N
N

N

HAL

open science

Temperature Measurement of Power Semiconductor
Devices by Thermo-Sensitive Electrical Parameters — A
Review

Yvan Avenas, Laurent Dupont, Zoubir Khatir

» To cite this version:

Yvan Avenas, Laurent Dupont, Zoubir Khatir.

Electronics, 2012, 27 (6), pp.3081-3092. hal-01073933

HAL Id: hal-01073933
https://hal.science/hal-01073933
Submitted on 10 Oct 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Temperature Measurement of Power Semiconduc-
tor Devices by Thermo-Sensitive Electrical Parameters — A Review. IEEE Transactions on Power


https://hal.science/hal-01073933
https://hal.archives-ouvertes.fr
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Abstract — This paper proposes a synthesis of different electrical methods used to estimate the temperature of power
semi-conductor devices. The following measurement methods are introduced: the voltage under low current levels,
the threshold voltage, the voltage under high current levels, the gate-emitter voltage, the saturation current and the
switching times. All these methods are then compared in terms of sensitivity, linearity, accuracy, genericity,
calibration needs and possibility of characterizing the thermal impedance or the temperature during the operation
of the converter. The measurement of thermo-sensitive parameters of wide band gap semi conductors is also

discussed.

Index Terms — Chip temperature, Power electronics, Semiconductor devices, Thermo-sensitive electrical parameter



I. INTRODUCTION

The temperature measurement of a power semiconductor device is of great interest. This important parameter is used in
two main ways. The first one is for thermal management of power modules. In this case, the chip temperature is used to get
the thermal resistance or thermal impedance of the component that is usually provided by manufacturers in the data-sheet.
The second use concerns the monitoring of the aging of components for reliability reasons. For this purpose, temperature is
monitored and used either directly or indirectly through the thermal resistance or thermal impedance. If the temperature is
acquired during the functional operation of the converter, it can be used as a damage indicator of the power module. An
increase of this parameter may be due to a rise of a thermal resistance and used as a detector of a solder layer delamination
process [1]. The measurement is then used to validate global dimensioning in operating conditions. It can also be done
during the lifetime of the converter in order to alert the user before its failure.

Three main methods are currently used to evaluate the temperature of power semiconductor devices [2]:

- Optical methods,

- Physical contact methods,

- Electrical methods.

The optical properties of semiconductor devices are temperature dependent. Thus many optical temperature indicators
can be found, such as luminescence, Raman effect, refraction index [2], reflectance [3] or laser deflection [4-6]. The authors
of power electronics studies often use the variation of infrared (IR) radiation with temperature: local infrared sensors [7-
11], optical fibers [12-13], infrared microscope [14-15] and infrared camera [7,19-23].

The main advantage of the IR camera and the thermo-reflectance techniques is the possibility of directly obtaining a
temperature map of the power device. For example, figure 1 shows the temperature measurement of the surface of an IGBT
chip with an IR camera. The chip temperature is not uniform, the temperature difference being about 25°C between the
center and side of the semiconductor chip. The infrared microscope [14] and the 2D radiometry [8,9] also allow for thermal
mapping of the semiconductor device. In addition, the laser deflection technique [4-6] can be used to measure the
temperature gradients directly inside the power semi-conductor. This possibility can be very interesting in order to validate
electro-thermal models. However all these measurement methods require modifying the power module: the chip has to be
seen by the optical system; the polymer package and the dielectric gel have to be removed. High voltage operating conditions

are therefore limited.
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Fig. 1. Infrared imaging of a functioning IGBT chip

Nevertheless, one optical method that can be used with the dielectric gel is the measurement by optical fibers in direct
contact with the power chip [12]. But this measure only gives a local temperature. For almost all optical methods, the

measurement time is generally higher than a few milliseconds because of the electronic processing.

The device temperature measurement can also be obtained by making direct contact with the chip with a thermo-sensitive
material. For example, solutions using liquid crystals or thermographic phosphors [2] can be found. The main solution is
the use of thermal probes (thermistors or thermocouples). Less accurate methods use thermocouples with external diameters
of hundreds of micrometers glued or soldered onto the chip surface [11,24-26]. In these cases, the dynamic response is not
good and the measurement is local only. Brekel et al. [11] propose soldering the gate-resistor directly onto an IGBT chip
and using the temperature dependence of its resistance to evaluate the semiconductor temperature. Finally, more accurate
methods use microprobes [27]. Their small size, which leads to a low thermal capacitance, allows fast measurements without

any heat transfer disturbances.

