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Abstract—This paper introduces a fully automated
test bench for —75°C up to 160°C static and dynamic
semiconductor characterization. First measurements per-
formed with a 1.2kV, 200 A Si-IGBT module and a 1.2kV,
250 A SiC-MOSFET module show better semiconductor
performance at lower temperatures compared to the con-
ventional high temperature operation.

I. INTRODUCTION

Superconducting electrical machines as well as su-
perconducting supply lines are supposed to become a
trend in future energy generation and distribution sys-
tems [1-5]. In the project associated to [6] a hybrid
Liquid Hydrogen (LH2) and High Temperature Super-
conductor (HTS) supply line is investigated. The applied
HTSs need to be operated at very low temperatures that
are typically below 77 K to ensure a safe operation and
to enable the necessary critical currents. In case of the
LH2-HTS pipeline, even temperatures below 20K are
necessary to keep the hydrogen in a liquid state. For
that reason, a proper cooling at cryogenic temperatures
is essential. However, those applications require power
electronics, i.e. converters for the grid connection of the
hybrid supply line or inverters for the superconducting

machine plus for other common auxiliaries such as
compressors and pumps.

The very powerful cooling units and the cryogenic
temperatures allow an operation of the semiconductors
at much lower temperatures than it is common practice.
Moreover, the conventional approach to converter design,
in which the converter and its cooling are designed in
such a way that the semiconductors full load junction
temperature is close to its maximum, is no longer re-
quired. Instead, a cooling at a much lower temperature
gives the opportunity to control the junction temperature
in a wider range. This can be used to operate the device
at its application specific optimum operating point. For
that reason, an investigation of the semiconductors low-
temperature behavior is reasonable to identify possible
operating points with lower switching and conduction
losses that can result in a better power electronics
efficiency.

Moreover, for the interface converters of the hybrid
supply line the use of topologies with galvanic isolation
opens up the possibility to use this isolation also for
thermal isolation. This in turn reduces the necessary
cooling power and allows a better efficiency of the
overall system.

Hence, for an optimized system, good knowledge
of the semiconductor behavior over a wide temperature
range is required. Therefore, this paper introduces a fully
automated semiconductor test bench for dynamic and
static characterization. To reduce costs, the number of
measuring devices used is kept as low as possible. Thus,
the proposed setup for static measurements allows the
measuring of the /-V curve without additional expensive
test equipment such as curve tracers.

This paper is structured into six sections. The second



section gives an overview of recent research on low-
temperature semiconductor characterization and the as-
sociated challenges. Section III presents a fully auto-
mated measurement setup that allows characterization
over the wide temperature range from —75°C up to
160°C. In section IV the control and measurement data
evaluation software of the test bench is explained. First
measurements are performed with a 1200V, 200 A Si-
IGBT module and a 1200V, 250 A Silicon Carbide
(SiC)-MOSFET module. The results with a focus on the
static behavior are outlined in section V. Finally, the
results are discussed and an outlook on future work is
given.

II. LOW-TEMPERATURE SEMICONDUCTOR
CHARACTERIZATION

In recent years, more and more research has been
conducted on the low-temperature behavior of power
semiconductors. In [7], SiC PIN and Schottky diodes
are investigated down to 20K and in [8] two commer-
cial 1.2kV SiC-MOSFETs are characterized down to
30K. The authors in [9] and [10] present the static
and dynamic characterization of a planar and a trench
SiC-MOSFET as well as a Si-IGBT over the wide
temperature range from 90 K to 493 K. Further cryogenic
measurements of three and six different 1.2kV SiC-
MOSFETs are published in [11] and [12], respectively.
Whereas in [13], the focus is on the body diode of a
1.2kV SiC-MOSFET which is investigated from 90 K to
603 K. These investigations use liquid nitrogen or liquid
helium chillers, causing quite complex and expensive
cooling. Moreover, probably due to the circumstance of
limited space in the thermal chamber, mostly relatively
small discrete semiconductors are investigated with cur-
rents < 80 A.

