E% University of
OPEN (2" ACCESS BRISTOL

Yu, R., & Jahdi, S. (2023). Degradation Pattern of Parallel
Symmetrical and Asymmetrical Double-Trench SiC MOSFETs under
Repetitive Short Circuits. In PCIM Europe 2023: International
Exhibition and Conference for Power Electronics, Intelligent Motion,
Renewable Energy and Energy Management (pp. 804-809). VDE
Verlag. https://doi.org/10.30420/566091111

Peer reviewed version

Link to published version (if available):
10.30420/566091111

Link to publication record in Explore Bristol Research
PDF-document

This is the accepted author manuscript (AAM). The final published version (version of record) is available online
via VDE at https://doi.org/10.30420/566091111. Please refer to any applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the

published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/


https://doi.org/10.30420/566091111
https://doi.org/10.30420/566091111
https://research-information.bris.ac.uk/en/publications/134524dd-d91b-4fcf-be74-7ca7f77cab31
https://research-information.bris.ac.uk/en/publications/134524dd-d91b-4fcf-be74-7ca7f77cab31

pcim

EUROPE

Degradation Pattern of Parallel Symmetrical and Asymmetrical
Double-Trench SiC MOSFETs under Repetitive Short Circuits

Renze Yu', Saeed Jahdi', Juefei Yang', Phil Mellor!, Jose Ortiz Gonzalez?, Olayiwola Alatise®

' Department of Electrical Engineering, University of Bristol, Bristol, UK
2School of Engineering, University of Warwick, Coventry, UK

Corresponding author:
Speaker:

Abstract

Renze Yu, renze.yu@bristol.ac.uk
Renze Yu, renze.yu@bristol.ac.uk

In practice, SiC MOSFET chips are often parallel-connected to promote the power rating. However,
due to the potentially unequal circuit parameter and temperature distribution inside the power module,
parallel devices suffer from different electrothermal stress, which may result in long-term reliability
challenges. In this paper, the short circuit performance of parallel-connected Planar, Symmetrical and
Asymmetrical Double-Trench SiC MOSFETSs have been investigated. The impact of gate resistance and
case temperature difference on current distribution of parallel SiC MOSFETs have been analyzed. The
degradation pattern of key parameters of three types of devices have been studied.

1 Introduction

With advantages of wider bandgap, higher critical
electric field and higher carrier mobility, Silicon
Carbide (SiC) devices have faster switching speed,
lower on-state resistance (Ron), higher breakdown
field and smaller chip area compared with Silicon
counterparts. These outstanding characteristics
have brought significant improvements to the
industry, greatly reducing the weight and cost of the
power electronics system. However, the reliability
of SiC devices has been a constraint, especially in
extreme conditions such as short circuits [1]-[4].

Moreover, discrete SiC chip is unable to conduct
high current, so SiC chips are often parallel
connected to increase the power level. The
uneven parameter distribution among chips will
easily result in different current and temperature
distribution among devices, and the inconsistent
electrical-thermal stress will cause chip degradation
to varying degrees, which will ultimately lower the
overall reliability. In [5], the short circuit behavior of
Wolfspeed 1.2 kV/300 A and Rohm 1.2 kV/180 A
multi-chip SiC module were compared. Test results
found out that the Cree module can only withstand
3.2 us while the Rohm module can suffer from
the stress for 7 us at 800 V. In [6], a half-bridge
module was tested and it failed within 3 us. After

post-failure investigation, both papers discovered
that only some of the chips failed, and it was
inferred that the unequal parameter distribution was
the root cause: the least reliable device determined
the overall reliability of the module. In [7]-9],
the disparity of chip parameter was discussed
and electrical-thermal models were developed to
explain the mechanism of short circuit current
distribution. The spread of threshold voltage Vi,
was found to be the most responsible factor. In [10],
the impact of parasitic inductance mismatches on
short circuit reliability was clarified. Suggestions
were given to the design of power module.
Current studies mainly focus on reliability testing of
power modules, or finding responsible parameters
for uneven current distribution. The evolution
pattern of parallel-connected SiC MOSFETs under
different electrical-thermal stress in the short circuit
event should be further investigated, which is
helpful to shed light on the device degradation
mechanism and is crucial to the long-term reliability
of SiC MOSFET devices. Thus, the short circuit
reliability test rig for parallel SiC MOSFET devices
is established in this paper. The short circuit current
distribution and the degradation of key parameters
of parallel-connected Planar, Symmetrical
and Asymmetrical trench SiC MOSFETs are
investigated in different electrical-thermal stress.



