual value, published in 

[107] 
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 Thermal Impedance 

The generated heat due to power losses Ploss in power semiconductors is dissi-

pated to a heat sink. According to the second law of thermodynamics the heat 

transfers from hotter to colder bodies. In dielectric solids heat conducts pre-

dominantly via lattice vibrations. In conductive materials also electrons and 

their interactions with lattice atoms attribute to the heat conduction resulting 

in higher thermal conductivity. Both mechanisms of heat transfer are temper-

ature dependent. The thermal conductivity λ is expressed in Fourier’s law with 

the heat flow Q̇ in a volume defined by cross-sectional area A and length l 

causing the temperature difference ΔT:  

𝜆 =
�̇�⋅𝑙

𝐴⋅Δ𝑇
     (72)  

For anisotropic materials the thermal conductivity λ also depends on the ori-

entation towards the crystal lattice, silicon carbide is an example. The change 

in length of a body Δl with temperature change ΔT is expressed with the coef-

ficient of thermal expansion CTE or α in linear approximation: 

𝛼 =
Δ𝑙

𝑙⋅Δ𝑇
     (73)  

An overview of thermal conductivity and coefficient of thermal expansion is 

given for various materials used in semiconductor power devices in Fig. 64. 

The given values for CTE are only valid for individual materials in joined as-

sembly the effective CTE may be changed. For example, the effective CTE of 

copper on ceramic substrate to the chip solder layer is lower, because the tight 

connection to the ceramic partly compensates the higher expansion of the cop-

per. 

 

Fig. 64: Thermal 

conductivity λ 

and coefficient of 

thermal expan-

sion CTE of ma-

terials used in 

semiconductor 

power electronic 

devices at room 

temperature 
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The amount of heat Q supplied to a mass of material m to produce a change in 

temperature ΔT is expressed as heat capacity Cth. The thermal parameters can 

be expressed with equivalent electrical parameters. The analogy is listed in Tab. 

16. This allows simplified thermal modeling with electrical elements, applying 

network transformation and simulation in electric circuit simulators such as 

LTSpice. Power module manufacturers provide online tools for their products 

with complete power loss and thermal simulation, examples are [108] ,[109] 

and [110]. Typically, a one-dimensional model is used to derive temperature 

profiles out of given load profiles. Whereas more realistic 3D-modeling using 

the finite element method FEM is limited to static operation points due to com-

putational efforts. 

Tab. 16: Analogy between electrical and thermal parameters 

Thermodynamics Electricity Electrical element 

Temperature differ-

ence delta T in K 

Voltage V in V Voltage source 

Heat transfer rate �̇� in 

W 

Electrical current I in A Current source 

Thermal conductivity λ 

in W/mK 

Electrical conductivity σ in 

S/m 

Conductance G 

Thermal resistance Rth 

in K/W 

Electrical resistance R in 

Ohm 

Resistor R 

Thermal capacity Cth in 

Ws/K 

Electrical capacity C in F, 

As/V 

Capacitance C 

Thermal impedance Zth 

in K/W 

Electrical impedance Z in 

V/A 

Impedance Z 

 

The JEDEC glossary [4] defines the thermal resistance Rth as “difference be-

tween two specified points or regions divided by the power dissipation, under 

conditions of thermal equilibrium”. The transient thermal impedance Zthjref is 

defined from the junction to a reference point for a specified power pulse du-

ration with 
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𝑍𝑡ℎ,𝑗𝑟𝑒𝑓 =
〖(𝑇𝑗𝑚𝑎𝑥−𝑇𝑗𝑚𝑖𝑛−𝛥𝑇𝑟𝑒𝑓)

𝑃𝑙𝑜𝑠𝑠
     (74)  

Where Tjmax is the junction temperature at the end and Tjmin is the temperature 

at the beginning of a power pulse Ploss with constant amplitude heating the de-

vice and with a temperate change at the reference point ΔTref. 

Fitting the thermal step response of a power pulse until reaching steady state 

yields the behavioral representation in time domain with a number of elements 

n. For practical reasons a limited number is chosen to provide a representation. 

For describing the thermal impedance between junction and case or heatsink 

in power modules typically three or four elements approximate the behavior 

well enough and is given in datasheets of power electronic devices. A more 

advanced approach using a quasi-continuous spectrum is briefly discussed in 

chapter 3.5.2. 

𝑍𝑡ℎ(𝑡) = ∑  𝑅𝑡ℎ,𝑖 ⋅  (1 − 𝑒−𝑡/𝜏𝑖)𝑛
𝑖=1  with 𝜏𝑖 = 𝑅𝑡ℎ,𝑖 ⋅ 𝐶𝑡ℎ,𝑖 (75)  

This representation is named FOSTER network which was introduced to de-

scribe electric circuits. FOSTER networks of different building blocks cannot 

be combined to outline the behavior of the total system for example to mimic 

cross coupling between devices or to add the thermal impedance Zth,ca of the 

device’s case mounted on a heatsink to ambient. This is sometimes not re-

spected and falsely publicized. A one-dimensional representation allowing 

these superimposed models, where each node represents a layer in the thermal 

path is the CAUER notation, an unbalanced ladder network. Schematics for 

one-dimensional networks with n elements are given in Fig. 65. 

  

Fig. 65: One-dimensional representation of the thermal path with n elements from the source 

of the heat flow P_loss to the ambient at fixed temperature T_A; left: FOSTER network – 

behavioral model, right: CAUER network – physical model, schematics drawn in LTSpice 

The FOSTER-CAUER transformation described in [111] allows to calculate 

equivalent network in CAUER representation. In frequency domain the inverse 

fraction of polynomials of numerator and denominator is calculated with the 

following algorithm. 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Transformation%23_CTVL00117f9167b2a124f108c944f0cf8f51e64
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𝑍𝑡ℎ,𝐹𝑂𝑆𝑇𝐸𝑅(𝑠) =
𝑝(𝑠)

𝑞(𝑠)
     (76)  

𝑍𝑡ℎ,𝐶𝐴𝑈𝐸𝑅(𝑠) =
𝑞(𝑠)

𝑝(𝑠)
= 𝑠 ⋅ 𝑎 + 𝑏 + 𝑅𝑒𝑠𝑡,   𝑅𝑒𝑠𝑡 =

𝑞𝑟𝑒𝑠𝑡(𝑠)

𝑝𝑖(𝑠)
  (77)  

𝑟𝑖 =
1

𝑏
   , 𝑐𝑖 = 𝑎     (78)  

Recursion through all elements of the denominator yields the CAUER repre-

sentation of the network having the same number n of elements. 

𝑞𝑖−1(𝑠) =  𝑏 ⋅ 𝑝𝑖(𝑠) + 𝑞𝑟𝑒𝑠𝑡  ,   𝑝𝑖−1(𝑠) = −
𝑞𝑟𝑒𝑠𝑡

𝑏
   (79)  

 

3.5.1 Measurement 

Herein the basic principle of deriving the thermal impedance from a cooling 

curve is described. This approach is typically applied when the VCE(T)-method 

or any other TSEP for measuring the junction temperature is used, which can 

only measure the virtual junction temperature while not conducting load cur-

rent.  

The device under test is operated under application close conditions as also 

suggested for power cycling tests. This implies for example setting the desired 

coolant flow rate and using the targeted cooler design and thermal interface 

material. In conduction mode the device is heated by a DC current of constant 

amplitude I causing a voltage drop V until reaching the thermal steady state 

under constant ambient temperature conditions. The power losses 𝑃 = 𝑉 ⋅ 𝐼 

can then be assumed constant. The heating pulse should be chosen reasonably 

high to minimize the measurement uncertainty as discussed in the introduction 

of chapter 3. A temperature swing between Tjmax and Tjmin of at least 100K is 

advised for the heated device if possible. After turning off the DC current ex-

ternally the junction temperature Tj(T) during cool down is measured via the 

recommended method as described for different semiconductor devices in 

chapter 5.2 and the appropriate measurement delay tMD being respected as de-

scribed in chapter 3.4. With a temperate change at the reference point ΔTref 

during cool down the thermal impedance Zth is calculated from measured pa-

rameters 

𝑍𝑡ℎ =
𝑇𝑗𝑚𝑎𝑥−Δ𝑇𝑟𝑒𝑓(𝑡)−𝑇𝑗(𝑡)

𝑉⋅𝐼
    (80)  
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An alternative approach is to derive the heat up curve by measuring the sup-

porting points Zth(ti) of the thermal impedance curve with variating the heat 

pulse length from a minimal short feasible ti,min to on-time reaching steady state 

conditions tsteady . There however it has to be noted that temperature dependent 

losses Ploss(Tj) and measurement error of the maximal junction temperature 

ΔTj,error due to the measurement delay tMD need to be compensated by appro-

priate methods if not negligible. This approach involves more efforts and 

seems only suitable for measuring cross-coupling impedances between anti-

parallel elements. 

 

3.5.2 Analysis 

In [112] it was shown that degradation of chip solder in power modules can be 

distinguished from TIM degradation during power cycling tests by analysis of 

thermal impedance compared between initial and aged state. Thereby inspired 

the author applied this method on repetitively measured thermal impedance 

curves obtained in superimposed power cycling on IGBT modules with ratings 

400A/650V, where chip and system solder degradation took place. Results 

were published in [113]. Fig. 66 shows simulation results derived from one-

dimensional CAUER networks with increased Rth,i in the respective layers 

chip-, system solder and TIM to the fulfill the EoL-criterion Rth increase to 

120% to the initial value. A bifurcation compared to the Zth-curve in initial 

state is identified in the range of a few milliseconds up to several 10ms. Above 

50ms the effect of degraded system solder layer is observed. At about the 

400ms aged TIM leads to increased Zth.  

A more advanced approach, called NID (network identification by deconvolu-

tion) algorithm, derives a quasi-continuous spectrum and derives structure 

functions to identify material layers in the thermal path, [114]. The method 

was refined and described in the JEDEC standard JESD51-14 [104]. At this 

resource there is an implemented software available. The basic principle is de-

scribed in the following in four steps. 

 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Observation%23_CTVL0017fcfb8f93a7c4c6c94ef1b784b82c7c8
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Thermal%23_CTVL00186cdaeffaa724cac96f85feb0d1328e9
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Identification%23_CTVL00128a852e4e7ab407fbfc79fb08dd873b5
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Fig. 66: Simulated thermal impedance of a 400A/650V IGBT in standard technology, from 

initial 200mK/W to 20% increased thermal resistance originating from degradation of dif-

ferent layers, chip solder, system solder and thermal grease; location is identifiable from 

bifurcation compared to Zth in initial state at different time points 

In the first step the time axis t and the thermal time constants τ are superseded 

by their natural logarithm and a system of equations is formed. 

𝑍𝑡ℎ(𝑡) = ∑ 𝑅𝑖 ⋅ (1 − 𝑒
−

𝑡

𝜏𝑖)𝑛
𝑖=1  𝑥 = ln(𝑡), 𝜉 = ln (𝜏)  (81)  

𝑍𝑡ℎ(𝑥) = ∑ 𝑅(𝜉𝑖) ⋅ (1 − 𝑒−𝑒
𝑥𝑗−𝜉𝑖

)𝑛
𝑖=1  with  𝑎𝑗𝑖 = (1 − 𝑒−𝑒

𝑥𝑗−𝜉𝑖
)  (82)  

𝑍𝑡ℎ(𝑥1)
.
.

𝑍𝑡ℎ(𝑥𝑚)

= (

𝑎11 . . 𝑎1𝑛

. .

. .
𝑎𝑚1 . . 𝑎𝑚𝑛

) (

𝑅(𝜉1)
.
.

𝑅(𝜉𝑛)

)   (83)  

In the second step a deconvolution algorithm is applied, here Bayesian decon-

volution is given with iteration counter p. 

𝑟𝑖
𝑝+1 =

1

∑ 𝑎𝑗𝑖
⋅ ∑

𝑎𝑗𝑖⋅𝑟𝑖
𝑝

⋅𝑧𝑗

∑ 𝑎𝑗𝑘⋅𝑟𝑘
𝑝

𝑘
𝑗     (84)  

The solution yields the quasi-continuous FOSTER spectrum: 

𝑍𝑡ℎ(𝑠) = ∑
1

𝐶𝑖⋅(𝑠−𝑠𝑖)
  , 𝑠𝑖 = −

1

𝑅𝑖⋅𝐶𝑖

𝑛
𝑖=1   (85)  

 

Initial state  

Aged state 

Chip solder   System solder   TIM  
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The before described FOSTER-CAUER transformation is performed in the 

third step:  

𝑍𝑡ℎ(𝑠) =
𝑝(𝑠)

𝑞(𝑠)
     (86)  

𝑍𝑡ℎ(𝑠) =
𝑞(𝑠)

𝑝(𝑠)
= 𝑠 ⋅ 𝑎 + 𝑏 + 𝑅𝑒𝑠𝑡, 𝑤𝑖𝑡ℎ  𝑅𝑒𝑠𝑡 =

𝑞𝑟𝑒𝑠𝑡(𝑠)

𝑝𝑖(𝑠)
   and  𝑟𝑖 =

1

𝑏
   , 𝑐𝑖 = 𝑎 (87)  

Entering the recursion: 

𝑞𝑖−1(𝑠) =  𝑏 ⋅ 𝑝𝑖(𝑠) + 𝑞𝑟𝑒𝑠𝑡  ,   𝑝𝑖−1(𝑠) = −
𝑞𝑟𝑒𝑠𝑡

𝑏
  (88)  

 

The last step derives the differential structure function K(ρ) and the cumulative 

structure function Ckum(ρ) from the elements ri and ci of the CAUER network: 

 

𝐾(𝜌): 𝐾𝑖 =
𝑐𝑖

𝑟𝑖
  𝑎𝑛𝑑 𝐶𝑘𝑢𝑚(𝜌): 𝐶𝑘𝑢𝑚,𝑖 = ∑ 𝑐_𝑖𝑛

𝑖=1  with 𝜌𝑖 = ∑ 𝑟𝑖
𝑛
𝑖=1   (89)  

Plateaus in the cumulative structure function and peaks in the differential struc-

ture function identify the boundaries of material layers. Knowing the thermal 

conductivity λ and the volumetric heat capacity s the effective cross-sectional 

area of the heat flow path A and the layer thickness d can be derived. [106] 

states that the results tend to be inaccurate for layers distant from the heat 

source in power modules caused by measurement accuracy. Also, the displace-

ment of cross-sectional areas may attribute to the inaccuracy. 

𝐾(𝜌) = 𝜆 ⋅ 𝑠 ⋅ 𝐴2  and 𝐶𝑘𝑢𝑚(𝜌) = 𝑠 ⋅ 𝐴 ⋅ 𝑑   (90)  
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4 Test Bench Topologies 

Power cycling test benches can be set up in different topologies. A classifica-

tion is proposed in Fig. 67. In the standard approach the devices under test are 

solely self-heated by conduction losses. Any known power cycling lifetime 

model as described in chapter 2.2 and qualification of semiconductor power 

devices is derived in this way. Devices are forwarded, put into an on-state and 

a current pulse is fed into them during the heating phase. In the DC pulse to-

pology either a single phase with interrupting the source current or a multi-

phase setup, where the source current is switched in between the phases, can 

be distinguished. For testing thyristors (SCRs) a single and a three-phase AC 

topology was built up in this work. In both settings the devices under test are 

connected in series, the RMS-current is controlled and online junction temper-

ature measurement was implemented.  

Setups with power devices in switching operation introduce switching losses 

in power cycling. With inductive switching the DC link voltage can be kept 

low and the devices under test prove switching capability throughout the test 

by hard switching against stray inductances. Two such topologies were imple-

mented. A three phase “inverter-like” topology, where half-bridge modules can 

be tested with application close current balance. And a setup, where “high fre-

quent” switching operation enables generating switching losses to contribute 

to device heating. High temperature swings can be reached with keeping the 

load current density close to values in application without for example narrow-

ing down the gate voltage of IGBTs or MOSFETs close to the gate threshold 

voltage. Real inverter setups with high DC link voltage were not studied in this 

work, but examples from literature are discussed. A distinction between setups 

with ohmic-inductive load and motoric load is proposed. The chapter closes 

with a discussion of cooling concepts. 

At the end of the 2010er years there are several suppliers providing power cy-

cling test benches commercially. An overview of suppliers known to the author 

is listed in Tab. 17 in alphabetic order. As far as brochures and resources are 

available all these test benches are based on the DC multi-phase topology ex-

plained in chapter 4.2. 
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Fig. 67: Topologies of power cycling test benches, highlighted topologies were built up and 

used in this work 

 

Tab. 17: List of commercially available power cycling test benches known to the author 

Supplier, product Links, checked 04/2020 

Alpitronic  http://www.alpitronic.it/en/products/test-

benches/power-cycling-test-bench/ 

Dynex “IGBT Active 

Power Cycling Tester” 

DYN-PA-18017-V1  

https://www.dynexsemi.com/assets/down-

loads/DYN-PA-18004-V1_-_Power_Semiconduc-

tor_Power_Cycling_Testers.pdf 

ESPEC “Power Cycle Test 

System” 

https://www.espec.co.jp/english/products/measure-

semicon/fet-igbt/ 

Mentor Graphics Power 

Tester 

https://www.mentor.com/products/mechanical/mi-

cred/power-tester-1500a/ 

SET Smart E-Tech “Power 

Cycling” 

https://www.smart-e-

tech.de/halbleitertestsysteme/iol-testsysteme 

Schletz “PCT 3” http://www.schletz.net/Seite5.html 

Schuster-Elektronik GmbH Website not available 04/2020 

PCT 
Topologies

DUTs in on-state

DC-pulses

single phase

multi phase

AC-pulses

single phase

three phase

DUTs in switching 
operation

Inductive 
switching

"Inverter-like"

"High 
frequency"

Inverter 

RL - load

motor load
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 DC Single phase Topology 

In the single-phase setup, the devices under test are connected in series to an 

interruptible DC power source. The duration of on-time and off-time is freely 

adjustable. Another advantage is that devices under test which reached EoL 

can be taken out without the need for replacement to balance the load between 

phases as in parallel setups, where the unbalance might cause overshoot of the 

load current. In the EfA-project (“Elektronik Komponenten für Aktivgetriebe” 

- Electronic components for active gears) several test benches were realized 

and described in [106]. The topology is similar to a buck converter, depicted 

in Fig. 68. The setup was later improved adding an IGBT I2 as switch instead 

of MOSFET2 and another one I1 in the freewheeling path for the inductance 

L. This allows steeper turn-off current slopes for high values of the smoothing 

inductance L, see Fig. 69. Without a freewheeling path the current slope during 

turn-off is limited to  

𝑑𝑖

𝑑𝑡
=

− 𝑉𝐿=𝑉𝑝𝑒𝑎𝑘,𝑀𝑂𝑆𝐹𝐸𝑇

𝐿
     (91)  

Thus, the turn-off process for a load current I=400A and a permissible voltage 

across MOSFET2 of 200V would require 600µs with an inductance L=300µH, 

assuming a linear ramp down during turn-off: 

Δ𝑡 = Δ𝐼 ⋅
− 𝐿

𝑉𝐿
= −400𝐴 ⋅

−300µ𝐻

200𝑉
= 600µ𝑠   (92)  

Several varistors are paralleled to MOSFET2 to take over the high-power pulse 

during turn-off and to withstand the average losses for short cycle times tcyc. 

Assuming that all the energy stored in the inductance L attributes to heating of 

the varistors yields:  

𝐸 =  
𝐼2⋅𝐿

2
=

(400𝐴)2⋅300µ𝐻

2
= 24𝐽   (93)  

𝑃𝑎𝑣𝑔 =
𝐸

𝑡𝑐𝑦𝑐
      (94)  
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Fig. 68: Single phase DC current test bench without freewheeling path for MOSFET 2, taken 

from [106] and translated 
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Fig. 69: Improved DC current single leg test bench in buck-converter like topology, switch-

ing frequency of MOSFET M1 needs is determined by V_DC, the inductance L and the load 

and typically in the range of 2...3kHz 

The components in the power source need to be well over dimensioned to allow 

intermittent operation. A transformer with selectable coil-ratio and B12-recti-

fier with smoothing capacitor was used as voltage source. The DC link voltage 

can be set in between 0 to 45V, well in the range of protective low voltage. 

The desired current amplitude is set by the duty cycle of MOSFET M1, which 

is controlled by a two-level controller. The load current slope diL/dt is limited 

by the inductance L and the voltage drop VL across it. When switching off the 

load current IGBT I2 switches off and IGBT I1 switches on to allow the current 

in the inductance L to freewheel through diode D1. Thus, IGBT I1 only 

switches against the parasitic stray inductance of a few µH in the DUT-phase. 

The sense current Isense is blocked by diode D2 to force it through the devices 
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under test. The devices M1, I2, D1 and D2 need to be well over dimensioned 

for long operation life. A factor of three or higher of their nominal current to 

the desired maximal current amplitude is a good rule-of-thumb. During turn-

on of M1 and I2 the voltage drop at the inductance is defined by: 

𝑉𝐿 = 𝑉𝑖𝑛 − (𝑉𝐷𝑈𝑇𝑠 + 𝑉𝑐𝑜𝑛𝑑(𝑀1, 𝐼2, 𝐷2, 𝑅𝜎))    (95)  

Where VL is the reactive voltage over the inductance L. Vcond is the sum of 

forward voltage drop of the devices M1, I2, D2 and the contact and cable re-

sistance 𝑅𝜎. For simplification it is assumed to be: 

𝑉𝑐𝑜𝑛𝑑(𝑀1, 𝐼2, 𝐷2, 𝑅𝜎) = 4 ⋅ 1.5𝑉 = 6𝑉   (96)  

In an example five devices under test with voltage drop of 2V each are con-

nected in series: 

𝑉𝐷𝑈𝑇𝑠 = 5 ⋅ 2𝑉 = 10𝑉      (97)  

The current slope at the inductance L follows: 

𝑑𝑖

𝑑𝑡
=

𝑉𝐿

𝐿
      (98)  

For rising current slope 𝑑𝑖𝑟
𝑑𝑡

⁄  the voltage 𝑉𝐿,𝑟 is: 

𝑉𝐿,𝑟 = 𝑉𝑖𝑛 − (𝑉𝐷𝑈𝑇𝑆 + 𝑉𝑀1 + 𝑉𝐼2 + 𝑉𝐷2 + 𝑉𝑅𝜎)   (99)  

For falling current slope 
𝑑𝑖𝑓

𝑑𝑡
⁄  the voltage 𝑉𝐿,𝑟 is: 

𝑉𝐿,𝑓 = 𝑉𝐷𝑈𝑇𝑆 + 𝑉𝐷1 + 𝑉𝐼2 + 𝑉𝐷2+𝑉𝑅𝜎   (100)  

For equal slopes of rising and falling load current 
𝑑𝑖𝑟

𝑑𝑡
⁄ =

𝑑𝑖𝑓

𝑑𝑡
⁄  and duty 

cycle d=0.5 for MOSFET M1 the supply voltage should be set to: 

𝑉𝑖𝑛 = 2 ⋅ 𝑉𝐷𝑈𝑇𝑆 + 𝑉𝑀1 + 𝑉𝐼2 + 2 ⋅ 𝑉𝐷2 + 2 ⋅ 𝑉𝐼2 + 𝑉𝐷1 + 2 ⋅ 𝑉𝑅𝜎  (101)  

In the given example the supply voltage would be: 𝑉𝑖𝑛 = 20𝑉 + 13.5𝑉 =
33.5𝑉. Setting a hysteresis of +/- 2A for the hysteresis controller and an in-

ductance L=1 mH results in a switching period of  

Δ𝑡𝑝𝑒𝑟𝑖𝑜𝑑 = Δ𝑡𝑟 + Δ𝑡𝑓 = (
Δ𝐼𝑟

𝑉𝐿,𝑟
+

Δ𝐼𝑓

𝑉𝐿,𝑓
) ⋅ 𝐿 = (

2𝐴

17.5𝑉
+

2𝐴

17.5𝑉
) ⋅ 1𝑚𝐻 = 0,239𝑚𝑠 (102)  
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This results in a triangular shaped current ripple with a frequency of 4375Hz, 

which is well audible. The comparably low efficiency is a drawback of this 

solution. During on-time and with the assumed voltage drop across test bench 

devices and devices under test the single-phase setup is at 𝜂 =
10𝑉

10𝑉+6𝑉
=

62.5%. It can be increased with low loss test bench devices, but decreases with 

lower numbers of devices under test. Test benches with current ratings over 

500A are preferably realized with parallel legs, where only one external device 

is needed as described in the next chapter.  

 

 DC multi-phase Topology 

More efficient use of power and auxiliary devices can be achieved in a multi-

phase setup as depicted in Fig. 70. Two or more phases with a MOSFET or 

IGBT switch in series to the devices under test are connected in parallel. Com-

mercially available test benches such as the ones described in the introduction 

of chapter 4 use this topology. 

