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Monitoring the degradation of SiC MOSFETSs
undergoing thermo-mechanical stresses

Margo Molenaar, Aditya Shekhar, and Pavol Bauer
Dept. Electrical Sustainable Energy - Delft University of Technology, The Netherlands

Abstract—This study investigates the degradation behavior and
reliability of silicon carbide (SiC) MOSFETSs under power cycling
tests to address their vulnerability to thermo-mechanical stresses.
Five 650V SiC MOSFETs (IMW65R107M1H) were subjected
to controlled thermal cycles, and key parameters such as body
diode voltage, thermal resistance, and junction temperature were
monitored. The degradation mechanisms, including bond wire
fatigue and gate oxide defects, were identified through abrupt and
gradual changes in the body diode voltage. A Weibull distribution
was used to model the component lifetime, estimating a B-10
lifetime of 7279 cycles for devices with varying AT; between
120°C and 140 °C. Furthermore, the body diode voltage and
gate leakage current were highlighted as effective precursors
for early failure detection. This research provides insights into
improving SiC MOSFET reliability and lays the groundwork for
early warning systems in high-power converter applications.

Index Terms—Reliability, Power Cycling Test, Lifetime Degra-
dation Monitoring, Silicon-Carbide MOSFET

I. INTRODUCTION

Reliability is defined as the probability that the product
will perform its designated function without failure for a
specific period. Commonly, the reliability is improved by
adding redundant components or reducing the relevant stresses.
Assessing the effectiveness of these measures requires knowl-
edge about the expected component lifetime based on the
underlying stress-dependent degradation mechanism. For high-
power converters, the weakest components are semiconductor
devices and capacitors [1], [2]. During the lifespan of semi-
conductors, they are exposed to repeated heating and cooling.
These thermal cycles are primarily caused by variations in the
load, switching actions, and environmental conditions. During
these thermal cycles, the layers of the semiconductor expand
and contract at different rates, resulting in shear stresses due
to the difference in coefficient of thermal expansion (CTE)
between the adjacent layers and the fixed constraints between
layers [3], [4]. Those thermo-mechanical stresses can lead to
bond wire cracks, bond wire lift-off, solder fatigue in the chip
or the baseplate and reconstruction of chip metallization [5].
Failures in the chip and bond wire are the most common.

Commonly used semiconductor devices are silicon
insulated-gate bipolar transistors (IGBT) and metal-oxide-
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semiconductor field-effect transistors (MOSFET). In addition,
the SiC MOSFET is thriving due to its increased breakdown
voltage, increased switching speed, increased thermal
conductivity and reduced losses [6], [7]. These properties
improve the reliability. However, the reduced chip area,
increased power density and longer bond wires reduce the
reliability [6], [7]. Moreover, the SiC MOSFET is more
sensitive to gate oxide degradation than the MOSFET made
of silicon.

The reliability of the converter can be increased by reducing
the thermo-mechanical stresses on the semiconductors or by
adding redundancy at system level. Alternatively, component-
level redundancy can be explored by adding MOSFETSs in
parallel to take over in case of failure of the original MOSFET.
A challenge with the second option is to prevent the original
MOSFET from failing in a short circuit. Therefore, it is crucial
to predict when a particular MOSFET is going to fail so its op-
eration can be suspended. This requires condition monitoring
algorithms based on failure precursors and correlating them
with the remaining useful lifetime.

The aim of this paper is to study the behavior of the SiC
MOSFET during the degradation process. In this paper, five
SiC MOSFETs are thermally degraded and the body diode
voltage, junction voltage, thermal resistance and lifetime are
investigated. Furthermore, early warning precursors for wear-
out failures are compared. With this information, the end of
the lifetime of the MOSFET can be predicted and action can
be taken to prolong the lifetime of the converter.

This paper is structured as follows: the methodology of
the experiments is discussed in section II. Next, the results
are discussed in section III, including a discussion of the
body diode voltage, junction temperature, thermal resistance,
thermal cycles to failure, Weibull distribution and effects after
failure. In section 1V, the precursors for an early warning
system for bond wire fatigue are discussed and lastly, a
conclusion is given in section V.

II. METHODOLOGY

The thermal and power cycling tests are valuable methods to
impose thermal-mechanical stresses and determine the semi-
conductor device’s lifetime [4], [8]. During the thermal cycling
test, the heatsink is heated and cooled repeatedly. The devices
will follow the thermal cycle of the heatsink. During the power
cycling test, the pulsating current flowing through the device
will heat the device. During this test, the heatsink has a fixed
temperature and is used to cool down the device. The thermal
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Fig. 1: Illustrative representation of junction temperature cy-
cles created by the pulsating current flowing through the body
diode. For every cycle, the voltage is measured three times.
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Fig. 2: Schematic representation of the test setup.

cycles can be executed faster in the power cycling test since
only the device itself needs to be heated. Fig. 1 represents
the junction temperature cycles obtained during the power
cycling test. The other layers of the semiconductor device also
experience thermal cycles and since each layer has a different
coefficient of thermal expansion (CTE), thermo-mechanical
stresses are created between adjacent layers.