A review on numerous power electronic components
as different semiconductors, passive components and
interconnections is given in [14], while [15] gives an
overview of SiC and Gallium Nitride (GaN) components
characteristics at cryogenic temperatures. For tempera-
tures below 250 — 300 K according to [9], [10], [11] and
[15] especially the static behavior of SiC components
gets worse, while the switching losses show various
trends but are not significantly improved in any case.
Therefore, for those semiconductors a measurement at
cryogenic temperatures is not expedient. In contrast, sil-
icon and GaN components show extensive improvements
even at cryogenic temperatures [14], [15].

While previous investigations put a focus on rather
small discrete components, the test bench presented here

focuses on the characterization of complete semiconduc-
tor modules. To keep the cooling effort within limits, a
temperature range of 198 K-433 K, which corresponds
to —75°C-160°C, is considered sufficient.

III. SEMICONDUCTOR TEST BENCH

To enable safe measurements at temperatures below
0°C, the double pulse test bench introduced in [16] is
extended by a low-temperature measurement chamber.
This chamber is hermetically sealed. Before each mea-
surement, the chamber is flooded with gaseous nitrogen
to minimize humidity and therefore the risk of dew
formation and icing inside. A front view of the chambers
principle structure is given in Fig. la, the real-world
setup is pictured in Fig. 1b.
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Fig. 1: Low-temperature measurement chamber

The semiconductor module as Device Under Test
(DUT) is placed on a copperplate, the temperature of
which is regulated using a HUBER Unistat 815W tem-
perature control unit. Thermal isolation (cf. Fig. 1la)
reduces the heat flow into the DUT and the tempering
plate for low-temperature measurements. This allows
tempering plate temperatures to reach a minimum of
about —75°C. The gate drivers, the DC link capacitors,
the voltage and current probes as well as the temperature
measurement are placed inside the chamber. In contrast,
the load choke and temperature sensitive measurement
technology such as the Rogowski coil integrator are
placed outside. To monitor and supervise the humidity
inside, a Sensirion SHT40 temperature and humidity
sensor is installed inside the chamber. The status of the
chamber is displayed optically with an RGB-LED.

Beside the temperature of the tempering plate, which
is measured by the temperature control unit, the test
bench has seven additional temperature channels. Those
can be used for measuring and supervising the tempera-
ture of certain converter parts, like the gate-drivers, the



internal module temperature, if e.g. an internal tempera-
ture sensor is available, or of any passive component or
busbar.

For the measurement, the galvanically isolated delta-
sigma Analog to Digital Converter (ADC) AMC3336
from Texas Instruments is used in combination with
an adaption circuit for the particular used sensor. With
a defined temperature range from —80°C to 200°C,
a PT100 sensor reaches a resolution of 0.218°C. For
a PT1000 sensor the resolution can be increased to
0.041°C. Additionally, a fixture for an infrared camera
allows the supervision of e.g. the temperatures of the
gate driver Printed Circuit Board (PCB).

The design of the chamber enables the measurement
of various semiconductor modules as well as discrete
semiconductors. The latter can be tempered by immer-
sion in an oil pan with the insulating fluid MiVolt DF7.
The most important technical data of the chamber is
summarized in Tab. 1.

TABLE I: Technical data of the measurement chamber

Dimensions measurement chamber (I X w X h) 58 X 58 X 52 cm

Dimensions tempering plate 32 x 32cm
Temperature range tempering plate —75°C — 160°C
Internal DC link capacitance 2.1mF

Maximum DC link voltage 1.8kV

IV. TEST BENCH CONTROL AND DATA EVALUATION

For a safe, user-friendly and easy control of the test
bench, an in-house developed MATLAB-based software
tool is used. This software sets the measurement and
device configuration, controls the measurement as well
as evaluates and plots the acquired data from the os-
cilloscope. The structure of the developed software is
depicted in Fig. 2. For the interaction with the user, a
MATLAB graphical user interface (GUI) is used.