An inductance L may be connected in series to reduce the current overshoot, 

when load jumps occur while changing the operated phase. A certain drawback 

is that the off-time for each phase is the sum of the on-time in the other phases, 

if interrupted operation of the current source shall be avoided. This represents 

a certain limitation in the choice of test conditions. However, with three phases 

most desired conditions can be selected. Alternatively, a phase with dummy 

devices may be installed at the cost of efficiency.  
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Fig. 70: Multi phase DC test bench with three phases, optional cross regulator for load cur-

rent adjustment and optional inductance to limit current overshoots 
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An optional cross regulator connected in parallel provides real-time control of 

the load current. The concept was published in [115]. At each switching event 

to the next phase a load jump occurs from VCE,hot(Iload) of hot devices under test 

to the next phase with the devices cooled down at VCE,cold(Iload). This might 

provoke an overshoot of the current amplitude. For example, if a single 

4.5kV/1200A IGBT module each phase under test at 1200A and a temperature 

swing between 25°C and 125°C is assumed. An overshoot to about 2000A in 

the moment of switching to the cold devices might be expected without con-

sidering stray inductances. The output capacitors of the power source are 

charged up to the voltage needed to supply the desired current of the hot de-

vices in the previous phase. Thus, the current would jump upward accordingly 

to the forward characteristic of the devices, see Fig. 71 as an example. 

 

 

Fig. 71: Output characteristic 

IGBT 4.5kV/1200A 

(FZ1200R45KL3_B5, Infineon 

Technologies) at VGS=15V, 

taken from [116] 

 

 

Fig. 72: Example of Switching event between two 

phases with different devices under test and different 

desired current amplitudes (1800A, 1500A) and for-

ward voltages, overshoot of 5% is finished after 12ms 

by using cross regulator, published in [115] 

A cross regulator controls the desired current in the DUT-phases. In this setup 

four 2400A IGBT modules are connected in parallel. Their gate voltage is con-

trolled by the analog outputs of the measurement system and amplified using 

isolation amplifiers. For each DUT phase leg an individual desired current am-

plitude can be selected, thus the setup even allows to operate devices of differ-

ent current rating, for example IGBTs and diodes of the same module type, at 

the same temperature swing ΔTj in one test run simultaneously. The control 

algorithm is implemented as PI controller on an FPGA device, see Fig. 73. The 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/High-Current%23_CTVL0016d7310b494314167b0505c7b3059a1ba
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Datasheet%23_CTVL001bdc5aec44efa4e85bc447c76bcc16216
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/High-Current%23_CTVL0016d7310b494314167b0505c7b3059a1ba
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desired current in each module of the cross regulator is one fourth of the dif-

ference to the maximal current and the desired current in the present DUT 

phase. A response time of several ms and a bypass current of up to 800A was 

achieved. An example is given in Fig. 72. 

 

Fig. 73: Control loop of cross regulator in setup with four paralleled IGBT modules, pub-

lished in [115]  

 

 AC single phase Topology 

For application close tests on devices with antiparallel thyristors a test bench 

with sinusoidal current as depicted in Fig. 74 was built. A variable transformer 

TR1 is connected to the mains supply and allows setting the AC-link voltage. 

An optional thyristor T1 switches off the transformers during off-time. This 

one was later removed, because the current inrush (rush effect) caused the 

mains fuse to blow regularly even with limiting elements attached. The trans-

formers TR2 convert the input current with a ratio 1:16. Not depicted in this 

schematic is a switchable DC-current source in parallel to the devices for peri-

odical measurements of thermal impedance during the test. It is discussed in 

the next chapter for the AC three phase topology.  

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/High-Current%23_CTVL0016d7310b494314167b0505c7b3059a1ba
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Fig. 74: Schematic of test bench with sinusoidal current one phase 

Fig. 75 shows a typical plot of mains voltage VAC(t) and load current Iload(t). 

The ignition angle, which is controlled by a PI controller (implemented on the 

FPGA of the measurement system) according to the desired RMS-value of the 

current. Both directions are controlled individually using two anti-serial IGBT 

modules I2. The positive sine alternation conducts through the left IGBT and 

the right diode. The negative sine alternation works vice versa. As the emitters 

are on the same potential, only one gate driver for both IGBTs is needed. Alt-

hough this setup was only used for testing thyristors it offers interesting oppor-

tunities for testing IGBTs and their antiparallel diodes. During the heating 

phase the current balance between both devices could be adjusted equivalent 

to a desired power factor.  

 

Fig. 75: Example plot of mains voltage Vmains(t) and load current Iload(t) for a desired current 

of 80A_rms at Vmains,RMS=14.3V the ignition angle is controlled to 80° in positive and 75°C 

in negative direction  
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In application, motor soft starters are often air cooled and only serve for a few 

10s to ramp up the current in an electrical machine until the operation point is 

reached. The test bench depicted in Fig. 76 imitates this application. The de-

vices under test are mounted on vertical heatsinks in non-moving air. During 

the cooling phase a strong radial fan is turned on and is turned off again after 

the desired minimal heatsink temperature is reached. The desired off-time was 

chosen with some margin on top of the cooling time, thus the starting temper-

ature could be kept steady with low tolerance despite changing ambient tem-

perature in the laboratory. 

 

Fig. 76: Test bench with AC current one phase and a DC circuit for Zth-measurement 

For thyristors two approaches to measure the virtual junction temperature Tvj 

were implemented. The sense current is fed into the gate-cathode path of each 

thyristor to use the VGC(Tj)-characteristic. The amplitude of the sense current 

with Isense=100mA is well above the gate trigger current at room temperature 

thus it also serves to ignite the corresponding thyristor. Initially two sense cur-

rent sources were connected additionally in both load current directions to use 

the VAC(Tj)-characteristic. The number of sense current sources n needed 

therefore is twice the number of devices under test m and two additional in the 

load circuit 

𝑛 = 2 ⋅ 𝑚 + 2     (103)  
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For five devices under test with two antiparallel thyristors, each twelve sense 

current sources and 15 voltage measurement channels were installed. Simulta-

neously to the AC-voltage, the sense current sources are switched alternately 

for the thyristors facing towards the conducting phase. The control signal is 

generated from the FPGA in the control system by using an algorithm for zero-

crossing detection. For ease of use, a circuit using solid/state relays (SSR) was 

designed, see Fig. 77. SSR-relays with rated voltage of 24V DC and 1A or 

more rated current are available from several suppliers. The used sense current 

sources have a no-load voltage of about 32V, therefore two SSRs (S1 and S2) 

are connected in series, parallel to each a 10kOhm resistance symmetrizes the 

voltage, see Fig. 77. When the sense current shall not pass the gate-cathode 

junction, the SSR relays are turned on, thus the sense current will commutate 

away and the thyristor will turn-off, when the load current falls below the hold-

ing current. Like this, the switching load during operation on the SSRs is very 

small: Isense=100mA and less than 1V for those connected to VGC and roughly 

5V for those connected to a load circuit with 5 devices in series.

 

 

 

Fig. 77: Principle for a simple sense current switch with SSR-relays of type Finder 34.81-

9024, taken from [117] 

The switching delay of several SSRs was investigated in [117] with the setup 

depicted in Fig. 78. The control signal Vin is switched by a MOSFET onto the 

input of the SSR. There the input voltage is measured via an oscilloscope. On 

the load side, the SSR switches the sense current source and the current is 

measured via a current probe. The propagation delay for turn-on td,on of the 

SSR was defined between 10% of rising input voltage to 90% rise to sense 

current amplitude Isense=100mA. And the propagation delay for turn off td,off 

was defined between 90% of falling input voltage to 10% Isense =10mA. This 

measurement setup is more severe than the application, where no open loop 

occurs. The results for several types of SSRs are listed in Tab. 18. The devices 

by Finder and Carlo Gavazzi showed the best results, they do only need mini-

mal external circuitry and were thus used at the test bench. 
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Fig. 78: Setup used to measure switching delay of SSRs, the input is switched on via a fast 

MOSFET, on the output the sense current source is switched on to a load resistance of 

100Ohm 

Tab. 18: Measurement results for turn-on and turn-off delay of investigated SSRs and values 

specified in datasheets 

 
coupling 

 
Measurement re-
sults 

Data sheet values, typical 

SSR type   Vin [V] td,on [µs] td,off [µs] td,on [µs] td,off [µs] 

Finder 34.81-
9024 

optical 
24 47 564 

100 300 

Carlo Gavazzi 
(RP1D060D4) 

magnetic 15 28 487 <100 

(@Vin>=5V) 

<250 
(@Vin>=24V) 

24 28 630 

Toshiba 
TLP3107 
(Evalkit) 

Optical  3,3 458 138 300-3000 
(@Iin=10mA) 

200-1000 
(@Iin=10mA) 

5 434 138 

Toshiba 
TLP3906 
(Evalkit) 

Optical  

3.3 669 2950 

200-1000 
(@Iin=10mA, 
capacitive 
load 1nF) 

300-1000 
(@Iin=10mA, 
capacitive 
load 1nF) 

5 838 2981   

A typical plot of VAC(t) over one half-period is depicted in Fig. 79. During 

period a) before the load current is switched it is possible to measure the actual 
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junction temperature via VGC(Tj) and optionally via VAC(Tj) for each half pe-

riod. Thereby, temperature plots as described in chapter 5.2.2 during on-time 

can be plotted. A maximum search within each half period gains the load cur-

rent peak in timepoint b), where the VAC(Ipeak) is measured as a parameter for 

state of health. As the RMS current controller needs some periods to adjust the 

ignition angle for each new cycle coming from a higher load with hot devices 

to a lower load with cold devices roughly 5 periods were skipped before the 

voltage at load current with minimal temperature VAC,cold(Ipeak) is derived. The 

equivalent for maximal temperature VAC,hot(Ipeak) is measured at the last period 

during on-time of each cycle. 

 

Fig. 79: VAC(t) of a 70A/1200V thyristor module under test during one half-period at mains 

frequency 50Hz, dashed line marks time point of ignition,  a) here IA=0mA (or 100mA 

optional), IG=100mA measurement of Tj possible b) measurement of VAC(Ipeak) for state of 

health measurement of bond wires c) switch off event 

 

 AC Three phase Topology 

For application close testing of three-phase thyristor modules another test 

bench was built, see Fig. 80. The principle is the same as for the AC single 

phase topology. The thyristors T1 and T2 are optional and were later removed. 

With three phase thyristors under test there two more phases per device under 

test were supplied by a second load source Mains2. In this phase the supply 

voltage and phase angle were controlled according to the desired peak and 

RMS load current as described in the AC single phase topology. Only the de-

vices in the center phase “phase V” were monitored during the test. Sitting in 

between two other phases, those devices have worse cooling conditions than 

the other, thus experience higher temperature swings and are expected to fail 
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first in the test. For the other two phases “phase U, W” a diode from anode to 

gate was put in parallel to force ignition of these “blind” devices under test. A 

DC-current source connected to the load circuit provides automatically driven 

periodical measurements of thermal impedance of the devices in positive di-

rection. The power switch Zth,meas was also made of anti-serial IGBTs to prevent 

side effects between load current sources and the output capacitance of the 

current source.  

The implemented test bench is depicted in Fig. 81. For saving project time, 

mass-produced transformers for ad hoc delivery with nominal power of up to 

800VA were used: toroidal core transformers of type RKT 80012. Reaching 

the high-power demand several transformers are connected in parallel, which 

should comply with the following rules: 

- The transformation ratio of all transformers needs to be the same 

- The short circuit voltage may vary with 10% or less among the transform-

ers 

- The ratio of nominal power should be less than 3:1 

- The transmission ratio should deviate by less than 0.5% 

Each transformer should be protected by an individual circuit breaker of type 

K (up to 1.2 nominal current thermally, 8-14 times nominal current for short 

circuit). At the mains input an inrush current limiter should be used. Those are 

typically made of a NTC current limiter, which is bypassed after about 100ms, 

[118].  

 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Datasheet%23_CTVL001f38299e46ada4863afbf406740e6d18c
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Fig. 80: Schematic of test bench for three phase thyristor devices; outer phases are triggered 

with bypass diode and supplied by Mains, of the two outer phases 1 and 3 only one is de-

picted and marked with X, temperature measurement is performed only on center phase 

supplied by Mains 2, an additional DC current source enables periodical Zth-measurement 

in one direction for phase 2 
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Fig. 81: Implemented test bench for three phase thyristor devices (the wild electrical wiring 

was adjusted after initial testing) 

 

 Inverter-like Topology 

In standard power cycling tests, the devices under test are always in on-state. 

The load current is switched by external switches to control on-time for heating 

and off-time for cooling down the devices. Thereby the devices’ switching ca-

pability is not proven during the test. To overcome this issue test benches in 

inverter topology at high DC-link voltage have been built as described in chap-

ter 4.7. This approach however has some drawbacks in terms of safety and 

measurement accuracy.  

An alternative is the setup depicted in Fig. 82. There half-bridge modules are 

connected in the topology of a three-phase inverter. The power source is a low 

voltage high current source rated 20V/2000A. External switches are not needed. 

Despite the losses in the power source the efficiency of the setup is close to 1. 

Fig. 83 shows one H-bridge of the implemented test bench. 
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The current paths are similar to an inverter circuit, meaning the load current 

flows from the DC(+)-terminal to the AC terminal of one half-bridge and en-

ters the second half-bridge at the AC terminal and exits at the DC(-)-terminal. 

Each DC connection consists of a cable, which inhibits a stray inductance Lσ 

named L{number-H-bridge}_{number device} in the schematic. Thus, when 

an IGBT under test turns off, a voltage pulse VCE,peak is induced across it.  

Two IGBTs of each H-bridge are operated after another in the first half-cycle, 

before changing to the other two IGBTs of each H-bridge in the next half-cycle 

to complete one power cycle. The sequence for conducting the load current is 

(1_1, 1_4), (2_1, 2_4), (3_1, 3_4) in the first half-cycle and then (1_2, 1_3), 

(2_2, 2_3), (3_2, 3_3) in the second half-cycle. Thus, if the on-time is set equal 

for all DUTs, off-time is five-fold the on-time. 

 

Fig. 82: Test bench for inverter-like topology, devices under test switch-hard against stray 

inductances 
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Fig. 83: Excerpt of the implemented test bench with inverter-like topology, one half bridge 

consisting of two half-bridge modules 1200V/900A FF900R12IP4D (Infineon), gate 

adapter boards with active clamping and sense cables connected, in background load current 

sensors in blue housing 

 

Fig. 84: One device under test 

mounted on heatsink with 8mm 

copper adapter plate, which allows 

mounting a thermocouple 2mm be-

low surface in center of module 

base plate, on both sides 100µm 

thermal paste was applied, sense 

current sources are fed in on load 

terminals, VCE is measured at sense 

terminals on top of gate adapter 

board 

 

For measuring the junction temperature Tvj using the VCE(T)-method a sense 

current is fed in one out of four IGBTs before and after operating its H-bridge. 

Therefore, it takes four half-cycles before Tjmin and Tjmax are measured once for 

each device. Only two sense current sources are needed in the setup. As the 

example in Fig. 85 depicts the sense current will only flow through the device 

to be measured at the moment. Here device 1_1 is turned on, while the other 

devices 1_2, 1_3 and 1_4 are off. In another H-bridge one top (2_1) and one 

bottom (2_4) are turned on and thus allow load current to be conducted. The 

conduction path through 2_1, 2_4 and the diode of 1_4 would provoke a higher 

voltage drop for the load current.  
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Fig. 85: Inverter-like topology, example point of operation Tjmax-measurement is active in 

DUT 1_1, while H-bridge number two is operated at load current; schematic is reduced to 

devices necessary for understanding, each H-bridge is connected individually to the two 

sense current sources 

For every DUT the pulse pattern consists of the following steps.  

1) While the H-bridge before is being operated, a DUT in the present H-bridge 

(j) turns on for Tjmin-measurement, the three other IGBTs in the same H-

bridge are kept off.  

2) After that, another DUT turns on in the same H-Bridge (j). The two H-bridges, 

the present (j) and the one before operated (i), over-lap for a selectable time 

of for example a few 10µs. 

3) The H-bridge (i) before turns off. The present H-bridge (j) is operated with 

load current for desired on-time.  

4) A DUT in the next H-bridge (k) is turned on for Tjmin-measurement.  

5) After that another DUT in the next H-bridge (k) turns-on for over-lapping of 

the load current.  

6) The DUT and the other IGBTs of the present H-bridge (j) turn off. 

7) The DUT in the present H-bridge (j) turns on for Tjmax-measurement and off 

again. 

The voltage peak during turn-off is solely caused by the fall of current within 

the stray inductance. An overlap of high voltage and load current is achieved 

as for inductive load turn-off in an inverter. Representative switching losses 

occur by this kind of turn-off. Fig. 86 shows an example, where a current slope 

on 

on 

on 

off off 

off 
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dic/dt = −125A/µs provokes a voltage peak VCE,peak  = 200V at the IGBT, 

with Lσ,total = 1.6µH. The voltage peak is adjusted by the gate driver with ac-

tive clamping as discussed in chapter 4.6.  

  

Fig. 86: Turn-off event at low DC-voltage, left: di/dt at stray inductances cause voltage 

peaks at turn-off, right: red: IC from 750A, 250A/div; blue: VCE limited to 200V, 

40V/div; time 4µs/div 

 

Fig. 87: Plot of VCE and Rth and ΔTj (measured at tMD) of a test on FF900R12IP4D (Infineon 

Technologies AG) and ton=60ms, ΔTj=39K (tMD=1ms, ΔTj,error =4K), Iload=1000A, 

Tjmin=68°C 

Fig. 87 shows a plot of an end-of-life test. VCE(Iload, Tjmax) and Rth are plotted. 

Test conditions are: “standard-like” mode, ton=60ms, ΔTj=39K (measured after 

measurement delay tMD=1ms, ΔTj,error =4K), Iload=1000A, Tjmin=68°C. After 

more than 15 million cycles the EoL criterion 105% of initial VCE was reached. 

The derived cycles to failure fulfill the expectation. For this test mode no new 

failure mechanism compared to standard power cycling tests was observed.  

L2_4 

ΔT

j 

Rth VC

E 

VC

E 

IC 



 

 
141 of 258 

 

 Topology with inductive switching 

The principle of inducing a switching voltage by hard switching against a stray 

inductance from the setup in chapter 4.5 is applied to a setup, where it is pos-

sible to operate the devices at high frequency and still maintain a square-wave 

load current. The principle was proposed and realized in the ECPE project 

“2016/PC13 Power Cycling with Switching Losses”. In this topology, external 

switches alternate the load current in between two legs. One leg is depicted in 

Fig. 88. Again, the circuit is powered from a low voltage source (15V/500A). 

A main inductance LM is connected in series to it. A damping resistor R was 

introduced to damp oscillations which occurred during switching events. Ex-

amples of ringing noise at the diode D2 is depicted in Fig. 89. 

In each leg two devices under test are paralleled and switching alternately at a 

selectable high-frequency. A stray inductance Lσ causes the voltage peak at 

turn-off and thus induces switching-losses. A third optional device under test 

is connected in series, which stays on. If the ratio of switching to forward losses 

is selected to be equal within DUTs 1_1 and 1_2, DUT1_3 has the same tem-

perature swing ΔTj as the two alternating devices. A sense current source is 

connected to each device under test. The over-voltage at turn-off is projected 

to maximal 1kV and a frequency of up to several 10 kHz is intended. 

To better understand the effect of the stray inductance Lσ on the switching 

losses, the principle is discussed in more detail. Before one device of DUTs 1-

1 and 1_2 turns off, the other one turns on with an adjustable overlap. The 

current will commutate very slowly as long as both DUTs are on with low DC 

voltage at the power source. When one device turns off, the current through 

the stray inductance falls and induces an overvoltage at this DUT. The current 

in the main inductance LM continues to flow and generates an additional over-

voltage at the node between the two diodes D1 and D2, which adds to the volt-

age at the device which is turning off. This overvoltage acts against the stray 

inductance in the path which was turned on some microseconds ago. Accord-

ing to Kirchhoff's mesh rule, the device’s clamping voltage VCE,peak equals the 

sum of the voltages at Lσ1 and Lσ2, while their ratio is proportional to the in-

ductance. The current is falling with the same di/dt in the device, which is 

turning off, as it is rising in the other device. Thus, the effects of both stray 

inductances add up at the device which is turning off. The resulting overvoltage 

is therefore:  

VCE,peak = −(Lσ1 + Lσ2 ) ⋅
di

dt
= −(Lσ,total) ⋅

di

dt
    (104)  
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Fig. 88: Topology for tests with switching losses, one phase is depicted, phase 2 is struc-

tured accordingly to phase 1 

 

 

 

Fig. 89: voltage (blue) and current (red) at diode D2, left strong oscillations occur without 

damping resistance R, at V in 100V/div, I=24A, t= 20µs/div; right: Oscillations reduced 

by damping resistance R, V in 60V/div, I=40, t=20µs/div 

This enables the devices in one phase leg to have symmetrical switching losses 

and the principle works up to high switching frequencies even if the cable 

lengths differ. 

During the time in which over-voltage is generated at the DUT and at the node 

between D1 and D2 the inductance LM reduces its current due to the over-volt-

age at the node between the diodes. The amount of over-voltage and time at 

this point relates to the size of the stray inductance Lσ.  

𝐿𝜎1 𝐿𝜎2 
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Fig. 90: current wave form at steady state condition (after charging the main inductance LM) 

with parameters for the estimation of achievable DC current at given DC voltage 

The achievable current amplitude has therefore constraints with respect to 

switching frequency and size of Lσ. Fig. 90 drafts the current wave form in 

steady state condition. Assuming the voltage Vdd of the power source is pro-

vided to raise the current level during the short on-time ton =
1

2⋅fsw
  the change 

in current ΔIrise is: 

Δ𝐼𝑟𝑖𝑠𝑒 =
𝑉𝑑𝑑

𝐿𝑀+𝐿𝜎
⋅ 𝑡𝑜𝑛 =

𝑉𝑑𝑑

𝐿𝑀⋅(1+
𝐿𝜎
𝐿𝑀

)
⋅ 𝑡𝑜𝑛    (105)  

The change in source current Δ𝐼𝑓𝑎𝑙𝑙 during turn-off (𝑡𝑓) of a device under test 

and turn-on of the device in the other leg is determined by the ratio of the two 

stray inductances (𝐿𝜎1+𝐿𝜎2) to the main inductance 𝐿𝑀.  

Δ𝐼𝑓𝑎𝑙𝑙 =
𝑑𝑖𝑓

𝑑𝑡
⁄ ⋅𝐿𝜎1+

𝑑𝑖𝑓
𝑑𝑡

⁄ ⋅𝐿𝜎2

𝐿𝑀
⋅ 𝑡𝑓𝑎𝑙𝑙    (106)  

Assuming for simplification: 

𝐿𝜎1 = 𝐿𝜎2 = 𝐿𝜎     (107)  

Δ𝐼𝑓𝑎𝑙𝑙 =
2⋅

𝑑𝑖𝑓
𝑑𝑡

⁄ ⋅𝐿𝜎

𝐿𝑀
⋅ 𝑡𝑓    (108)  

Vdd ≪ VL𝜎
 , during tf so Vdd can be neglected  (109)  

While the fall time 𝑡𝑓  from the maximal current amplitude 𝐼𝑚𝑎𝑥 is: 

𝑡𝑓 =
𝐼𝑚𝑎𝑥

𝑑𝑖𝑓
𝑑𝑡

⁄
=

𝐼0+Δ𝐼𝑟𝑖𝑠𝑒

𝑑𝑖𝑓
𝑑𝑡

⁄
    (110)  

In steady state conditions rising and falling current is equal.  

