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Abstract—In this article, commercially 1200-V asymmetric and
double trench silicon carbide (SiC) metal–oxide–semiconductor-
field-effect transistors (MOSFETs) from two manufacturers are
investigated by experiment and finite-element simulation under
single-pulse unclamped inductive switching (UIS) stress. The varia-
tion in avalanche time with MOSFET avalanche energy and tempera-
tures dependence of critical avalanche energy and maximum power
dissipation are evaluated. It is found that two failure mechanisms
are identified, i.e., thermal runaway and gate oxide rupture. For
asymmetric trench SiC MOSFETs, the failure mode are all thermal
runaway at various temperatures. However, the failure mode of
double trench SiC MOSFETs is thermal runaway or gate oxide
rupture, which indicates an instable avalanche robustness under
UIS stress. The variations of dc parameters are recorded to evaluate
external features of device failure. Furthermore, finite-element
simulation is used to reveal the electro-thermal stress inside the
device during avalanche. Finally, failed devices are decapsulated
to verify the location of failure point from the perspective of the
semiconductor die.

Index Terms—Failure mechanisms, gate oxide rupture, thermal
runaway, trench silicon carbide (SiC) metal-oxide-semiconductor
field effect transistors (MOSFETs), unclamped inductive switching
(UIS).

I. INTRODUCTION

DUE to the superior material properties, silicon carbide
(SiC) metal-oxide-semiconductor field effect transistors
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(MOSFETs) is considered as a promising competitor in high
power electronics fields [1]–[3]. SiC MOSFETs typically have
lower conduction loss and switching loss, which can increase
the efficiency and power density of power systems [4]–[6].

With the development of SiC material and device fabrication
technology, SiC MOSFETs are becoming more and more mature.
Nowadays, a variety of commercial SiC MOSFETs with planar
gate and trench gate structure from different manufacturers
are available [7]–[9]. Compared with planar gate structure,
trench gate structure has a higher power density and a lower
ON-resistance, which significantly improves the performance of
SiC MOSFETs [10]–[12].

Unfortunately, the trench gate SiC devices are suffering from
gate oxide reliability problems [13]–[15]. First, the critical elec-
tric field strength of SiC devices is about ten times stronger than
that of Si-based devices, which makes it easy for gate oxide layer
of SiC MOSFETs to reach its reliability limit (>3 MV/cm) based
on the Gauss Law [16], [17]. Furthermore, the poor quality of
SiC/SiO2 interface leads to instability of electrical parameters
of trench SiC MOSFETs [18], [19]. Finally, the inhomogeneity of
SiC oxidation process results in a thinner oxide layer thickness
at the bottom in comparison with that at the sidewalls of the
trench, which could deteriorate gate oxide reliability of trench
SiC MOSFETs [20]. Therefore, an asymmetric and double trench
structure are employed to relieve the gate oxide electric field
crowding at the corner of the trench bottom [21], [22].

As trench SiC MOSFETs is operated in avalanche conditions,
the degradation and even the failure of the devices may occur
due to the parasitic inductance or inductive load in the circuit for
the automotive traction inverter and converters application [23]–
[25]. Up to now, the investigation into the avalanche breakdown
robustness for planar gate SiC MOSFETs have been reported [26]–
[28]. However, only a few reports on the reliability of trench
SiC MOSFETs under single-pulse avalanche stress are available.
Under avalanche conditions, the high electrothermal stress in
the SiC devices, especially in trench gate SiC devices, leads to
a marked impact on the gate oxide reliability. Therefore, it is
necessary to investigate the avalanche robustness of trench SiC
MOSFETs and determine its failure mechanism.

In this article, the robustness of two 1200-V trench SiC
MOSFETs with different gate-oxide shield structures (asymmetric
and double trench) under single-pulse avalanche stress is investi-
gated by experiment and two-dimensional numerical simulation.
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Fig. 1. Schematic cross section of (a) asymmetric trench SiC MOSFETs and
(b) Double trench SiC MOSFETs. For asymmetric trench SiC MOSFETs, deep
p-wells are used to limit the electric field in the gate oxide. For double trench
SiC MOSFETs, p-implant source trench is applied to limit the electric field in the
gate oxide.