Fig. 2 shows a schematic representation of the test setup.
Herein, [}, indicates the pulsating current that heats the device.
I is a small bias current that flows through the diode to mea-
sure the voltage drop and calculate the junction temperature
during the cooling period. Vj is the gate-source voltage and
Vba 1s the measured voltage drop over the body diode. The
chosen parameters for this power cycling test are summarized
in Table I, in which Tj; is the temperature inside the heatsink.

The junction temperature cycles can not immediately be
measured with the desired accuracy, so the voltage over the
body diode is used. The relationship between the junction
temperature and the diode’s voltage drop is established during
the calibration. In the calibration, the heatsink is set at different

TABLE I: Settings of the thermal cycling test.

Parameter  Setting
Iy 13 A
ton 45 s

toff 45.003 s
I 100 mA
Ve ov

Ths 20 °C

temperatures, and the voltage drop over the diode is measured
while applying a low-bias current. This current is set at
100 mA to prevent self-heating and have a negligible impact
on the voltage drop across the drift region. The junction tem-
perature is assumed to be the same temperature as the heatsink
after reaching a steady state. The body diode voltage has a
negative linear relationship with the junction temperature.

In the following experiments, five 650V SiC MOSFETSs
are tested. The chosen MOSFETs for this experiment are the
IMW65R107M1H from Infineon [9]. The MOSFETs will be
degraded using the body diode losses to create thermal cycles.

III. RESULTS

Throughout the degradation of the MOSFETSs, the body
diode voltage drop is measured three times in every cycle, as
indicated in Fig. 1. The body diode voltage at the start and end
of the cooling phase are used to calculate the junction tem-
peratures. Furthermore, the electrical resistance and thermal
resistance are measured. The values of these parameters at the
start of the experiment are given in table II. The next part will
discuss the measured parameters throughout the degradation
test.

TABLE II: The parameters at the start of the test.

Parameter S1 S2 S3 S4 S5
V(ti) (V) 40516 4.0687 4.0503 4.0288  4.1687
V(ti4) (V) 1.7034  1.6728 1.6702 1.4432 1.6734
V(tz) (V) 2.0874 2.0856 2.0847 2.1044  2.0998
T max (°C) 134.8 143.4 144.2 234.5 150.5
T min (°O) 10.6 10.8 10.9 12.3 13.6
AT; (°C) 124.2 132.6 133.3 2222 136.9
Ron (m) 309 311 309 308 318
Rinja (K/'W) 21416 2.2053  2.2808  3.8129  2.2581

A. Body diode voltage

The voltage drop over the body diode is measured during
each thermal cycle. Fig. 3 shows the diode’s voltage drop for
each cycle number at the end of the heating period V(¢,.),
at the start of the cooling period V(¢;;) and at the end of
the cooling period V(¢,). During the heating period, a 13 A
current is flowing through the diode. The current is reduced
to 100 mA during the cooling period.

The voltage drop over the body diode at 13 A current is
used to monitor the degradation. It is known that cracks in the
bond wire and solder layer abruptly increase the voltage, while
gate oxide defects gradually increase the voltage. Since a SiC
MOSFET is tested and Vgs = 0V, the channel is not entirely
closed and gate oxide defects are visible in the body diode’s
voltage. This gradual increase of V(¢;.) is around 0.06 % per
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Fig. 3: Percentage increase of the body diode voltage through-
out the power cycling test.
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Fig. 4: The relation between the junction temperature and body
diode voltage before and after the degradation test.

1000 thermal cycles at the start but increases up to 0.5 %
per 1000 thermal cycles. Moreover, this voltage undergoes
two abrupt jumps. After the first jump, the voltage reaches a
stable value again, whereas after the second jump, the voltage
becomes unstable. After the second jump, the failure criteria
(5 % increase) is reached. The first voltage jump can be used
for developing an early failure warning system.

B. Junction temperature

During the cooling period, a current of 100mA flows
through the diode. The measured voltage at the start of the
cooling period V(t;4) is around 1.7V, while it is 2.1V at
the end of the cooling period V(¢;). Even though the current
through the diode is the same, the measured voltage increases
with the decrease in junction temperature. Hence, these volt-
ages are used to calculate the maximum and minimum junction
temperatures of each thermal cycle.