𝑑𝑖𝑓

𝑑𝑡
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Δ𝐼𝑟𝑖𝑠𝑒 = Δ𝐼𝑓𝑎𝑙𝑙     (111)  

𝑉𝑑𝑑

𝐿𝑀⋅(1+
𝐿𝜎

𝐿𝑀
)

⋅ 𝑡𝑜𝑛 =
2⋅

𝑑𝑖𝑓
𝑑𝑡

⁄ ⋅𝐿𝜎

𝐿𝑀
⋅

𝐼0+Δ𝐼𝑟𝑖𝑠𝑒

𝑑𝑖𝑓
𝑑𝑡

⁄
   (112)  

Solving the equation for the base current amplitude 𝐼0: 

𝐼0 =
𝑉𝑑𝑑

2⋅𝐿𝜎⋅(1+
𝐿𝜎
𝐿𝑀

)
⋅ 𝑡𝑜𝑛 − Δ𝐼𝑟𝑖𝑠𝑒    (113)  

𝐼0 =
𝑉𝑑𝑑

2⋅𝐿𝜎⋅(1+
𝐿𝜎
𝐿𝑀

)
⋅ 𝑡𝑜𝑛 −

𝑉𝑑𝑑

𝐿𝑀⋅(1+
𝐿𝜎
𝐿𝑀

)
⋅ 𝑡𝑜𝑛   (114)  

𝐼0 = 𝑉𝑑𝑑 ⋅ 𝑡𝑜𝑛

𝐿𝑀(1−
2⋅𝐿𝜎
𝐿𝑀

)

2⋅𝐿𝑀⋅𝐿𝜎⋅(1+
𝐿𝜎
𝐿𝑀

)
    (115)  

With selecting 𝐿𝑀 ≫ 𝐿𝜎  follows  
𝐿𝜎

𝐿𝑀
= 0 and 𝑡𝑜𝑛 =

1

2⋅𝑓𝑠𝑤
 is small follows: 

𝐼𝑚𝑎𝑥 ≈ 𝐼0 =
𝑉𝑑𝑑

4⋅𝑓𝑠𝑤⋅𝐿𝜎
    (116)  

Assuming the turn-off losses 𝐸𝑜𝑓𝑓 in the device are solely induced by heating 

the energy in the stray inductance 𝐿𝜎 the maximal reachable switching losses 

𝐸𝑜𝑓𝑓,𝑚𝑎𝑥 becomes: 

𝐸𝑜𝑓𝑓,𝑚𝑎𝑥 =
2⋅𝐿𝜎⋅𝐼𝑚𝑎𝑥 ²

2
=

𝑉𝑑𝑑²

16⋅fsw
2 ⋅𝐿𝜎

    (117)  

In the example in Fig. 91 a power source with a voltage margin 

𝑉𝑠𝑜𝑢𝑟𝑐𝑒,𝑚𝑎𝑟𝑔𝑖𝑛 = 10𝑉 additional to the forward voltage drop is assumed. A 

power source of 16V would be needed, if 1V for the external switch, 1V for 

the diode and 4V for two DUTs in series are assumed. The reachable energy 

per switching event 𝐸𝑜𝑓𝑓,𝑚𝑎𝑥 is plotted over switching frequency fsw. Three 

values of stray inductance Lσ are considered 0.1; 1 and 10µH. Any point in the 

area below each resulting Lσ-curve can be operated. For example, 100mJ could 

be realized at 10 kHz with  𝐿𝜎 equal to 1µH (at 𝐼𝑚𝑎𝑥 = 316𝐴) or 0.1µH (at 

𝐼𝑚𝑎𝑥 = 1000𝐴), but not 10µH. For using 𝐿𝜎 = 10µH a higher voltage at the 

power source would be needed.  
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If a test condition shall be operated, for which the switching losses Psw equal 

the forward losses PDC at nominal values a certain switching frequency fsw is 

required. It can be chosen from the plot in Fig. 91. With this relation the switch-

ing frequency at a given inductance and voltage source can be estimated. With 

𝑃𝐷𝐶 = 𝑃𝑠𝑤 and 𝑉𝐶𝐸 ⋅ 𝐼𝑛𝑜𝑚 = 𝑓𝑠𝑤 ⋅ 𝐸𝑜𝑓𝑓 the targeted switching frequency is de-

termined: 

𝑓𝑠𝑤 =
𝑉𝐶𝐸⋅𝐼𝑛𝑜𝑚

𝐸𝑜𝑓𝑓
      (118)  

Putting the datasheet values [119] from available IGBT modules of rated volt-

age 650V, 1200V and 1700V in this plot, it can be seen that most modules with 

a nominal current of less than 450A could be operated under the intended con-

dition by using an inductance of 𝐿𝜎  =1µH. A discrete 45A/1200V SiC 

MOSFET is added as reference [120]. For this device the 1:1 ratio of power 

losses would be met at about fsw=200 kHz switching without reverse recovery 

losses. Just increasing its switching energies to a level including its reverse 

recovery losses altered setup the switching frequency could be lowered to 

111kHz. 

 

Fig. 91: Selectable switching loss energy for a fixed source voltage of 10V to supply 

switching losses and three different values of stray inductance Lσ; switching energy are 

chosen from data sheets [119] also for a discrete SiC MOSFET [120] 

The turn-off losses for each device under test should be in the range of its 

nominal value of total switching energy 𝐸𝑡𝑜𝑡 (data sheet 𝐸𝑡𝑜𝑡 = 𝐸𝑜𝑛 + 𝐸𝑜𝑓𝑓) 

to avoid a too high temperature ripple or overstressing of the device during 

turn-off. The turn-off process happens within a few microseconds, so it can be 

assumed that the heat 𝐸𝑜𝑓𝑓 only attributes to the temperature rise Δ𝑇𝑗,𝑟  of the 
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chip’s thermal capacitance Cth,chip without being transferred during the switch-

ing event. Thus, the temperature rise during each switching event Δ𝑇𝑗,𝑟 can be 

estimated with: 

Δ𝑇𝑗,𝑟 =
𝐸𝑜𝑓𝑓

𝐶𝑡ℎ,𝑐ℎ𝑖𝑝
=

𝐸𝑜𝑓𝑓

𝐶𝑡ℎ,𝑠𝑝𝑒𝑐(Si)⋅𝑉𝑐ℎ𝑖𝑝
   (119)  

25A/1200V IGBTs (FS25R12W1T4, Infineon Technologies AG) were used in 

first tests. Their nominal total switching loss Etot is about 4mJ. As the DC-link 

voltage is low the turn-on losses are assumed to be negligible and the turn-off 

losses are to be set to the rated total losses. Setting the material parameters of 

silicon at room temperature 𝐶𝑡ℎ,𝑠𝑝𝑒𝑐(Si, RT) = 2.34
𝑔

𝑐𝑚3
⋅ 703

𝐽

𝑘𝑔⋅𝐾
   with the 

chip volume V = 27.2mm² by 115µm a temperature swing of less than 1K is 

estimated. This is well within an acceptable temperature ripple of 3K. 

Δ𝑇𝑗,𝑟 =
4𝑚𝐽

2.34
𝑔

𝑐𝑚3⋅703
𝐽

𝑘𝑔⋅𝐾
⋅(0.115⋅27.2)𝑚𝑚³

= 0.78𝐾   (120)  

A gate driver with adjustable gate voltage 10V to 20V for on- and 0V to -15V 

for off-state was implemented. For testing devices such as IGBTs which are 

not proof for self-clamping or just to limit the switching voltage to a certain 

value, an active clamping circuitry is integrated. From commercially available 

drivers several types of clamping are known, described for example in [121]. 

In Fig. 92 the implemented full configuration is depicted. Here certain steps 

shall be discussed.  

The simplest method is to feedback solely via a transient voltage suppressor 

(TVS) diode from collector (or drain in case a MOSFET is used) to gate with-

out amplification. At the selected voltage, it breaks through and charges the 

gate to turn on the IGBT. During clamping the peak power loss in the TVS 

diode is very high as its current flows into the driver and the gate. Thereby 

these events may only occur with a limited frequency of up to several 10Hz, to 

limit the average power losses of the TVS diode.  
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Fig. 92: Principle of boosted active clamping circuit in full configuration, the DUT might 

be a MOSFET or IGBT 

The voltage overshoots with a spike above the actual clamping voltage, as in 

the example of Fig. 93. This spike can be eliminated via connecting a capacitor 

in parallel to the TVS diode and the device’s Miller plateau. High voltage 

slopes dv/dt during turn-off provoke a current, which counteracts the gate 

driver. In other words, the capacitive voltage divider slows down the turn-off 

behavior. 

𝑖𝑐 = (𝐶1 + 𝐶𝑇𝑉𝑆) ⋅
𝑑𝑣𝐶𝐸

𝑑𝑡
    (121)  

The inverter like test bench described in chapter 4.5 uses this approach, where 

it is acceptable as the devices are only operated at low switching frequencies 

there. At the test bench with high frequency switching the feedback current 

needs to be amplified in a booster stage. Thus, the current through C1 and TVS 

is reduced. Fig. 94 shows that the voltage at short switching events of about 

1µs can be limited in this configuration without overshoot or strong ringing. 

The effect on the falling dv/dt (down from switching voltage peak to the for-

ward voltage drop in the parallel phase leg) may be removed by adding the 

diodes D1 and D2 to the circuit, which was not yet implemented for the meas-

urement shown. 

Adjusting the turn-off losses by variation of the stray inductance is shown with 

the next two examples. At a high stray inductance of 100µH it takes 4.2µs to 

switch off 21A at peak voltage 500V, see Fig. 93, which heats the chip with 

22mJ by about 5K for our example with the FS25R12W1T4. With an induct-

ance of 14µH the heating energy is reduced to the desired value of about 3 – 4 

mJ in Fig. 94. 

ic 
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Fig. 93: Turn-off event, active clamping with-

out dv/dt-feedback, 2 ⋅ Lσ ≈ 100µH ; sharp 

rise of VCE with voltage spike before the plat-

eau, (current measurement shows 3A offset er-

ror) 

 

 

Fig. 94: Turn off event, boosted active 

clamping with dv/dt-feedback lowering 

the rising dVCE/dt and increasing the fall-

ing dVCE/dt, 2 ⋅ Lσ ≈ 14µH; blue: VCE 

100V/div, red: IC 7A/div, green Eoff: 

1mJ/div, time 1µs/div 

 

 Inverter setup with high DC-voltage 

In application power electronic devices typically operate hard switching at 

high DC link voltages. Contrary, in standardized test methods the devices un-

der test only heat with conduction losses. Some arising restrictions are ad-

dressed by the before discussed test bench topology with inductive switching. 

Mimicking the device’s real temperature characteristic of switching losses and 

also application close current sharing between IGBT and antiparallel free-

wheeling diodes however is not achieved. This can only be realized with ap-

plying DC voltage typical for the relevant voltage class and operating an ohmic 

inductive load. Several such test bench setups with online junction temperature 

measurement have been published, for example [65], [122], [123] and [124]. 

Increased safety efforts such as touch protection, discharge functionality for 

the DC link capacitor and explosion proof cover in case of accidents have to 

be taken. Besides that, also the junction temperature measurement is challeng-

ing.  

For applying the VCE(T)-method, pausing times around the zero crossing of the 

load current for the PWM pattern have to be considered, where the sense cur-

rent is fed into the device to measure, while the three other devices in the H-

bridge need to block the DC link voltage, similar to the explanation in chapter 
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IC 
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 Eoff 
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4.5. The input of measurement channels needs to be protected from high tran-

sients and high DC link voltage, as discussed in [63]. Also, the leakage current 

of the devices in series to the device under test measured adds to the sense 

current and needs to be compensated if not negligible. A test setup with com-

pensation method was presented in [65]. 

 

Fig. 95: H-bridge in a test bench with inverter topology with inductive load, taken from 

[123] 

Some more recent publications therefore suggest to use other TSEPs instead. 

Most prominent approach is to use the voltage drop at load current, for example 

in [123]. Disadvantageous are the need for calibrating over load current and 

device temperature, the operation point dependent sensitivity from and the in-

fluence of failure mechanisms on the forward voltage drop. An interesting al-

ternative is the measurement of the inner gate resistance using a high frequent 

low amplitude modulation of the gate voltage [125].  

Recent publications such as [126] and [127] propose monitoring of switching 

characteristics to identify other failure mechanisms. The observed failure 

mechanism of degraded gate-oxide there, however, might be caused by unu-

sual switching conditions at low DC-link voltage. Also, the self-made meas-

urement circuits might lead to falsified results. The presented plots of current 

and voltage during the switching events are not plausible. The expected voltage 

peak at the turn-off events, for example, is not visible. 
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 Heat Removal 

The heat generated by losses in power electronic devices needs to be dissipated 

from the semiconductor to the environment. The required power density in 

terms of losses per device surface area defines the reasonable effort taken for 

the cooling system. In the low power range with discrete devices on printed 

circuit boards (PCB) with or without individual heatsinks, such as power ICs 

in switched mode power supplies with power losses in the range of a few watts. 

Even up to the medium power with rated power of several 100kW power mod-

ules on air cooled heatsinks are widely used, such as inverters for subway cars 

[128]. The expenses for installing liquid cooled heatsinks are spent only in the 

high-power range such as wind turbines or HVDC-facilities or where sur-

rounding space is limited or ambient temperatures are high, such as in (hybrid) 

electric vehicles. In the latter example often directly cooled modules are used, 

where the base plate directly thermally interfaces to the liquid coolant. Even 

lower thermal resistance is achieved with double sided cooling (DSC) concepts 

commonly used in disc devices and more recently also realized for the module 

technology. 

The test setup in power cycling tests should mimic the typical cooling condi-

tions for the given device under test. Thus, reflecting the temperature gradients 

and the thermo-mechanical stress typical for the application. Otherwise, the 

test conditions could be either stressing given the example power modules chip 

close conditions too strong, when cooling the base plate better than in applica-

tion and thereby fixing the case temperature to a lower temperature swing, 

while the junction and its adjacent layers see a large share of the temperature 

swing. At the same time stressing on large area solder connection of the 

baseplate would not be accounted for. 

There are three different mechanisms of heat transfer. Within solid materials 

heat conduction happens via coupled lattice vibration and mobile charge carri-

ers. When heat is transferred with a free or forced flow of matter it is called 

convection and describes the processes at the cooling surface this chapter fo-

cuses on. The amount of heat radiated with photons in the infrared spectrum 

instead can be neglected in most cases, and was discussed for measurement 

purposes in chapter 3.3.2.3. 

This chapter provides some basics of heat transfer at boundary layers relevant 

for power cycling. Wherever the surfaces of two solid materials are not firmly 

bonded and the connection is realized by a pressure contact instead thermal 
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interface materials (TIMs) are used. The first chapter discusses issues and ap-

plication of commonly used TIMs. The subsequent two chapter provide an 

overview of air-cooled and liquid cooled concepts on power cycling benches. 

[129] describes the heat transfer from a solid surface to a fluid (either gas or 

liquid) as follows. The temperature drops from surface temperature Ts to fluid 

temperature Tf in a thin layer behind that surface, while in some distance the 

temperature changes only by a little. Adhesive forces create a thin layer with 

thickness 𝛿𝑖, which rests at the boundary surface and transfers heat via con-

duction, while the fluid levels temperatures in greater distance. According to 

Fourier the heat flux density �̇� can then be described as: 

�̇� = 𝜆 ⋅ 𝐴
 𝑇𝑖−𝑇𝑙

𝛿𝑖
    (122)  

It is more practical to define a heat transfer coefficient 𝛼𝑘  , with 
𝜆

𝛿𝑖
=  𝛼𝑘  fol-

lows the approach by Newton for heat transfer of fluids on solid surfaces: 

�̇� = 𝛼𝑘 ⋅ 𝐴(𝑇𝑠𝑢 − 𝑇𝑓𝑙)   (123)  

The comparison of heat transfer coefficients in Tab. 19 suggests that the heat 

transfer with liquids can be greater by factor of 30 than for gases. And forced 

convection using fans or pumps increases the heat flow by about one order of 

magnitude. An overview on electronics cooling is found in [130][130] con-

cluding the heat transfer coefficient for liquids and gases. 

 Tab. 19: Heat transfer coefficient for gases and liquids, values taken from literature [129] 
 αK in W/(m²K) Free convection Forced convection 

gases 3..20 10..100 

liquids  50..500 

water 100..600 500..10,000 

 

The heat transfer in real surfaces is depending on many influencing factors. 

Traditionally the engineering was solved using similarity mechanics transfer-

ring experimental data from simplified models to more complex geometries 

and different materials. Several dimensionless classification numbers are used. 

Notably the Reynolds value Re, a ratio of inertia to viscosity forces. At high 
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Re-values fluid laminar flows become turbulent thinning the resting layer at 

the surface and thus increasing the heat transfer coefficient. In modern engi-

neering computational fluid dynamics (CFD) simulation tools are used to 

model the heat transfer coefficient with good accuracy. Still these simulations 

are very complex and take a lot of computational time even with today’s (year 

2020) available dedicated computer hardware capable of several TFLOPS 

(1012 floating point operations per second). 

 

4.8.1 Thermal Interface Materials 

Indirect cooled devices are attached to a cooler. The surfaces are non-ideal flat 

surfaces, having macroscopic, specified in [131], and microscopic geometries, 

specified in [132]. For power modules given acceptance criteria in [7] are un-

evenness per 10cm <= 20 or 50µm, surface roughness <=6.3 or 10µm and steps 

none or <=10µm. These tolerances in geometry leave air gaps at the interface 

between the two surfaces. With standing air being a thermal insulator with a 

conductivity of 262 mW/(m*K) at normal conditions, thermal interface mate-

rials are applied to fill these small air gaps between the device housing and the 

cooler surface and thus improve the thermal contact. The interface takes a large 

share of the total thermal resistance and thus influences thermal performance 

and lifetime [133]. Depending on the required functionality, electrically isolat-

ing or non-isolating materials are used. A great variety of foils, gap fillers and 

greases exist, typical is a specific thermal conductivity within the range of 0.5... 

6 W/mK, thus exceeding the thermal conductivity of air by 20 to 200 times. 

Examples of more advanced concepts use pre-applied greases with optimized 

patterns using stencils and phase change materials. The latter typically needs a 

certain run-in of thermal cycles before the minimal thermal resistance is 

reached. Fig. 97 shows an example, where the thermal resistance junction to 

heatsink dropped by about 15% after curing with thermal cycles. 

An important aspect is the bowing of the device’s cooling surface. The exam-

ple in Fig. 96 shows thermal impedance measurements of thyristor modules 

without baseplate. Sintering the chip’s die attach results in a flatter DBC. In 

combination with the proper thermal interface material the thermal resistance 

to heatsink is reduced by 25%. In [7] the advantage of press contacts resulting 

in even DBC attachment to cooler surface is discussed, whereas grease thick-

ness of 20 to 30µm can be used instead of modules with baseplate where typi-
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cally 70..100µm is used. Under the influence of thermal cycles repetitive bow-

ing of base plates may occur and lead to the pumping out of thermal grease 

especially in vertical mounting position. This so called “pump-out effect” is an 

often underrated failure mechanism leading to many failures in the field. [134] 

states that the whole system of base plate, thermal interface material and ap-

plication requirements have to be considered to work under the specified ther-

mal conditions. 

 

Fig. 96: Better TIM improves  total thermal im-

pedance junction to heatsink Zthjhs of thyristor 

modules with various types of TIM A,B,C,D 

reference A_soldered has soldered die attach, all 

the other are sintered, measured with a DC cur-

rent pulse I=60A, ton=3s 

 

Fig. 97: Impact on thermal impedance 

Zthjhs of a thyristor module by TIM curing 

after several hundred thermal cycles ΔTc , 

Rth,jhs dropped by about 15% 

 

4.8.2 Air-Cooled Systems 

Many power electronic systems in applications up to several 100kW use air 

cooled heatsinks for heat dissipation. Only where technically feasible the 

higher effort of installing liquid cooled heatsinks and consequently heat ex-

changers is undertaken. 

For test bench topologies using auxiliary switches it is practical to place these 

on air cooled heatsinks to get independent from the heatsinks for devices under 

test. Giving an example a heatsink with fans for three 62mm IGBT modules 

has a thermal resistance to ambient of 40K/kW. This would increase the aver-

age heat sink temperature by 20K above ambient temperature at 500W losses, 
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while the devices under test on liquid cooled heatsink might be operated at 

higher coolant temperatures. 

For the devices under test several concepts were implemented to control the 

heat sink temperature. For studies of the aging of large solder interconnects or 

aging of thermal interface materials, the fan can be turned off during heating 

time and activated during the cooling period in power cycling with long on-

time to reach the desired case temperature swing ΔTC in a minimal cycle time. 

Further improvements were achieved by deactivating the fan during cooling 

period after the desired minimal case or heatsink temperature is reached. Fig. 

98 shows an example of a test where five devices under test on individual 

heatsinks were cooled sharing one large fan with uncontrolled ambient tem-

perature ranging in between 22...30°C (day and night cycle insufficient cooling 

from air conditioning during lab construction works in summer time), more 

details in 4.3. The fan was activated during a fixed cooling period toff=80s and 

deactivated as soon as the hottest reference temperature reached the desired 

minimum case temperature TCmin=40°C. Obviously the difference of heatsink 

to ambient temperature was too low to provide a good control quality as the 

desired temperature is reached only within a tolerance of +5/-2K for most cy-

cles. Given an uncontrolled ambient temperature the control could be further 

improved by adjusting the off-time, while keeping the on-time and load during 

testing constant to avoid the impact on test results described in [25].  

 

Fig. 98: Plot of minimal case temperature during power cycling on air cooled AC-current 

test bench in PCmin-test with cooling air at ambient temperature and desired TC=40°C 

Even for testing with short on-time, given reasonable high temperature differ-

ence between case and ambient temperature, the heat sink temperature can be 

controlled by switching the fan according to a heat sink reference temperature. 

A simple, yet effective control was implemented in the test bench software 

with a two-level control in a control loop with 100ms, which is lower than the 

slow down time of the fan used. Fig. 99 shows the schematic of an air-cooled 
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heat sink, where the ambient air is pre-cooled by a heat exchanger supplied 

with facility water. Fans on both sides of the heat sinks blowing and ingesting 

the air quite effective cooling was realized without a liquid cooled heatsink. 

 

Fig. 99: Schematic of an air-cooling system, heat exchanger with cooled air, used in test 

bench TUC2 

A rather exotic approach and limited to losses of a few 100W, but much less 

costly than implementing liquid cooling circuits for coolant temperatures 

above 100°C, was chosen for testing 15A rated SiC diodes under conditions 

Tjmin=170°C and Tjmax=300°C. There a controlled heat plate was used to adjust 

the heatsink temperature to 160°C. The high temperature difference to ambient 

of about 130K allows to control the heat sink temperature even in free convec-

tion during operation by the heat plate. 

 

4.8.3 Liquid-Cooled Systems 

The disadvantages of air-cooled systems limited heat dissipation and impact of 

ambient temperature are overcome by using liquid cooled heatsinks for power 

cycling benches. Typically, a tempering unit, consisting of a pump, heater car-

tridge, heat exchanger and control unit, provides adjustable inlet temperature 

and coolant flow for one or more heat sinks in parallel. In the first test benches 

these control units were self-made with a heat exchanger to ambient air. Later, 

commercially available tempering units with heat exchanged to cooled facility 

water was used. Fig. 100 shows the schematic of a typical U-shaped heatsink 

with inlet and outlet on the same side. The width 140mm is selected as all 
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standardized power module packages fit on the surface. A standardize screw-

ing scheme for mounting adapter plates, which fit for individual power mod-

ules and their specific placement of thermocouples for measuring the reference 

temperature, is chosen. 

 

Fig. 100: structure of liquid cooling system for test bench EfA2 and EfA3 

In the project “EfA – Elektronik für Aktivgetriebe” (Electronics for active 

drives) supported by the German federal ministry for economic affairs 

(BMWi), direct cooled IGBT modules dedicated for hybrid electric vehicles 

were tested. In this application the power electronic system shares the same 

cooling circuit with the combustion engine and coolant temperature rises from 

ambient temperature to rather high desired temperatures for the combustion 

engine. Active power cycles were superimposed on coolant temperature 

swings from 20°C to 120°C. Operation above 100°C, the vapor point of water 

at 1bar absolute pressure, with water as the coolant needs a closed pressurized 

cooling circuit. Limiting the system pressure to a desired level of for example 

3bar is achieved using an expansion vessel such as Varem SOLARVAREM 8 

l, wherein a membrane separates the coolant from air with adjustable pressure. 

In the given example the selectable range is in between 2.5 to 8bar with 130°C 

maximal temperature. These vessels are commonly applied for solar thermal 

power installations and not dedicated laboratory equipment. It can be expected 

that going above the mentioned limits raises the technical effort by far. Tem-

pering units with water cooling circuits for 180°C exist, which need about 

10bar system pressure to avoid vaporing. Often silane oil-based coolants are 

used for such high temperatures, which have the property of creeping out of 

through smallest gaps in the cooling circuit causing high efforts for sealing. In 

many applications water glycol mixtures are used to avoid freezing of the cool-

ing circuit down to temperatures of -20...-40°C, also the vapor point at 1bar is 

often several 10K higher than that of pure water. Still the limiting temperature 

is around 120-130°C as many standard glycols decompose at this temperature, 

which provides nutrition for bacteria which may add a bio film on the cooling 

structure and thus increasing the thermal resistance. Also, the heat transfer and 

heat capacity are lower and the viscosity is higher than that of pure water for 
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these mixtures. For non-direct cooled devices and coolant temperatures above 

0°C the author recommends using pure water mixed with corrosion inhibitor 

instead, such as ST-DOS H-390 from Schweitzer-Chemie GmbH.  

In the test setup prototypes of the HybridPACK 1 module by Infineon with 

standard system solder were compared to improved samples with silver sin-

tered DBC to base plate attach. During heating time 100 power cycles with 

ΔTj=50K were operated. The pump always operates and the heating of the tem-

pering unit heats the coolant from 20°C to 120°C. A dwell time at high tem-

perature is introduced to compensate small fluctuations in the heating process, 

before the tempering unit cools down the coolant to 20°C. The improved sam-

ples survived more than 2.5 times the cycles of standard samples which failed 

after 2400 long cycles. Results were published in [135]. 