Temperatures dependence of the avalanche withstand capability
is evaluated for asymmetric and double trench SiC MOSFETs.
In order to verify the experimental results, the variations of
dc parameters are recorded, and finite-element simulation is
used to reveal the electrothermal stress inside the device during
the avalanche. Additionally, failed devices are decapsulated to
examine the failure sites on semiconductor die.

A. Device Structure and Stress Experimental Setup

Fig. 1 shows the schematic cross sections of 1200-V trench
SiC MOSFETs with asymmetric trench structure and double
trench structure. The breakdown voltage and threshold voltage
(Vth) of the asymmetric trench MOSFETs are 1350 V (with a
drain current (Id) of 1 µA) and 4.2 V at room temperature. The
corresponding values for the double trench MOSFETs are 1650 V
(Id of 1 µA) and 4.5 V. The specific ON-resistance (RON × A) of
asymmetric trench SiC MOSFETs and double trench SiC MOSFETs
are 4.2 and 4.1 mΩ·cm2, respectively [29], [30].

Fig. 2 shows the circuit diagram and image of experimental
setup to generate the single-pulse unclamped inductive switch-
ing (UIS) stress. Two parallel-connected 470 µF/1100 V capac-
itors are coupled with a high voltage supply to provide adequate
energy for test. A 1700-V Si IGBT module is used to decouple
the test circuit from the capacitors. The load inductors L is
selected to be 3.6 mH. IGBT module and DUT are normally
OFF. The capacitors are charged to test voltage before test begins.
When the DUT and IGBT are turned ON, the inductor is charged
to a peak current Iav. Subsequently, DUT is turned OFF, the
energy stored in the inductor flows into the DUT, forcing the
DUT into avalanche mode. The avalanche mode will last until
the energy stored in the inductive load is consumed. If the energy
exceeds the critical value, the DUT will eventually fail [31], [32].
In this circuit, IGBT module turns OFF after the energy stored in
the inductive load is consumed through DUT, and ensures the
safety of the platform in off-state, especially after the avalanche
failure of DUT, it isolates DUT from dc bus. The gate voltages
(Vgs) are set from 0 to +18 V for double trench MOSFETs and

Fig. 2. (a) Schematic of UIS test equivalent circuit and (b) Image of UIS
test hardware.

from –3.5 to +15 V for asymmetric trench SiC MOSFETs. The
external gate resistor is 20 Ω for both devices. During the test,
case temperature ranges from 25 to 175 °C.

II. AVALANCHE ROBUSTNESS AT VARIOUS TEMPERATURES

A. Asymmetric Trench SiC MOSFET

The typical experimental waveforms of asymmetric trench
SiC MOSFET are shown in Fig. 3. The case temperature is 25 °C
and load inductance is 3.6 mH. Fig. 3(a) illustrates the waveform
of the last test before failure, and Fig. 3(b) presents the waveform
of failure.

The peak avalanche current is increased gradually by in-
creasing the pulse width until the device reach its failure point.
As can be seen from Fig. 3(a), the peak drain current and the
voltage across the drain to source are 25.4 A and 1560 V during
avalanche, respectively. The avalanche regime time (tav) lasts
for 64.7 µs, and the avalanche energy (Eav) is measured to
be 1.22 J. Fig. 3(b) plots the typical failure waveform with a
peak avalanche current of 26.8 A and a drain–source voltage of
1560 V. The device collapses suddenly after avalanche time lasts
for 33 µs. The measured waveforms indicate complete device
failure due to formation of a conductive path between drain and
source.

