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1 Introduction 
In operation semiconductor devices are subjected to a variety of temperature changes. Some of these 
temperature changes are caused by the devices themselves, e.g. by switching or conduction losses, and 
some of the temperature changes are caused by external factors, e.g. change of seasons or reduced cooling 
when a locomotive drives in a tunnel or at high altitude. The magnitude of a temperature change can range 
from fractions of degrees to more than 100 K. Furthermore, the time such changes take varies from a couple 
of microseconds (switching) to months (seasons). All together the number of variables is so large that hardly 
two modules are subjected to the same pattern of temperature changes. 

However, every temperature change stresses the semiconductor device and finally wire-bonds are lifted-off, 
chips or substrates delaminate, internal connections break, or the housing or base-plate cracks, etc. In any 
case, the device will fail. For the user it is important to know when this is going to happen. Unfortunately, the 
wear-out process holds an element of “chance” due to small manufacturing variations of the devices, so it is 
impossible to tell exactly when an individual device will fail. The only meaningful values are the failure 
probability for an individual device and the percentage of failed devices for entire populations. This application 
note is intended to explain the involved statistical tools and to provide a basis on which the power electronics 
designer can estimate module lifetimes, adjust parameters such as power levels or simply select the right 
semiconductor device for a particular application. 

2 Measuring the Load-Cycle Capability 

2.1 Test Strategy 
Although, the tests have to assess the entire lifetime of a module – which can easily be tens of years – the 
tests should not take longer than a couple of months, otherwise the obtained information will most probably 
be obsolete or useless. Furthermore, the tests have to deliver general information because it is not practical 
to test the devices for each customer application separately. Therefore, accelerated and standardised tests 
have to be carried out in order to determine the load-cycle capability of a semiconductor device such as the 
HiPak module. 

The common practice is power-cycle testing with a constant temperature excursion. Basically, this reduces 
the number of parameters to two, the temperature excursion and the absolute temperature. During the test, 
the modules are switched on and off, i.e. they are heated and cooled, such that their temperature oscillates 
between two constant values. The acceleration of the test is achieved by increasing the temperature 
excursion above the values a module is subjected to in normal operation. Of course, this method introduces 
an error when calculating backwards to normal operation conditions (see Sections 3.1 and 3.2) but it is the 
only way to obtain results within a useful period of time. 

Unfortunately, the construction of the module introduces a complication into the definition of the tests 
described above. In fact, during operation, the temperature of the semiconductor chips is significantly higher 
then the temperature of the base-plate. Furthermore, if the module is switched at high frequencies the base-
plate might see no temperature excursions at all, while there is a considerable temperature excursion on the 
semiconductor chips. The reason for these effects is the thermal impedance between the chips and the base-
plate (see front page top right). Due to the thermal resistance, the heat flow from the chip through the base-
plate into the cooler induces a temperature difference and the thermal capacitances filter away all high 
frequency ripples. 
Therefore, tests are set-up either to assess the semiconductor chip, its soldering and the bond wires or to 
assess the rest of the module, i.e. base-plate, housing, and substrate soldering. Tests for bond-wires etc. can 
use pulses as short as 1 sec (ton + toff), while the rest of the module is thermally slower and requires pulses of 
about 1 min. Furthermore, the temperature of the short-pulse test is measured with respect to the junction, 
while the temperature of the long pulse test is measured with respect to the case, i.e. the base-plate. 

2.2 Describing Failure Statistics – Weibull Distribution 
When subjected to the tests described above the devices eventually start to fail. A device is regarded as 
failed if its on-state voltage drop increases by more than 5% during the test, its thermal resistance increases 
by more that 20% or the device is not switching properly anymore. Due to small manufacturing variations 
some modules fail earlier than the average, while others remain operational substantially longer. 
Unfortunately, there is no way to assess the small differences between the individual modules, so there is 
also no way to correlate the tested lifetime of an individual module to its properties. The only thing that can be 
done is to statistically describe how a population of such modules behaves, i.e. when the individual devices 
fail. 
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Usually, the wear out of semiconductor modules can be modelled by the Weibull distribution. The Weibull 
distribution is named after the Swedish engineer Wallodi Weibull who discovered this relationship when 
investigating wear out of metals (first published in 1936). The Weibull failure probability is given by: 




















−−=

β
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NNF exp1)(  

F(N) can be interpreted in two ways: first it is the probability that an individual device fails before reaching N 
temperature cycles and second it is the percentage of a large population of such devices that has failed after 
N cycles. 
The two parameters of the Weibull distribution are the characteristic lifetime Nc, i.e. the scale parameter, and 
the slope β, i.e. the shape parameter. The larger Nc, the later the devices start to fail and the larger β, the 
shorter the time between two failures once they start to fail. Therefore, a large Nc and a large β are desirable. 