 

Fig. 101: Superimposed power cycling of a direct cooled IGBT module, during heating time 

100 power cycles with ΔTj=50K were operated, while the coolant was flowing and heated 

from 20°C to 120°C and during cooling time cooled down to 20°C, published in [135] 

Even faster cycling in between a lower and higher coolant temperature is pos-

sible with cooling circuits, where magnetic valves switch between a hot and a 

cold coolant reservoir. Such kinds of solutions are commonly used in produc-

tion lines for plastic injection molding and are therefore also available at rela-

tively low cost. Besides the mentioned high temperature testing also low tem-

perature testing is challenging. With temperature below the dew point or below 

0°C the test setup needs to be housed in a climate-controlled chamber to avoid 

unwanted effects arising from humidity or even freezing of samples. 
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5 Semiconductor Power Devices in Power Cycling 

This chapter describes the devices under test in power cycling. The structure 

of investigated packaging technologies of discretes and power modules and 

typical failure mechanisms are explained. Followed by discussion of the par-

ticularities of semiconductor power devices with suggested testing methods 

and test results. 

 

 Packaging Technologies 

In a power electronic system, the bare dies of semiconductors need to be pack-

aged to provide electrical contact, structures for mounting, interface for heat 

dissipation and barriers against environmental influences such as humidity or 

harmful gases. Depending on the application appropriate packages are used. 

Scaling with system power, voltage class and required reliability the three 

basic concepts discrete packages, power modules and press packs are chosen 

to optimize efforts and costs. While discretes are predominant in systems with 

rated current below 100A and several hundred volts, above modules are the 

preferred choice. Only in the power range above 1000A and several kilo-volts 

per device press packs are a feasible solution. Its big advantages are highest 

possible cooling performance, power cycling capability and the technologies 

inherent high likeliness to reach short circuited state in case of failure, enabling 

redundant operation of in series connected devices. This chapter gives a short 

overview of discrete packages and power modules discussing typical failure 

mechanisms observed under the influence of thermo-mechanical stress. 

 

5.1.1 Discretes and Molded Packages 

JEDEC standard JESD88 defines a discrete semiconductor device that it “is 

specified to perform an elementary electronic function and is not divisible into 

separate components functional in themselves”, [4]. Thereby, discrete refer to 

single devices such as a MOSFET or an IGBT with/without free-wheeling di-

ode. Beside these devices nowadays molded packages are used in small intel-

ligent power modules (IPMs)) for direct board mounting. A list of standardized 

packages is found in [136]. Molded packages are mainly deployed in low 

power applications up to several 10 kW. A famous exception is the inverter 
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design of Tesla Model S which uses 14 TO-247 packaged IGBTs in parallel 

for each switch [137] in an inverter of 175 kW peak power. 

Among discretes, two main housing concepts can be distinguished. Where 

technically possible the older through-hole technology (THT), in which con-

necting pins are put into and soldered to holes of the printed circuit board 

(PCB), is replaced by the easier producible surface-mount technology (SMT). 

There mechanical and electrical interconnection is solely realized by soldering 

the devices’ terminals on solder pads. For both technologies hermetically 

sealed types with metallic or ceramic case, non-hermetic plastic molded and 

non-molded housings exist. In the following a study on surface mounted de-

vices is documented. An example of testing SiC MOSFETs in TO-housings is 

discussed in chapter 5.2.8  

The power cycling capability of two representative SMT devices, namely TO-

263 (or D2PAK) and DirectFET (or CAN PAK), soldered on PCB was inves-

tigated in the ECPE research project 2011/PC06 "Reliability of Discrete Power 

Semiconductor Packages" in corporation with SMA Solar Technology AG. 

Test results and findings from this project shall be discussed in the following. 

Additionally, some test results of IGBTs in TO-247 package are discussed at 

the end of this chapter.  

Aiming at comparing the power cycling capability of D2PAK and CanPAK 

two MOSFETs with same voltage rating 150V and similar current ratings of 

the inverse diode 47A and 50A were chosen, see Tab. 20. Both contain Opti-

MOS 3 devices from Infineon. The forward voltage drop VSD(25°C) at IF=47A 

and VGS=0V is specified to 0.9..1.2V for the CanPAK-device and VSD(25°C) 

at IF=50A is specified to 1..1.2V for the D2PAK, see [138] and [139]. The 

thermal resistance junction to case Rthjc is given as 1K/W for the D2PAK. For 

the CanPAK 2.2 K/W for top side cooling and 1 K/W for bottom side Rthjc is 

specified. Initially it was estimated that given these values both devices could 

be tested at same load current with similar temperature swing. 

 

Tab. 20: Tested devices in ECPE project 2011/PC06 "Reliability of Discrete Power Semi-

conductor Packages" 

Housing Device VDS RDS(on),max 

25°C 
Inom,d

iode 
Inom,MOS

FET 
Tjmax  Rthjc 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Datasheet%23_CTVL00175af43ccc5c94425819ba7955e8f45e4
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D2PAK IPB200N15N
3 G [138] 

150 V 20 mΩ 50 A 50 A 175°C 1 K/W 

CanPAK 
‘M’ 

BSB280N15N
Z3 G [139] 

150 V 28 mΩ 47 A 30 A 150°C 2.2 K/W top, 
1 K/W bot-
tom  

 

Fig. 102 to Fig. 105 show the samples, which were manufactured by SMA 

Solar AG. Both adapter PCB types are made with screw terminals for the load 

current and a 4-pin connector for sense terminals gate, source and drain. Gate 

and source were shortened using a wire connection on the plug. The devices 

were soldered on a four-layer PCB, made of Isola IS400 [140] with a glass 

transition temperature Tg=150°C and a peel strength of 1.25 N/mm at 125°C. 

The PCB contains three holes for screwing connection to an 8mm-thick alumi-

num adapter plate. Inside the adapter plate the thermocouple measures the 

heatsink temperature 2mm below the surface. The adapter plates were mounted 

on a liquid cooled heatsink, which is temperature controlled. The D2PAK de-

vices are bottom side cooled through the PCB and attached to heatsink with 

200µm thick silicone foil with ceramic fillers, type Kunze CG20 with adhesive. 

Its thermal conductivity is specified to 1.9 W m-1K-1. For the CanPAK devices 

topside cooling was used. The topside of the device was attached with a soft 

1mm thick gap pad, type Kunze TXS 100 (5Wm-1K-1 according ASTM E1530). 

 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Datasheet%23_CTVL00175af43ccc5c94425819ba7955e8f45e4
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Datasheet%23_CTVL0017aa0ac40cd1a4ca18a5ae1fe5841ba81
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Fig. 102 D2PAK (IPB200N15N3 

G) samples were manufactured  

by SMA Solar AG 

Copper-Frame

Chip solderChip

System solder

Mold compound

Multilayer-PCB

Thermo-silicone foil

Terminals

Heat sink  

Fig. 103: Schematic of test specimen with D2PAK 

housing, thermal pad below PCB; vias not shown 

 

Fig. 104: Test specimen 

BSB280N15NZ3 G  MOSFET in 

CANPAK housing, , samples 

were manufactured  by SMA So-

lar AG 

Drain clip

Adhesive

Chip

System solder

Gate pad Source pads

Multilayer-PCB

Soft-silicone foils

Heat sink

Fig. 105: Schematic of test specimen with CANPAK 

housing, vias not depicted 

For the power cycling tests in this project, a new test bench DC multi-phase 

topology was built up with a power rating of 200A/30V. It can be configured 

to up to three phase legs with each up to 10 devices connected in series, see 

Fig. 106 . Three tests were performed with test conditions in Tab. 21. In the 

first test with D2PAK ΔTj=75K and Tjmax=150°C was targeted. The inlet tem-

perature had to be set to 19°C to set Tjmin=75°C as the thermal time constant of 

bottom-side-through-PCB cooling is fairly high. Also, the deviation between 

individual samples of ΔTjmax=+/-9K is quite high, while the temperature swing 

only deviated by +/-2K. Tolerances of the thermal path through the PCB and 

TIM to the adapter plate seem to be the reason. For the CanPAK devices being 

top-side cooled the inlet temperature could be increased to 68°C for similar 

test conditions as the time constant is in the range of the performed on-time. 

The load current however had to be lowered to 23A, about half the nominal 

current of the inverse diode. Here the variation of temperature swing among 

devices was 11K. A second test on CanPAK devices was performed with the 

same inlet temperature as in the test with D2PAK devices. There the load cur-

rent had to be lowered to 20A to set ΔTj=79...85K as the forward voltage drop 
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of the inverse diode has negative temperature coefficient. The results were 

published in [141]. 

Inside the D2PAK the chip is soldered on a 1.2...1.4 mm thick copper frame. Top side con-

tacting is realized by 2 thick bond wires for source and a thin bond wire for gate to the 

terminals. The contact of source terminal to PCB is mechanically decoupled from thermal-

mechanical stress and the system solder of drain contact is a large area contact beneath the 

heat spreading copper frame. Initial voids (see Fig. 107and Fig. 109)or possible cracking 

due to aging in the system solder do not increase much the thermal impedance at the tested 

on-time Zthjhs(ton). All failed devices reached failure criterion increase in voltage drop VSD, 

as the example in  

 

 

Fig. 108. Therefore, the weak point under the tested conditions is most likely 

the bond foot on the chip surface. Destruction free analysis of degradation in 

these samples is not possible. SAM from topside shows only blurred images 

with bond wires and solder layers barely visible, see Fig. 107. Also from bot-

tom side, acoustic signals get scattered at glass fibers inside the PCB. CT-im-

ages of two D2PAK devices in initial state, Fig. 107 and Fig. 109, show voids 

in the system solder layer with up to 0.8mm in diameter and solder drained into 

thermal vias. A possible countermeasure for the latter is called “filled and 

caped vias”, where the void of the vias is filled with resin and caped with cop-

per.  

Tab. 21: Test conditions for discrete MOSFETs in SMD housing 

Test Iload 

in A 

ton 

in s 

toff 

in s 

Tinlet 

in °C 

Tjmax 

in °C 

ΔTj in K 

D2PAK 43.5 

1.5 2.5 

19 146..164 73..77 

CANPAK T1 23 68 140..152 70..81 

CANPAK T2 20.5 19 99..109 79..85 
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163 of 258 

 

 

Fig. 106: One phase leg with ten 

D2PAK devices mounted on test 

bench, load terminals are con-

nected via copper sheets, sense ter-

minals connected via plugs, 

mounting screws with isolating 

washer rings 

 

     

Fig. 107: Top-left: Xray image of solder layer be-

tween Drain copper frame and PCB, 4x4 thermal 

vias are visible, four of which are soaked with sol-

der, voids in solder; others: SAM pictures of chip 

top-side, two thick bond-wires on source contact and 

a thin bond-wire for gate contact, solder layer to 

PCB not possible to scan 

 

 

 

 

 

Fig. 108: Test results of one DUT 

in D2PAK , tested in inverse-diode 

mode, Iload = 43.5 A, ton = 1.5 s, toff 

= 2.5 s, Tinlet = 19°C, step wise 

increase of VSD indicated bond 

wire lift-off, Rth showed only 

minor increase – values before 80k 

cycles not valid 
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Fig. 109: CT-images of D2PAK in initial state, voids in system- and chip solder layer 

visible 

The D2PAK devices reached 196k..245k cycles to failure, see Fig. 110. Com-

pared with results from LESIT-project about 20 times more cycles were 

achieved. Estimating via CIPS 2008 model adjusted parameters according to 

the geometry of the D2PAK devices: V=25 to reflect the chip thickness of 

250µm, 43.5A fed into two bond feet I=21.75 and bond wire diameter to 

D=400µm the results are still a factor 2.7 higher. Setting the lowest voltage 

class in the validation range of CIPS 2008 650V, hence V=6.5, the results are 

at about 70% of estimation.  

 

 

Fig. 110: DUTs in D2PAK reached up to a factor 20 more cycles than estimated with LE-

SIT-model, for comparison with CIPS 2008 model parameters were assumed V=25 for 
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D2PAK and I=21A per bond foot, V=6.5 for 650V IGBT and I=10A per bond foot, star 

marks the required 20k cycles from AEC Q-101 where ton>=30s is required 

The MOSFET device in CanPAK housing is glued with a conducting adhesive 

to the drain clip. SAM images of this layer is shown in Fig. 114. This bond 

wire free design enables very low stray inductance. In [142] a comparison of 

discrete housing states a stray inductance of roughly 0.5nH for the CanPAK 

and 4.8nH for the D2PAK, while for both devices the values are not stated in 

the datasheet. 

In both tests with CanPAK devices T1 and T2, the devices under test failed 

with increased voltage drop VSD. In T1 with high absolute temperature, an ex-

ample shown in Fig. 111, there were stepwise increases visible. In T2 with 

Tjmax=99...109°C a parabolic increase of VSD was observed, see Fig. 112. For 

both tests cracks forming in the solder between drain clip and PCB were iden-

tified as main failure mechanism, see Fig. 113. Possibly the adhesive between 

chip and drain clip also degraded, which could explain the parabolic increase 

of VSD and also Rthjhs.  

In test T1 approx. 20...30k cycles to failure were achieved. While the individ-

ual spreading of temperature swings of more than 10K did not yield a tendency 

of power cycling capability, it can be stated that the results are 1.2 to 5.3 higher 

than estimated by LESIT model. For comparison with CIPS2008 model the 

following parameters were chosen: V=20 (chip thickness 200µm) and I=10.25 

and 11.5A, assuming 2 bond feet per chip as for D2PAK devices. These results 

are in the range of 10...30% of expectation. 

For lower absolute temperature in T2 the results are close to expectations by 

LESIT with reaching about 100k cycles for ΔTj=84K and TM=60°C and one 

device failing earlier than expected. For CIPS 2008 model about 48...77% of 

expected cycles were reached. These results let assume a stronger dependency 

on absolute temperature than given in CIPS 2008 model. 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Understanding%23_CTVL001045615a3a71f4e148be23846d5bfbd2e
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Fig. 111: Test result of one DUT in CANPAK 

housing, increase of VSD ,Iload = 23.0 A, ton = 

1.5 s, toff = 2.5 s, Tinlet = 68°C 

 

Fig. 112: Test result of one DUT in 

CANPAK housing, increase of VSD ,Iload 

= 20.5 A, ton = 1.5 s, toff = 2.5 s, Tinlet = 

19°C 

 

Fig. 113: left: Photography of DUT CAN PAK; computer tomography: center - crack in sol-

der layer between drain clip and PCB, right - voids in solder layer of source pads in inital 

state 

 

Fig. 114: SAM images of CanPAK in initial state, layer of conducting adhesive between chip 

and drain clip shows voids, analysis performed by Fraunhofer ENAS Chemnitz 
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Fig. 115: X-ray images of CanPAK in initial state, left: voids in system solder, center: voids 

in drain clip to die attach, right: some vias filled with solder, analysis performed by Fraun-

hofer ENAS Chemnitz 

 

 

Fig. 116: Comparison of test results with CAN PAK devices with expectation from 

lifetime models ; Factor 1-2 better than LESIT; ca. 1/3 x Nf of CIPS 2008 (parameters 

outside data base...): V=2,0kV (Chip thickness 200µm), I per bond foot set to 11.5A 

and 10.5A 

The dependency of absolute temperature is extracted from test results with the 

following approach. The test conditions varying with ΔTj from 70...84K, thus 

the achieved cycles to failure are normalized using the CIPS 2008 model. 

𝑁𝑓,𝑖,𝑛𝑜𝑟𝑚 = 𝑁𝑓,𝑖(Δ𝑇𝑗,𝑖, 𝑇𝑗𝑚𝑖𝑛,𝑖) ⋅
𝑁𝑓,𝐶𝐼𝑃𝑆2008(80𝐾,𝑇𝑗𝑚𝑖𝑛)

𝑁𝑓,𝐶𝐼𝑃𝑆2008(Δ𝑇𝑗,𝑖,𝑇𝑗𝑚𝑖𝑛,𝑖)
   (124)  

This reveals that the results of test CanPAK T1 with high absolute temperature 

𝑁𝑓,𝑖,𝑛𝑜𝑟𝑚(80𝐾, 70°𝐶) deviate by a factor of 3 and at low temperature by a fac-

tor of 1.6. 
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max (𝑁𝑓,𝑖,𝑛𝑜𝑟𝑚(80𝐾,70°𝐶))

min (𝑁𝑓,𝑖,𝑛𝑜𝑟𝑚(80𝐾,70°𝐶))
= 3 ,

max (𝑁𝑓,𝑖,𝑛𝑜𝑟𝑚(80𝐾,23°𝐶))

min (𝑁𝑓,𝑖,𝑛𝑜𝑟𝑚(80𝐾,23°𝐶))
= 1.6   (125)  

Setting the ratio x of the median of cycles to failure of both tests: 

𝑥 =
𝑁𝑓,𝑚𝑒𝑑,𝑛𝑜𝑟𝑚(80𝐾,23°𝐶)

𝑁𝑓,𝑚𝑒𝑑,𝑛𝑜𝑟𝑚(80𝐾,70°𝐶)
    (126)  

Into the Arrhenius term the factor of activation energy EA and Boltzmann con-

stant kb can be calculated as after rearranging: 

𝐸𝐴

𝑘𝑏
=

ln 𝑥

(
1

𝑇𝑗𝑚𝑎𝑥1
−

1

𝑇𝑗𝑚𝑎𝑥2
)

     (127)  

The equation can be solved for Tjmin, TM=Tjmin+ΔTj/2 and Tjmax. As discussed 

in chapter 2.2.8 all three notifications exist in parallel in lifetime models. In 

Fig. 117 normalized results and dependency on absolute temperature is plotted 

for Tjmax. 

Tab. 22: Parameters of Arrhenius term for lifetime estimation for CanPAK devices 

EA/kb (Tjmin) in K EA/kb (TM) in K EA/kb (Tjmax) in K 

3924.0 4973.7 6147.1 

EA (Tjmin) in eV EA (TM) in eV EA (Tjmax) in eV 

0.338 0.429 0.530 

 

 

Fig. 117: Absolute temperature dependency of cycles to failure CanPAK devices normal-

ized to deltaTj=80K, plotted for dependency of absolute temperature Tjmax, x-axis: 

1/Tjmax – higher temperatures occur left on the axis 
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Concluding the test results, it may be stated that the D2PAK has about a factor 

two higher power cycling capability than the CanPAK under the investigated 

test conditions, when compared with same inlet temperature Tinlet und temper-

ature swing ΔTj. The gap even widens when compared at same absolute junc-

tion temperatures Tjmax to about a factor of 20. Also, the CanPAK devices were 

tested at less than half the rated current and the D2PAK devices at 87% of rated 

current. On the other hand, the CanPAK offers reduction of switching losses, 

due to lower stray inductance, and consumes significant less board space with 

0.31cm² compared to 1.5cm² required by the D2PAK. This is why despite the 

lower load current in the performed tests the power loss density of the CanPAK 

devices with about 52W/cm² were significantly higher than for the D2PAK 

with about 32W/cm² measured at the device’s footprint. 

Later a lifetime model for discrete devices in TO-247 was published in [143]. 

The devices under test investigated were IGBTs covering voltage classes 

600...1200V and current classes 20...120A with single and double stitched 

bond wires. The devices under test were mounted with an isolating TIM foil 

on a copper heat sink.  

The model consists of a Coffin-Manson term, an Arrhenius term, factors in on-

time dependency and the impact of power density expressed as current per 

bond-wire Ib. 

𝑁𝑓 = 𝐾 ⋅ Δ𝑇𝑗
𝛼 ⋅ 𝑒𝐴

𝐸𝐴
𝑘⋅𝑇𝑗𝑚

⋅ 𝑡𝑜𝑛
𝛽

⋅ 𝐼𝑏
𝛾
    (128)  

 

Tab. 23 lists the stress factors, their range and determined values of the param-

eters. For on-time below 1s a saturation of on-time dependency was observed. 

In this range the parameter β can be set to 0. The main failure mechanism ob-

served was bond wire fatigue. Compared to the CIPS2008 model the power 

cycling capability is higher. This can be explained by the stiff mold compound 

relieving the thermo-mechanical stress at the metallization bond wire interface 

partially and suppressing the bond wire lift-off. 
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Tab. 23: Power cycling lifetime model for IGBTs in TO-247 package, published in [143] 

Stress factor Range Parameter Value 

- - K 4.04*1013 

Junction tempera-

ture swing Δ𝑇𝑗 

38..120K 𝛼 -3.75 

Mean junction 

temperature 𝑇𝑗𝑚 

85..125°C 𝐸𝐴 0.168 eV 

On-time 𝑡𝑜𝑛 1..15s 𝛽(𝑡𝑜𝑛 = 1. .15𝑠) 

𝛽(𝑡𝑜𝑛 = 0.1. .1𝑠) 

-0.466 

0 

𝐼𝑏 21.5...38.7A 𝛾 -2.36 

 

 

5.1.2 Module Technology 

A power module combines several independent semiconductor devices such 

as IGBTs and free-wheeling diodes functioning as one or several logic 

switches in one housing. Although the idea of integrating several devices in 

one housing was implemented before, documented in patents such as [144], 

the power module in its form similar to the ones used today was introduced to 

the market by Semikron in 1975 [7], documented in a patent [145]. Fig. 118 

depicts the stack of materials for a standard technology module with base plate 

mounted on a cooler. Herein the chips are contacted on the bottom side by 

either pressing, soldering or sintering to a conductive layer on top of an elec-

trically insulating but rather good thermally conducting layer. Standard module 

technology uses direct bonded copper in short DBCs, which consists of copper 

sheets bonded on thin flat ceramic layer. In Japan direct aluminum bonded 

DAB ceramics are popular. In the medium power range, most commonly alu-

mina Al2O3 is used. Variants with added zirconia Al2O3/ZrO2 improve bending 

strength. Higher power density is achieved by thermally better conductive ce-

ramics such as aluminum nitride AlN and silicon nitride Si3N4. For both mate-

rials, DBCs exist. An alternative manufacturing process active metal brazing 

(AMB) performs better by a factor of 50 in thermal cycle tests compared to 

conventional DBCs without dimples [146]. Beryllium oxide BeO offers even 
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superior characteristics and was used in early power electronic devices, but 

because of the material’s toxicity its application is restricted since several dec-

ades. In low power modules, the DBC is directly mounted on the cooler surface 

with thermal interface material. The contact force often is transferred from 

mounting clips to the plastic housing and is thus limited. For the larger surface 

areas to the cooler needed in medium to high power range modules, the DBC 

is soldered to a massive copper baseplate for improved heat spreading and bet-

ter definition of contact pressure. Where its higher cost is justified by highest 

reliability requirements, the base plate is made of aluminum silicon carbide 

AlSiC, which is chosen for better matching thermal coefficient compared to 

semiconductors and DBC. The top side metallization of the chip is contacted 

with bond wires typically made of aluminum alloys and diameters in the range 

of 150...500µm. Improved designs such as Infineon’s .XT technology uses 

copper bond wires [52] with toughened chip metallization to withstand the 

higher bonding strength during manufacturing compared to aluminum. An al-

ternative concept the Danfoss Bond Buffer DBB sinters copper sheets on top 

of the die before copper wires are bonded [147]. In [148] the DBB demon-

strated factor 2.73 lifetime improvement for SiC MOSFETs compared to 

standard technology. Alterative top side interconnect technologies are ribbon 

bonds, which increase the diameter of the conductor and lower stray induct-

ance. A flexible organic layer sintered on top of the die is used in SKiN tech-

nology by Semikron [50] and in the Planar Interconnect Technology by Sie-

mens SiPLIT [149]. For application in more electric aircraft a very compact 

SiC MOSFET power module combining SiPLIT with directly sintered DBC 

on a microchannel cooler is presented in [150]. An overview of thermal con-

ductivity and CTE of materials used in semiconductor power devices is given 

in Fig. 64. 

Also, properties of the silicone gel such as hardness have impact on wire bond 

lifetime and help to release stress of the interconnection. Harder filler as used 

in molded packages have demonstrated improved reliability for example in 

[124]. Bond feet coating with polymer film was reported to increase lifetime 

by about factor 10 from 500kcycles to 5Mcycles at ton=0.9s, ΔTj=60K and 

Tjmax=115°C, while soldering a Molybdenum bond buffer on the chip surface 

roughly doubled the numbers to failure [151]. Inorganic encapsulation with 

adjustable CTE covering the bond feet showed up to 70% improvement studied 

on Si diodes with standard bond wires [152]. A comparison between bond 

shear testing, assuming a linear decreasing to a minimum shear force as pro-

posed in [153] and power cycling to determining the state of health of aged 
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modules from the field was presented in [154]. The results from power cycling 

concluded a lifetime consumption of 50%, while the shear test method was 

more optimistic indicating only about 25% consumed lifetime.  

Notable improved total concept are Double Sided Cooling (DSC) module as 

presented in [155]. There the die lies in between two layers of DBCs, enabling 

cooling from both sides and minimized stray inductance. A prominent example 

is the Lexus Hybrid Stack, which was introduced to the market more than 10 

years ago [156]. 

