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ABSTRACT The unclamped inductive switching (UIS) measurements can be categorized as “low energy”
and “high energy” avalanche. The conventional approach to these tests is to increase the stress by either
increasing the pulse length, or decreasing the inductor’s size. However, for evaluation of the novel trench SiC
MOSFETs, increase of electric field by voltage can be more influential to detect the degradation patterns and
exact point of failure. This article, for the first time, investigates the avalanche rating to failure of the similarly
rated SiC power MOSFETs in planar, symmetric double-trench and asymmetrical trench structures through
incremental increase of applied voltage as the “high energy” technique to investigate the mechanisms of
dynamic avalanche under elevated electric fields. Using this approach, the electrothermal stress is induced by
incremental increases of voltage source on UIS at a range of temperatures between 25 °C and 175 °C. Silvaco
technology computer-aided design (TCAD) simulations have been developed, validated, and analyzed to
evaluate the stress mechanisms to failure. The measurements, validated by TCAD, show that some failure
mechanisms when stress is elevated by increase of source voltage are different than the case of “high current”
avalanche initiation by increase of pulse durations as reported in the past. In planar device, the peak electric
field plays a key role in failure, as is the failure in symmetric device at low case temperatures. In asymmetric
device, the critical avalanche energy of failure in both cases of 25 °C and 175 °C are very close, suggesting

independence from the thermal headroom.

INDEX TERMS Avalanche breakdown, double-trench, electrothermal ruggedness, silicon carbide (SiC),

MOSFET.

I. INTRODUCTION

Silicon carbide MOSFETs have ten times higher critical elec-
tric field than silicon MOSFETSs, and consequently can block
higher voltages with a thinner drift region resulting in
lower ON-state resistance and conduction loss which can
improve the efficiency of power systems [1], [2], [3], [4],
[5]. Moreover, their three times higher thermal conductivity
compared to the Silicon enables better thermal dissipation.

Silicon-based power semiconductor devices have limita-
tions in high voltage and high temperature applications,
addressed by wide-bandgap semiconductors such as SiC,
which has ameliorated the performance of the power MOS-
FETs. Several structures of SiC power MOSFET are devel-
oped in recent years, with Fig. 1 illustrating the cross-
section of the key structures, as planar, symmetrical dou-
ble trench, and asymmetrical trench gates, respectively.
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FIGURE 1. Cross-sectional schematics and TCAD model of the planar,
symmetrical double-trench & asymmetrical trench SiC MOSFETs.

The representative model in technology computer-aided de-
sign (TCAD) is also shown as validated by IV comparisons
with manufacturers’ datasheets and will be used to analyse
the dynamics of unclamped inductive switching (UIS) at “high
energy” avalanche.

Due to the simple structure and production process, SiC
planar gate have been widely used in fabrication of SiC
MOSFETs to-date. However, planar gate MOSFETs suffer from
high ON-state resistance as a result of low channel conduc-
tivity and presence of the FET region. The interface states
between SiC and SiO, also impact the performance and
reliability of SiC MOSFETs [6], [7]. This issue has been
significantly alleviated in SiC MOSFETs with trench gate struc-
tures [8]. Trench-gated MOSFETs offer advantages, such as
reduced ON-state resistance leading to decreased conduc-
tion losses, as well as high power density, fast switching
speed, and lower switching loss [9], [10]. However, there
are other reliability concerns with trench structures too. First,
the inconsistency of the oxide thickness at different regions
during fabrication is an issue, with oxide at the side trenches
usually being thicker than the bottom trench. Second, the
elevated concentration of high electric field across the corners
and the base of the trench gate in blocking state [11], [12]
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can lead to rupture at the oxide insulation [2]. In an effort
to address these shortcomings in normal trench gates, two
novel structures are developed as symmetric double-trench
and asymmetric trench, by Rohm and Infineon, respectively.
The third-generation symmetric double-trench SiC MOSFETs
compose of two deep P- regions within the source-body cells
that suppress the density of the electric field at gate trench base
to an extent [13], [14], [15]. Nevertheless, these P pillars not
only reestablish an additional junction field effect transistor
(JFET) section, but also restrict the downscaling of the cell
pitch, while based on the previous research the asymmetrical
trench SiC MOSFETSs can achieve a cell pitch even as fine as
0.2 um [16], enabling better switching and conduction perfor-
mance [9], [17], [18]. The symmetric double-trench structure
enables a wider more-conductive channel with a higher carrier
density, and overall less ON-state resistance than planar de-
vices [19], [20]. However, the bottom of the trench of the gate
oxide region has a thinner layer of SiO; than the sidewalls
due to uneven oxidation process [6]. Here, the gate oxide is
protected by additional P* regions on the source trench. One
other approach to address this shortcoming is extension of the
P-body region to underneath the gate trench on one side to
protect it from the excessive electric fields. This is the concept
of the asymmetric trench. This technique, however, means
only one channel formed as one of the tow sidewalls of the
gate trench. The reduced current density is compensated by
the trench oxide be parallel to the (11-20) crystal plane with
a 4° angle [21], [22] to the vertical direction which enables
doubling of the carrier mobility [21], [23].