2 Experimental Setup

The short circuit schematic diagram and test board
for parallel-connected SiC MOSFET devices are
shown in Figure 1. The devices under test (DUTs)
were Planar, Symmetrical, and Asymmetrical
trench MOSFETs. Each DUT had a separate gate
driver. Before the test, DUTs had been tested
by source measuring unit (Keysight B2902A) to
make sure they have similar static parameters,
and the difference would only be caused by
the external factors. The PCB board had been
carefully designed to ensure that two DUTs have
symmetrical current path and similar parasitic
parameters. The synchronicity of the gate signal
was tested, and both gate drivers can give same
+18/-5 V output simultaneously. Besides, short
circuit currents were measured by Rogowski coil
(CWT1), and the drain-source voltage (Vgs) was
measured by the differential probe (GW-Instek
GDP-100). All waveforms were captured using
the oscilloscope (Keysight MSO7104 A 1-GHz 4
GSa/s). The short circuit waveform and the static
performance of parallel devices were characterized
every 20 cycles.
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Fig. 1: Experimental set-up for short circuit test of
parallel devices, including the two devices under
test (DUTSs) of the three SiC MOSFET structures,
gate driver signal outputs, DC link capacitors and
probes.

3 Effect of R; mismatch

3.1 Test results and analysis

In the test, all parameters were kept same and
only Ry was different. The test was carried out at
400 V V45 and room temperature. The Ry of DUT 1
(Planar SiC MOSFET 1, Symmetrical trench SiC
MOSFET 1, Asymmetrical trench SiC MOSFET 1)
and DUT 2 (Planar SiC MOSFET 2, Symmetrical
trench SiC MOSFET 2, Asymmetrical trench SiC
MOSFET 2) was 11 Q and 22 (2, respectively. The
short circuit duration (tsc) was 10 us, and test
period was 10 s. Key static parameters of devices
have been listed in Table 1. For all types of devices,
the variations of Vi, and on-state resistance (Rqn)
are both below 2%. In this way, the difference
between devices can be ignored and the only
variable was Ay.

Vin (V) | Ron (M)
Planar 1 3.34 145.11
Planar 2 3.34 144.42
Variance 0% 0.48%
Symmetrical Trench 1 4.42 133.96
Symmetrical Trench 2 4.44 133.30
Variance 0.45% | 0.49%
Asymmetrical Trench 1 4.74 105.25
Asymmetrical Trench2 | 4.74 103.68
Variance 0% 1.51%

Tab. 1: Key parameters of parallel devices under short
circuit test with different Ry.

The short circuit current distribution of three
types of devices after the first cycle are shown
in Figure 2. It can be discovered that the devices
with higher Ry has lower peak current, but the
difference is negligible in the current dropping
phase. The 11 (2 difference in Ry seems to have
no impact on the short circuit current distribution
between planar devices, which is because of its
large input capacitance that reduces the switching
speed. Compared with Symmetrical trench devices,
Asymmetrical trench devices are more sensitive to
Ry difference due to smaller input capacitance and
faster switching speed.

3.2 Degradation of key parameters

3.2.1 Degradation of Vy,

The degradation of Vi, of three types parallel
devices are shown in Figure 3. The Planar
devices almost exhibit no degradation after 100
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Fig. 2: Impact of Ry difference on short circuit current
distribution.
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Fig. 3: Degradation of Vi, under short circuit test with
different Ry.

cycles, and Vy, remains stable around 3.2-3.3 V.
For Symmetrical trench devices, Vi, gradually
reduces before 80 cycles with similar extent,
which is the result of positive charge injection into
the gate oxide under the negative turn-off Vgs
stress [11], [12]. At the 100" cycle, V4, increases
for both parallel-connected devices, indicating the
degradation mode of the gate oxide has been
different. With regard to Asymmetrical trench
devices, Vi, of both DUTs continuously reduces
throughout the test, but the device with lower
Ry degrades faster. This makes sense because
according to Figure 2, the device with lower Ry has
higher current, thereby having higher short circuit
energy and higher junction temperature, which
increases the possibility for holes to overcome the
SiC/SiO; barrier and causes more significant Vi,
drift [13].