An overview of failure mechanisms in standard power modules is given in 

[157]. Basically, any of the components of the power module can be prone to 

degradation caused by thermo-mechanical stress depending on the technology, 

quality of fabrication and finally the applied load and cooling profile. As dis-

cussed earlier in the chapters covering test bench topology and later in exam-

ples of studied devices reasonable choice of losses applied, cycle time, tem-

perature swing and mode of operation is mandatory for gaining applicable in-

sights over the power cycling capability of the device under test. The errors 

concluding from unfeasible test conditions can tend in any direction from over-

estimation of lifetime to triggering of failure mechanisms, which do not occur 

or are not limiting in real world application and even overlooking of failure 

mechanisms. Accelerating the testing time by choosing very low on-times, 

high load currents or worsening cooling conditions has to be considered wisely. 
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Fig. 118: Material stack in standard module technology with flat base plate mounted on a 

cooling plate with thermal interface material, possible failure mechanisms induced by 

thermo-mechanical stress in power cycling and their impact on functionality or observed 

parameters electrical losses and thermal resistance Rth 

 

 Particularities of Different Semiconductor Power Devices 

In the high variety of different semiconductor devices basic building blocks 

can be distinguished, which are combined to implement certain functionalities, 

the pn-junction for rectification and amplification, the Schottky contact for rec-

tification, the ohmic contact for low loss interconnection and the isolated chan-

nel for voltage-controlled devices. An overview of existing semiconductor de-

vices is given in [158]. An additional building block predominantly, but not 

uniquely used in power semiconductor devices is the low doped semiconductor 

or i- for intrinsic-layer to adjust the blocking capability of the pn-junction. Ex-

tensive explanation of semiconductor physics is found in literature such as 

[159], [93]. The basic principles of using temperature sensitive electrical pa-

rameters for measuring device temperatures are described in chapter 3.3.2. 

This chapter focuses on particularities of devices studied by the author, namely 

silicon pin-diodes, thyristors or SCRs, low voltage metal oxide semiconductor 

field effect transistors (MOSFETs) and IGBTs, as well as silicon carbide de-

vices: Schottky barrier diodes (SBDs), junction field effect transistors (JFETs), 

bipolar junction transistor (BJTs) and MOSFETs. 
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Other semiconductors not studied in this work shall be briefly discussed here. 

High electron mobility transistors HEMT use the principle of mismatched lat-

tices in between different semiconductor materials resulting in the formation 

of delocalized electrons in the boundary layer. This state is also referred to as 

two-dimensional electron gas 2DEG. There the electrons have very high mo-

bility similar to metallic conductors. In high frequent devices used for example 

in radar application this principle is used since long time. In more recent years, 

devices with lateral structure GaN-on-Si HEMTs are becoming more mature 

and enter ever higher voltage classes. They are a more efficient alternative to 

super junction MOSFETs. Even soon challenge SiC MOSFETs being poten-

tially cheaper to make, switching faster and allowing operation at higher 

switching frequencies. The figure of merit (FOM) RDSonxQG , taken from [160], 

evaluates the effort for driving the gate of voltage controlled devices, ex-

pressed by the gate charge QG, to reach a certain on-state resistance RDSon. 

When comparing devices of the same voltage class the improvement possible 

with GaN HEMT devices over Si and SiC MOSFETs becomes obvious. The 

FOM can be lowered by a factor of 13 compared to best-in-class silicon 

MOSFETs, see Fig. 119. 

 

Fig. 119: The figure of 

merit  RDSonxQG shows 

the improvement possi-

ble with GaN HEMT 

devices over Si and SiC 

MOSFETs in same 

voltage class, taken 

from [160] 

 

 

Still a lot of possible reliability issues are reported for GaN HEMTs, an over-

view is given in [161]. This makes defining proper temperature sensitive elec-

tric parameters to be used in power cycling tests difficult [162]. Often the pa-

rameter RDSon is proposed with its known downsides of needing a high sense 

current, which might contribute to device heating, and is not distinguishable 

from increase in resistance caused by degradation of interconnections. In [163] 
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the gate leakage current for devices with a pn-junction at the gate is proposed 

and demonstrated with devices of type GS66516T by GaN Systems [164]. 

Molded devices on DBC were tested under test conditions Tjmin=40°C, 

ΔTj=80K and ton=2s and survived 1.8 million cycles without increases in volt-

age drop or thermal resistance. In comparison to the method of using RDSon as 

temperature sensitive electrical parameter an improvement in accuracy was 

found, but the method is susceptible to gate degradation and after testing re-

calibration is advised. 

Gallium Arsenide GaAs is a semi-wide bandgap material with a bandgap of 

around 1.42eV at room temperature. Its high electron mobility and direct 

bandgap makes it interesting for fast devices. It is used for fast computing since 

the early 1970s [165], the latest fast mobile communication relies on it [166] 

and it enables high effective photovoltaic cells. An epi-recipe to develop thick 

intrinsic layers suitable for blocking voltages greater than 1000V has been de-

veloped by the Clifton semiconductor group to realize fast power electronic 

devices. Early prototypes of 15A/600V GaAs pin-diodes have demonstrated 

superior reverse recovery behavior in [167]. The calibration curves Vf(T) for 

junction temperature measurement of one such device with variation of sense 

current is depicted in Fig. 120. A temperature sensitivity of 2.4mV/K was 

found for Isense=3mA. 

 

Fig. 120: Calibration curves Vf(Tj) of a 15A/600V GaAs pin-diode for different ampli-

tudes of sense current 
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5.2.1 Si pin-Diode  

In power electronics bipolar diodes have a low doped n—region, called i- in-

trinsic, to decrease the gradient of the electric field for designing high blocking 

voltages. Applications range from voltage rectifier diodes in mains supplies to 

freewheeling diodes for fast switching IGBTs. For the latter, diodes need to be 

capable to sustain a soft-recovery behavior, which was the bottle neck for fast 

and thus more efficient switching in the 1990s and still is a limiting factor. 

Typically, freewheeling diodes are thicker than the IGBTs of same voltage. 

Thicker devices are mechanically stiffer and pose higher thermo-mechanical 

stress on adjacent layers, in same joining technology they possess a lower 

power cycling capability than IGBTs. In the SKiM 63/93 model this is ex-

pressed by a factor of 0.6204. Another reason could be current crowding 

caused by negative temperature coefficient of forward voltage drop Vf. 

Power cycle trends of two paralleled diodes and IGBTs in a 650V/200A mod-

ule are compared. In Fig. 121, the diode’s NTC of forward voltage drop par-

tially compensates the degradation of chip metallization. Thus, the temperature 

swing ΔTj stays almost constant until the first bond wire lift-off, after which 

the thermal resistance Rthjhs rises, because of a less good contacted chip area. 

The formal end-of-life criteria 105% Vf is only reached after the second bond 

lift-off. While a steady state blocking capability was observed after testing, 

robustness of the diodes might be lowered. The IGBT’s trends in Fig. 122 show 

that the degrading bond wire-chip interconnection leads to steadily rising ΔTj, 

which accelerates the degradation. The first bond wire lift-off happens after 

reaching the formal 105% VCE.  
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Fig. 121: Trend of parameters over nor-

malized cycles, a diode 650V/200A at 

IH=186A, ton=2.5s, EoL criteria VF 105% 

was reached, indicating bond wire lift-off 

 

Fig. 122: Trend of parameters over normal-

ized cycles, IGBT 650V/200A, at ton=0.2s, 

IH=295A, ΔTj=100K, Tjmin=50°C, degrada-

tion of metallization and chip solder  

 

5.2.2 Si Thyristor –SCR 

The Thyristor, also known as SCR abbreviated for Silicon or Semiconductor 

Controlled Rectifier, was proposed in 1950 by Shockley, described in [168]. 

In 1958 General Electric Company introduced the first silicon solid state power 

semiconductor to the market [169] . Since then, it was the high-power switch-

ing device of choice, before the IGBT took over this position. Notable appli-

cations nowadays are AC power controllers for 50Hz or 60Hz grid, motor soft 

starters and line commutated converters (LCCs) used for HVDC-power trans-

mission. In 2019 the first LCC with voltage 1,100 kV went into operation in 

China to connect Changji and Guquan spanning a distance of 3,284km [170]. 

This chapter begins by explaining the basic structure of thyristors, discusses 

the methods of measuring the virtual junction temperature and determining the 

minimal measurement delay. Examples for power cycling with DC and AC 

current waveforms are given. 

The equivalent circuit of its inner structure depicted in Fig. 123, taken from 

[93] , consists of a npn- and a pnp-transistor amplifying with each other. With-

out current fed into the gate electrode, the thyristor blocks in both directions as 

a junction, either J1 or J2, expands into the low doped n- region.  

V
f 

measurement 

error 
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Fig. 123: Schematic of thyristor and its equivalent circuit of npn- and pnp-transistors; 

electrodes C – Cathode, G- Gate, A- Anode; taken from [93] and modified 

The thyristor is triggered into conducting state for positive anode current IA by 

feeding a gate current IG high enough to turn-on the npn-transistor, which in 

turn lets the pnp-transistor conduct a share of IA into the base of the npn-tran-

sistor. This forms a positive feedback loop with the equation for the anode 

current tending to infinity as long as the sum of both transistors’ current gain 

α is greater 1, the loop gain criteria 𝛼1 + 𝛼2 ≥ 1 is fulfilled.  

𝐼𝐴 =
𝛼2⋅𝐼𝐺+𝐼𝑝0+𝐼𝑛0

1−(𝛼1+𝛼2)
     (129)  

Even after removal of the gate current IG = 0 A, the thyristor stays in conduct-

ing state as long as IA is higher than the holding current IH. In datasheets a gate 

trigger current IGT at which the thyristor definitely ignites at given temperature 

(typically stated at room temperature and low temperature) and minimum for-

ward voltage VAC (typically > 5V) is given. On the opposite a maximal current 

IGD at which the thyristor does not trigger is defined at maximal rated temper-

ature. Both can be explained by the positive temperature coefficient of the cur-

rent gain α. Details on thyristors are found in literature for example [93] and 

[171]. 

Its internal structure has an odd number of pn-junctions along the path anode-

cathode and along the path of gate-cathode. Therefore, the voltage drop of both 

paths can be used as TSEP at a constant sense current. Selecting the sense cur-

rent Isense high enough to ensure ignition at minimal temperature in the tests 

enables to set the device into conducting mode and temperature measurement 

with the same circuitry. On the other side it should be chosen as low as possible 

to avoid heating the device under test.  
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Prototypes of single phase thyristor modules based on SIRIUS 3RF2190-

1AA02 and three phase thyristor modules based on SIRIUS 3RF2450-1AC45 

were investigated, see [172] for details. Both modules use thyristor chips rated 

blocking voltage 1200V and nominal average current 57A (IXYS CWP 41 - 

12/18). Fig. 124 depicts calibration curves VAC (TJ) and VGC (TJ) of eight in-

vestigated thyristors where a sense current was fed into every gate separately. 

The anode to cathode voltage drop VAC can be measured without an additional 

sense current source. The VAC (TJ) - calibration curve has a temperature sensi-

tivity of -2.24 mV/K, while the VGC (TJ) - curve has a lower value 

of -1.65 mV/K. The difference can be explained by a parasitic resistance Rpar 

in series with positive temperature coefficient of 0.59 mV/K. The absolute 

voltage difference of about 210 mV at TJ = 100°C can be explained by 

Rpar (TJ = 100°C) = 2.1 Ω. As indicated in Fig. 125 both methods agree on the 

measured thermal impedance of the single-phase sample with a 

Zthjhs(ton=3s)=0.65K/W with a tolerance of roughly 4%. 

The minimal measurement delay tMD for measuring maximal junction 

temperature Tjmax was determined with the method described in chapter 3.4.1. 

In Fig. 126 the measurement at room temperature is depicted. The sense 

current 100mA is fed into the gate throughout the measurement. The load 

current is ramped up to 100A within 400µs and switched of externally. After 

that it takes about 240µs before VGC(100mA) reaches its initial value. Self 

heating during the power pulse can be neglected. Assuming the energy power 

pulse of conduction losses 𝐸𝑐𝑜𝑛𝑑 during the current ramp estimated with: 

𝐸𝑐𝑜𝑛𝑑 = 𝑉𝐴𝐶 ⋅
𝐼

2
⋅ 𝑡 = 1.5 𝑉 ⋅

100 𝐴

2
⋅ 400 µ𝑠 = 30 𝑚𝐽  (130)  

would only heat up the chip’s volume with thickness 380 µm times area 

100 mm² with specific heat of silicon 703 Jkg-1K-1 and density 2.34 gcm-3 

yields an estimated worst case temperature rise Δ𝑇𝑗,𝑟 of 0.5 K: 

Δ𝑇𝑗,𝑟 =  
30 𝑚𝐽

2.34
𝑔

𝑐𝑚3⋅703
𝐽

𝑘𝑔⋅𝐾
⋅(0.38⋅100) 𝑚𝑚³

= 0.48 𝐾  (131)  
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Fig. 124: VAC(Tj) and VGC(TJ)-calibra-

tion curves of 8 thyristors with ratings 

57A/1200V, IA=100mA, IG=100mA 

 

Fig. 125: Thermal impedance curves of a 

70A/1200V single chip thyristor module 

measured via VGC(Tj) and VAC(Tj), measured 

with a DC current pulse I=60A, ton=3s, both 

indicate a thermal resistance 

Zthjhs(ton=3s)=0.65K/W, screen shot of test 

bench SW, x-axis: time in s, y-axis: Zthjhs in 

K/W 

 

 

Fig. 126: Determined measurement delay tMD=240µs for a thyristor, load current ramped to 

100A within 400µs, measurement delay derived for temperature measurement via VAC(Isense 

=100mA,Tj) method as described in chapter 3.4.1, yellow: VGC in 1V/division, red: IA in 

50A/division, x-axis: time in 100µs/div. 

The determined measurement delay at room temperature lies in between the 

values found for a 600V and 6.5kV IGBT. In [173] parameters and a method 

for determining the turn-off time tq, after which a thyristor is capable of block-

ing voltage coming from conducting state, are given. The turn-off time rises 

with load current amplitude ITM. 
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For testing soldered and sintered die attach variants of the single and three 

phase modules were combined with five different TIMs, among which were 

standard silicone-based thermal grease, phase change materials and foils. The 

single-phase type is a 22.5mm wide housing, see Fig. 128. The three-phase 

type is a 45mm housing, see Fig. 129. Both module types are base plate free 

housings with Al2O3 DBC. The modules were mounted on air cooled heat sinks. 

The contact pressure is applied via two mounting screws. The screw terminals 

contacting the load provide pull relief and are contacted via Al-bond wires to 

the chip surface. The spring contacts for controlling terminals gate and cathode 

press on an adapter PCB (not depicted), on which wires are soldered for joining 

to the measurement and control. Fig. 127 shows a simplified schematic of a 

single-phase device with attached sense current sources on the gates. 

 

 

 

 

 

 

Fig. 127: Simplified schematic of single-

phase thyristor-module with connected 

sense current sources at gate- and cathode 

terminals 

              

 

 

 

 

Fig. 128: Single 

phase SCR module 

3RF2190-1AA02, 

internal view with-

out control PCB 
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Fig. 129: Three 

phase thyristor mod-

ule based on Sie-

mens SIRIUS 

3RF2450-1AC45, 

gate cathode con-

tacts for center phase 

contacted with 

wires, outer phases 

are triggered by cir-

cuit on internal PCB 

(not depicted), mod-

ule mounted on air 

cooled heat sink for 

testing 

 

Test benches with AC load current and online temperature measurement as 

described in chapters 4.3 and 4.4 were built up to test the thyristor module 

close to the application for motor soft-starters. The load current was controlled 

to be 80ARMS for positive and negative direction individually. On-time was set 

to constant 80s. This results in about 4,000 current pulses at 50Hz mains fre-

quency per power cycle for each thyristor. The off-time was set to be 80s, while 

the cooling fan was active during off-time only and turned off, when the de-

sired minimal heatsink temperature Ths,min=40°C was reached by any of the six 

devices tested in parallel. This allowed to compensate the uncontrolled ambi-

ent temperature and keeping the minimal junction temperature constant 

throughout the tests. Fig. 130 shows junction temperatures Tj,TH1 and Tj,TH2 and 

heat sink temperature Ths of one device under test during the first two cycles 

after starting the test. During on-time the temperature of both antiparallel thy-

ristors is measured alternately with each half-period and during cooling down 

one thyristor with each power cycle. After the second power cycle, steady test 

conditions were reached. The junction temperature swing was adjusted in the 

range of ΔTj=100...110K with the depicted device Tjmin=39.8°C and 

Tjmax=150.4°C, while the heat sink temperature rise accounts for 62.7K. The 

temperature difference between junction and heat sink is strongly impacted by 

the thermal resistance of thermal interface material between module case and 

heat sink. 
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Fig. 130: Temperature plot of one single phase DUT consisting of TH1 and TH2 during two 

cycles from starting at room temperature, during on-time both devices’ temperature is 

measured, during cooling only one is measured each cycle, testconditions Tjmin=39.8°C, 

Tjmax=150.4°C, ton=80s, toff=80s, cooling fan was only active during cooling phase until 

TCmin=40°C is reached 

The influence on thermal resistance was estimated with a simplified thermal 

equivalent circuit, see Fig. 131. The material layers listed in Fig. 132 were 

assumed with a spreading angle of 45° in the thermal path, resulting in an 

equivalent area of heat transfer of 100mm² at chip layer to 126.3mm² at TIM 

layer for each thyristor. Further assuming a 60µm layer thickness of TIM a 70% 

share of total thermal resistance is estimated for the TIM layer. Ceramic layer 

in the DBC holds another 26% share, while the impact of other layers totaling 

4% is negligible, see Fig. 132. 

 

Fig. 131: Simplified equivalent thermal network of single-phase thyristor module, two 

thyrisiors are thermally coupled below the DBC and share one heatsink to ambient 

temperature, during cool down the thermal resistance to ambient is lowered (turn-on M1), 

while cooling fan is active, power losses I1 and I2 are fed in from measurement files from 

test bench 
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Material layer 
thickness 

[mm]  

Area 

[mm²] 

Chip (half 

thickness) 
0.19 100.0 

solder (SnAg 

assumed) 
0.05 101.0 

copper 0.25 106.1 

ceramic (Al203) 0.63 119.5 

copper 0.25 125.0 

Standard ther-

mal grease 
0.06 126.3 

 

 

Fig. 132: Material layers of thyristor device, thicknesses and 45° spreading angle of heat 

transfer assumed, no metal-metal interfaces at layer of thermal grease assumed, a 70% share 

of thermal resistance is estimated for the TIM 

In a circuit simulation a single sinusoidal power pulse with ignition at 3ms and 

amplitude Ploss,peak=210W is fed into the simplified equivalent thermal network 

to estimate the resulting temperature ripple in AC-testing, see plot in Fig. 133. 

Shortly after the peak power, the peak temperature Tj,peak is reached at around 

t1= 6ms. After 10ms the AC current commutates to the other thyristor. At 

around t2=21ms the temperature is measured before the next power pulse 

would be ignited in the test. A temperature ripple of Tj(t1)-Tj(t2)= 25.8°C-

22°C=3.8K is derived. At the AC-test benches the test condition Tjmax is meas-

ured in the same way, just before the last power pulse of each device under test. 

For comparison of test results this offset needs to be respected. 

      

Fig. 133: Plot of simulated junction temperature, power losses fed in from measurement 

of one half-cycle for one thyristor with 210Wpeak, causing a temperature ripple of 3.8K  
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In the following some plots of the AC-test are depicted. In these modules with-

out base plate the type of die attach, soldered or sintered, together with the type 

of TIM yield different degradation phenomena observed with the thermal re-

sistance. The soldered samples have arched DBCs in initial state and with TIM 

type “D” a gradually increase of thermal resistance is observed, see Fig. 134. 

The sintered sample is flat and shows less increase of temperature swing with 

TIM type “D”, see Fig. 135. Almost no increasing temperature swing was ob-

served, when applying TIM type “C” to a soldered sample, depicted in Fig. 

136. In contrast the improved die attach in combination with TIM type “A” 

shows the highest thermal resistance and fails earliest among the here depicted 

examples, see Fig. 137. 

 

 

Fig. 134:Test results of device with TIM “D”, 

soldered 

 

Fig. 135:Test result of device with TIM type 

"D", sintered 

 

Fig. 136: Test results of single-phase thyris-

tor module with TIM “C”, soldered 

 

Fig. 137: Test results of device with TIM 

“A”,  sintered 
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Additionally, some power cycling tests with short on-time (PCSEC) were per-

formed at a DC test bench investigating single phase modules with sintered 

and soldered die attach. Here the devices were directly mounted on a liquid 

cooled heatsink using a silicone based thermal grease. The temperature was 

determined by applying via VGC (TJ) and VAC (TJ) with constant gate current 

IGC = 100 mA. Similar test conditions have been reached for sintered and sol-

dered modules due to the major impact of the thermal grease on the total Rth,jhs. 

The plots depicted for sintered and soldered module in Fig. 138 and Fig. 139, 

respectively, reveal a long run-in phase of 50 to 80 thousand cycles of the ther-

mal interface material resulting in rising temperature swing ΔTJ by about 5 K 

for both die attach variants. The amplitude of temperature swing at this point 

was selected to determine the test condition ΔTJ. First step-wise increase of 

VAC,cold at load current can be detected after about 327,000 cycles for the sin-

tered and at 208,000 cycles for the soldered sample. Both modules failed due 

to bond wire lift-off, while also pump-out of the thermal grease between mod-

ule and heat sink took place. This behavior is stronger for the soldered sample, 

where the pump-out effect contributed for an 18 % increase of Rth,jhs (ton = 1 s). 

This conclusion is supported by the thermal impedance measurement in Fig. 

140. Before 0.4 s no change in thermal impedance Zth is visible, which would 

indicate degradation of chip solder. Improved bond wires and improving stable 

thermal contact to the heat sink are options to improve power cycling capabil-

ity. 

 

Fig. 138: Plot of PCsec test for a thyristor 

module with sintered die attach and test con-

ditions ton = toff = 1 s, IL = 92 A 

 

Fig. 139: Plot of PCsec test for a thyristor 

module with soldered die attach, and test 

conditions ton = toff = 1 s, IL = 92 A 
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Fig. 140: Thermal impedance measure-

ment of thyristor module with soldered die 

attach before and after PCsec power cycling 

test 

 

 

The test results are compared to the cycles expected with CIPS 2008 model 

[48], which is based on results from IGBTs and diodes (Infineon Gen. 4) be-

tween 600 V and 1700 V. The factor V for the voltage class in 100 V is adapted 

to thyristors with non-punch-through design. The nominal blocking voltage of 

the thyristor chip is 1800 V. Nevertheless, the chip thickness of 380 µm corre-

sponds to an IGBT in the voltage class of 3.3 kV. So, the results are compared 

by setting factor V = 18 and V = 33. The load current is shared by 20 bond feet 

on the chip surface and the bond wire thickness is D = 300 µm. Applying the 

parameters in Tab. 24 yields the results presented in Tab. 25. Comparing the 

actual geometry using V = 33 the test results surpass the expectation by more 

than 90 % for the soldered and the sintered sample. Comparing results for the 

actual voltage class the investigated thyristor samples still surpass the expec-

tation by about 20 %. The sintered die attach did not improve test results as 

bond wire lift-off was the limiting failure mechanism. The power cycling ca-

pability could be even further increased to a factor of 5 to 10 compared to CIPS 

2008 by improving the top die attach as has been shown for example in chapter 

2.2.8. 

EoL 

Initial 
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Tab. 24: Test conditions of PCSEC 

with single phase thyristor mod-

ule and parameters chosen for 

comparing with CIPS 2008 

model 

IN,Load [A] 92 

V 18 33 

I (per 

bond)[A] 
4.55 

D (bond) 

[µm] 
300 

n (bond) 20 

N (chip) 1 

ton [s] 1 

toff [s] 1 
 

Tab. 25: Test result of sintered and soldered thy-

ristor module compared to expected value for volt-

age class V = 18 (corresponds nominal voltage 

class) and V = 33 (corresponds to chip geometry) 

from CIPS 2008 model 

DUT Sintered Soldered 

ΔTJ in K 86 84 

TJmin in °C 46 57 

Nf,test 398,520 376,857 

Nf,model (V = 18) 321,226 311,619 

Q in % (V = 18) 124 120 

Nf,model (V = 33) 202,528 196,471 

Q in % (V = 33) 197 192 
 

 

 

5.2.3 Si MOSFET 

The Si MOSFET is the dominating power semiconductor switch in voltage 

classes of range 40...650V. It is used Switched mode power supplies SMPS in 

mainboards of personal computers and datacenters, as synchronous active rec-

tifier SAR to name a few typical applications. In more recent years it is com-

peted by more efficient GAN HEMTs, see chapter 0. In power applications 

mostly n-channel enhancement MOSFETs are used. When applying a positive 

gate charge, resulting in a gate voltage higher than a certain threshold voltage 

VGS,th a conductive inverse layer of negative charge carriers forms in the chan-

nel and bypasses the inverse diode formed by the p-well and the low doped n- 

region. The MOSFET is in on-state. A sense current needs to be fed in reverse 

direction, while the MOSFET is turned off with a gate voltage VGS<<VGS,th for 

using the built-in voltage of the inverse diode. The measurement method is 

described in more detail for SiC MOSFETs in chapter 5.2.8. 
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Fig. 141: Vertical n-channel DMOS, taken from [93] 

 

MOSFETs are often power cycled by supplying the inverse-diode with load 

current and shortened gate. Applicable standards also recommended to follow 

this approach [30]. There, the voltage drop is increased by the junction’s built-

in voltage, thus the inverse-diode has to be powered with a lower current to 

gain the same temperature swing than for operating the MOSFET in forward 

mode. In the following example the load current was reduced by a factor of 

3.4. The stress on and relative influence of top die-attach is lowered. In the test 

on the inverse diode, plot depicted in Fig. 142, the first step increase of VDS 

happens at around 20% of total lifetime before total loss of functionality. The 

MOSFET tested at the same ΔTj showed a first step-wise increased voltage 

drop at around 80% of totally reached cycles, which quickly accelerated the 

degradation, see Fig. 143. Compared to the test with the inverse diode, only 

about 16% of cycles led to end-of-life at almost the same ΔTj. The parameter 

load current per bond foot contained in the CIPS2008 model can only partly 

compensate the reduced cycle number, whereas other lifetime models do not 

contain such a parameter at all. Furthermore in available SiC FET devices, 

bipolar current induced failure mechanisms restrict the use of the inverse diode 

at turned-off gate [174].  