A calibration was performed before and after the degrada-
tion test, shown in Fig. 4. Unfortunately, the relation between
the temperature and measured voltage changed throughout the
degradation; The offset of sample 1 was reduced by 0.17 %
while the slope was reduced by 2.43 %. This will eventually
lead to a temperature mismatch of approximately 15 °C. For
example, V(t;) of sample 1 started at 2.0874V and ended
at 2.1097 V. Based on the calibration before the degradation,
T min 1 10.6 °C and 3.4 °C at the end. Based on the calibration
after the degradation, Tj i, is 18.8 °C at the end.

Throughout the degradation test, the heatsink temperature
is around 20°C and the cooling fluid inside the heatsink
fluctuates around 14°C. Tjni, is expected to be constant
throughout the degradation, assuming t.g is high enough to
cool down completely. Moreover, the case temperature of
the MOSFETs is measured. The case temperature is 40.0 °C
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and increases abruptly to 42.0°C after 10000 cycles. This
is consistent with the observed abrupt increase in V(¢;.) and
associated power losses.

The shift in the calibration curves means that the physical
properties of the SiC MOSFETs are changing. The cause of the
shift could be the gate oxide defects. If so the problem can also
be solved by applying a negative gate voltage to completely
shut the channel of the SiC MOSFET. A solution for obtaining
a more reliable junction temperature is to execute multiple
calibrations throughout the degradation and interpolate the
shift. The disadvantage is that calibrations are time-consuming
and impose additional stresses on the devices, since the whole
system is passively heated.

C. Junction voltage

The measured voltage of the body diode (V44) is an ac-
cumulation of the voltage drop over the p-n junction and
resistance, shown in (1), where V; is the voltage drop over
the p-n junction, I is the current flowing through the diode,
Ry is the resistance of the bond wires, Ry 18 the resistance
of the drift region and Rchanner 1S the resistance of the channel.

%d = V] +1- (wa + Rdrifl + Rchannel) (1)

This equation holds for all three measured voltages per
cycle, only the current and temperatures vary per measurement
point. During the cooling phase and measurement of V(¢,) and
V(t1+) the current is very low and the junction voltage will
dominate the measured voltages.

Furthermore, it is assumed that the junction temperature of
V(t;.) and V(t1,) are the same since they are measured right
after each other. By subtracting the equations for V(¢;.) and
V(t1+), the junction voltage drops out of the equation and the
equation is rewritten to find the value of the resistances, shown
in (2).

V(ti) — V(tis)
Iy — I

After knowing the value of the summation of the resistances,
the junction voltage can be calculated with (3).

wa + Rdrift + Rchannel = (2)

er = Vl;d -1 (wa + Rdrift + Rchannel) (3)

Filling in V(t;,) gives V; at the maximum junction tem-
perature while V(¢,) results in V; at the minimum junction
temperature. The obtained results are given in Fig. 5. The
junction voltage varies depending on the junction temperature.
The results obtained with V(¢;.) or with V(¢1,) are identical.

D. Thermal resistance

After every 500 thermal cycles, a thermal response mea-
surement is performed to obtain the thermal resistance from
junction to ambient, i.e. MOSFET, thermal pad and heatsink.
The results are shown in Fig. 6. The thermal resistance
from junction to ambient remains constant except for the last
measurement of sample 5, which could be caused by the
voltage’s instability at the end of its lifetime.

1.800
= Sample 1 —— Sample 4
1775 1 Sample 2 —— Sample 5
1750 4 —— Sample 3
& 1725 -
3
€ 1.700 +
=
= 1.675 1
1.650
1.625 A
1.600 T T T T T T
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2144 T Sample 1 —— Sample 4
Sample 2 —— Sample 5
—— Sample 3
2.12 4
S
=
€ 2.10 1
=
>\.
2.08
2.06

T T T T
5000 7500 10000 12500
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T
0 2500

(b) Junction voltage at minimum junction temperature

Fig. 5: Junction voltage of the body diode.

The thermal resistance of sample 4 is higher than for the
other samples because the connection from the MOSFET to
the heatsink was weak. This also resulted in a higher T} nax
compared to the other samples, which is in line with (4), where
Pioss 1s the power loss, Zy, is the thermal impedance and T
is the heatsink temperature.

7},max(t) = Boss . Zth + Ths (4)

Authorized licensed use limited to: TU Delft Library. Downloaded on November 21,2025 at 08:40:08 UTC from IEEE Xplore. Restrictions apply.



5.0
——— Sample 1
4.5 7 Sample 2
4.0 - ——— Sample 3
r ——— Sample 4
3.5 4 ——— Sample 5
S 4
~ 3.0
2.5 1
— — —_—
2.0 N
1.5 1
1.0 ==

T T T T T T
0 2000 4000 6000 8000 10000 12000
Thermal cycles

Fig. 6: Junction to ambient thermal resistance throughout the
degradation.

TABLE III: The thermal cycles to failure.