Apart from the use of the gate-resistor of an IGBT, all the methods outlined necessitate visual or mechanical access to
the chip. This is the reason why today device temperature evaluation is often carried out using electrical methods. In this
case, the thermal dependence of electrical properties of semiconductor devices is used to determine the temperature: the
chip is itself the temperature sensor. The temperature can thus be evaluated using only voltage and current probes on
packaged devices. However, this method only provides a “global” temperature; it is not possible to establish a temperature

map and thus know the peak junction temperature. Blackburn [28] proposes a method for determining this peak junction



temperature in the case of power bipolar transistors, but this has not been extended to other power devices. Furthermore,
the problem of thermal mapping is also a problem in converters or in multi-chip modules where there are several devices in
parallel. The voltage measurement only gives a global temperature of the different dies, and it is not possible to determine
which one is the hottest or the coldest. This problem is discussed by Farjah et al. [29]. They propose an inverse method to
determine the real temperature distribution between several paralleled chips. Such a method necessitates taking several

measurements in different electrical conditions.

Despite these problems, temperature measurement by Thermo-Sensitive Electrical Parameters (TSEPS) is today the only
way to carry out fast measurements on packaged devices with times shorter than 100 ps. This paper proposes a review of
the different methods presented in the scientific literature. All these methods are then compared in terms of sensitivity,
linearity, accuracy, genericity, calibration needs and possibility of characterizing the thermal impedance or the temperature
during the operation of the converter. The measurement of thermo-sensitive parameters of wide band gap semi conductors

is also discussed.

Il. BASIC PRINCIPLES OF TEMPERATURE MEASUREMENTS WITH TSEPS

A. Methodology

Generally, two steps are necessary for the temperature measurement of a semi-conductor device. The first one is
calibration, which is used to determine the relationship between the TSEP and the device temperature. The second is
dissipation which conducts to use the TSEP in an applicative approach. During this last step, the power device is crossed
by a high current that creates high heat losses. The temperature measurement is done during or just after this step. In case
of thermal resistance or thermal impedance measurements, the dissipated power is generally continuous and is created by
conduction losses. For on-line temperature measurements, the dissipated power is produced by both conduction and

switching losses.

During the calibration step, the temperature is fixed by an external system — typically an oven, a dielectric bath or a
temperature controlled heat sink. Then a current or a voltage under known electrical conditions is measured as a function
of the temperature. During this step, the device dissipates an instantaneous power Pn. The self-heating of the device due to
Pm has to be negligible in order to obtain accurate measurements. Generally, this measure is carried out at a low power level
Pm largely lower than 1 W. If P, is too high and therefore the self-heating is not negligible, the measurement time has to be

as short as possible (from tens to hundreds of microseconds).



The dissipation step depends on the device self-heating during the TSEP measurement. Two main methods are therefore

used to carry out temperature measurements. They will be presented in the next paragraphs.

B. Temperature measurement with a low Py, value

When the TSEP measurement induces a very low self-heating, the thermal characterization has to be carried out using
two power levels: one for the dissipation (Pc) and another for the device temperature measurement (Pr). For example, figure
2 shows a technique that is commonly used to measure the thermal impedance of a power package. In this example, a power
P. is dissipated into the power device in order to introduce self-heating. After temperature stabilization, the power is reduced
to a low injection value P where the self-heating is negligible. Note that, depending on the TSEP, the Py, value can vary
with temperature. The temperature decrease can then be directly deduced from this measurement. The initial temperature

value T can be estimated by extrapolation. Here, thermal impedance is measured during the cooling phase.
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Fig. 2. Temperature measurement using a low calibration power P,