Fig. 4 depicts the avalanche time (tAV) dependence of
avalanche capability (Eav) of asymmetric trench SiC MOSFET

with different temperatures in the UIS event. It is found that the
temperatures have only a small impact on tAV of SiC MOSFETs
under the inductance load of 3.6 mH. Those measured results
are obtained without failure and can be used as a reference
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Fig. 3. Measured typical UIS waveforms for asymmetric trench SiC MOSFETs:
(a) the last test before failure, and (b) failure.

Fig. 4. EAV dependence on tAV for asymmetric trench SiC MOSFETs with
different temperatures.

for preventing failure of avalanche in the power electronics
applications.

Fig. 5 shows the relationship between the critical avalanche
energy density and maximum power dissipation (Pmax,
multiplying VDS and IDS waveforms) with various case
temperature. The maximum avalanche tolerance decreases
with the increase of temperature. The critical avalanche energy
density is 13.1 J/cm2 at 25 °C, and the value decreases by about
34% as the temperature rises to 175 °C. It is also found that
temperature dependence of maximum power dissipation of
asymmetric trench SiC MOSFETs shows a similar trend with the
critical avalanche energy.

B. Double Trench SiC mosfet

Fig. 6 shows the typical experimental waveforms of dou-
ble trench MOSFETs under 3.6 mH inductance load at room
temperature. Fig. 6(a) shows the waveform of the last test before
failure. The peak drain current of 14.0 A and drain to source

Fig. 5. Comparison of temperature-dependent critical avalanche energy and
maximum power dissipation.

Fig. 6. Measured typical UIS waveforms (gate oxide damage mode) for double
trench SiC MOSFETs: (a) the last test before failure, and (b) failure.

voltage of 2100 V are observed during avalanche. The avalanche
regime time last for 26.3 µs, and the measured avalanche energy
is 0.34 J. The typical failure for double trench MOSFETs is
shown in Fig. 6(b). Unlike the avalanche failure of asymmetric
trench SiC MOSFETs, double trench MOSFETs collapses without
avalanche when the device turns OFF. It is should be noted
that the waveforms of gate voltage and drain current are ob-
viously different from those of asymmetric trench SiC MOSFETs
[33]. The abnormal gate voltage waveform indicates that failure
mechanism is a gate oxide damage.

Fig. 7 shows the waveforms of the last test before failure and
failure of double trench MOSFET under 3.6 mH inductance load
at 175 °C. It is clear that the waveforms of gate voltage and drain
current at failure are similar to those of asymmetric trench SiC
MOSFETs, which indicate a thermal runaway failure mode.

Fig. 8 presents the dependence of tAV on EAV for double
trench SiC MOSFETs with different temperatures in the UIS
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Fig. 7. Measured typical UIS waveforms (thermal runaway failure mode) for
double trench SiC MOSFETs: (a) the last test before failure, and (b) failure.

Fig. 8. Influence of tAV on EAV with varied temperature.

conditions. There is no significant temperature correlation for
the critical avalanche energy in the whole temperature range.

Fig. 9 compares the measured critical avalanche energy den-
sity and maximum power dissipation of double trench SiC
MOSFETs at different temperatures. The critical avalanche energy
increases from 25 to 125 °C, and decreases at 175 °C. The critical
avalanche energy density is 6.2, 8.3, 8.9, and 7.6 J/cm2.

It is found that there are two failure modes, i.e., gate oxide
rupture at 25 °C, and thermal runaway at 75, 125, and 175 °C,
which could be observed for double trench SiC MOSFETs un-
der single-pulse UIS stress. For gate oxide damage, as shown
in Fig. 6, the abnormal gate voltage waveform indicates that
the gate oxide of the device has been destroyed. For thermal
runaway, as shown in Fig. 7, the device collapses suddenly after
avalanche mode last for some time indicates that complete device
failure due to the critical junction temperature has been reached
inside the device.

Fig. 9. Comparison of temperature-dependent critical avalanche energy and
maximum power dissipation.