Sample 1
Ne 11565

Sample 2
10217

Sample 3
11024

Sample 4
2384

Sample 5
5911

E. Thermal cycles to failure

The number of thermal cycles to failure (Ny) is defined as
the moment that the voltage over the body diode during the
heating period increases by at least 5 %. Table III gives the
thermal cycles to failure of every sample. Sample 4 is the first
one that meets the failure criteria. This makes sense since the
thermo-mechanical stresses are proportional to the temperature
fluctuations and sample 4 has higher T} n.x and AT}. The AT,
versus Ny is plotted in Fig. 7.

F. Weibull distribution

Weibull distributions are useful tools for studying device
and system reliability [10]. The five samples are fitted for a
Weibull distribution. The best fit is obtained with a = 9248
and 8 = 2.59. With these values, the failure density function
and reliability function are shown in Fig. 8 in blue. Based on
this curve, the B-10 lifetime is 3890 thermal cycles, i.e. 10 %
of the MOSFETs is expected to have failed. Moreover, 50 %
of the MOSFETs is expected to have failed at cycle 8030.

In this experiment, sample 4 has a higher AT] and should
be removed when investigating the reliability of samples with
AT; between 120 °C and 140 °C. In this case, the Weibull
distribution is best fitted with o = 10512 and 8 = 6.11.
The increase of 5 would give a narrower failure density curve
and steeper reliability function, as shown in Fig. 8 in orange.
Furthermore, the B-10 lifetime is improved to 7279 cycles and
B-50 lifetime is 9905 cycles.

Moreover, the Weibull distribution is fitted with three sam-
ples that are closest to the median temperature. The median
temperature in this experiment is 133.3 °C of sample 3. The

12000
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L
8
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O
=
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Q
£
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Fig. 7: The thermal cycles to failure against the temperature
fluctuations.

TABLE IV: The Weibull distribution and lifetime parameters.

5 samples 4 samples 3 samples
« 9248 10512 9906
B8 2.59 6.11 5.27
B-10 lifetime 3890 7279 6474
B-50 lifetime 8030 9905 9252

fitting is done with samples 2, 3 and 5 and the resulting failure
density function and reliability function are shown in Fig. 8 in
green. The « is reduced to 9906 and the § to 5.27 compared to
the fitting with four samples, since sample 5 failed significantly
earlier than sample 1, 2 and 3. The reduction in « shifts the
peak and curve of the failure density function to the left and
the reduction of 5 makes the curve wider and the intensity of
the peak lower. The reliability function is also shifted to the
left and the B-10 and B-50 lifetimes are therefore also reduced
to 6474 and 9252 thermal cycles respectively.

G. Failure effects

After the power cycling test, each sample is investigated.
MOSFET samples 1, 2, 3 and 5 can still conduct and block
the power. However, the measured voltage drop and electrical
resistance fluctuate. There is expected to be a bond wire crack
and the contact area will change after each thermal cycle.
Moreover, the gate leakage current is around 0.95A in forward
mode and 0.25A in body diode mode. In sample 4 an open
circuit is created between the source to drain.

IV. EARLY WARNING PRECURSORS

In the literature, bond wire fatigues are detected by an abrupt
increase in the channel resistance (Rg4son), body diode voltage
drop (V44), thermal resistance (R;;), leakage gate current or
leakage drain current [11]-[15]. Furthermore, the gate oxide
degradation is detected with a gradual increase in Rgson, Vods
leakage gate current or leakage drain current. Additionally,
the gate oxide degradation will shift the threshold voltage,
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increase the gate-source capacitance and decrease the gate-
drain capacitance [16], [17].

In this experiment, the body diode voltage during the
heating period is an excellent precursor to detect bond wire
fatigue since it increases sharply in a few hundred thermal
cycles. Also, the gradual increase in the body diode voltage
can be used to detect gate oxide degradation. The thermal
resistance from junction to ambient is not significantly affected
throughout the degradation and is not reliable as an early
warning system. Furthermore, the junction temperature can
be used to track bond wire fatigue and the difference in
calibration curves can be used to track gate oxide degradation.
Moreover, the gate leakage current can also be used as a
precursor to detect failures and may also serve as an early
warning system.

V. CONCLUSION

This paper studies the behaviour of five SiC MOSFETs dur-
ing the degradation process. The degradation due to thermo-
mechanical stresses is created with the power cycling test.
During the degradation process, the body diode voltage, ther-
mal resistance and junction temperature are investigated. The
four samples with a AT} around 130°C have a lifetime of
6 thousand to 12 thousand thermal cycles. These samples
are matched with a Weibull curve, resulting in a = 10512
and 8 = 6.11 and a B-10 lifetime of 7279 thermal cycles.
Furthermore, the body diode voltage is an excellent precursor
for an early failure warning system.
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