 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Degradation%23_CTVL001edf611b59f9b4e2f9c44de23fe260e48
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Fig. 142: 40V/200A MOSFET, inverse-di-

ode with VGS=0V tested with load current 

IS=71A, early top-die attach failures are 

compensated by NTC of the inverse di-

ode’s forward voltage drop, hence final de-

vice failure happens long after reaching 5% 

voltage increase, published in [107] 

[107]

 

Fig. 143: 40V/200A MOSFET, MOSFET at 

VGS=15V tested with load current ID=240A, 

only about 20% of cycles reached compared 

to inverse diode test, strong PTC of 

MOSFET accelerates degradation after first 

lift-off of top side connection [107] 

Operating low voltage MOSFETs in forward mode at nominal gate source volt-

age requires higher load currents than what is feasible in application. In in-

verse-diode mode the load current might be too small. As discussed in chapter 

4.6 the test bench with inductive switching is promising alternative. In [175] 

tests low voltage MOSFETs in molded discrete package TO-247 showed that 

the negative temperature coefficient of the forward voltage drop of the inverse 

diode may cause current crowding and locally elevated temperatures beneath 

the bond feet. Thus, the stress near the bond feet is increased and causes early 

bond wire lift off. The devices were tested at conditions ΔTj=75...80K, 

Tjmax=150°C and ton=2s at the topology with inductive switching described in 

chapter 4.6. There, switching losses accounted for about 75% switching losses, 

thereby they survived about twice as much cycles than operated at similar con-

ditions with inverse diode mode. Another comparison was performed with 

lowered gate voltage to VGS=5.5...6V an often used and published, but not fa-

vorable -workaround to increase forward losses in power cycling. As modern 

devices are operated with a PWM instead of linear mode, this way of operation 

is far from the use in application. At test conditions ΔTj=60K, Tjmax=150°C and 

ton=2s a factor of about 4 lowered lifetime and also large deviation in between 

individual results were found for low gate voltage operation compared to 

switching mode operation.  

ΔT

j 

VS

D 

Rth 

VDS 

ΔTj 

Rth 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Requirements%23_CTVL001e4a5f8ffa8784a8593ba42bb402210ab
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Requirements%23_CTVL001e4a5f8ffa8784a8593ba42bb402210ab
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Requirements%23_CTVL001e4a5f8ffa8784a8593ba42bb402210ab
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Requirements%23_CTVL001e4a5f8ffa8784a8593ba42bb402210ab
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Power%23_CTVL00154090e6f33a64525a8f971ea0c404b8d


 

 
191 of 258 

 

It seems plausible that the topology with inductive switching is closest to ap-

plication and obviously yields higher lifetime results than the often-applied 

testing methods for low voltage MOSFETs. The author therefore suggests to 

formulate this testing method as a standard testing procedure.  

 

5.2.4 Si IGBT 

The structure of an IGBT is similar to a vertical MOSFET with an additional 

p-layer at the collector forming an equivalent circuit as depicted in Fig. 144. 

When turned on, the p-layer injects holes into the low doped region, which 

reduces the voltage drop for given base width. At the cost of increased switch-

ing losses, the on-state losses are reduced especially for higher voltage classes 

compared to unipolar devices. Starting at voltage class 600V the IGBT is the 

preferred switch covering applications from inductive heating cookers with 

some 10ARMS load current and switching frequencies above 20kHz to modular 

multilevel converters (MMCs) with 4.5kV and 1200A nominal ratings and 

even higher voltage classes for traction application. Only where cost savings 

on system level balance the device costs or efficiency requirements justify, it 

is being replaced by the outperforming unipolar devices in SiC. 

 

 

Fig. 144: IGBT a) simplified structure, b) equivalent circuit with parasitic npn-BJT and c) 

simplified equivalent circuit with pnp-BJT and MOSFET for operation within SOA, picture 

taken from [93] 
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The figure of merit for IGBTs FOMIGBT , found in [176], expressed as nominal 

current density JC per forward voltage drop VCE,sat and turn-off losses Eoff : 

𝐹𝑂𝑀𝐼𝐺𝐵𝑇 =
𝐽𝐶

𝑉𝐶𝐸,𝑠𝑎𝑡⋅𝐸𝑜𝑓𝑓
     (132)  

improved by factor 10 for 1200V IGBT generations within 20 years starting in 

the late 1980s,[176]. Its popularity made the IGBT the main device under test 

for power cycling and lifetime modeling as discussed in chapter 2.2. This chap-

ter briefly highlights the potential for improvement in power cycling capability 

and the proof of concept for the test bench topology with inductive switching, 

which was performed using IGBTs in standard module technology. 

In [135] test results of automotive IGBT modules with improved chip die at-

tach, Al-bond wires and chip metallization indicate a factor of 100 extended 

lifetime compared to standard technology, see Fig. 145. Test conditions were 

Tjmin=83°C, ΔTj=92...103K and ton=0.7s. 

 

Fig. 145: Improvement in power cycling capability of IGBT modules with improved chip 

die attach, Al-bond wires and chip metallization indicate a factor of 100 extended lifetime 

compared to standard technology, published in [135] 

1200V/24A single chip IGBTs in standard modules without baseplate were 

tested on a test bench topology with inductive switching. In the same setup, 

devices were tested with three different ratios of on-state to switching losses: 

purely on-state losses, 50:50% and 34:66%. Test conditions were 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Chip%23_CTVL00124e4fc3658804e458539b2881ad28e7a
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ΔTj=78...103K, Tjmin=25...55°C and IL=20...28Apeak. Switching devices were 

operated at 12.5kHz, 20kHz and 25kHz. The parameter plots of switching de-

vices did not indicate different trends than the devices operated with pure on-

state losses, see Fig. 146. For all operation modes increasing voltage drop and 

thermal resistance were observed. 

  

Fig. 146: Plots of parameters in test with 1200V/24A IGBTs in standard modules without 

baseplate show similar trends of voltage drop and thermal resistances as in standard DC-

tests left: Test 1: ΔTj=80K, always-ON DUT , right: Test 2: ΔTj=80K, Ipeak=29A, 66% 

Pv,switch 

After the test the devices were analyses by optical and scanning acoustic mi-

croscopy. Around the bond feet on the chip metallization reconstruction is vis-

ible and explains the observed drift in forward voltage drop, see Fig. 147. The 

SAM-image shows cracks in the chip solder causing the increase in thermal 

resistance in Fig. 148.  

The achieved number of cycles were normalized to Tjmax=125°C using 

CIPS2008 model and compared to expectations with standard DC-tests, plotted 

in Fig. 149. The results indicate that the method is applicable for reducing the 

load current to application close amplitudes in accelerated tests. This is espe-

cially interesting for devices with low on-state losses. 
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Fig. 147: Reconstruction of an IGBT’s Al-metallization around the bond feet, after removal of 

soft-silicone 

  

Fig. 148: SAM-analysis of DBC and chip solder of 1200V/24A IGBTs in standard modules 

without baseplate left:  slightly delaminated DBC near the edge of the chip is visible, right: Chip 

solder shows degradation underneath chip center of tested IGBT with 50% switching losses, 

about 10% increase of Rth was observed 

 

Fig. 149: Test results for 1200V/24A IGBTs in modules without base plate and standard 

technology compared to expectations by CIPS2008 with Tjmax=125°C (solid line), squares 

mark test results of devices performing with conduction losses only (“steady ON”) or 50% 

switching losses of total losses, triangles mark results of devices with 66% switching losses 
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and thus lowered load current; load current does not seem to have impact on power cycling 

capability   
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5.2.5 SiC Schottky Barrier Diode 

Metal contacts on semiconductors form a junction depending on the metal 

work function and the semiconductor doping. This junction is used for rectifi-

cation of current in Schottky Barrier diodes SBD. The capacitive charge is 

lower than the stored charge for bipolar devices, reducing switching losses and 

increasing switching speed. This enables faster devices and allows for high 

switching frequency with the trade-off of increased conduction losses at same 

base width wB. This limits the feasible voltage range for SBDs in silicon. The 

high bandgap of 3.26eV for 4H-SiC enables the design of Schottky barrier di-

odes for voltages up to several kV with a low leakage current density Js and 

low area specific on-resistance R in Ωmm². The first laboratory samples of SiC 

SBDs were published in [177]. The manufacturing of SiC devices holds many 

challenges, such as low defect crystal growth in SiC. In merged pin Schottky 

MPS diodes p-regions near the Schottky junction are introduced to increase the 

surge current robustness. In 2001, Infineon introduced the first 300V and 600V 

SiC Schottky Barrier diodes. The first hybrid module, where SiC SBDs were 

used as freewheeling diode for IGBTs was introduced in 2006 by the same 

manufacturer [178].  

Fig. 150 shows calibration curves Vf(T) of 1200V/32A SiC SBDs at sense cur-

rent Isense=100mA. The individual offsets deviate by +/-36mV, which accounts 

for +/-24.6K with the temperature sensitivity 1.46mV/K. 

 

Fig. 150: Calibration curves Vf(t) of SiC SBD 1200V 4x8A, IM=100mA show high individ-

ual offsets, here +/-36mV, temperature sensitivity lies around -1.467mV/K 

 

Vf(T) =  -1.480mV/K + 0,890V

Vf(T) = -1.465mV/K + 0,933V

Vf(T) = -1.467mV/K + 0,963V

0,70

0,75

0,80

0,85

0,90

0,95

20 70 120

V
f
in

 V

Tj in °C

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Au-SiC%23_CTVL0017ba09559ea0e4813b73a3fde3220cddb
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/The%23_CTVL00123e9fca35a9d44bcadb7a4bb6a3008af


 

 
197 of 258 

 

Tests on devices with SiC SBD in standard module technology revealed that 

the power cycling capability is in the range of 25...33% when compared to 

IGBTs of the same voltage (1200V) and current class (25A) under same test 

conditions ΔTj=80K +/-5K, Tjmax=125°C and ton=1...2s. The results were pub-

lished in [179].  

 

 

Fig. 151: Plots of Rthjc(ton) in % to initial 

value for Si IGBT and SiC diodes over 

achieved number of cycles normalized 

to cycles to failure in Si IGBT test; test 

conditions ΔTj=80K, Tjmax=125°C, 

ton=1s, published in [179] 

 

Fig. 152: Comparison of test results for SiC 

SBD devices and Si-IGBTs under similar test 

conditions ΔTj=80K, Tjmax=125°C, ton=1s, 

published in [179] 

 

Fig. 151 shows a comparison of Rthjc(ton)-plots normalized to the achieved cy-

cle number of an IGBT-device. The plot of the SiC-SBD device shows a steady 

rise of the Rthjc and thus also for the ΔTj right from the test start on, while the 

Rthjc(ton) of the IGBT-device shows the typical parabolic rise from about 80% 

of achieved cycles. Fig. 153 and Fig. 154 allow to compare the effect on tem-

perature swing ΔTj. SiC SBD showed an increase of 10...12% at 80% cycles 

to failure, where Si IGBT devices had an increased ΔTj by 3...5% at the same 

number of relative cycles. 
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Fig. 153: plot of ΔTj in % to initial value for 

four SiC SBD devices under test, until 80% 

of performed cycles ΔTj rises by 10 -12% 

 

Fig. 154: plot of ΔTj in % to initial value 

for four IGBT devices under test, until 

80% of performed cycles ΔTj rises by only 

5% 

This difference can be explained by the about 2.8 higher thermal conductivity 

for SiC (370W/m·K, at 25°C) compared to Si (130W/m·K at 25°C), which 

causes degradation of chip solder at the edge of the chip to have a higher impact 

on the overall thermal resistance. This alone causes an acceleration of the deg-

radation by steadily increased ΔTj and Tjmax over the cycles. For a rough esti-

mation under the performed test conditions is assumed that the average ΔTj 

over testing time is elevated by 5%, which does not change the influence on 

lifetime of Tjmax significantly can be assumed that this only accounts for a max-

imal 20% reduced lifetime. For discussion the ratio 𝑄𝑛𝑜𝑚,𝐶𝐼𝑃𝑆2008 of achieved 

cycles to failure under nominal test conditions at test start 𝑁𝑓(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑡𝑎𝑡𝑒) 

to expected life time from CIPS2008 model 𝑁𝑓,𝐶𝐼𝑃𝑆2008 is calculated. 

𝑄𝑛𝑜𝑚,𝐶𝐼𝑃𝑆2008 =
𝑁𝑓(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑡𝑎𝑡𝑒)

𝑁𝑓,𝐶𝐼𝑃𝑆2008
    (133)  

The reduction by 5% increased average temperature swing 𝑄𝑟𝑒𝑑,𝐶𝐼𝑃𝑆2008(5%) 

can therefore be estimated by: 

𝑄𝑟𝑒𝑑,𝐶𝐼𝑃𝑆2008(5%)  =
𝑁𝑓,𝐶𝐼𝑃𝑆2008(Δ𝑇𝑗⋅1.05)

𝑁𝑓,𝐶𝐼𝑃𝑆2008(Δ𝑇𝑗)
= 1.05−4.416 = 80.6%  (134)  

For a more precise comparison the consumed relative lifetime of individual 

temperature swings qi(ΔTj) over 80% of performed cycles until EoL-criterion 

Rth-increase was reached are summed up and compared to the estimation from 

the initial temperature swing.  
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𝑄𝑠𝑢𝑚,80% = ∑ 𝑞𝑖
80%
𝑖=0% = ∑

𝑁𝑖(Δ𝑇𝑗,𝑖,𝑇𝑗𝑚𝑎𝑥,𝑖)

𝑁𝑓,𝐶𝐼𝑃𝑆2008(Δ𝑇𝑗,𝑖,𝑇𝑗𝑚𝑎𝑥,𝑖)

80%
𝑖=0%   (135)  

This approach assumes validity of Palmgren Miner’s Rule [15], which states 

that the individual damage from single stress events superimpose linearly and 

thus may be summed up for the test results. It allows to directly compare the 

acceleration effect of steadily increasing temperature swing. 

𝑄𝑛𝑜𝑚 <>
𝑄𝑠𝑢𝑚,80%

0.8
     (136)  

The deviation between the two approaches can be expressed as: 

𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = (1 −
𝑄𝑛𝑜𝑚,𝐶𝐼𝑃𝑆2008

𝑄𝑠𝑢𝑚,80%
0.8

) ⋅ 100%   (137)  

The results in Tab. 26 and Tab. 27 confirm the assumption that the deviation 

lies in the range of 10...20% for SiC SBD devices, while for Si IGBTs it is in 

the range of a few percent and can be neglected. 

Tab. 26: Test results of SiC SBD devices in comparison to expectation by CIPS2008 model 

DUT 

nr. 

cycles un-

til EOL 

ΔTj in 

K 

Tjmin 

in °C 

Nf,CIPS2008 Qnom,CIPS

2008 in % 

Qsum,80

%/0.8 

Deviation 

in % 

264 212,860 59 58.2 851,440 9.55 10.6 9.5 

256 163,156 60 56.9 652,624 7.57 8.6 11.6 

253 118,508 64 66.4 474,032 8.36 10.4 19.9 

258 265,722 59 54.9 1,062,888 11.23 12.7 11.4 

Tab. 27: Test results of 1200V/25A IGBT devices without baseplate 

DU

T 

cycles until 

EOL 

ΔTj in 

K 

Tjmin 

in °C 

Nf,CIPS20

08 

Qnom,CIPS2008 

in % 

Qsum,80%/0

.8 

Deviation 

in % 

#1 158,556 80 70.3 156,159 102 104 2.75 

#3 200,393 82 70.0 142,811 140 140 -0.23 

#23 135,000 83 67.3 142,453 95 96 1.54 

#47 176,111 80 69.7 157,185 112 114 1.39 
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5.2.5.1 Dependency on device thickness 

The dependency on device thickness was studied on prototype modules with 

base plate. In an EconoPACK 3 module (Infineon Technologies) three 

15A/1200V SiC SBDs were connected in series. One group consisted of de-

vices with standard thickness 300µm, the other of 110µm thick devices. The 

devices were soldered in the center of each substrate using standard lead-free 

solder. The top side was connected with two 300µm thick Al bond-wires. Both 

groups were operated under similar conditions: 

▪ 110µm:Tjmin=57.5...66°C, IL=20A  

▪ 300µm: Tjmin=47...59°C, IL=18.5A 

▪ both: ton=2s, ΔTj=55...65K 

Chip solder degradation was the dominating failure mechanism in all devices 

under test. Plotting the trend of Rthjhs for one sample of each group on a nor-

malized scale with the number of cycles to failure being 100% reveals that only 

for thick devices the Rth starts early to increase at around 40% of accomplished 

cycles and consequently accelerated the degradation. For the thinner devices 

the Rth increases at around 80% of performed cycles, see Fig. 155, which is 

similar to observations on Si IGBTs in standard power cycling tests with on-

time in the range of a few seconds. The dominating failure mode was solder 

fatigue. Some of the thinner devices additionally showed bond-wire lift-off. 

 

Fig. 155: plots of Rthjhs of 110µm and 300µm thick SiC SBD in modules with baseplate and 

standard joining technology at similar test conditions Tjmin=55...60°C, ΔTj=55...60K and 

ton=2s; the thicker devices cause higher stress on the chip solder, initiation of cracks happens 

earlier  
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Fig. 156: test results for single chip 15A SiC SBD prototype devices with base plate in 

standard technology of die thicknesses 300µm and 110µm, similar test conditions for 

110µm: Tjmin=57.5...66°C, IL=20A and for 300µm: Tjmin=47...59°C, IL=18.5A, both: ton=2s 

𝐴𝐹𝑤𝑆𝑖𝐶 = (
𝑤1

𝑤2
)

𝛽𝑤𝑆𝑖𝐶 
     (138)  

From the test results follows: 

   𝛽𝑤𝑆𝑖𝐶 = log
(

𝑤1
𝑤2

)
𝐴𝐹𝑤𝑆𝑖𝐶 = log

(
110µ𝑚

300µ𝑚
)

1.66 = −0.50521 (139)  

Assuming the extrapolation is allowed to a reduced substrate thickness of 

50µm the lifetime would therefore increase by a factor of 2.47 compared to 

300µm devices and would almost compensate the reduced lifetime compared 

to 1200V IGBTs. 

 

For the tests on SiC SBD modules without baseplate the analysis of thermal 

impedance curves during tests and subsequent metallographic section con-

firmed the chip solder degradation with cracks initiated at the edge of the chips 

and growing to the center of the chip, see Fig. 157 and Fig. 158. 
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Fig. 157: Comparison of Zth,jhs of three SIC SBD de-

vices without base plate (4x 8A parallel, 600V) in in-

itial to degraded state, the early rise at about 10ms of 

degraded devices hints to chip solder degradation 

 

 

 

 

Fig. 158: crack in chip solder was 

confirmed in the analysis after the 

test, cracks initiated at the edge, 

seen by REM of metallographic 

intersection 

 

 

5.2.5.2 Short on-time 

The influence of short on-time on power cycling capability was investigated 

for SiC SBD devices in standard module technology without baseplate. Each 

device under test consisted of three paralleled 8A/650V SIC SBDs. Initial test 

conditions were ΔTj=44...46K, Tjmin=69...73°C,Iload=19.5A, ton=toff=0.5s. 

Square-root t method estimates the actual ΔTj to be about 4K higher than meas-

ured at tMD=500µs. As observed in power cycling on Si IGBT, the short on-

time shifts the location of maximal stress in the chip solder away from the edge 

to the chip center. Hence after a period of crack initiation the thermal resistance 

rises gradually during the performed cycles and not the parable-shaped in-

crease is observed, see Fig. 159. After about 70% of performed cycles the 

Rth(ton) stabilizes at a value of 125% of its initial value. Reduced stress in the 

interconnection due to a shattered chip solder seems to be the cause. Finally, 

the devices fail with bond-wire lift off. Here the EoL-criterion Rth increase to 

120% would have reduced the determined lifetime by a factor of two. 
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Fig. 159: parameter plot of 3x8A 650V SiC SBDs in module without baseplate, bond wire 

lift-off occurred at increase to 125% of initial Rth,jhs; ΔTj and Rthjhs rise gradually from 10% 

to 70% of achieved cycles, from there on the degradation of chip solder seems to stabilize 

until bond wire failure; steps in VCE between 40% and 90% are due to malfunction of the 

cooling system 

 

When comparing the consumed lifetime by initial test conditions with the av-

eraged test conditions over 80% of achieved cycles the results deviate by a 

factor of two. Thus, the gradual Rth rise increases the temperature swing, and 

thus also seems to be a factor that reduces lifetime of SiC compared to Si de-

vices. The deviation for investigated samples is listed in Tab. 28. 

𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = (1 −
𝑄𝑛𝑜𝑚,𝐶𝐼𝑃𝑆2008

𝑄𝑠𝑢𝑚,80%
0.8

) ⋅ 100%   (140)  

 

SiC SBD 

DUT deviation in % 

613 41.6 

623 77.5 

641 43.9 
 

 

Tab. 28: deviation of consumed life-

time Q as estimated via initial condi-

tion Qnom,CIPS2008  compared with 

summed up cycle conditions Qsum,80% 

for test with short on-time  
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Solder and bond wire fatigue are both influenced by the mechanically stiffer 

material silicon carbide. The impact of stiffer dies is expressed by the term for 

chip thickness in the CIPS2008 model for Si devices and affirmed by the re-

sults on thinner SiC SBD devices. Improved power cycling capability can be 

realized by improved bond-wire and die attach technology. For testing this im-

pact, prototypes of SiC SBD devices were sintered in the same EconoPACK 

outline as in the tests before. The Al-bond wires were replaced by two 300µm 

thick Cu-bond wires. The devices of earlier published test results in [179], 

which performed 1x106 cycles at ΔTj=45..52K, Tjmax=103..120°C, ton=2s and 

IL=20A with no signs of beginning degradation, were put into a test under 

higher ΔTj=73..81°C and Tjmax=125°C load current IL=27.2A (equals 1.8 nom-

inal current!) and same on-time ton. After 2.260.000 cycles the test was aborted 

with slightly increased voltage drop far from reaching EoL-criteria, see Fig. 

161. The test results indicate that an improvement by factor 10 compared to 

the results of the 110µm SiC SBD devices can be achieved Fig. 160. Again, 

the question arises how to test the improved technologies in a reasonable time 

without going too far beyond specified electrical parameters of the devices. 

 

 

Fig. 160: Performed cycles over ΔTj for 

100µm thick SiC SBD with improved 

joining technology compared to SiC  

SBD in standard technology of same 

thickness, improved SBD devices have 

not failed yet, Tjmax=125°C, ton=2s 

 

Fig. 161: plot of parameters of an improved 

SBD device, EoL criteria are far from being 

reached; low increase in Vf,hot(IL) visible; 

Rthjhs shows low decrease, because measure-

ment delay tmd too high to detect Tjmax in-

crease caused by rising Vf(IL) 
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Even further improved prototypes called “.XT+” with copper bond wires and 

sintered die attach and without baseplate were tested at Tjmax=300°C. The plas-

tic housing of the low power packages (EasyPACK – Infineon Technologies) 

had to be removed as for calibration the whole case had to be heated to about 

300°C. The devices were fixed with metal clamps, which press the DBC sub-

strate to a copper adapter plate. For electrical isolation pieces of PTFE (“Tef-

lon”) were used. Underneath the substrate a thermal foil with specified maxi-

mal temperature 200°C (Kerafol 86/82) was applied. The adapter plate with 

the mounted devices was placed on a heating plate. The desired test conditions 

were adjusted after 20.000 cycles: the heating plate temperature Theat was low-

ered from 175°C down to 160°C. I=13.7A, ΔTJ=95...100K, ton = 1s and toff=2s. 