Given stochastic process of the etched trench and implanted
p-type shielding structures, the location of avalanche can local-
ize near the trench gate. The gate oxide can be catastrophically
ruptured by high electric fields. In single pulse UIS destructive
test, a large number of electron–hole pairs are generated by
impact ionization because of the higher critical avalanche energy
and the faster spread of heat generation and accumulation inside
the device. Therefore, the combination of large electrothermal
stresses in the device can easily damage the gate oxide.

Nowadays, many researchers have reported the poor relia-
bility of gate oxide for trench gate SiC MOSFET due to the
trapped charge in the SiO2/SiC interface [19], [34]. Some defects
with the appropriate energy level and spatial location will lo-
cally enhance leakage current via trap-assisted tunneling during
high-field stress. The increased leakage current will lead to an
increase in oxide wear-out rate and, therefore, a shorter lifetime
[35]. However, the charge in interface states, which depends
on the position of the Fermi level. At room temperature, the
Fermi level is closer to the conduction band edge, which moves
toward the midgap at elevated temperatures. As the temperature
rises and Fermi level moves closer to the midgap, the charge
in interface states decreases [36], [37]. There are fewer filled
interface traps at high temperatures, i.e., the high temperature
measurements could provide adequate activation energy to help
the trapped charge release, resulting in an improvement of gate
oxide reliability. Therefore, the failure mode of double trench
SiC MOSFETs under avalanche conditions will change from gate
oxide rupture to thermal runaway as the case temperature rises.

III. FAILURE MECHANISMS

During the UIS test, a significant variation in device perfor-
mance would indicate damage to the device due to avalanche
induced energy dissipation. Before device failure, the initial
characterization (i.e., Vth, Igss) was repeated for all test devices
between each UIS measurement. The Vth and Igss are used to
monitor the reliability of the gate oxide before failures. Addi-
tionally, the impedance between the three terminals of the device
is used to monitor the characteristics of the device after failures.
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Fig. 10. Measured threshold voltage at incrementally higher energy levels
before failures: (a) asymmetric trench SiC MOSFETs, and (b) double trench SiC
MOSFETs.

A. DC Electrical Parameters

In this article, the Vth is measured at Vds = Vgs and IDS

= 5 mA using a Keithley 4200 curve tracer. The variations in
threshold voltage of SiC MOSFETs with EAV at 3.6 mH load are
shown in Fig. 10. It is clear that the threshold voltage remained
effectively stable for both asymmetric and double trench SiC
MOSFETs, proving that the channel and the oxide above channel
of the devices does not suffer evident damage.

The gate oxide of trench MOSFETs has been suffered from
electrothermal stress at each avalanche hits. In order to investi-
gate the degradation of gate oxide, the gate leakage current (Igss)
is monitored. In this work, Igss of SiC MOSFET is measured at
Vgs = 20 V and Vds = 0 V using a Keithley 4200 curve tracer.
Fig. 11 shows the variations in Igss with EAV under 3.6 mH
load at different temperatures. With variations below normal
measurement errors, the gate leakage current of asymmetric
trench SiC MOSFETs keeps constant, showing the gate oxide
at the trench does not suffer from damage during shocks. The
stability of gate leakage current proves that deep p-wells are
effectively shaped in the field in the gate oxide at the bottom,
the corners, and the sidewalls of the trench. However, an evident

Fig. 11. Measured gate leakage current at incrementally higher energy levels
before failures: (a) asymmetric trench SiC MOSFETs, and (b) double trench SiC
MOSFETs.

TABLE I
IMPEDANCE BETWEEN THREE TERMINALS OF ASYMMETRIC TRENCH

SiC MOSFETs AFTER FAILURES

gate leakage current appears for double trench SiC MOSFETs
before failure, which indicates that a gate oxide damage has
been occurred under the combination of electric and thermal
stresses. This is because the double trench structure could not
effectively protect the gate oxide layer at the trench bottom.