Switching times are not instantaneous. During the transition from high to low power levels, electrical measurement
therefore gives incorrect temperature values. Figure 3 shows the temperature measurement using Vi(t) of a bipolar transistor
under low emitter current as TSEP [30]. When the time is shorter than 6us, the measured temperature decreases sharply
because of the switching phenomena. In figure 3, Blackburn [30] shows a linear extrapolation method where he assumes
that the cooling process was one-dimensional (i.e. the temperature decreases linearly with the square root of time). With
this extrapolation, it is possible to estimate the temperature Tr, at t=0s and then the device temperature before switching

time.
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Fig. 3. Device temperature measurement of a bipolar transistor [30]
C. Temperature measurement with a high P, value

When the TSEP measurement induces a non negligible self-heating, the dissipated power P is generally the same than
the measurement power Pn. Therefore the measurement of a thermal impedance can be done as shown in figure 4. Here, the
temperature measurement is make during the heating phase. In this case an extrapolation is also necessary to measure the

temperature value T; before the self-heating. The thermal resistance measurement is done waiting the temperature

stabilization.
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Fig. 4. Temperature measurement using a high calibration power P,



I1l. LITERATURE REVIEW ON THE MAIN TSEPS

A. TSEPs inducing a low self-heating

1) Voltage measurement with a low current injection

The low current injection method is used in many industrial and academic works. Its main advantage is a very easy
calibration step because the self-heating is negligible under normal conditions. The calibration step is made as depicted in
figure 5. A current source feeds the power device, and the thermo-sensitive parameter is a voltage measured on the device
under test (DUT). The current value is generally in the range 1 mA to hundreds of mA depending on the active area (i.e. the

current rating of the device) and on the component type.

Fig. 5. Calibration step with a low current injection

The measurement of the forward voltage Vs of a diode under low current is frequently used in the electronics field in
general and also for the realization of temperature sensors. Of particular interest is the good linearity of the temperature
measurement. VVoltage dependence is generally close to -2mV/°C for silicon devices [31].

In the field of power electronics, this measurement method is widely used because almost all power devices have a PN
junction in their structure. The method can therefore be used with diodes in forward polarization [31-35], MOSFET [36] in
the off-state, base-emitter junction of bipolar transistors [28]. This method is also frequently used with IGBT [19,34,37-40].
In this case, the TSEP is the saturation voltage Ve sat.

Figure 6 shows different device temperature measurement possibilities that can be used with diodes, IGBT or MOSFET.
In each case, the electrical circuit allows for the injection of a high current I for power dissipation and a low current I, for
temperature measurement using an electrical thermo-sensitive parameter. In some cases, the I, source is not interrupted

because this current value is generally much lower than I. with no significant heat generation.
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Fig. 6. Different electrical circuits for the measurement of the voltage under a low current

It is very important to choose a good measurement current value In. In the case of microelectronic devices, I can easily
be lower than 1mA. But for power devices, this current is generally higher. In fact, if it is too low, the relation between
temperature and voltage is no longer linear in the whole temperature range. This has been demonstrated by Khatir et al.
[32]. They measured the forward voltage drop of a power diode as a function of device temperature and for different
measurement currents In. In their experiment, the current rating of the diode was 200A. In the same way for an IGBT
(Infineon SIGC100T60R3), figure 7 clearly shows that a measurement current I, higher than 1 mA is needed to obtain a

linear relationship for a 0°C to 175°C temperature range.
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Fig. 7. Forward voltage of an IGBT as a function of the device temperature for different currents I,

The temperature of a MOSFET in on-state can be estimated using the measurement of the drain-source voltage under a
low current [41]. The measurement can be carried out with the electrical circuit from figure 6b, replacing the IGBT by a
MOSFET. It is important to notice that there is a real difference between this measurement and the measurement obtained
with a diode forward voltage or with an IGBT saturation voltage. In fact, for a diode or an IGBT, the equivalent ohmic
resistance of the semi-conductor device is much higher than that of electrical connections inside the power module. The
influence of the connections can therefore easily be neglected. That is not the case for MOSFET devices because their on-
state resistance is generally lower than 100 mQ. In some cases, the variation of the connection resistance with temperature
cannot be neglected. The main problem is due to the temperature difference between connections and chips which is not
comparable during the calibration step and dissipation step. In the first case, the temperatures of connections are the same

as those of the power chips whereas in the second case they are different.