3.2.2 Degradation of Ry

The degradation of Ro, of three types of
parallel-connected devices are demonstrated
in Figure 4. It can be discovered that R, of Planar
and Asymmetrical devices remains rather stable
and almost shows no degradation, which indicates
that the bond wires and the top Al layer of the chip
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Fig. 4: Degradation of Rq, under short circuit test with
different Ry.
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Fig. 5: Degradation of /45 under short circuit test with
different Ry.

are still in healthy state [14]. The degradation of
Vi has minor impact on Ry, measured at high
Vgs. For Symmetrical trench device with higher
Ry, Ron could not be measured at the last cycle
anymore because its gate has been damaged and
the test condition has gone beyond the limit of
source measuring unit.

3.2.3 Degradation of /g

lgss is a indicator of gate oxide healthiness. The
lgss degradation of DUTs are depicted in Figure 5.
Based on the test results, the gate oxides for both
Planar devices are healthy and show no indication
of degradation after 100 cycles. For Symmetrical
and Asymmetrical trench devices, Igss degrades
faster for devices with lower Rg. The reason
behind is because the current switches faster and
is larger when lower Ry is applied. With same
Vs, devices with lower Ry suffer from higher short
circuit energy and their gate oxides undergo higher
electrical-thermal-mechanical stress.

3.2.4 Degradation of Eg;
To analyze the degradation of chip parameters
on short circuit performance of parallel-connected
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Fig. 6: Degradation of Es. under short circuit test with
different Ry.

devices, short circuit energy (Esc) has been
calculated and plotted in Figure 6. It could be
discovered that the devices with smaller Ry always
have larger Esc compared with the devices with
larger Ry. For Planar devices, since no parameters
degrade significantly, Ec for both devices remains
roughly unchanged. For Symmetrical trench
devices, Eg4 drops at the end of test cycle due
to the large /gss, Which reduces the Vgs and short
circuit current. As for Asymmetrical trench devices,
E: slightly increases for both devices, and the
device with lower Rq has greater increase. This is
because the reduced Vi, speeds up the turn-on of
devices.

4 Effect of 7., mismatch

4.1 Test results and analysis

To investigate the effect of case temperature
(Tcase) mismatch on current distribution, DUT 3
(Planar SiC MOSFET 3, Symmetrical trench SiC
MOSFET 3, Asymmetrical trench SiC MOSFET 3)
was kept at 25 °C, and DUT 4 (Planar SiC
MOSFET 4, Symmetrical trench SiC MOSFET 4,
Asymmetrical trench SiC MOSFET 4) was attached

to a heating block to heat up the device to 125 °C.

The test was carried out at Vs of 400 V & Ry of
22 Q. The tg; and test period were 10 us and 10 s,
respectively. Key static parameters of devices have
been listed in Table 2. Similarly, the variations of
Vi, and Ro, for all types of devices are both below
2%. The only variable in the test is T¢ase-

According to the results in Figure 7, it could be
discovered that the higher the temperature, the
faster the devices switch, but the lower peak current
will be. The underlying reason is due to the negative

temperature coefficient of Vy, and carrier mobility.

With higher temperature, Vy, and lower mobility are

Vin (V) | Ron (M)
Planar 3 3.30 142.87
Planar 4 3.26 144.60
Variance 1.23% 1.21%
Symmetrical Trench 3 4.56 142.96
Symmetrical Trench 4 4.55 139.47
Variance 0.21% 1.79%
Asymmetrical Trench 3 | 4.70 111.08
Asymmetrical Trench 4 | 4.74 111.04
Variance 0.85% | 0.04%

Tab. 2: Key parameters of parallel devices under short
circuit test with different temperature.
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Fig. 7: Impact of Tz difference on short circuit current

distribution.

reduced, resulting in the asynchronous turn-on and
uneven current distribution, which is particularly
obvious for Planar devices.