A. Measurement Configuration and Control

In a first step, the measurement is configured by
specifying a three-dimensional current, voltage and tem-
perature operating point matrix. Further, important in-
formation of the DUT is captured. Thereafter, during
device configuration, the parameters of the test bench
are defined. This includes the possible temperature and
voltage range of the temperature control and power
supply unit, as well as oscilloscope parameters like
trigger, time and input settings. All settings can be saved
in .json configuration files, which allows a save and easy
reproduction of the settings if several measurements are
made.
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Fig. 2: Software structure of the control and data evalu-
ation software

After configuration, the measurement control per-
forms the automated measurement process, including
the communication with the test bench, the setting of
the measurement points as well as the reading and
saving of the gathered oscilloscope data. Moreover, it
supervises the measuring and reacts to possible errors as
the opening of the measuring chamber during operation,
the pressing of the emergency stop or the loss of test
bench communication.

The pulse generation, temperature and humidity sen-
sor readout, test bench supervision and error handling
is adopted by an in-house developed signal processing
system based on the Zyng7015 System on Chip (SOC),
similar to [17]. A feed-forward control of the DC link
voltage is included to calculate its discharge during the
first pulse. Furthermore, ahead of each measurement,
the energy in the DC link capacitor before the pulse is
compared with the energy in the load inductance after
the first pulse:

Ec C-V%)
RIS =

Operating points with a proportion lower than five
are skipped during the measurement, since otherwise
the DC link capacitor would be discharged too much
for a reliable measurement. This can be prevented by
using a sufficiently large DC link capacitance as well as
sufficiently high DC link voltages.

After each measurement, the oscilloscope data are
saved together with all currently measured tempera-
tures in a .json file. Additionally, this file contains all
measurement and device configuration information as
well. This ensures an unambiguous assignment of the
measurement data, as well as a comparability of different
measurements.



B. Measurement Data Evaluation

Within the developed MATLAB app, the post-
processing for analyzing and evaluating the gathered data
is implemented. Several evaluation settings allow a wide
range of use. This includes the choice of integral borders
for loss calculation, so that these e.g. can be chosen
individually for IGBTs or MOSFETs according to [18]
and [19]. The evaluation configuration can be saved to a
Jjson file and imported again. Fig. 3 shows a flowchart
of the detailed evaluation process.
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Fig. 3: Evaluation process

During pre-processing, the oscilloscope data is read,
offset-adjusted and optionally smoothed. For a reliable
switching loss calculation, the skew between the voltage
and current waveform caused by different propagation
delays due to different probes and cable lengths has
to be compensated. According to [20], even a small
skew of several nanoseconds can cause huge errors.
Skew compensation can be done either by using previous
calibration measurements or alternatively, the software
can automatically determine the latency between the
voltage and current for each measurement. Therefore,
during the turn-off process the points in time with the
highest rate of current fall and the maximum voltage are
determined. Due to

de
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those two points in time have to be simultaneous.
With this information, the skew can be corrected. After
pre-processing, depending on the type of investigation,

either the turn-on and turn-off energy or the output
characteristic are calculated. For dynamic characteri-
zation, the software identifies the integration borders
according to the users definition as described above
and integrates the switching power over time. Beside
the turn-on and turn-off losses, other parameters like
dv/dt, di/dt, maximum over-current and -voltage or
commutation time are calculated. Those can be used for
a proper Electromagnetic compatibility (EMC) converter
design and for a suitable setting of dead times. The
process for static characterization is described in detail
in subsection V-B.

V. MEASUREMENTS

To measure the switching dynamics, the established
double pulse setup as described e.g. in [16] and pictured
in Fig. 4a can be used. The low-side transistor as DUT
is switched. With the first pulse, the desired load current
is built up. After a short delay a second pulse can be
used to capture the turn-on and turn-off behavior.