2) Measurement of the threshold voltage
The threshold voltage Vi is used to evaluate the temperature of MOSFET [41-42] and IGBT [19,29,37,39,43-44].
Generally the calibration step is made with a very low current regulation acting on the gate voltage (figure 8a) or simply

with a connection of the gate and the collector (drain) electrodes (figure 8b). The current value is a few mA so as to work



as close as possible to the actual threshold voltage. Figure 8c shows the dependence of the measured voltage as a function
of temperature and for different collector-emitter voltages and different current values for an IGBT chip (Infineon
SIGC100T60R3) and using the method described in figure 8a. This example shows that the current value has to be higher
than a minimal value in order to have a correct measurement for high temperatures. The influence of the voltage value is

very low. The sensitivity depends on the semiconductor chip. It is generally in the -2 mV/°C to -10 mV/°C range.
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Fig. 8: Calibration step of the threshold voltage method



Cao et al. [43] use the measurement method described in figure 8a. For temperature measurements during dissipation of
the device, they implement a current regulation with two current levels: one for dissipation, and another for the
measurement. Huang et al. [44] use the other method (figure 8b). For the IGBT temperature measurement, they use two

current sources. The principle is the same than this presented in figure 6b but connecting the gate and collector electrodes.

B. TSEPs inducing a non negligible self-heating

1) Voltage measurement with a high current injection

In this method, a high current is injected into the power device. The thermo-sensitive parameter is the drain-source voltage
in on-state for MOSFET [45], the emitter-collector voltage in on-state for IGBT [46-47], and the forward voltage for diodes
[47]. The main objective of the calibration is to obtain the static current-voltage characteristic of the semi-conductor device
as a function of temperature. Two methods are discussed in the literature for the calibration step: it is possible to use the
electrical circuit presented in figure 9 [46]. The current value is | when the switch is open and zero otherwise. A curve tracer

can also be used [47].

Fig. 9. Electrical circuit for the calibration step with a high current injected in the device

The measured voltage is largely dependent on the current value. The calibration step is therefore often carried out by
measuring the voltage dependence on both temperature and current. Figure 10 shows the evolution of the saturation voltage
of an IGBT chip (Infineon SIGC100T60R3 - Vg=15V). The sensitivity of this TSEP depends largely on the collector current
Ic level. In fact, it is negative for lower current values and positive for higher values. The temperature measurement is not

possible for medium current values (about 60 A in this example).
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Fig.10. Saturation voltage of an IGBT chip as a function of temperature and for different current values

This method appears to be very useful especially for temperature measurement management during converter operation.
But its implementation is not so easy because the voltage is very different when the device is in the off-state (a few hundreds
Volts) and when it is in the on-state (a few Volts). The measuring electrical circuit has to allow for accurate measurements
at low voltage and has to be protected against high voltage. Kim and al. [47] and Koenig et al. [45] present some specific

electronic circuits which fulfill these requirements.

2) Measurement of the gate-source or gate-emitter voltage

The principle of this measurement is very close to this of the threshold voltage using the method described in figure 8a
but in this case the current is higher and creates a non negligible self-heating [19]. Figure 11 presents the evolution of this
TSEP as a function of temperature in the case of an IGBT chip (Infineon SIGC100T60R3). This figure shows that it depends
largely on the collector current value and that the collector-emitter voltage does not influence a lot the measurement. In
order to improve the calibration measurement, Berning et al. [48] propose an original test circuit. It allows electrical

disturbances to be reduced during switching time. The sensitivity of this TSEP is very close to the threshold voltage one.
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Fig. 11: Gate-emitter voltage under a high current as thermo-sensitive parameter

3) Measurement of the saturation current

In the case of IGBT or MOSFET, the saturation current can be used as a thermo-sensitive parameter [19,33,37,49-51].
For this measurement, a voltage is applied to power electrodes. The gate-emitter (or gate-source) voltage value Vgem is
slightly higher than the threshold voltage V of the device. A current probe measures the resulting saturation current lsx
(figure 12a). This measurement provides a temperature estimation because of the dependence of electron mobility and
threshold voltage on temperature [37]. Figure 12b shows an example of saturation current value as a function of temperature
(Infineon SIGC100T60R3 IGBT chip). It clearly shows that this thermo-sensitive parameter is not linear. The exponential
shape leads to an increase of sensitivity with temperature. Hence the measurement is less precise for low temperatures. As

for the gate-emitter voltage method, this TSEP does not depend a lot on the collector-emitter voltage value.
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Fig. 12. Temperature measurement with the saturation current as a thermo-sensitive parameter