To determine the two parameters from measurements, a particularly scaled graph paper, on which a Weibull-
curve appears as a straight line, was used before computers became ubiquitous. Today, software packages 
such as Minitab can easily fit a Weibull distribution to experimental data e.g. by means of the least square 
method. An example for such a Weibull graph is shown below. Plotted are the failures (red dots) of a test 
performed on HiPak-substrates in order to test the wire-bonds. As can be seen from the Table of Statistics, 
the shape β, i.e. the slope of the fitted straight line, has a value of about 5.7 while the scale Nc, i.e. the 
position of the straight line in the horizontal direction, has a value of ca. 2 Mcycles. 

From the fitted line it is now also possible to directly read off (or calculate) the capability of the modules 
tested. A typical value to characterise is the 10%-capability N10%, i.e. the number of cycles it takes to fail 10% 
of the modules. In the example this value is about 1.4 Mcycles. Of course, other “capabilities” such as 5% or 
even 1% would characterise the modules as well and sometimes users prefer these values because they are 
in closer relation to the first failure in a complex converter or even in a population of converters. However, 
when testing only six DUTs as done for the graph below figures such as the 1%-capability are extrapolations 
and, thus, their accuracy reduces the further away they are from the actual test data. Testing more devices 
would improve the accuracy of the extrapolation but, in general, this is impractical for cost reasons. So 
altogether, is has to be understood that this transfer of tested data to real applications is another source of 
error. 
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3 Calculating the Load-Cycle Capability 
Unfortunately, a single test does not fully characterise the load-cycle capability. In fact, there is a strong 
dependence on the temperature excursion. Higher temperature excursions lead to smaller numbers of 
temperature cycles to failure. Therefore, this dependence must also to be characterised. Section 3.1 gives a 
short description and shows the load-cycle curves for HiPaks. 

In addition to the temperature excursion the absolute temperatures play an important role. The observation is 
that if the absolute temperatures are lower, it takes longer to failure for a given temperature excursion. 
Section 3.2 shows how to account for this effect. 

Section 3.3, finally, gives an example of how to actually calculate the load-cycle capability of a HiPak module. 

3.1 Dependence on Temperature Excursion – Coffin-Manson Relationship 

Usually, the dependence on temperature excursion can be described by the Coffin-Manson law, which was 
found by Coffin and Manson in 1954. The number N of cycles until a certain percentage of the modules fail 
can be calculated from the temperature excursion ΔT by the inverse power law relationship: 

2
1

kTkN −∆⋅=  

The two parameters of the Coffin-Manson relationship are the factor k1, i.e. the scale parameter, and the 
exponent k2, i.e. the shape parameter that controls how strong the temperature dependence is. Both 
parameters are device dependent and have to be determined based on measurements. Obviously, the 
results of the Weibull relationship are the input for identifying the Coffin-Manson parameters and at least two 
load-cycle tests have to be done at different values of temperature excursions. It is important to verify that the 
failure mechanisms are the same for all failed devices because different failure mechanisms may have 
different temperature excursion dependences. Fitting a Coffin-Manson curve to different failure mechanisms 
could lead to meaningless results. 

The following two graphs show the load-cycle capability of HiPaks. Note that the temperature excursion ΔTj 
for short pulses is given in terms of the junction temperature while the temperature excursion ΔTc for the long 
pulses is given in terms of the case temperature. 
The graphs are valid for modules of type 5SNA 1800E170100, 5SNA 2400E170100, 5SNA 1200E250100, 
and 5SNA 1200E330100. However, the given values are typical values and may vary considerably. 
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3.2 Dependence on Absolute Temperatures 

It makes a difference whether a ΔT = 50 K is performed between 25 and 75°C or between 75 and 125°C. The 
general observation is that it takes much smaller number of cycles to failure if the absolute temperature is 
higher. In order to account for this effect, a scaling or correction factor has to be introduced. The figure below 
gives a rough estimate of this factor because the effect still has to be investigated in more detail. 

The input for the calculation of the scaling factor is the difference between the actual temperature and the 
temperature the load-cycle graphs require (Tjmax = 125°C and Tcmin = 20°C, respectively). If the maximum 
junction temperature is 110°C for example the difference to the required Tjmax of 125°C is 15 K and the 
scaling factor obtained from the graph is roughly 1.5. Calculating the scaling factor by the formula given in the 
graph yields 1.48. Because the measured temperature is lower than the temperature required by the graph 
the load-cycle capability is higher by the scaling factor. If the measured maximum temperature had been 
140°C (same difference of 15 K) the load-cycle capability would be smaller by a factor of 1.48. 
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3.3 Calculation Example 

Assume a HiPak-module that is subjected to temperature cycles. The measurement of the base-plate 
temperature, i.e. the case temperature, reveals a minimum value of 45°C, a maximum value of 95°C, and a 
cycle time of about 1 min. At which number of cycles is the failure probability 10% for this module? 

