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Abstract

In power electronic devices, estimation of chip temperatures is a mandatory step during the design

phase. Developers have to rely on datasheet values regarding thermal resistances for this estimation.

These values are well defined for solid materials; however the interface from power semiconductor
to the heat sink depends on thermal grease and the mounting process. Measuring this part of the

thermal path cannot be done directly. Several values need to be determined to calculate this value.
Minor discrepancies during the measurements lead to massive deviations. This paper discusses the

measurements to be done and the influence of inaccuracies.

1 Introduction

Designing a power electronic system usually starts with simulation both in electrical and thermal func-

tionality. For the thermal simulation, the task is to determine the chip temperature as accurately as

possible as this is a mayor parameter for the life time prediction. Starting from the losses inside the
chip and defining a maximum ambient temperature for the application, the thermal budget is given. A

common, simplified approach to calculate the chip temperature is derived from the thermal model given
in figure 1

Figure 1: Simplified thermal model of an IGBT/Diode combination inside a power module

In case the chain of thermal resistances and the losses inside the chips are accurately known, the chip

temperature can be calculated according to formula (1)

Tvj = Tamb + Pv ·
∑

Rth (1)

This approach leads to an acceptable first impression but neglects two parameters that contribute to
deviations. The shaded area in figure 1 includes the thermal interface, having a large influence on the

thermal resistance RthCH depending on the material in use. The thermal grease usually is not part of

the semiconductor devices, therefore deviations between a datasheet value and the real setup are to be
expected.



Furthermore, thermal cross-conduction from die to die is neglected. Semiconductor manufacturers to-
day therefore include RthCH as a typical value into datasheets, assuming a common thermal interface

compound to be used. Lately, Infineon introduced a newly developed, optimized Thermal Interface Ma-
terial (TIM) to enhance the thermal capabilities of power semiconductors [1]. With this, the uncertainties

coming from thermal greases are eliminated. The thermal resistances RthCH now can be given as a

reliable maximum value, easing the designers work in simulating the thermal performance of a design
under development.

This value needs to be determined most accurately but experience shows that it cannot be derived
from the thermal grease’s datasheet value. This datasheet value only reflects the bulk conductivity

but neglects the forming of contact resistance (Rthcontact) and the occurrence of direct metal-to-metal

connections (RthM−M ). An advanced thermal model as sketched in figure 2 gives an insight into the
differences compared to the common approach.

Figure 2: Enhanced thermal model taking contact resistance and metal-to-metal contact into account

The challenge in determining RthJH is setting up a measurement that later provides a value being useful

for the designer and reflecting what really takes place inside the application.

2 Rth-Measurement

From figure 2, one first setup to determine RthJH can easily be designed. It consists of the semicon-

ductor stack, equipped with thermocouples to measure temperatures for the calculation to follow. The
approach of measuring thermal resistances in a setup as close as possible to the application is a first

major step. Though this eliminates several influences, deviations towards the application itself can still

be expected as the heat sink’s surface structure influences the final result.
A cross-sectional view of this setup is sketched in figure 3:

Figure 3: Measurement setup to determine RthJH



Knowing the losses Pv, the thermal resistance RthJH results from equation (2) to be

RthJH =
Tvj − THS

Pv

. (2)

In detail, this only reflects the thermal resistance of the path closest to the thermocouple and neglects the

thermal gradients across the chip and the heat sink, leading to a rather optimistic value in the end. This
is especially true, if coincidentally the measurement is taken below the chips hottest spot. To capture

these temperature gradients, an IR camera was used in a different approach. A close-up IR-image of an

IGBT operating at steady state conditions is depicted in figure 4 along with a partial thermal analysis.

Figure 4: Thermographic imaging to extract the chip temperature

Analyzing the chip area within the IR-picture leads to a maximum temperature of 103oC at a bond wire
position in the center of the chip while the highest chip temperature remains at 100oC. The average

considering the whole chip area is down to 94oC.