4) Switching behavior

During operation of the converter, the temperature measurement of an IGBT or a MOSFET chip can be made during the
switching time. A first TSEP is thus the turn-on delay [42,53-54]. Figure 13a shows how this measurement can be carried
out [53]. In this study, a digital circuit (FPGA) monitors the evolution of both the gate-emitter voltage vg(t) and the collector
current i¢(t) via two analog-digital converters. It detects the rising gate-emitter voltage, starts running a counter (L00MHz),
detects the rising edge of the collector current and stops the counter. In this example, the delay time is about 1500ns. As
shown in figure 13b, this delay increases linearly with the temperature [53]. Under these conditions, sensitivity is close to
2 ns/°C. This is a delicate measurement because of the very short time span. Chen et al. [42] therefore suggest raising the
gate resistance value in order to increase switching time when a temperature measurement is required. The turn-on delay
measurement as a thermo-sensitive parameter is of great interest because it is not influenced by the current value (figure
13hb).

The turn-off delay can also be used as a thermo-sensitive parameter. Kuhn and Mertens [53] show that sensitivity is close

to that obtained with the turn-on delay. Another solution proposed by various authors is the use of the current slope variation



with temperature, during the turn-on [52-54]. However, these methods are less interesting because the measured time

depends greatly on the collector current before switching and on the DC bus voltage [53].
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IV. DISCUSSION

A. Comparison of the different TSEPs

1) Presentation of the different comparison criteria

All the previously presented TSEP are used in different studies but they are hardly compared each other. It is therefore
interesting to know their strengths and weaknesses according to the intended application. Seven comparison criteria will be
used in this paper: the sensitivity of the TSEP, its linearity, the calibration needs, the genericity, the accuracy the possible
measurement of the thermal impedance and the possibility of doing on-line temperature measurements.

a. Sensitivity

Apart from the temperature measurement during the switching time, all TSEPs are voltage measurements. In fact the

saturation current is often measured with a shunt resistor. In order to obtain a precise measurement, the sensitivity of each

TSEP has not to be largely lower than the range of the voltmeter. It is therefore possible to compare these TSEPs using the



following ratio:

_ I
val

)

-

where s [V/°C] is the sensitivity of the TSEP and valmax [V] is the maximum value of the TSEP in the temperature range.
The comparison was made using the measurements obtained with an Infineon SIGC100T60R3 IGBT chip in the 110°C-
150°C temperature range. Table | summarizes the results with an evaluation of the test ratio under different test conditions.
It shows that the best parameter in term of sensitivity is the saturation current. The voltage under a high current seems to be
the worst case. Furthermore, unlike other TSEP, this parameter is strongly dependent on the test conditions. Indeed figure
10 shows that the slope of the saturation voltage of the IGBT (600V-200A) as a function of the temperature varies with the
collector current, is very low for current levels close to 60A and is negative for lower current levels.

TABLE I: COMPARISON OF SENSITIVITY RATIO S FOR EACH VOLTAGE TSEP

Voltage under
a low current

Voltage under

TSEP a high current

Threshold voltage Gate-Emitter voltage Saturation current

Test conditions

Im from 10mA to 1A

lc=1mA or 5mA
and
V=10V or 20V

Ic from 20A to 120A

1c=3A or 5A
and
V=10V or 20V

Vge=5.7V or 5.9V
and
Vee=10V or 20V

Sensitivity ratio S

From 4.103 K.C!

From 3.10° K.C!

From 0 K.C1

Closeto 1.10°% K.C1

Close to 2.102K.C1

to 1.102 K.C* to 5.10% K.C? to 1.10% K.C?