The measured impedance between the three terminals of
asymmetric trench SiC MOSFETs and double trench SiC MOSFETs
is summarized in Tables I and II after the destructive avalanche
tests.

For devices without failure, the impedance between the three
terminals is immeasurable. As can be observed from Table I,
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TABLE II
IMPEDANCE BETWEEN THREE TERMINALS OF DOUBLE TRENCH

SiC MOSFETs AFTER FAILURES

all three terminals of asymmetric trench SiC MOSFETs are nearly
short connected at various test conditions. The extremely low
resistances between the three terminals indicate that the device
has been completely damaged, and the failure mode is
thermal runaway. For double trench SiC MOSFETs, the
impedance between the three terminals is extremely low
under thermal runaway. However, in gate oxide damage failure
mode, the impedance between gate and drain is extremely
low, while the blocking characteristics indicate that the device
failure is due to the gate oxide damage. The abnormal impedance
characteristics of the double trench SiC MOSFETs in both failure
modes indicate that the device has been failed.

B. Finite Element Simulation

In order to investigate the electrothermal stress and get in-
sight failure mechanisms of SiC MOSFETs during an avalanche,
Sentaurus TCAD software is used to evaluate its internal elec-
trical and thermal variations at room temperature (300 K) under
3.6 mH load.

For asymmetric trench SiC MOSFETs, the doping concentra-
tion and thickness of the epitaxial layer are 1 × 1016cm−3 and
11 µm. The doping of the deep p-well and the thickness of
the gate oxide are set to 5 × 1019 cm−3 and 75 nm, respec-
tively. For the double trench SiC MOSFETs, the thickness of
the epitaxial layer is 12 µm, and the doping concentration is
8 × 1015 cm−3. The doping of the p-implant source trench
is set at 7.5 × 1017 cm−3. The thickness of the gate oxide
at sidewall and bottom are 50 and 100 nm, respectively. The
channel length is 0.5µm in both devices. Thermodynamic model
and Okuto–Crowell impact ionization model are included to
reveal the temperature and electric field variations in the device.

Referring to the literature data and design criteria to define the
doping and dimension parameters is to make the static charac-
teristics of this simulated device more reasonable. Meanwhile,
the appropriate physical models ensure that the same UIS stress
is applied to the device in a mix-mode simulation. It should be
noted that the calibrated structure is not exactly consistent with
the actual device in the experiments, it can be taken as a more
general case study in this article.

The temperature distribution along the vertical axis from
the surface to the bottom (when peak junction temperature is
occurred) in asymmetric and double trench MOSFETs is shown in
Fig. 12. The case temperature is 300 K. The maximum junction
temperature for both SiC MOSFETs is located at the surface of the

Fig. 12. Temperature distribution along vertical axis from the surface to the
bottom (when peak junction temperature is occurred) in asymmetric trench SiC
MOSFETs and double trench SiC MOSFETs.

Fig. 13. Electric field distribution in the device (when peak junction temper-
ature is occurred): (a) asymmetric trench SiC MOSFETs, and (b) double trench
SiC MOSFETs.

device due to the highest electric field at the depletion region. It
is also found that the surface temperature of asymmetric trench
MOSFETs is higher than that of double trench MOSFETs. This is
due to the fact that gate oxide damage is occurred for double
trench MOSFETs and a thermal runaway failure is occurred for
asymmetric trench MOSFETs. The gate oxide failure mode of
double trench SiC MOSFETs results in a smaller critical avalanche
energy. Therefore, the temperature inside the double trench
MOSFET rises more slowly and a lower peak junction temperature
can be found.

As can be seen in the inset of Fig. 12, the peak junction
temperature of asymmetric trench SiC MOSFETs could exceed
1200 K during avalanche. However, the peak junction tempera-
ture in double trench SiC MOSFETs is not more than 800 K, which
proves that device failure is more like an electrical stress induced
failure rather than a thermal induced failure. If the initial case
temperature is high enough, the junction temperature inside the
device will easily exceed 930 K (the melting point of aluminum
electrode) of a critical temperature for failure [9].