In the following, measurement results for the
FF6MRI2KM1 SiC-MOSFET and the FF200RI2KE4
Si-IGBT module from Infineon are presented.
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Fig. 4: Test bench setup for dynamic and static charac-
terization



A. Dynamic Characterization

Exemplary waveforms for turn-on and turn-off of
the FF200R12KE4 Si-IGBT module at Vo = 600V,
Iy =200A are shown in Fig. 5. The automatically
identified integral borders are printed as vertical lines.
The measurement conditions are given in Tab. II in
subsection V-C.
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Fig. 5: Exemplary waveforms FF200R12KE4 Si-IGBT
module at Vo = 600V, Ig = 200A, T = —75—-150°C

By evaluating the waveforms with the software, the
dynamic characteristics given in Fig. 6 are obtained. This
paper presents the results of the switching characteristics
for the Si-IGBT module as an example. As shown,
turn-on and turn-off energies can both significantly be
reduced for lower temperatures. The overvoltage remains
almost constant with a slight increase at temperatures
below —25°C, while the overcurrent rises significantly
for higher temperatures.

B. Static Characterization

Theoretically, the dynamic characterization setup can
also be used for characterizing the static behavior. There-
fore, only the first pulse would be necessary. During the
low side transistors on-state the current through and the
voltage across this component need to be measured.
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Fig. 6: Dynamic characteristics of the FF200RI2KE4
Si-IGBT module at Vog =600V, Ig=200A,
T=-75-150°C

However, when using this setup for static charac-
terization problems during the measurement acquisition
occur. Before the first pulse, when Tig is turned off
the voltage across the semiconductor equals the very
high DC link voltage in the range of several hundred
volt. In contrast to that, the voltage across the transistor
during on-state is in the range of a few volts. Hence,
for an accurate voltage measurement the oscilloscope
range should be a few volts as well. When doing so,
due to internal or external voltage clipper circuits, which
are then necessary, the oscilloscope needs some time
during turn-on to capture the data correctly. Hence, not
the complete pulse can be used for evaluation.

Furthermore, to withstand the high voltage during
off-state, high voltage probes should be used, which
typically have a lower accuracy. To solve that problem,
curve tracers as described e.g. in [11] can be used instead
of the double pulse setup. However, this requires an
additional, quite expensive analyzer. Alternatively, the
setup shown in Fig. 4b can be used.

Instead of connecting the choke in parallel to the
high-side transistor, it is connected in series together with
an additional free-wheeling diode. The voltage across
the low-side transistor is measured 1 : 1 using a coaxial
cable and an external 50} termination resistor at the
oscilloscope input. During the measurement, the low-side
transistor is turned on first, while the high-side transistor
is still off. Hence, nearly the complete DC link voltage
is across the high-side transistor. By turning the high-



side transistor on, a current through the choke and both
transistors is built up. In Fig. 7 an exemplary waveform
measured at T' = 20°C for the FF200R12KE4 Si-IGBT
module is given. The current ¢r and voltage vcg of the
low-side transistor are depicted in red and light-blue, its
gate voltage is given in green. The dark-blue waveform
represents the DC link voltage vpc.
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Fig. 7: Exemplary single pulse waveform for static
measurement of the FF200RI2KE4 Si-IGBT module at
T =20°C

Due to the output capacitances of both transistors and
the freewheeling diode as well as the module inductance,
during both switching events a short oscillation in the
voltage across the low-side transistor occurs, but with
its maximum amplitude being lower than 3V and its
duration lower than 1 ps is not significantly disturbing to
the measurement. For higher values of Vpc and it up to
250V and 500 A, the maximum amplitude value of the
oscillation is higher, but stays lower than 40 V for each
investigated operating point.