The sensitivity ratio of the turn-on delay is close to 10 °C™. It is therefore comparable with other TSEP. However the
sensitivity value of 2ns/°C is very low and do not permit an easy accurate temperature measurement.
b. Linearity
The linearity is an interesting indicator for the data processing. It is also important for the calibration step because a linear
TSEP does not need a lot of measurement points. The most linear TSEPs are the measurement of a voltage under a low or
a high current [32,47]. However in the case of the low current, the current value has to be high enough in order to carry out
measurements in high temperature ranges. The turn-on delay seems to be also linear but there are not enough experimental
results in the literature in order to give a good conclusion. The saturation current is not linear at all.
The gate-emitter voltage and the threshold voltage have a parabolic shape. However if the temperature range is relatively
low, it is possible to assume that they are linear. This approximation was made by different authors [43,48].
c. Calibration needs
Every TSEP needs a calibration step. Nevertheless this procedure can be more or less long if a TSEP is chosen instead of

another. In fact the linearity could reduce the measurement points number as mentioned above. Furthermore, a TSEP value



can be different from a chip to another having the same reference and the same temperature.

For example, the threshold voltage of an IGBT chip has a non negligible variation using different chips with the same
reference. This has been stated by Berning et al. [48]. Therefore a calibration process is needed for each IGBT in a same
power module if the TSEP depends on the threshold voltage i.e. in the case of the gate-emitter voltage [19], the saturation
current [19] and the switching delays. The problem would be identical with MOSFET chips.

The measurement of a voltage under a low current in the case of diodes, IGBT and MOSFET in off-state, is therefore
better in terms of calibration needs because it is linear and because its variation is very low from one chip to another with
the same reference. Authors [19] report a variation of about several mV i.e. several °C in case of IGBT chips. This can be
really sufficient for lots of thermal studies.

In the case of the measurement of a voltage under a high current, the TSEP depends both on the semiconductor part and
on its electrical connections because the impedance of the chip is very low in these electrical conditions. The measurement
has therefore to be made for each chip because the electrical connections are different from a chip to another. The same
problem could be observed using the measurement of a voltage under a low current in the case of a MOSFET in on-state.

d. Genericity
Two TSEPs can be used with every power semi-conductor chip. They are the measurement of a voltage under a low or
a high current. On the other hand, the threshold voltage, the gate voltage, the saturation current and the switching times
can only be used with transistors.
e. Accuracy and damage robustness
The temperature value given by the measurement of a TSEP is a global value of the inhomogeneous chip temperature.

But is this temperature representative of the real chip temperature ? It is difficult to accurately answer this question

because the majority of the cited papers does not compare the chip temperature obtained with the TSEP and the

temperature obtained with a more direct measurement method.

However, several authors have compared the temperatures given by an IR camera and by the measurement of the voltage
under a low current in the case of IGBT [19,23,47] or diodes [47]. All these results show that the temperature value given
by this TSEP is really close to the mean surface temperature of the chip, the temperature difference being lower than 3°C.
The same comparison is made with the saturation current and the gate-emitter voltage in the case of an IGBT chip [19]. The
temperatures given by these TSEP seem to be also close to the mean surface temperature (temperature difference lower than

3°C).



In the case of diodes and IGBT chips, Perpina et al. [47] compare the results given by the measurement of the voltage
under a high current and these given by IR measurements. The results are really amazing because the temperature difference
between both measurements can be higher than 50°C. This method is therefore not accurate. In order to understand this
problem, Perpina et al. [47] explain that the measured voltage depends on both the semiconductor (static characteristic) and
the resistance of the electrical connection. This leads to two main problems. First, the connection temperature is not the
same during the calibration step and during temperature measurement. Since connection resistance varies with temperature,
significant measurement errors can be created. Second, the connections age with power thermal cycling due to CTE
differences in the materials of the power modules (wire bonding lift-off or cracks, etc...). The voltage under a high current
therefore changes with time, and the temperature measurement is no longer accurate.

The problem of the aging could also be a problem for the TSEPs depending on the threshold voltage. In fact Smet [55]
reports a variation of the threshold voltage with the operation time. A calibration procedure after aging is therefore needed
in order to have accurate measurements.