Using a temperature value Tvj averaged from the whole chip surface captured in this measurement leads

to an aggressive value as the maximum is hidden within the average. With this value and a measured

ambient temperature, another method of calculating RthJH can be considered. The semiconductor stack
consists of solid materials with well known thermal properties. The thermal resistance junction to case

RthJC therefore is known with high accuracy [2]. The same is true for the solid heat sink and its transfer
path to ambient RthHA. Formula (1) can now be modified to calculate RthJH according to equation (3):

Tvj = Tamb + Pv ·
∑

Rth = Tamb + Pv · (RthJH +RthHA)

⇒ RthJH =
Tvj − THS

Pv

. (3)

The two measurements described can easily be used in the lab. However, specially prepared power

devices are needed to do proper tests. For a direct temperature measurement, a thermocouple needs

to be attached to the chip. To get proper readings from an IR-camera, the isolating gel inside the power
module has to be removed and the surfaces have to be painted to form a black radiator. These pro-

totypes in turn can rarely be used inside a system operated under real world conditions as either the

additional wires from the thermocouples are detrimental or the missing gel does not allow to apply high
voltages. To do an examination inside a given setup, the so-called in-situ measurement is used as de-

fined in IEC 707474-9. This technique is based on the fact that for very low chip currents a deterministic,
linear relation between temperature and forward voltage exists.



The correlation UCE = f(Tvj)|IRef
can be found by injecting a reference current into the chip and mea-

sure the forward voltage while the chip is externally heated to a constant temperature. This calibration

is necessary to eliminate deviations due to material tolerances. From the measurement given in figure
5, the truly linear behavior can be confirmed.

Figure 5: Measured correlation and linear interpolation, DUT: FF450R17ME4

As the pairing of forward voltage and chip temperature is unique, the temperature can later be deter-
mined by measuring the forward voltage. An experimental setup as described in figure 6 can be used

for the measurement.

Figure 6: Schematic overview on the in-situ or UCE measurement method

For this measurement, no changes or manipulations to the device under test (DUT) are necessary and

operation under full load current is possible.



3 Failure influence

For the module used to do the measurements presented, the values for RthJC and RthCH are given in

the datasheet as depicted in figure 7 [4].

Figure 7: Thermal resistances acc. to the datasheet of the FF600R12ME4

Generating this value, a common thermal grease is assumed to be applied in an appropriate manner.
As the grease may change just as the process of application, the value is given as a typical value

only. Therefore, developers have to verify their designs achieve this value to ensure a valid lifetime

calculation. To reduce this influence, Infineon Technologies recently started to apply a newly developed
thermal interface material to power modules to eliminate the detrimental influence of both, the chosen

material and the process of applying it [5].

For the measurements described, several parameters need to be determined, using various tools. In-

cluding the calibration, the tool’s inherent tolerances can be taken from the according datasheet as
summarized in Table 1:

Measurement using thermocouples

Equipment Range Unit absolute

tolerance

relative

tolerance

Influence on

RthJH

K-Type Thermocouple
Chip

0..200 ◦C ±1.5K ±4.4%

K-Type Thermocouple

Heat Sink

0..200 ◦C ±1.5K ±4.4%

Current Measurement
Hall-Effect

0..1000 A ±1% ±1%

Voltage Measurement

UCE|ILoad

0..5 V 10µV 6 · 10−4%

Resulting Error ±9.8%

Table 1: Failure influence on the Measurement using thermocouples,

DUT: FF600R12ME4, ILoad = 210ADC

The total differential to calculate the influence of the various parameters is given by 4:

±∆RthJH [K/W ] =
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∣

1
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(4)

The relative deviation in % as listed in table 1 can be calculated by the ratio of the measured value and

the absolute deviation:

±∆Rth [%] =
∆RthJH

RthJH

.



For the In-Situ measurement, only the measured parameters listed in Table 2 need to be considered.

Measurement using In-Situ Method

Equipment Range Unit absolute
tolerance

relative
tolerance

Influence on
RthJH

K-Type Thermocouple

Heat Sink

0..200 ◦C ±1.5K ±4.4%

Current Measurement
ILoad

0..1000 A ±1% ±1%

Voltage Measurement

UCE|ILoad

0..5 V 10µV 6 · 10−4%

Voltage Measurement
UCE|Iref

0..1 V 1µV < 1ppm

Resulting Error ±5.4%

Table 2: Failure influence on the In-Situ Measurement, DUT: FF600R12ME4, IRef = 200mADC

Using an IR-Camera eliminates the necessity of measuring the chip temperature using thermocouples.

The situation changes only slightly as can be seen in Table 3:

Measurement using IR-Camera

Equipment Range Unit absolute

tolerance

relative

tolerance

Influence on

RthJH

K-Type Thermocouple

Heat Sink

0..200 ◦C ±1.5K ±4.4%

IR-Camera 0..150 ◦C ±1K ±3%

Current Measurement 0..1000 A ±1% ±1%

Voltage Measurement
UCE|ILoad

0..5 V 10µV 6 · 10−4%

Resulting Error ±8.4%

Table 3: Measurement using IR-Camera, set to 150 ◦C, DUT: FF600R12ME4, ILoad = 210ADC

The dominant influence results from the thermocouples as their deviation is included twice. The voltage

measurement’s influence can be neglected. The possible improvement of the measurement by using
higher precision current sensing equipment is of minor impact to the quality of the result, though it will

massively increase the cost to set up the measurement. With the results from these measurements,

the real value for the thermal resistance RthJH is met with an uncertainty of ±5.4% for the In-Situ
measurement but may reach ±9.8% in case thermocouples are used.