The inductance Ly meas and the resistance Ry meas 1N
the measuring path cause a voltage drop

dit

= LO’ meas * "5, 3
’ dt )

Vo meas + Ra,meas AT,

To properly determine the transistors forward volt-
age, the voltage v, meas has to be calculated. For its
inductive part, two waveforms with different DC link
voltages, resulting in two different rates of current rise
%WBW and .%ﬂvmg, are measured. 'By insert.ing both
current rates into eq. (3) and calculating the difference
for a common absolute current value, the inductance
Lo meas can be calculated:

Vo meas,2 — Uo,meas,1

Lo,meas = (4)

dﬂ’ _ dip
dt 'Vpe,2 dt

Vbc

Note, that due to the present design of the measuring
circuit this inductance consists of the internal module
and external busbar inductance (cf. Fig. 8). However,
by redesigning the setup and placing a voltage probe
directly at the module terminals, this setup could be
used for module inductance measurements as well. To
calculated the rate of current rise, the applied DC link
voltage Vpc and the inductance of the load choke Li,
are used:

Sr Mo )
t Ly,

Here, an ideal load choke and a constant DC link
voltage are assumed, which is valid as a first approxi-
mation, but has to be verified for each operating point
and measurement setup.

The resistance R, meas, primarily consisting of the
PCBs track resistance and the contact resistance between
the PCB and the module, was measured to approximately
90 uf). With a maximum current of 500 A this would
result in a maximum error of around 45 mV. With the
gathered information, the software automatically calcu-
lates and corrects the influence of vy meas-

C. Wide Temperature Range Output Characteristics

The setup described in subsection V-B is used to
measure the output characteristics of the two modules
mentioned above. The measurement conditions are sum-
marized in Tab. II

TABLE II: Measurement conditions

Temperature range —75 — 150°C

DC link voltage 20 — 250 V (static), 600 V (dynamic)
Max. current 400 A (IGBT), 475 A (SiC-MOSFET)
—15/15V (IGBT), —5/15V (SiC-MOSFET)

2.7 (IGBT), 32 (SiC-MOSFET)

Vaer / Vas
Ext. gate resistor RG,on
Ext. gate resistor Rq off 2.7Q (IGBT), 3.9Q (SiC-MOSFET)

2.1 mF sec. chamber cap. (static)
125 uF + 2.1 mF (dynamic)

71.4 pH (static), 349 uH (dynamic)

DC link capacitance

Inductance load choke

Oscilloscope Lecroy HDO 4104, 1 GHz, 12 bit

Current probe CWT UltraMini CWTUM/3/R

Direct coaxial cable 1:1 (static),

Voltage probe PPE 4kV (dynamic)

It is important to consider the self-heating of the
chip while ramping up the current. Therefore, the load
inductance should not be chosen too large to reduce
the pulse length and thus the current time area of the
transistors current. Hence, especially for the static mea-
surements which were performed with quite low DC link
voltages up to 250V, a lower inductance of 71.4 uH is



used. Previous simulations with the thermal data given in
the data sheets [21] and [22] show a maximum junction
temperature increase smaller than 5 K for all investigated
operating points with the measurement conditions given
in Tab. IL.

In Fig. 8 the setup for a measurement at —75°C is
shown. Only a negligible amount of ice at the connection
screws and on the tempering plate is visible.

DC terminal Load choke
terminal
Thermal
isolation

Free-wheeling

Vps / VcE diodes
measurement
Vs / VGE
measurement
DUT
Is / ig Gate driver with
measurement “\ fiber-wire interface

4

Fig. 8: Setup for output characteristic measurement at
T =-75°C

The results for the FF200R12KE4 Si-IGBT module
are shown in Fig. 9. Due to its forward threshold voltage,
especially for the IGBT, a measurement of the I-V
curve at very low currents is of great interest. Hence,
to increase the accuracy, two measurement curves are
combined. Up to 15 A, the measurement is performed
with Vpco = 20V. This results in smaller oscillations
during the switching and a higher accuracy due to the
smaller oscilloscope range. To enable current pulses up
to 400 A, Vpc is increased to 200 V for currents greater
than 15 A.

To calculate the I-V curve, first a moving average
filter with a 50 element window width is applied to
the signal. From the smoothed signal, 100 consecutive
measured values are then averaged to form one I-V
operating point.