At the moment, the accuracy of the temperature measurements during the switching time is not known because of the
lack of data in the literature. However these measurements have to be made cautiously because of the influence of numerous
electrical parameters: gate resistor, gate voltage, stay inductance, etc... It is thus important to carry out the calibration step
in the same configuration (package) as that used during the measurement process.

f.  Measurement of a thermal impedance Z

As said in section 11, the measurement of a thermal impedance can be made during the cooling phase (case of the TSEPs
inducing a low self-heating) or during the heating phase (other cases). The voltage measurement under a low current and
the threshold voltage can therefore be used easily for a Zy, measurement in the cooling phase.

For the measurement in the heating phase, it is important to have a constant dissipated power Py, The measurement of
the switching time can therefore not be used. The gate-emitter voltage is well adapted for such a measurement because the
current is controlled by a regulation loop and the collector-emitter voltage is imposed by a voltage supply. The saturation
current cannot be used because the variation of the current with the temperature induces a dissipated power variation during
the heating phase. There is the same problem with the measurement of the voltage under a high current because the
impedance of the chip varies with temperature.

g. On-line temperature measurements

Two TSEPs are well adapted for temperature measurements during the operation of the converter. They are the switching



times and the voltage under a high current. However other TSEPSs can also be used. In the case of inverters, Smet [55] and
Arbanas [56] propose making the temperature measurements with the voltage under a low current when the load current
value is close to 0 A. They state that the inverter operation is not influenced by such a measurement. In this application, the
threshold voltage could also be used but the driver circuit would be more complex.

Bergogne et al. [50] propose an original method based on the use of the saturation current of an IGBT chip in a chopper.
Figure 14 shows the principle of such a measurement: during the off-state (the diode of the chopper is conducting), the gate-
emitter voltage swings from a negative value (IGBT off) to a value just higher than the threshold voltage. During this phase,
the collector current of the IGBT is measured giving an estimate of the temperature. However, this interesting method still
creates certain problems: the gate-emitter value has to be very accurate; and the current measurement is difficult because
the value of the saturation current is much lower than the collector current during the IGBT on-state. The principle of this
method is the derivation of a small part of the power current in the characterized power device. Therefore a temperature
measurement could also be made using the gate-emitter voltage as TSEP but keeping the problem of the current

measurement.

Fig. 14. Gate-emitter voltage (channel 1) and collector current (channel 2) for an IGBT on-line temperature measurement using the
saturation current as a thermo-sensitive parameter [50]
2) Synthesis
Using the different statements given in the previous paragraph, figure 15 proposes a comparison of the different TSEPs
using all defined criteria. A radar graph is proposed for each TSEP. In this graph, a point near the periphery means that the
comparison criterion is favorable for the TSEP. Contrary a point near the center means that the criterion is poor. For the
switching time (figure 15f), the accuracy criterion is not mentioned because of the lack of data in the scientific literature.

Comparing figure 15a to the others, it is easy to understand why the voltage under a low current is the most used method.



In fact, apart from the on-line measurements, all the comparison criteria are very good. For the measurement of the thermal
impedance of a package it seems to be the more reliable and simple parameter even if this measurement could also be carried
out with the threshold or the gate-emitter voltages. The saturation current is limited to the measurement of one temperature
i.e. to the measurement of thermal resistances.

At the moment, the measurement of on-line temperatures seems to be an unsolved problem. In fact the measurement of
the voltage under a high current does not give accurate values and the use of switching times has not been validated by any
measurement using a more direct method like IR camera. The use of other TSEPs is possible but limited to several converter

structures.
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Fig. 15. Comparison of the different TSEPs

All presented TSEPs are well adapted for silicon power devices. Today, the use of wide band gap semiconductors like
silicon carbide (SiC) and gallium nitride (GaN) is increasing due to their numerous advantages like the high switching
frequency, the low on-state resistance, the high voltage rating and the high maximum junction temperature. The next

paragraph presents the state of the art on the TSEPs of such power semiconductors.