Obviously, the pulses are long and ΔT = 50 K is given with respect to the case. Thus, the requirements for 
the long-pulse-graph are fulfilled and the 10%-capability N10% can be looked up as not quite 300 kcycles. 
Using the formula given in the graph the result is: 

kcyclesN KT 274501026.1 51.413
50%,10 ≈⋅⋅= −

=∆  

Unfortunately, the graph and the formula assume a minimum case temperature of Tcmin = 20°C, while the 
example asks for Tcmin = 45°C. Therefore, it is necessary to correct the values obtained above by the scaling 
factor described in Section 3.2. The difference of the minimum temperatures is 25 K and from the scaling-
factor-graph one reads a factor of about 2. Altogether, the 10%-capability is thus about 150 kcycles. Using 
the formula the correction factor is: 

( ) 02.2017.1
16.125 ≈=factorscaling  

Altogether, the 10%-capability is then 274 kcycles / 2.02 ≈ 136 kcycles as compared to the 150 kcycles 
obtained from the graphs. 

4 Additional notes 

4.1 Combining Different Temperature Excursions 

As pointed out in the introduction, semiconductor devices are subjected to extremely diverse load profiles and 
none of these profiles lead to constant temperature excursions. Therefore, a single number as derived in 
Section 3 can only give a rough indication whether the capability of a device fits the requirement of an 
individual application. However, based on the data of Section 3 and knowing the load profile it is possible to 
improve the quality of the assessment. 

The basic assumption is that every temperature cycle consumes a certain fraction of the module’s lifetime. If 
for example the 10%-capability of a module at ΔT = 50 K is 100 kcycles then each temperature cycle costs 
one 100000th of this lifetime. Thus, 50 kcycles will consume only 50% of the device’s lifetime. If the same 
module has a 10%-capability of 300 kcycles at ΔT = 40 K then such a cycle consumes only one 300000th of 
the module’s lifetime and 50 kcycles will cost only 16.7% of the module’s lifetime. 
Obviously, the sum of consumed lifetime may not exceed 100%. Written as a formula for 10%-capabilities 
this reads (n is the number of cycles for a particular temperature excursion): 
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For the above example the formula becomes: 
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Of course, this example is quite simple but it illustrates the principle. It would be possible to improve the 
assessment even further by summing up the consumption of lifetime over all possible temperature 
excursions [1]. However, going to such details requires precise knowledge about the load profile or the 
“mission” profile, as it is called for Traction applications. Furthermore, the calculation of the individual 
temperature excursions from the load profile is a quite sophisticated procedure. The difficulty is to decide how 
to account for a situation where the temperature rises from 50°C to 100°C and then goes back to 70°C before 
it starts rising again. Was that a ΔT = 50 K excursion, or was it a ΔT = 30 K excursion, or something in 
between? The state of the art is the Rainflow Model [2] that identifies closed loops within the continuous up 
and down of the temperature. In addition, the absolute temperatures play a role as described in Section 3.2 
and would also have to be taken into account. In any case this goes far beyond the scope of this application 
note. 

4.2 Literature 
[1] R. Schlegel, E. Herr, F. Richter, “Reliability of non-hermetic pressure contact IGBT modules”, 

Microelectronics Reliability Vol. 41 (2001), pp. 1689-1694 

[2] P. Johannesson, “Rainflow Analysis of Switching Markov Loads“, PhD-thesis at the Lund Institute of 
Technology, Lund, Sweden, ISBN 91-628-3784-2, 1999, on-line at www.maths.lth.se/matstat/staff/pj 

http://www.maths.lth.se/matstat/staff/pj


 

Doc. No. 5SYA 2043-01 Sept. 04  Page 8 of 8 

4.3 Application support 
For further information please contact: 

Product Management 
Eric Carroll 
Phone +41 58 586 12 86 
Fax  +41 58 586 13 06 
E-Mail  eric.carroll@ch.abb.com 

Reliability Engineering 
Nando Kaminski 
Phone +41 58 586 15 30 
Fax  +41 58 586 13 09 
E-Mail  nando.kaminski@ch.abb.com 

 

ABB Switzerland Ltd 
Semiconductors 
Fabrikstrasse 3 
CH-5600 Lenzburg, Switzerland 

Phone +41 58 586 14 19 
Fax  +41 58 586 13 06 
E-Mail  abbsem@ch.abb.com 
Internet www.abb.com/semiconductors 

Data sheets of the devices and your nearest sales office can be found at the ABB Switzerland Ltd, 
Semiconductors internet web site: 
http:// www.abb.com/semiconductors 

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice. 
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