After 180.000 cycles the test was stopped with no signs of beginning degrada-

tion being visible. If CIPS2008 model is assumed applicable already factor 4.3 

of estimated lifetime is achieved. The .XT-model however neglects depend-

ency on absolute temperature and would estimate about 2.1x106 cycles (again 

validity of extrapolation assumed) thus only about 9% of expectation were 

tested. In this test, the homologous temperature of the joining materials is in 

the range of 0.4 of the melting temperature, where creep effects may start to 

play a role. The maximal temperature being 300°C accounts for Thom=0.36 for 

copper bond-wire and Thom=0.46 for the silver die attach. 

Another test with this type of samples was performed under conditions 

ΔTj=99...108K, ton=1.5s, IF=18.2A and Tjmax=150°C. It was stopped after 

1.57x106 cycles with only minor signs of rising Rth, still far from reaching EoL-

criteria, see Fig. 162. Comparing the test results with assuming 25% of ex-

pected cycles from CIPS2008 model for SiC devices in standard technology 

yields a factor of improvement between 34...51, depicted in Fig. 163. 
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Fig. 162: Plot of Vf, Rth and ΔTj of one 

sample of improved SiC SBD in module 

without baseplate, Tjmax=150°C, ton=1.5s, 

IF=18.2A 

 

Fig. 163:Achieved cycles without failure in 

test of improved SiC SBD in module 

without baseplate, Tjmax=150°C, ton=1.5s, 

IF=18.2A 

 

 

5.2.6 SiC Bipolar Junction Transistor  

The first bipolar junction transistor (BJT) published in the year 1948 [180] 

used the semiconductor material germanium Ge, before it was replaced by sil-

icon in most applications, because of the higher band gap and the resulting 

higher temperature capability. From today’s perspective several decades ago 

the Si bipolar transistor was replaced by the MOSFET and the IGBT in most 

applications. Fig. 164 shows the schematic of a npn-bipolar transistor in silicon 

carbide, taken from [181]. With no base current applied the base and the low 

doped n- collector form a junction, which can block a collector emitter voltage. 

Biasing the base emitter junction in forward enables electrons to come close to 

the base-collector junction. Not recombined electrons will diffuse into the col-

lector, setting the diffusion length long compared to the base width increase 

their ratio close to 1. Applying a positive bias from collector to emitter the 

charge carriers are accelerated by the electric field caused by the external volt-

age VCE supplying the collector current IC. 
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Fig. 164: Schematic of a high-voltage SiC bipolar transistor taken from [181] 

In common-emitter circuit a current gain β, expressing the amplification be-

tween base current IB and collector current IC can be defined. The leakage cur-

rent ICE0 can be neglected with temperature well below at which the semicon-

ductor becomes intrinsic. 

𝐼𝐶 = 𝛽 ⋅ 𝐼𝐵 + 𝐼𝐶𝐸0 ≈ 𝛽 ⋅ 𝐼𝐵    (141)  

Its disadvantage of being a current driven device results in a comparably higher 

effort in the driver, which has to provide a base current IB for keeping the de-

vice turned on conducting a collector current IC. This is especially true for a 

bipolar transistor in silicon carbide with a current gain β in the range of 32 to 

70 for a given device FSICBH017A120 from Fairchild Semiconductor (now 

part of OnSemi, no datasheet found online in 2019) a base current of 1.8A 

needs to be driven at a base emitter voltage VBE higher than the built-in voltage 

in SiC of about 2.7V. Driving SiC BJTs, SiC MOSFETs and Si IGBTs is com-

pared in [182].  

Beside that in SiC the bipolar junction transistor provided some advantages 

over MOSFETs, because devices with isolated gate channels still had reliabil-

ity constraints regarding time dependent dielectric breakdown (TDDB), see 

[183]. Also, the surface mobility of electrons in SiC is low and therefore the 

so far achieved specific on-resistance RDSon,spec is comparably higher in SiC 

MOSFETs than in SiC BJTs. The area specific on-state resistance RDSon,spec =

 RDSon ⋅ 𝐴𝑑𝑖𝑒 = 17𝑚Ω ⋅ 20.2𝑚𝑚² = 3.44𝑚Ω𝑐𝑚² was about half that of available SiC 

MOSFETs at that time, for example generation 2 by CREE with 1200V/25mΩ 

and active area of 25.8mm²) has a RDSon,spec=6.44mΩcm², see [184]. Publica-

tion [185] gives a direct comparison in between 1700V devices and names 

other advantages, such as MOS interface reliability problem, operability at 

300°C, absence of second breakdown, higher switching speed .  
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The concept did not find wide spread acceptance in the market and develop-

ment on the investigated BJT FSICBH017A120 was stalled. Further improved 

devices with higher current gain are called Super Junction Transistors SJT and 

are available from manufacturer GeneSiC. A current gain of about 130 at room 

temperature and current density of several 100A/cm² was demonstrated for a 

2400V-class SJT with 5.5 mΩcm² in [186]. Also high temperature operation 

up to 500°C was demonstrated  with bipolar mode starting at >300°C, [187]. 

Still current gain degradation at long-term high current operation caused by 

bipolar degradation seemed to be a problem even with improved robustness. 

Still, it is interesting to discuss this type of device here because it offers to use 

the temperature sensitivity of the base emitter junction, where the sense termi-

nal stays at a low voltage even in switching operation. Therefore, it is compa-

rably easy to use the VBE(T) in application with low enough base current the 

temperature could be measured in blocking state. In [188] a concept was pub-

lished using the VBE(IC,T) characteristic during load current operation with 

IC>>0A. Then the measured VBE dependents also on the load current, which 

makes a calibration over temperature Tj and collector current IC necessary. In 

the following only the concept VBE(T) with no load current shall be discussed. 

 

 

Fig. 165: Calibration curves VBE(T) for a variation of Isense from 1µA to 10mA, 

FSICBH017A120 (Fairchild Semiconductors, now part of OnSemi), published in [188] 

 

VBE(T) = -0,0021*T + 2,728V

VBE(T) = -0,0026*T + 2,663V

VBE(T)  = -0,0032*T + 2,565V

VBE(T)= -0,0035*T + 2,413V

VBE(T) = -0,0026*T + 2,0237V
1,5

1,7

1,9

2,1

2,3

2,5

2,7

25 50 75 100 125 150

V
B

E
[V

]

Tj [°C]

10mA

1mA

100µA

10µA

1µA

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Rapidly%23_CTVL00159891dba40364696b73b26e843965c43
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/SILICON%23_CTVL001aff26ce654654bcd9906727531d59078
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/On-line%23_CTVL001d7b01421f71b44eebd012cf388c7ad2c
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/On-line%23_CTVL001d7b01421f71b44eebd012cf388c7ad2c


 

 
209 of 258 

 

A plot of calibration curves for IM=1µA to 10mA at IC=0A is given in Fig. 165. 

At 10µA the temperature sensitivity is highest with -3.5mV/K. At sense cur-

rents up to several 100µA the device still blocks high voltage up to its nominal 

blocking voltage 1200V at low leakage current. With a device area of 12mm² 

and nominal current Inom=50A this equals a ratio of 2ppm, whereas for silicon 

IGBTs a ratio of 1000ppm is used in the VCE(T)-method.  

 

Fig. 166: IM=100 µA after turn off of load 

current at t=0, IB(@ton)=1A, VBE shows typ-

ical triangular-shape of junction capacity 

charging, tmd=2.9ms 

 

Fig. 167: IM=1mA after turn off of load current 

at t=100µs, IB(@ton)=1A, VBE shows typical 

triangular-shape of junction capacity charging, 

tmd=440µs 

 

The low sense current causes a longer measurement delay tMD , in this case 

dominated by the junction capacitance CBE. As this comparison between 

IM=100µA and 1mA shows, see Fig. 166 and Fig. 167. This was verified by 

measurements on the power cycling test bench. After applying a short power 

pulse ton<10ms, the base current IB was lowered from 1A to the sense current 

IM= 100µs after switching off the external switch. At IB=100µA a measurement 

delay tMD=2.79ms with a base emitter capacitance of CBE=54.8nF was derived. 

Setting IM=1mA resulted in tMD=340µs with CBE=63nF estimated by: 

𝐶𝐵𝐸 =
𝑄

ΔV
=

𝐼𝐵⋅𝑡𝑀𝐷

𝑉𝐵𝐸(𝑡𝑠𝑡𝑒𝑎𝑑𝑦,𝑇𝑗=25°𝐶,𝐼𝑀)−𝑉𝐵𝐸(𝑡𝑠𝑤𝑖𝑡𝑐ℎ)
   (142)  

𝐶𝐵𝐸(𝐼𝑀 = 100µ𝐴) =
100µ𝐴⋅2788µ𝑠

(2.6𝑉−(−2.2𝑉))
= 58𝑛𝐹 , 𝐶𝐵𝐸(𝐼𝑀 = 1𝑚𝐴) =

1𝑚𝐴⋅330µ𝑠

(2,6𝑉−(−2.6𝑉))
= 63𝑛𝐹 
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Fig. 168: Base emitter capacitance of SiC BJT 

in dependence of base emitter voltage at 25°C, 

taken from datasheet of FSICBH017A120 

 

 

At higher sense current Isense the 

base emitter voltage increases re-

sulting in a higher CBE, caused by 

a thinner junction. The data sheet 

only provides values of the capac-

itance for VBE<2.5V, see Fig. 168. 

 

For measuring the thermal impedance Zthjhs on the BJT devices the total power 

losses 𝑃𝑉𝑡𝑜𝑡consisting of VCE(IL) and VBE(IL) need to be measured and set into 

relation to the temperature difference between junction sensed by VBE(T) and 

a reference temperature.  

𝑍𝑡ℎ𝑗,𝑟𝑒𝑓(𝑡) =
𝑇𝑗(𝑡)−𝑇𝑟𝑒𝑓(𝑡)

𝑃𝑙𝑜𝑠𝑠
=

𝑇𝑗(𝑡)−𝑇𝑟𝑒𝑓(𝑡)

𝐼𝐶⋅𝑉𝐶𝐸+𝐼𝐵⋅𝑉𝐵𝐸
   (143)  

In the given example, the losses at the base account for about 3.1W and in 

between the load terminals 34.55W, see Fig. 169. Neglecting the base losses 

would overestimate the thermal impedance by about 8%. In the test bench pro-

gram two voltage channels are combined for each device under test. The im-

plemented algorithm was later applied at forward operation of JFET devices. 

 

Fig. 169: Thermal impedance of a 1200V/17mΩ power module FSICBH017A120 

(Fairchild Semiconductors), IL=40A, ton=5s, Pvtot=37.6W (PCE=34.55W and PBE=3.09W), 

ΔTj=50.5K, Tjmin=31.5°C, Tjmax was extrapolated via square root t method 
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5.2.7 SiC Junction Field-effect Transistor 

The junction gate field-effect transistor JFET is a field-effect transistor, where 

the gate channel is controlled by a junction. This avoids issues on gate-oxide 

reliability and low surface mobility as discussed in the chapter on SiC 

MOSFETs. Therefore, it was for some time the preferred switching device in 

silicon carbide. A schematic is given in Fig. 170 showing the most favored 

structure with “current spreader layer” for lowest specific on state resistance 

RDSon , taken from [189]. Caused by decreasing electron mobility the on-state 

resistance increases with temperature, as a rule of thumb roughly doubles with 

temperature increase by 100K compared to 25°C. The source contact is a 

highly doped n+ and p+ layer. The gate is contacted to a p+ layer. Without 

negative charge at the gate the channel between drain and source is conductive 

in both directions, making it a normally-on device. A way for implementing 

normally-off devices a normally-on SiC JFET is cascading it with a low-volt-

age MOSFET, which source potential feeds back to the SiC JFET’s gate. Thus, 

when the MOSFET is blocking in forward the negative voltage –

VDS(MOSFET) is applied to the SiC JFET’s gate to turn it off and take on the 

bigger share of the blocking voltage higher than about 20V. An overview of 

concepts is given in [190]. 

In the following only normally-on JFETs are discussed. The static characteris-

tic during on-state is ohmic with VGS>=0V in both directions, while the RDSON 

is slightly higher in reverse direction due to pinching effects, with higher po-

tential at the source than at the drain. When a negative bias is applied to the 

gate, the channel pinches off, a space charge builds towards the low doped 

region and the device blocks in forward direction. In reverse direction a pn-

junction between source (p+) and drain (low doped region n- and buffer n+) is 

paralleled to the pinched off channel resulting in a diode characteristic as de-

picted in Fig. 171. Obviously for the given device the expected built-in voltage 

for SiC bipolar junction of 2.5V at room temperature is not reached for VSD 

down to VGS=-20V – already exceeding the specification of the device. Only 

close to the gate-source junction’s breakdown voltage of about VGS=-21.5V it 

is observed – not depicted. 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Prospects%23_CTVL001fc5b8abe404f475299c65c2da3756e1f
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Fig. 170: Schematic of a normally-

on JFET  

 

Fig. 171: Inverse characteristic of 3 paralleled 

15A/1200V SiC JFETs (early samples, Infineon Tech-

nologies) at room temperature , the channel is only al-

most fully pinched off at VGS=-20V, whereas the GS-

diode breaks down at about VGS=-22V at RT 

 

Two procedures of testing SiC JFETs can be applied in power cycling. In in-

verse diode mode a constant negative voltage is connected to the gate. Load 

and sense current are fed in reverse direction using the inverse diode both for 

heating the device and sensing the device temperature using VSD(Tj) as TSEP, 

see Fig. 172. Only one voltage measurement channel per device under test is 

needed. However, beside the disadvantages of bypassing the pn-junction with 

a not ideally pinched-off channel, the high absolute built in voltage restricts 

the range of load current for power cycling. Additionally, the negative temper-

ature coefficient of forward losses may provoke current crowding in hotspots 

accelerating the degradation. Besides that, the operation at high current density 

of a pn-junction in SiC may cause bipolar degradation in the presence of base 

plane dislocations. This degradation effect leads to increased forward voltage 

drop of the semiconductor itself [191] and might overlap with the degradation 

of the interconnections. In [174] bipolar degradation was studied on SiC JFETs 

biased in forward with 100A/cm². There even self-healing of the effect was 

observed keeping the devices at 350°C.  

Consequently, for SiC JFETs the more favorable and application closer way of 

operation in power cycling tests is in forward JFET mode, as depicted in Fig. 

173. The sense current is fed into the gate source junction for temperature 
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measurement during off-time using the parameter VGS(Tj), while the load cur-

rent is applied from drain to source. The positive biased gate source diode leads 

to slightly lowered RDSon of approximately 10% compared to VGS=0V, but does 

not need to be removed during on-time.  

Calibration curves for VSD(T) and VGS(T) are given in Fig. 174 and Fig. 175. 

For the inverse diode with ˗15V applied at the gate and a sense current of 

100mA, high deviation of about 366mV for VSD(T) in between samples is ob-

served and temperature sensitivity α is low with values around -1.13mV/K. For 

the pn-junction between gate and source only minor deviations between differ-

ent samples are found with the maximal difference of 3.8mV and a temperature 

sensitivity of α=-2.1mV/K. 
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Fig. 172: SiC JFET in inverse diode mode, 

VSD(T) for Tj measurement and VGS=0V or 

-20V, one measurement channel VDS per 

DUT needed 
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Fig. 173: SiC JFET operated in JFET mode, 

VGS(T) for Tj measurement, sense current 

fed into gate, two measurement channels 

VDS and VGS per DUT needed 

 

Fig. 174: VSD(T)-calibration curves of 

different SiC JFET devices at IS=100mA, 

VGS=-15V, the channel is not fully 

pinched off, 366mV offset between 

curves of different devise is observed and 

slope vary around -1.13mV/K +/-3mV 

 

Fig. 175: VGS(T)-calibration curves of SiC 

JFET devices at IG=100mA, max. difference 

is 3.8mV, slope is -2.1mV/K  

Calibration curves of one identical SiC JFET for both methods of temperature 

sensing with variation of sense current are depicted in Fig. 176. For the inverse 

diode’s voltage VSD(T) even at VGS=-20V the built-in voltage is not reached 

and temperature sensitivity is low for the investigated sense current amplitudes. 

For VGS(T) the temperature sensitivity is increased, when lowering the sense 

current from 100mA to 10mA. 

VSD,3(T) =  -1.13mV/K + 0.669V

VSD,2(T) = -1.16 mV/K + 0.982V

VSD,1(T) = -1.19mV/K + 1.035V
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Fig. 176: Comparison of calibration curves of one SiC JFET for VSD(Tj) with VGS=-15V,-

20V and VGS(Tj) for different sense currents 1mA, 10mA and 100mA; at VGS=-20V the 

VSD(Tj,1mA) increases almost to the level observed for VGS(T) 

Tests with SiC JFET modules in standard technology without base plate con-

taining six paralleled 1200V/7.5A SiC JFETs each, totaling 45A nominal cur-

rent, were performed with targeted values ΔTj=80K and Tjmax=150°C. The first 

group was tested using the inverse diode mode at ILoad=19A, ton=2s and VGS=-

15V, caused by the high built-in voltage the load current accounting for less 

than 50% of nominal current leads already to the targeted temperature swing 

ΔTj=80K.  

The plot in Fig. 177 depicts VSD(Iload) hot, cold and Zth(ton) referenced to the 

initial value and the temperature swing ΔTj normalized to the achieved number 

of cycles for one device under test. As expected for SiC devices with soldered 

die attach from experiences with testing SiC SBDs, the thermal resistance 

starts rising early in the test and so does the temperature swing. The voltage 

drop at the end of the power pulse VSD,hot(Iload), however stays almost constant 

due to its negative temperature coefficient. Even beginning degradation as ob-

served in the plot of VSD,cold(Iload) with about 1% rise is compensated in the hot 

state. The second group operated in JFET mode was tested with ILoad=39.5A, 

ton=1.5s and IG=100mA. Fig. 178 depicts the parameters for one device under 

test. During the test the load current varied by 0.5% at the end of the power 

VSD(T , VGS=-15V, IS=10mA)  = -1.3mV/K + 0.76V

VSD(T, VGS=-15V, IS=100mA) = -1.1mV/K + 0.87V

VSD(T, VGS=-15V, IS=1mA) = -1.4mV/K + 0.68V

VSD(T, VGS=-20V,IS=1mA)  = -1.3mV/K + 2.20V

VGS(T,IG=100mA)= -2.1mV/K*T + 2.69V

VGS(T, IG=10mA)= -2.4mV/K + 2.60V
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pulses this was strongly forwarded to the voltage drop VDS,hot., caused by the 

positive temperature coefficient of the RDSon . This resulted in a fluctuating 

temperature swing of almost 4K. The effect is compensated in the plot for Rth, 

which is here calculated based on VDS,hot. The power cycling results with test-

ing in JFET mode were similar to the expectation as observed with SiC SBD. 

 

 

Fig. 177: Six paralleled 7.5A/1200V SiC 

JFET tested in inverse diode mode, 

VSD,hot(ILoad) stays constant, VSD,cold(ILoad) 

rises with degradation, IS=19A, ton=2s, 

VGS=-15V 

 

Fig. 178: Six paralleled 7.5A/1200V SiC 

JFET tested in JFET mode, VDS,hot(ILoad) 

temperature dependent, ID=39.5A, 

ton=1.5s, IG=100mA, during testing the 

load current varied by +/-0.5A resulting in 

fluctuations of power losses 
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5.2.8 SiC MOSFET 

The SiC MOSFET being a normally-off voltage controlled is the favored de-

vice in silicon carbide. Also being able to operate in the third quadrant makes 

the need of freewheeling diodes obsolete. Introduced to the market in 2011 by 

Cree [192], the devices are becoming more and more mature. In 2019 a high 

power module with 3.3kV SiC MOSFETs was presented by Hitachi achieving 

the highest nominal power density 47 kVA/cm² per base plate area about 25% 

higher than the previous record, [193]. The low specific resistance of silicone 

carbide will further make unipolar devices feasible beyond the limits of today’s 

silicon bipolar devices IGBT and thyristor. Prototypes of SiC MOSFETs of 

10kV, 15kV and higher voltage classes are being studied, see for example [194] 

and [195]. 

Definition of suitable TSEPs in SiC MOSFETs was difficult in the past, be-

cause many parameters were not stable enough to be used as a reliable temper-

ature sensing parameter. An overview of issues is given in [196]. This chapter 

discusses three investigated parameters, which show a strong temperature de-

pendency, and proposes a method for testing. 

The on-state resistance RDSon shows a strong temperature dependency over cur-

rent ID as depicted in Fig. 179. In [197] problems with changing RDSon after 

applying high gate voltage for 1h were reported. The effect is caused by 

trapped electrons in the gate-channel, which scatter the conducting electrons 

and thereby rise the RDSon. The effect heals with time and temperature. Also 

alternating the gate voltage VGS may lower the effect. There is another reason, 

why this method is not favorable. Degradation of chip metallization and bond 

feet will lead to RDSon increase as well. Thereby it is difficult to distinguish it 

from rising Rthjc caused by solder degradation. 

The gate threshold voltage VGSth measured with shortened gate-drain at a low 

sense current Isense is strongly temperature dependent. In Fig. 180 a calibration 

curve with Isense =100mA of a 20A/1200V SiC MOSFET is depicted. The plot 

is nonlinear with a slope of about -10mV/K, which provides a very high tem-

perature sensitivity. 

The absolute VGSth is low for SiC MOSFETs, because of the thin gate-oxide. 

This compromise is made to lower the high channel resistivity caused by the 

low electron surface mobility of SiC. Unfortunately, the VGSth is also affected 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/A%23_CTVL00174a2a858f52f40dead2f4e658479465b
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Single%23_CTVL00183d223b793004c878d6f50da08dc25d5
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/ZVS%23_CTVL001c6cd5240d3b74217bdc5e958737d4353
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Reliability%23_CTVL0018d0b3b6bc63142a0bfb6a01b3e966cc0
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by the trapping phenomenon, which discards this method from application as 

discussed in the following. 

 

 

Fig. 179: Temperature dependency of RDSon over ID, taken from [184] 

 

 

Fig. 180: Static calibration curve of gate threshold voltage VGSth(T)and source 

drain voltage VSD at VGS=0V and VGS=-10V for a discrete SiC MOSFET 

VSD(100mA,VGS=-10V) 

VVS 

VSD(100mA,VGS=0V) 

VVS 

VGSth(100mA) 

VVS 
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Further depicted in Fig. 181 is the voltage drop of the inverse diode VSD(T). 

Contrary to a Si MOSFET the SiC MOSFET’s gate-channel is not completely 

closed at VGS=0V. The voltage drop at the pn-junction is about as high as the 

gate-threshold voltage. Thus, the gate is opened and enables part of the current 

to pass the channel. The absolute voltage drop VSD(VGS=0V) is lowered. The 

absolute temperature slope is increased in this example to 4.4mV/K, because 

the effect of lowered VGSth with temperature overlaps. Only if a high negative 

voltage is applied to the gate, the whole sense current passes the pn-junction. 

Then the absolute VSD is increased, the slope is decreased to 2.4mV/K and the 

expected linear characteristic is observed. The characteristic of the inverse di-

ode in Fig. 181 indicates that only for the specified minimal gate voltage of -

6V and lower the junction-threshold voltage does not change anymore, because 

the bypass through the gate channel is closed. 

 

Fig. 181: Static characteristic of inverse diode of a SiC MOSFET at 150°C, only at VGS< -

6V and below the channel is closed and the expected built-in voltage of about 2.7V at room 

temperature is seen 

For thermal characterization a single power pulse is applied. From the cooling 

curve the thermal impedance can be derived. For these investigations long-

term drifts of the used TSEP is not of importance. Measurements using short 

power pulses, where the self-heating can be neglected, were performed to eval-

uate short-term changes in the TSEPs. For both methods VGSth(T) and 

VSD(T,VGS=0V) the voltage drop was increased after the power pulse, see Fig. 

182 and Fig. 183. The effect needs several hundred milliseconds depending on 

the device to fade away and gives the illusion of a rising junction temperature 

during cool down. When applied to high power pulses the effect overlaps with 

actual device heating and might be overlooked.  
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Fig. 182: Plot of VGSth(ID=100mA) for two different samples after applied 

load current pulse ID=10A with short on-time ton=20ms, where self-heating 

may be neglected, dotted lines indicate the initial VSD(ID=100mA) before the 

current pulse 

 

 

Fig. 183: Plot of VSD(ID=100mA) with VGS=0V for two different samples, after applied 
load current pulse ID=10A with short on-time ton=20ms, where self-heating can be ne-
glected, dotted lines indicate the initial VSD(ID=100mA) before the current pulse 
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The observed effect is caused by trapped charges at the 4H-SiC/SiO2 interface 

at the gate channel, which lowers the electron mobility and thus increases the 

resistance of the gate channel bypassing the pn-junction. A method for charac-

terization of interface traps in presented in [198]. When VGS=-10V is applied 

to measure VSD(T), the effect vanishes, see Fig. 184. The resulting VSD(100mA) 

fits to the initial value and lies above the built-in voltage of a pn-junction in 

SiC.  