4 Systematic Failures

Further correlations require special attention as their influence can be even more dominant than the
deviations coming from the bare measurement equipment.

4.1 Mounting Thermocouples

The thermocouples are glued to the chip to conduct the measurement. Even if done by skilled spe-

cialists, the layer thickness between the chip itself and the thermocouple is not well defined.It may be
anywhere between 0 and 100µm, even more in case the sensor moves before the glue hardened.



This can easily lead to an increase of the deviation between measured value and the real number by
several Kelvin. Due to the temperature gradient across a single chip it remains uncertain, whether or

not the sensor is placed to the hottest spot. This is the main argument to change to an IR-Camera if
possible.

4.2 Coefficient of Emission ε

To conduct measurements using an IR-Camera, the DUT has to have the characteristic of a so-called

black radiator that features an ideal coefficient of emission ε = 1. Therefore, the material to be observed
is blackened using a dedicated paint. With this, the coefficient of emission ε grows to anywhere between

0.92 and 0.95. The camera needs to be tuned to the proper value, a step that is often neglected. The

change from ε = 0.92 to ε = 0.95 leads to a decrease in the temperature measured. This in turn results
in a reduction of the thermal resistance of about −8%.

Care has to be taken to choose a proper setting.

4.3 Averaging and weighting

The In-Situ measurement seems to be the one to be preferred regarding the tolerances coming from
the equipment. In fact, the In-Situ method provides an averaged temperature. The effect is similar to

the averaging done in the IR-Camera’s software, predestined to grow beyond tolerable limits if paralleled

chips are to be examined. In common high-power modules [3], up to 24 dies are operated in parallel. A
single hot spot that may occur in case the thermal transfer path is locally disturbed may not be detected

properly. For the measurement done, knowledge about the weighting function of the setup is mandatory.
As with the IR-Camera, the average value is far below the maximum. The remaining disadvantage is,

that the Ins-Situ measurement does not give an insight into the maximum as the IR-Camera does.

5 Influence on lifetime

For the lifetime, chip temperature and chip temperature swing are mandatory parameters. Using the val-
ues given in the datasheet, the chip temperature inside the application can be estimated. For simplicity,

a constant heat sink temperature of 80◦C may be assumed to do a first estimation.
Using the thermal resistances given in [4], combined with a load of 600W to the IGBT, the chip temper-

ature for steady state operation can be calculated acc. to formula 1 to reach

Tvj = TH + Pv ·
∑

Rth

Tvj,nom = 80◦C + 600W · (0, 037 + 0, 035)
◦C

W
= 123◦C (5)

Summing up systematic failures and deviations due to setup assembly, the value determined for RthJH

can vary by ±15% easily. Considering a too low value, the temperature estimated would result in

Tvj,real = 80◦C + 600W ·
1

1.15
(0, 037 + 0, 035)

◦C

W
= 117◦C (6)

These 6◦C do not seem to be a lot, but a correlation to a power-cycling chart as in figure 8, reveals a

corresponding reduction in lifetime. Remaining with the line given for Tvj,max = 125◦C and changing the

temperature swing ∆Tvj from 37K to 43K, the number of cycles to be survived drops from 4 · 106 down
to about 2 · 106, thus reducing the power cycling capability of the semiconductor by 50%.

Semiconductor manufacturers use the In-Situ measurement in accordance with IEC70747-9 to generate
the relevant datasheet values. As this poses a consistent procedure to create both, the datasheet values

and the corresponding lifetime charts, any offset or systematic failure is compensated.



Uncertainties arise from using different measurement methods and relate the results to the lifetime
charts without clearly knowing the differences between the measurements.

2

Figure 8: IGBT4, Power Cycling Capability

6 Conclusion

Determining the thermal correlations in power semiconductor designs is a necessary, yet difficult task

to be fulfilled. Besides the deviations coming from the equipment, very much care has to be taken

to reduce the influences the set up adds to the measurement. Designing solely based on datasheet
values can only be disregarded as this may easily lead to an optimistic estimation. Besides simulations,

experimental verification remains a mandatory part of the design procedures. Most important is the

proper calibration prior to a series of measurements to reduce the impact caused by systematic failure.
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