B. Wide band gap power devices

1) About the calibration step

With wide band gap semiconductors, the calibration step is the same than this of silicon devices. But the potentiality of
working under very high temperatures is a problem for the accuracy of the measurements. In fact the convective and
radiative thermal losses are very large and it is difficult to know precisely the real temperature of the chip. This is the reason
why authors like Borthen and Wachutka [57] present experimental setups in order to do precise characterizations of high
temperature semiconductor devices. In [57] the experiment allows for measurements until 700°C, a vacuum chamber is
used in order to cancel the convective losses and to prevent the oxidation of the device.
2) About the switching times

The use of wide ban gap semiconductors allows for the reduction of the switching time [58-59]. For example, with HEMT
GaN devices, the switching time can be only several tens of nanoseconds [59]. The use of the switching times as TSEP is
thus not realistic at the moment.
3) SiC devices

The forward voltage of SiC devices varies with temperature [60-61]. Therefore it is possible to use the voltage under a
low current or under a high current as TSEP. The saturation current and the threshold voltage also depend on the temperature
[60], it is thus possible to use them as thermo-sensitive parameters as for silicon devices.

In the case of Schottky diodes, a possible TSEP is the voltage under a low current. It was used by Nowak et al. [33] but
the authors do not give any value for the sensitivity of this parameter.

The JFET is the most studied device in term of TSEP. A first method is the measurement of the channel resistance in on-
state [33, 62-64]. The sensitivity is about several m{/°C for devices having a channel resistance of several hundreds of mQ.
The sensitivity ratio S is therefore very good but, as it has been said in case of silicon devices, the resistance of the electrical

connections can be not negligible. Such measurements have to be made with caution in order to have accurate temperature



measurements.

A second TSEP used by Bergogne et al. [64] is the measurement of the voltage of the body diode of the JFET under a
low current, the JFET being in off-state. For the measurement of this TSEP, figure 6¢ can be used replacing the JFET by a
MOSFET and maintaining the gate-source voltage in a negative value in the case of normally-on JFET. This TSEP is linear
and the sensitivity is about -2mV/°C. Moumen et al. and Ibrahim et al. [62-63] propose a third method. They use the forward

voltage of the gate-source junction of the JFET (figure 16). The sensitivity is also about -2mV/°C.
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Fig. 16. Use of the gate-source junction of a JFET as TSEP

Nowak et al. [20] tried to use the saturation current in the case of SiC JFET. But they encountered some problems due to
the low stability of the current. They explained that this was due to the dependence of this parameter on gate-source voltage,

which has to be maintained as constant as possible.



4) GaN devices

These devices are new, it is therefore very difficult to find papers dealing with their TSEPs. However Feng et al. [65]
measure the chip temperature of a GaN HEMT using the forward voltage under a low current of the gate-source AlGaN-
GaN schottky diode. They obtain a sensitivity in the range -2 to -3 mV/°C.
5) Conclusion

At the moment, it is not possible to compare all TSEPs of wide band gap power devices because of the lack of data in the
scientific literature. However, it seems preferable to choose at the moment a thermo-sensitive parameter inducing a voltage
measurement on a Schottky or a PN junction under a low current. Indeed the measurements of gate-source voltage in active
region or of the saturation current have not been yet performed and the measurement of channel voltages in on-state is

possible but is hazardous.

IV. CONCLUSION

In this paper the main methods used to estimate the chip temperature of semi-conductor power devices with Thermo-
Sensitive Electrical Parameters (TSEP) have been presented and compared. An analysis of the different methods has been
synthesized in the last section of this paper with a specific part dedicated to TSEPs of wide band gap components.

The voltage measurement under low currents seems to be most suitable TSEP for silicon and wide band gap components.
Indeed, this solution is weakly sensitive to factors such as the electrical characteristics dispersion of a group of components
with the same reference. In fact, this characteristic permits to reduce the experimental time duration of the calibration
campaigns. In addition, the high-impedance status of the component with this measurement method limits the impact of the
aging and the degradations of the electrical connections (principally the metallizations and the wire bonding).

Moreover, the presented TSEPs do not allow for a robust measurement of the chip temperature during a functional use.
However improvements of chip temperature measurements with TSEPs in these conditions could be obtained in the future.
Complementary works should be carried out in order to compare the chip temperature obtained with the TSEPs versus a
referential chip temperature measurement solution using for example an infrared measurement or a thermo-reflectance
system. Theoretical studies dealing with the physics of the semi-conductor components have also to be completed in order

to increase the knowledge of TSEPs for silicon and wide band gap power devices.
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