 

 

Fig. 184: Plots of VSD(ID=100mA) for two different samples with applying VGS=-10V after 

(here tMD=500µs was chosen) applied load current pulse ID=10A with short on-time 

ton=20ms at room temperature, where self-heating may be neglected, dotted lines indicate 

the initial VSD(ID=100mA) before the current pulse, the resulting voltage drop fits to the 

initial value and lies above the built-in voltage of a pn-junction in SiC 

With the method VSD(T) at suitably high negative gate voltage chosen for tem-

perature measurement, there are three plausible methods left to discuss for 

heating the device with conduction losses inverse diode-mode, inverse and for-

ward MOSFET-mode. 
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Fig. 185: Setup of test in inverse Diode 
mode, VGS constantly at minimal specified 
magnitude, load current and sense cur-
rent in same direction, not favorable 

For inverse diode-mode the load current is fed 

into the source, where the gate-voltage is at con-

stant negative value, see Fig. 185. The voltage 

drop VSD(VGS<<0V) however is decreasing with 

temperature. This could result in both effects 

taking place either reduced power loss for higher 

temperatures, which partly compensates degra-

dation and therefore decelerates or accelerates 

degradation by current crowding in hot spots. 

Hence test results would be falsified. In [107] 

factor five longer lifetime was reported for a 

low-voltage Si MOSFET, when operated as in-

verse-diode. It is comparable to the findings in 

[25], where different control strategies in power 

cycling of IGBTs were compared. There an up 

to three times longer lifetime in tests was found, 

when the power losses were adjusted during 

testing. In SiC additionally bipolar degradation 

could take place, which would give too pessi-

mistic test results. 
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Fig. 186: Setup of test in Inverse 

MOSFET mode, VGS at max. positive 

magnitude during load and at min. nega-

tive for temperature measurement, not 

ideal 

If the SiC MOSFET is operated in the third 

quadrant and during on-time the gate voltage is 

risen to specified maximal voltage, as depicted 

in the setup Fig. 186. The voltage drop behaves 

as in forward mode, rising accordingly to RDSon. 

This only is assured when there is enough mar-

gin to the threshold-voltage of the pn-junction 

VSDth. If the voltage drop VSD comes close to the 

VSDth for example 2.3V at 150°C, a part of the 

current flows across the inverse diode and again 

will lead to falsified test results. 
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Fig. 187: Setup of test in MOSFET mode, 

VGS at max. positive magnitude during 

load and at min. negative for temperature 

measurement, favored test setup 

Thus, the favorable mode of testing with a DC 

current topology is in forward direction, where 

the forward losses will behave as in most appli-

cations. A higher effort comes with it, see  

Fig. 187. The sense current flows in reverse di-

rection of the load current, thus diodes need to 

be connected in series to the sense current to 

avoid load current feeding into the sense current 

source. The number of diodes n needed is de-

fined by their forward threshold voltage Vf and 

the forward voltage drop VDS of the device un-

der test. The following shall be fulfilled: 

𝑛 ⋅ 𝑉𝑓0 > 𝑉𝐷𝑆 

During on-time, when the external switch is 

closed, the load current must not run into the 

sense current source. The gate voltage shall be 

set to the nominal value to avoid set the working 

point on to a negative temperature characteristic 

curve, which would falsify test results. 

For avoiding high voltage at the measurement channels during power cycling 

operation a delay time at the beginning and the end of each on-time period is 

introduced. The delay time should be chosen as short as possible respecting 

dead times in the setup. The resulting switching pattern is listed in Tab. 29. 

Alternatively, during off-time the device under test could be turned on again, 

while device temperature is not measured to avoid drifting of the threshold 

voltage as discussed later. 

Tab. 29: Pulse pattern of the DUT and auxiliary switch for SiC MOSFET testing in 

MOSFET-mode in DC power cycling 

Duration 1..50µs On-time 1..50µs Off-time 

DUT ON ON ON OFF 

External 

switch 

OFF ON OFF OFF 

 

Prototypes of 1200V/250A SiC MOSFET modules with standard soldered and 

sintered die attach were tested in the above mentioned forward MOSFET mode. 
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Fig. 188 shows the plot of Rth and VDS for three samples over normalized num-

ber of cycles until end-of-life criteria is reached. The cycles are normalized to 

100% for each individual technology due to restrictions by the project partner. 

The improvement of power cycling capability for the sintered die attach can 

therefore not be discussed here. Obviously, the trend of Rth rises for DUT #1, 

where standard lead-free solder was used as die attach shows the same behav-

ior as discussed for SiC diodes in standard module technology. There the dom-

inating failure mechanism is solder fatigue noticeable with early Rth increase. 

The DUTs #2 and #3 have a silver-sintered die attach. Both DUTs failed due 

to VDS,cold increase by 5% of the initial value caused by bond wire lift-off. 

Hence, if standard aluminum bond wires are used in combination with im-

proved die attach technology, they are the next weak point for SiC devices.  

 

 

Fig. 188: Test results with 1200V/250A SiC-MOSFET modules, plot of forward voltage 

drop VDS and Rth, #1 with soldered die attach shows increasing Rth starting from 40% of 

performed cycles; for #2 and #3 samples with sintered die attach Rth stays constant and VDS-

increase due to bond wire lift-off leads to failure, published in [199] 

Discrete SiC MOSFETs in TO-247 package of different manufacturers were 

tested with power cycling in MOSFET mode. For all devices under test the 

gate voltage was set to VGS=20V during on-time and VGS=-10V during off-

time. Even though with these settings exceeded the specified limits of gate 

voltage for one device type no problems regarding gate oxide reliability in the 

test were encountered. The total testing time per device in these test runs was 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Power%23_CTVL00112aaf5a0f181464eb57e7df852e2f93d
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less than 30 hours, whereas the limitations regarding minimal/maximal speci-

fied gate voltage are derived from high temperature gate-bias (HTGB) tests. In 

[30] for example the end-of-life criterion in terms of time dependent dielectric 

breakdown is defined by increase of gate leakage current to stay below five 

times the initial value and by the shifting of gate threshold voltage to stay in 

the specified limits of the data sheet specification. The dwell time is 1000h at 

maximal specified temperature and minimal and maximal specified gate volt-

age. In general, the minimal specified gate voltage shall be obeyed. Neverthe-

less, the validity of the calibration curve applied for devices needs to be con-

firmed both statically and dynamically with the above-described method be-

fore and after testing.  

The publication [200] investigated a SiC MOSFET type C3M0075120K by 

Cree having a minimal specified static gate voltage -4V for body diode opera-

tion with switching frequency smaller than 1Hz. A method is suggested to de-

termine the minimal gate voltage needed by calibrating VSD(T) for different 

negative gate voltages and comparing if the change in measured temperature 

sensitivity 
𝛿𝑉𝑆𝐷(𝑇)

𝛿𝑇
 is susceptible.  

𝛿

𝛿𝑉𝐺𝑆

𝛿𝑉𝑆𝐷(𝑇)

𝛿𝑇
= 0       (144)  

 

For the sample the authors found that a minimal negative voltage of -6.5V is 

needed and added another 1.5V for margin resulting in VGS,off=-8V. According 

to the datasheet the device is specified for -8V for frequencies higher than 

1Hz.With the applied off-time 1.5s the datasheet value was violated and a shift 

in gate-threshold voltage – well within the datasheet specification - lowered 

the RDSon and lead to a decrease of forward voltage by about 1% during the test. 

This behavior partially compensates voltage increase by degradation of bond 

wires and chip metallization. Hence this will falsify test results. A possible 

counter measure could be to only apply the negative gate voltage, when meas-

uring Tjmin and Tjmax during testing and thus minimizing the dwell time of neg-

ative gate voltage with high amplitudes. A more recent publication [201] pre-

sented the prototype of a test bench and suggested testing with -5V at the gate 

for VSD(T) measurement for the same type of SiC MOSFET, but did not pre-

sent any power cycling test results. These stated conditions would violate the 

datasheet specifications for tcycle>1s and still would not fully compensate the 

effect of trapped charges at the gate channel. 

file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Challenges%23_CTVL0014b0a250510fd4e50aef8bb4e960974f6
file:///C:/Users/Mubblischer/Documents/Literatur/___Dissertation/00_Veröffentlichung/Design%23_CTVL0019459f81d03a3494f9258572a41b7d2bb
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The first test results at TU-Chemnitz are shown in Fig. 189 to Fig. 192. In the 

plot of the device from manufacturer MC a 1% decrease is visible in the voltage 

drop at load current at the end of the load pulse VDS,hot also the value at the 

beginning of the power pulse shows this trend. This slight decrease in VDS was 

assumed to be caused by lowering thermal resistance of the TIM as with the 

relatively short toff=1.5s thermal steady point is not reached during cool down. 

Consequently, also VDS,cold measurement is affected by this effect.  

The other samples from other manufacturers did not show this effect. Beside 

these uncertainties the devices of manufacturer MA showed about twice the 

power cycling capability than the others when compared to the lifetime ex-

pected for SiC devices assuming 25% of CIPS 2008 model, see Fig. 192. The 

test result of device from manufacturer MD is not representative as discussed 

in the following. 

During the test of a SiC MOSFET from a fourth manufacturer MD a problem 

on the test bench occurred and the cooling was interrupted. No abort criterion 

was set, so the power cycling continued with reaching high junction tempera-

tures above specification. This faux pas is documented here, because it is in-

teresting to see that the trend of RDSon at load current and temperature meas-

urement via VSD(T) agree in a large temperature range, see Fig. 193 and Fig. 

194. Only after beginning bond wire fatigue the VDS(T) at load current in-

creases and falsifies temperature measurement with this method. 
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Fig. 189: Discrete 40A/1200V SiC MOSFET, 

ID=31A, ton=1s, ΔTJ=82K, Tjmin=70K, manufac-

turer MA 

 

Fig. 190: Tjmax=150°C, manufacturer MB  

 

Fig. 191: Tjmax=150°C, manufacturer MC, first 

stepwise increase of VDS at around 20,000 cycles 

  

Fig. 192: Comparison of first results on 

SiC MOSFETs from different manufac-

turers MA, MB and MC in TO-247 hous-

ing normalized to expectation for SiC, 

test with device MD is not representative  
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Fig. 193: RDSon from measurements at the 

beginning “cold” and the end of each power 

pulse “hot” plotted over temperature de-

rived by VSD(T)- method, the RDS,on(T) fol-

lows a polynomial, effect of degradation in-

creases measurement uncertainty, visible in 

marked areas 

 

Fig. 194: Temperature plot of test with dis-

crete SiC MOSFET from manufacturer MD, 

for temperatures above 150°C the calibra-

tion curve VSD(T) was extrapolated 
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6 Conclusion and Outlook 

Power cycling tests with online temperature measurement were established in 

the 1990s to determine the power cycling capability of IGBT modules. This 

work contributes to the research in this field by giving advice on improving the 

measurement accuracy of the virtual junction temperature and suggesting im-

proved test methods for semiconductor power devices in silicon and silicon 

carbide. 

Characterization and improvement of measurement equipment used at power 

cycling test benches, such as input voltage protections, sense current sources, 

load current sensors in terms of response time and accuracy, provide a solid 

foundation for interpretable test results. Systematic errors need to be known to 

allow estimating the actual maximum junction temperature and thus the tem-

perature swing being the most influential parameter on power cycling lifetime. 

The standard deviation required by AQG-324 of 5K for measurement of virtual 

junction is too high to achieve a favorable uncertainty of lifetime models of 

lower than 20% in the range of temperature swing 80K and below.  

A large share of the overall effort was put into test bench software development. 

This included coding of control algorithms, unification of test software for var-

ious test benches with different topologies, improving stability of the measure-

ment loop, automatization of parameter logging and report generation. This 

enabled testing of larger number of devices while lowering the efforts in per-

forming and analyzing tests. Wherever possible measurement and testing pro-

cesses should be automatized to enable repeatability of testing, to minimize the 

risk of human error and to provide more accurate test results as a base for life-

time modeling. 

A new method to identify the systematic measurement error caused by semi-

conductor internal processes, which may lead to overestimation of the maximal 

junction temperature and thus power cycling capability, was developed. It has 

been shown that for high voltage IGBTs a measurement delay tMD of up to 

several hundred microseconds after removal of the power pulse needs to be 

adhered. In addition, it was shown that for IGBTs the maximal junction tem-

perature should not be extrapolated using the square root-t method as it also 

may lead to overestimation of virtual junction temperature. An extrapolation 

using an exponential function yields better results. The standard tolerance of 
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this indirectly measured temperature required by AQG-324 of 5K already ac-

counts for 33% uncertainty in power cycling test results at typical test condi-

tions with ΔTj=80K and is higher for lower temperature swings. Therefore, it 

is recommended to state the actual measurement delay tMD and the extrapolated 

maximal junction temperature Tjmax(t=0) from tests for more accurate lifetime 

modeling. The systematic measurement error is proportional to the applied 

power density in tests and hence this may falsify lifetime models. 

Available single phase DC current test benches were optimized for increased 

current slopes during turn-off allowing to minimize the measurement delay and 

to reduce the systematic error in junction temperature measurement. The test 

bench software was enhanced for multi-phase DC current test benches with 

automatized online measurements. This concept was adapted to all subsequent 

test benches at the power cycling laboratory in TU-Chemnitz and is the stand-

ard topology applied in commercially available test benches. The developed 

cross regulator allows to avoid current overshoots when switching between 

phases with different loads and enables operation of different current ampli-

tudes in the test legs. 

A single and a three-phase test bench topology with AC-current with online 

junction temperature measurement was developed - so far only AC test 

benches with only temperature estimation are available, at least to the 

knowledge of the author. The topologies allow application close testing of AC-

AC converters. The concept was proven by testing thyristor modules. It might 

also be interesting for application conform testing of IGBTs with freewheeling 

diodes. The control of ignition angle in positive and negative current direction 

allows junction temperature measurements during on-time and emulation of 

operation points concerning power factor and modulation index. A limitation 

of applying AC current or pulse load during on-time is the resulting tempera-

ture ripple. This causes a systematic measurement error of underestimating the 

maximal junction temperature, because the device cools down before the zero-

crossing of the sinusoidal current waveform. This can be overcome by estima-

tion using a simplified thermal network. Alternatively with few adaptions of 

the control algorithm the load current could be turned-off after reaching the 

peak current of the waveform. 

An inverter like test bench topology with a nominal current of 2kA using low 

DC link voltage and offering two modes of operation was developed. These 

consist of a standard-like operation, comprising subsequent current operation 
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of phases, and an inverter-like operation with relatively high-frequent switch-

ing within one H-bridge before operating the next H-bridge. Whereas the first 

mode of operation was used for short on-time and long testing time confirmed 

the estimated lifetime. The second mode of operation was never set into oper-

ation for a test, despite large efforts in programming complicated switching 

patterns for online-temperature measurements were undertaken. The available 

concept could be adapted for application close high-voltage DC link operation. 

An advantage worth mentioning is that the topology is free from auxiliary 

switches increasing the efficiency and avoiding material costs, which is of 

great interest for high power test benches. The tested 1200V/900A IGBTs in 

standard module technology at ΔTj=40K and ton=60ms reached about 15 mil-

lion cycles and thereby fulfilled the expectation. The devices failed with bond 

wire lift-off and did not show any new failure mechanism caused by the switch-

ing operation. 

The topology with inductive switching was proposed and successfully put into 

operation. It enables to decouple the heating losses from the applied load cur-

rent to some extent. Especially for low voltage MOSFETs this is of great in-

terest as operating with DC current alone in MOSFET mode would require too 

high current amplitudes overstressing the joints. Additionally, the devices un-

der test proof switching capability during testing. No new failure mechanism 

was observed and the test results agree with results from standard DC tests. 

The test bench concept should however only be applied to devices, where the 

application conditions are similar, because the thereby induced switching 

losses have negative temperature characteristic contrary to most applications. 

This holds the same risk as operation with inverse diode mode or low gate 

voltage, which might falsify test results caused by current crowding.  

Discrete MOSFETs in SMD housing soldered on PCBs were tested using load 

operation in inverse diode mode, which is still conform with applicable stand-

ards today. Despite newer results indicate lower power cycling capability in 

this test mode, the comparison of devices in same power class allows compar-

ison of different packaging technologies. Despite offering lower stray-induct-

ance and enabling better thermal performance the tested CANPAK showed 

only about 10% to 20% expected lifetime compared to estimations based on 

CIPS2008 at high temperature. The weak point was identified to be the solder 

connection to the PCB. At low temperature about 50% of estimated cycles 
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were reached. The test results for D2PAK samples outperformed the estima-

tions by a factor 2 and could be even higher when testing more conform to 

application conditions. The failure mechanism bond wire lift-off was observed. 

For thyristors two already known methods of junction temperature measure-

ment, based on anode-cathode voltage VAC(T) and gate-cathode voltage VGC(T) 

at low sense current, were applied and compared. The derived thermal imped-

ance measured was same for both methods. Due to aging of interconnects in 

testing the method of injecting the sense current at the gate and using the meas-

ured VAC(T) as TSEP is recommended as best approach. If applicable the sense 

current should be selected sufficiently high to enable triggering the devices 

under test at desired minimal junction temperature and at aged state. 

Test results of SiC SBDs in standard module technology indicated a 3 to 4 

times lower power cycling capability than Si based IGBTs of similar current 

rating and joining technology, when compared under similar test conditions 

ΔTj and Tjmax. It was the first time these findings were published. This differ-

ence is explainable by the material properties of silicon carbide, higher Youngs 

modulus and thermal conductivity leading to higher temperatures at the chip 

edges compared to silicon, this can be expected to be valid for any other SiC 

based device as well. For SiC JFETs in standard technology this estimation has 

been confirmed in test results. The reduced lifetime needs to be regarded in the 

reliability design. Test results of SiC SBDs with improved joining technology 

have shown to remedy this shortcoming. Prototypes survived a factor 50 more 

cycles than expected for SiC based standard module technology without reach-

ing EoL-criteria. Five years later the test results still are referred in publicized 

power cycling capability of SiC devices. 

The method to operate SiC JFETs in forward mode for testing rather than in 

inverse diode mode is recommended. The inverse diode mode resulted in about 

factor two lower lifetime. This mode of operation holds the risk to trigger bi-

polar degradation of the chip’s crystal lattice. Additionally, it does not allow 

power cycling with load current in the range of 80% and above of the device’s 

nominal current, limited by the high voltage drop across the pn-junction in SiC. 

Therefore, it is suggested to only apply forward conducting mode of the SiC 

JFET as test method in power cycling and using the gate-source voltage 

VGS(T)at low sense current as the TSEP. 
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Similarly, the testing in forward conducting mode at nominal turn-on gate volt-

age is recommended for low-voltage Si MOSFETs. However, with their spe-

cific RDSon being relatively low testing without switching losses in standard DC 

tests might result in these devices being tested at higher current amplitudes 

than ever occurring in application. The developed test bench topology with 

inductive switching might be best practice for this type of devices. 

For SiC MOSFETs, the testing method in forward conducting mode with a 

feasible and reliable method for online temperature measurement using the 

built-in voltage of the inverse body diode’s pn-junction VSD(T) as TSEP at high 

enough negative gate bias is found and recommended as a standard procedure. 

It was the first time this method was published. In the meantime, it was con-

firmed by other publications giving suggestions for improved definition of the 

minimal required gate voltage. Reliability issues of the gate-oxide reported for 

devices of some manufacturers and thereby limited specification of negative 

gate bias may be overcome by limiting the duration of negative gate voltage to 

very short measurement intervals, but must be clarified case by case. 

For the SiC bipolar junction transistor a measurement method using VBE(T) at 

low sense current for junction temperature was applied and tested for measur-

ing the thermal impedance. The sense current applied to the junction can be 

selected low enough to keep the device in blocking mode up to high DC volt-

age. The measurement delay caused by discharging the junction capacitance 

limits the sense current in SiC to lower values. Beside that leakage currents to 

the measurement system and signal-to-noise ratio also need to be considered. 

Future Work 

One big remaining challenge in reliability testing is the proof of safe-operat-

ing-area for switching, blocking capability, robustness against short circuit and 

surge current events. The author suggests combined testing of power cycling 

and robustness. First investigations were performed in the meanwhile and raise 

interest in the topic. The EoL-criteria defined by standards of 5% increase of 

forward voltage drop and 20% increase of Rth are historically specified for IG-

BTs in standard power module technology and might need to be adjusted for 

improved joining technology and packaging concepts.  

The measurement of junction temperature using the voltage drop at low sense 

current, often referred to as VCE(T)-method, needs refinement. The commonly 

applied rule of thumb to set the sense current to about one-thousandth of the 
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nominal current should be validated for each type of semiconductor device. 

Influences on the virtual junction temperature such as the used measurement 

delay, temperature sensitivity, weighting of hotspots especially for multi-chip 

devices and the ratio of leakage to sense current in the given temperature range, 

can be of interest for future work. A standardized approach would help to lower 

uncertainties and improve comparability of power cycling test results. 

Additionally, combined stresses for example induced by surge-current events 

and their impact on power cycling capability are expected interesting for future 

analysis. The author suggests studies of this topic and first results indicate a 

strong impact. Other examples are mechanical vibrations and shock or humid-

ity at high voltage occuring in application and might lead to acceleration of 

failure mechanisms when superimposed with power cycling. These environ-

mental stress tests in operation are known on system level, but studying the 

failure mechanisms is easier accessible on device level. 
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Theses 

1. For precise measurement of maximal junction temperature using the VCE(T)-

method a measurement delay after turn-off needs to be respected. A setup was 

developed to derive the minimal measurement delay tMD. For bipolar devices 

the tMD is caused by recombination time. For a 6.5kV IGBT tMD=650µs at 

125°C junction temperature was determined. Other impact factors, parasitic 

elements of the test setup and response times of the measurement system, need 

to be optimized for improved accuracy.  

2. The square root t method on a cooling curve derives good results for single 

side cooled devices, where the heat generation is concentrated on top side and 

is close to the layer of temperature sensing. This is given for diodes and SiC 

MOSFETs. The method may however overestimate the junction temperature 

at turn-off Tj(t=0), when heat generation inside the device is distributed and 

the temperature sensing layer is at the bottom side of the device. This is the 

case for example in IGBTs. There as an alternative the use of an exponential 

fit to derive Tj(t=0) instead is advised. A more dedicated approach is to apply 

FEM-models to derive and compensate the error in temperature measurement 

in parallel to the measurements.  

3. An AC test bench topology was developed, which offers application close 

testing of thyristors and has online junction temperature measurements inte-

grated. Additionally, this topology offers a method to mimic power factor de-

pendent current sharing between IGBTs and free-wheeling diodes. 

4. An inverter like topology was developed, which enables testing with appli-

cation close current path and testing all IGBTs in half-bridge modules. The 

devices under test are performing switching operations at load current, thereby 

they prove switching capability throughout the derived lifetime and no auxil-

iary switches for load current are needed. 

5. A topology with inductive switching was developed, which allows testing 

MOSFETs with switching losses and thus reduced current amplitudes in 

MOSFET-mode compared to conventional DC-testing, where only conduction 

losses are applied. Testing at too high current amplitudes or in inverse diode 

mode, which falsifies test results, can thus be omitted. 

6. Real inverter setups enable application closest testing, but accurate junction 

temperature measurement is challenging in these setups. Obstacles are fast and 

precise input protection circuits and common mode immunity to apply the 

VCE(T)-method. In publications often inductive loads are used, which do not 
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allow variation of power factor, this limitation affects testing of IGBT modules. 

For SiC MOSFETs it is not important, because losses do not vary with chang-

ing power factor.  

7. First test results of Si MOSFETs D2PAK mounted on PCB and tested in 

inverse diode mode outperformed expectations by factor 2.7 compared to 

CIPS2008 model of same device thickness. Similar samples with CANPAK-

housing showed about 3...10 times lower power cycling capability. The bottle 

neck is the soldering to pads on PCB. 

8. Two methods for junction temperature measurements for thyristors were in-

vestigated, based on VGC(T)- and VAC(T)-method. The method of using VAC(T) 

as temperature sensitive parameter is preferred due to lower number of re-

quired measurement channels and also the electric connection is typically 

lower ohmic than for VGC(T) and thus the higher temperature sensitivity is 

achieved. 

9. Tests on SiC SBDs yielded factor 3...4 lower power cycling capability com-

pared to Si IGBTs under same testing conditions in standard module technol-

ogy. Advanced joining technologies enable to overcome this drawback and to 

increase maximal temperature of operation. 

10. For SiC JFETs operation in inverse diode mode shall be omitted in power 

cycling tests. This has the drawbacks of applying low load current, risk of bi-

polar degradation and current crowding and is far from the real application. 

JFET-mode shall be applied instead. For temperature sensing the VGS(T)-

method is advised and provides better temperature sensitivity than the VSD(T)-

method. 

11. Thermal measurements with for SiC BJTs were performed using the VBE(T) 

as temperature sensitive parameter. The low leakage current of the devices en-

ables the use of very low sense current densities. It can be selected low enough 

to keep the device in blocking state, but the measurement delay due to junction 

capacitance needs to be regarded. 

12. A test method for SiC MOSFETs, using the thermal sensitive electrical 

parameter VSD(T) of the inverse diode at low enough negative gate voltage and 

heat generation in forward conduction mode, was developed and is proposed 

for qualification standards. 