4.2 Degradation of key parameters

4.2.1 Degradation of Vi,

The degradation of Vy, of DUTs are illustrated
in Figure 8. The V4, of both planar devices does not
present any sign of degradation after 100 cycles
of short circuit stress, albeit slight fluctuation. For
Symmetrical trench devices, the device with higher
T case Ultimately has more Vy, degradation, which
decreases from 4.58 V to 4.42 V. With respect to
Asymmetrical trench devices, a more significant
degradation has also occurred to the device with
higher Tcase, Whose V4, reduces from 4.71 V
to 3.58 V within 100 cycles, while Vy, for the
device tested at room temperature only drops from
4.72 V 10 4.29 V. It seems that for Symmetrical and
Asymmetrical trench devices, although the higher
short circuit current is higher for devices with lower
T case, the initial high Tcase has more impact on the
device degradation.
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different Toage.
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Fig. 9: Degradation of R,, under short circuit test with
different Tase-

4.2.2 Degradation of Ry,

The degradation of Ry, of DUTs with different
Tcase are illustrated in Figure 9. For three types
of devices, the effect of uneven T¢ase distribution
will not cause obvious Ry, degradation between
parallel-connected devices after 100 cycles of
short circuit impulses. The drift region, chip
surface and packaging of Planar, Symmetrical and
Asymmetrical trench devices are still intact.

4.2.3 Degradation of /g

The degradation of /yss after 100 short circuit cycles
are shown in Figure 10. According to the test
results, the Symmetrical trench device with lower
T case has the lowest gate oxide reliability. Although
its Igss is still low, the sudden increase of /yss
after 80 cycles indicates irreversible damages has
already arisen inside. As for the rest of devices, /gss
remains at nA level, suggesting their gate oxides
are still healthy.

4.2.4 Degradation of Eg

To investigate the degradation of static parameters
on the short circuit behaviour of parallel-connected
devices under different Tcage, Esc Under different
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Fig. 10: Degradation of /yss under short circuit test with
different Tcase-
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Fig. 11: Degradation of Eg; under short circuit test with
different Tgase-

test cycles has been computed and demonstrated
in Figure 11. Interestingly, Esc is smaller for
planar device with lower Tase While it is smaller
for Symmetrical and Asymmetrical trench devices
with higher Tcase. In addition, Egc is quite steady
for Planar and Symmetrical trench devices. For
both Asymmetrical trench devices, Egc increases,
and the device with higher temperature has larger
variation because larger Vy, reduction.

5 Conclusion

In this paper, the impact of Ry and T¢ase difference
on short circuit current distribution and device
degradation of parallel-connected SiC MOSFETs
is discussed. Results indicate that parallel
Asymmetrical trench devices are sensitive to
uneven Ry because of its fast switching speed,
while the Planar and Symmetrical trench SiC
MOSFETs are less affected by Ry differences. In
addition, the devices with lower Ry degrade faster
because of higher electrical-thermal stress caused
by larger short circuit current and higher Eg.. The
uneven distribution of T¢ase has a significant effect
on current distribution for all types of devices.



Based on test results, Planar devices almost exhibit
no degradation after 100 cycles of short circuit test,
and the device with higher T.ase has larger Egc.
However, Symmetrical and Asymmetrical trench
devices with higher T.ase degrade faster and have
lower Egc.

References

(1]

(2]

(3]

(4]

(3]

(6]

J. Yang, S. Jahdi, B. Stark, O. Alatise, J.
Ortiz-Gonzalez, and P. Mellor, “Analysis of the 1st
and 3rd quadrant transients of symmetrical and
asymmetrical double-trench sic power mosfets,”
IEEE Open Journal of Power Electronics, vol. 2,
pp. 265-276, 2021. DOI: 10.1109/0JPEL.2021.
3072503.

R. Yu, S. Jahdi, P. Mellor, J. Yang, C. Shen,
et al., “Investigation of repetitive short circuit
stress as a degradation metric in symmetrical and
asymmetrical double-trench sic power mosfets,” in
IEEE Workshop on Wide Bandgap Power Devices
and Applications in Europe (WiPDA Europe), Sep.
2022, pp. 1-6. DOI: 10.1109/WiPDAEurope55971.
2022.9936284.