Fig. 13 presents the electric field distribution in asymmetric
and double trench MOSFETs during the UIS test when peak
junction temperature is happened.

For asymmetric trench SiC MOSFETs, the peak electric field
in the oxide layer is less than 3 MV/cm although the maximum
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Fig. 14. Images of devices failing during avalanche conditions using a 3.6 mH
load inductor at (a) 25 °C and (b) 125 °C.

junction temperature is more than 1200 K. This indicated that
deep p-wells in asymmetric trench structure could effectively
limit the electric field crowding in the gate oxide at the trench
bottom and prevent the gate oxide breakdown. However, double
trench SiC MOSFETs appear the opposite phenomenon. The peak
junction temperature in device is less than 800 K, while the
electric field at the trench bottom is over 3 MV/cm, leading to
gate oxide breakdown.

C. Device Damage Region Determination

Fig. 14 shows the postdecapsulation of failed asymmetric
trench SiC MOSFETs using a 3.6 mH load inductor at 25 °C and
125 °C. In both cases, failures are occurred highly localized in
the vicinity of the source/gate metallization within the device,
indicating that critical temperature have been reached. It is
also found that the failure points are random for both devices.
Although failure locations are shown to vary, it is concluded
that the mechanism of failure is equivalent for all cases due
to the formation of mesoplasma, and mesoplasma would likely
damage a smaller region of the device due to thermal runaway
[9]. These observations also indicate that the deep p-wells in
an asymmetric trench structure could prevent the rupture of the
gate oxide caused by higher electric fields or degrade the gate
oxide through hot carrier injection.

The failed double trench SiC MOSFETs, under 3.6 mH inductor
at 25 °C and at 125 °C, are shown in Fig. 15. There is no
obvious damage point on the surface of the die. It is clearly

Fig. 15. Images of devices failing during avalanche conditions using a 3.6 mH
load inductor at (a) 25 °C (b) 125 °C.

seen that a catastrophically ruptured gate oxide on the right of
trench bottom is observed using scanning electron microscope
(SEM), as shown in Fig. 15(a), which is found by using a
focused ion beam cut based on an emission microscope analysis.
Cross-sectional SEM image of the damaged trench gate indicates
that a significant amount of poly-silicon has migrated into the
4H-SiC epitaxial layer, thus causing device failure. In a thermal
runaway failure mode, as shown in Fig. 15(b), highly localized
metallization occurs at the periphery of the source pad. The
decapsulation and SEM image of the failed devices reveal two
different failure mechanisms in UIS conditions. Given stochastic
process of the etched trench and implanted p-type shielding
structures, the location of avalanche can localize near the trench
gate. The gate oxide at the trench bottom is catastrophically
ruptured by high electric fields during avalanche.

IV. CONCLUSION

The avalanche withstand capability of 1200-V trench SiC
MOSFETs with asymmetric and double trench shield structures
is investigated using experimental and finite-element methods.
Two failure mechanisms, i.e., thermal runaway and gate oxide
rupture, are confirmed. Asymmetric trench SiC MOSFETs show
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the thermal runaway under 3.6 mH inductors at temperatures
ranging from 25 °C to 175 °C. Gate oxide degradation is not
observed during the test since asymmetric trench structure ef-
fectively limits the electric field in the oxide layer during an
avalanche. These experimental results indicate a stability failure
mode under an avalanche for asymmetric trench SiC MOSFETs.
However, two failure modes are identified for double trench SiC
MOSFETs. Gate oxide rupture and a higher gate leakage current
are observed when the devices is under 3.6 mH load at room
temperature. With the increase of the case temperature, double
trench SiC MOSFETs show a thermal runaway failure instead of
gate oxide damage. The failed devices are also decapsulated to
examine the location of failure point from the perspective of the
semiconductor die.
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