For lower temperatures, the forward threshold volt-
ages rises whereas the differential resistance falls, lead-
ing to a steeper characteristic. Hence, for the lower
part-load operational range, lower static losses at higher
junction temperatures occur, while for upper part-load
and full-load the static losses decrease with lower tem-
peratures. The temperature dependency of the forward
voltage Vg for I = 30 A in part-load operation and
for the nominal current I, = 200 A are given in Fig. 10.

At full-load operation the forward voltage can be
reduced by around 20% when operating the device
at —75°C compared to its conventional operation at

Output characteristic

100

Fig. 9: I-V characteristic of the FF200RI2KE4 Si-IGBT
module
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Fig. 10: Vg of the FF200R12KE4 Si-IGBT module over
temperature

temperatures near the maximum junction temperature.
For Ir = 30 A the lower temperature of —75°C would
result in an approximately 28 % higher forward voltage.



In the following, the results for the FFOMRI2KM1
SiC-MOSFET module are presented. Its output charac-
teristic is shown in Fig. 11.
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Fig. 11: I-V characteristic of the FFOMRI2KM1 SiC-
MOSFET module

In contrast to the Si-IGBT module, all curves were
recorded at Vpc = 250V. The small disturbances at
very low currents result from the oscillation described
in subsection V-B at the very beginning of the pulse and
the lower accuracy due to the selected wider oscilloscope
range.

On-resistance SiC-MOSFET

Fig. 12: On-resistance of the FFOMRI2KMI SiC-
MOSFET module for Is = 250 A over temperature
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The investigation of the the on-resistance at the
modules nominal current Is = 250 A is depicted in
Fig. 12. It can be seen, that a minimum at around
—25 — 0°C occurs. For higher temperatures, a steep
increase of the on-resistance can be observed, while

for lower temperatures down to —75°C the increase is
moderate. When operating the module at —25—0°C, the
on-resistance can be reduced by around 41 % compared
to an operation at 150°C, operating at —75°C results in
a reduction of approximately 36 %.

D. Discussion

The measured output characteristics show good con-
sistency with the values given in the data sheets [21] and
[22] in a wide range. Differences at higher currents can
be explained by the non-ideal load choke and the droop
of the Rogowski coil which is not corrected yet. At the
moment, the reason for the derivations at higher tem-
peratures is not fully understood. A possible explanation
could be the increase of the connectors contact resistance
due to copper oxide formation at higher temperatures.

The temperature dependent semiconductor behav-
ior known from literature is clearly visible in the
measurements. For the Si-IGBT, as explained in

[23, pp. 9-10, 34-35] the forward threshold voltage
rises due to a lower intrinsic charge carrier density for
lower temperatures. In contrast, the differential resistance
falls, which can be explained according to [23, p. 101]
by a higher carrier mobility. For the SiC MOSFET the
temperature dependency of the on-resistance with its
minimum at around —25 — 0°C is in good consistency
with the results presented in [9], [10], [15].

VI. CONCLUSION

Within this contribution, an easy-to-use, flexible,
wide temperature range test bench for both static and
dynamic characterization of power semiconductors was
introduced. The operation over the full temperature range
from —75 to 150°C was proven by dynamic characteri-
zation of a Si-IGBT module as well as static character-
ization of a Si-IGBT and SiC-MOSFET module. With
minor adjustments, the static and dynamic measurement
are performed with the same setup. Hence, no additional
curve tracer is necessary. The results are in good con-
sistence with previously published research, promising
more efficient converters when their semiconductors are
operated at lower temperatures.

Future work includes the adaption of the test bench
to GaN semiconductors and the validation and charac-
terization of further semiconductors at low temperatures.
An extension for breakdown voltage measurements is
also planned. The developed system represents a highly
variable test bench for different semiconductor materials
and module types, enabling the collection of the neces-
sary information for a highly efficient low-temperature
inverter design.
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