E. Bashar, R. Wu, N. Agbo, S. Mendy, S. Jahdi,
et al., “Comparison of short circuit failure modes
in sic planar mosfets, sic trench mosfets and sic
cascode jfets,” in IEEE 8th Workshop on Wide
Bandgap Power Devices & Applications (WiPDA),
2021, pp. 384-388. DOI: 10.1109/WiPDA49284.
2021.9645092.

J. Yang, S. Jahdi, B. Stark, P. Mellor, O.
Alatise, and J. Ortiz-Gonzalez, “Investigation of
performance of double-trench sic power mosfets
in forward and reverse quadrant operation,” in
PCIM Europe digital days 2021; International
Exhibition and Conference for Power Electronics,
Intelligent Motion, Renewable Energy and Energy
Management, VDE, 2021, pp. 1-8.

P. D. Reigosa, F. lannuzzo, H. Luo, and
F. Blaabjerg, “A short-circuit safe operation
area identification criterion for sic mosfet
power modules,” IEEE Transactions on Industry
Applications, vol. 53, no. 3, pp. 2880—2887, 2016.
DOI: 10.1109/T1A.2016.2628895.

A. Kadavelugu, E. Aeloiza, and C. Belcastro,
“Short-circuit performance of multi-chip sic
mosfet modules,” in IEEE 5th Workshop on
Wide Bandgap Power Devices and Applications

[7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

(WiPDA), Oct. 2017, pp. 285-290. DOI: 10.1109/
WiPDA.2017.8170561.

R. Wu, S. Mendy, N. Agbo, J. O. Gonzalez, S.
Jahdi, and O. Alatise, “Performance of parallel
connected sic mosfets under short circuits
conditions,” Energies, vol. 14, no. 20, p. 6834,
2021. DOI: 10.3390/en14206834.

R. Wu, S. Mendy, J. O. Gonzalez, S. Jahdi,
and O. Alatise, “Current sharing of parallel
sic mosfets under short circuit conditions,
in 23rd European Conference on Power
Electronics and Applications (EPE21 ECCE
Europe), 2021, pp. 1-9. DOI: 10 . 23919 /
EPE21ECCEEurope50061.2021.9570690.

R. Wu, S. Agbo, S. Mendy, E. Bashar, S. Jahdi, et
al., “Measurement and simulation of short circuit
current sharing under parallel connection: Sic
mosfets and sic cascode jfets,” Microelectronics
Reliability, vol. 126, p. 114271, 2021.

Q. Zou, J. Ke, J. Peng, and Z. Zhao, “Effect of
parasitic inductance mismatch on short-circuit
characterization of paralleled sic mosfets,” in 4th
IEEE Workshop on the Electronic Grid (eGRID),
Nov. 2019, pp. 1-8. DOI: 10.1109/eGRID48402.
2019.9092772.

X. Zhou, H. Su, Y. Wang, R. Yue, G. Dai, and J. Li,
“Investigations on the degradation of 1.2-kv 4h-sic
mosfets under repetitive short-circuit tests,” IEEE
Transactions on Electron Devices, vol. 63, no. 11,
pp. 4346—4351, 2016. DOI: 10.1109/TED.2016.
2606882.

J. Kang, Q. Liu, H. Luo, H. Cao, Z.-h. Zhang,
and Z. Xin, “Investigation of off-state stress
induced degradation of sic mosfets under
short-circuit condition,” IEEE Transactions on
Industrial Electronics, 2022. DOI: 10.1109/TIE.
2022.3189071.

J. A. O. Gonzalez and O. Alatise, “A novel
non-intrusive technique for bti characterization
in sic mosfets,” IEEE Transactions on Power
Electronics, vol. 34, no. 6, pp. 5737-47, 2018.
DOI: 10.1109/TPEL.2018.2870067.

S. Mbarek, P. Dherbécourt, O. Latry, and F.
Fouquet, “Short-circuit robustness test and in
depth microstructural analysis study of sic
mosfet,” Microelectronics Reliability, vol. 76,
pp. 527-531, 2017. DOI: https://doi.org/10.1016/j.
microrel.2017.07.002.