Several papers in the past have attempted to analyze the
avalanche [24], [25], [26], [27] performance of the planar SiC
MOSFETS, compared with third generation asymmetric trench
and symmetric double-trench SiC MOSFETs [28], [29], [30],
[31], [32] during avalanche. However, all of the past research
have simply increases the electrothermal stress on device, up
to failure, by either increasing the pulse duration during which
the inductor is charged, resulting in higher current, or by
decreasing the size of the inductor which similarly leads to
increase of the avalanche current until failure. In these cases,
the devices are typically failed by activation of the parasitic
bipolar junction transistor (BJT). This is because the BJT only
activates at high displacement currents conducted through the
p-body region as the base of the BJT. In these cases, the
avalanche voltage is conventionally calculated [33], [34] by

1 BVpss
EASZ—'L'IKS'—
2 BVpss — Vbp

(D

in which BVpgg is the breakdown voltage, the Vpp is applied
source voltage, and the I5g is the single pulse avalanche cur-
rent [33], [34].

However, unlike past research where the energy stored in
the inductor is gradually increased by prolonging the pulse
duration, in this article, the energy is increased by incremental
increase of the voltage while the pulse duration and inductor
are fixed. This means the device will not only experience
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FIGURE 3. Experimental test setup of UIS test.

high current, but will experience high current and high ap-
plied electric field concurrently. This is why the first type of
avalanche is typically referred to as “high current,” while this
is called the “high energy” avalanche.

This article aims to investigate the “high energy” type
avalanche by UIS [35] with fixed inductor and fixed pulse
duration, with increase of the applied source voltage to
the inductor until failure. Three similarly rated SiC MOS-
FETs with different structures are selected to evaluate their
robustness against electro-thermal stress using the “high en-
ergy” avalanche. To enable verification of the experimental
results and to understand the actual failure mechanisms
during avalanche breakdown, TCAD simulations of the ex-
periment conditions have been carried out using Silvaco
TCAD validated by device IV comparisons with manufactur-
ers’ datasheets. A comprehensive analysis and comparison of
the failure mechanisms have been made between planar gate
and trench MOSFETS.

Il. EXPERIMENTAL MEASUREMENTS OF “HIGH ENERGY"
uis

The failure mechanisms and capability of devices under “high
energy” avalanche are evaluated by utilizing an UIS test
shown in Fig. 2. Fig. 3 depicts the test setup of this exper-
iment in which a single gate pulse with the fixed duration
of 40 us across all tests is applied to the device while an
inductor of 680 nH is used in series with the device under test
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(DUT). The UIS test has been done at both room temperature
and 175 °C so as to check the impact of temperature on the
avalanche mechanism with a high voltage electronic test &
power systems (ETPS) power supply (HTP-HPp 40 757) rated
at maximum 4 kV and 750 mA to charge the dc-link capaci-
tors. These capacitors hold and release the electric charge at
the point of UIS to enable the avalanche currents to tens of
amps, although its rate of rise to very high currents can lead
to a nonlinear rise profile.

According to Fig. 2, initially a gate pulse is applied to
the DUT in the turn-ON mode. During this time interval, the
inductor starts to be charged via the power supply through
the DUT up to the point of reaching the maximum avalanche
current. Avalanche current peak is specified with the size of
the inductor and the width of the applied gate pulse. This is
followed to the turn-OFF mode, in which a high voltage equal
to the breakdown voltage is generated across the DUT. At
the same time, since the power inductor current cannot be
changed to zero promptly, this current will flow from drain
to the source of the DUT as the shoot-through current in-
duces the DUT into the avalanche mode. This time interval
continues until all the energy stored in the power inductor re-
leases and then avalanche mode terminates. In the following,
the measured drain-source voltage, peak avalanche current as
well as calculated avalanche energy are presented in order to
evaluate and compare the avalanche ruggedness of the afore-
mentioned device structures.

Figs. 4 and 5 demonstrate the drain-source voltage and load
current of the three devices for incrementally increased dc-
link voltages until failure at 25 °C and 175 °C. It can be seen
that raising the temperature to 175 °C has resulted in failure
of the devices at a lower dc-link voltage. Based on Fig. 5,
the planar SiC MOSFET can stand maximum avalanche current
of 25 A before failure at both room temperature and 175 °C.
Symmetrical double-trench SiC MOSFET fails at Vpc = 600V
and Vpc =420V at 25°C and 175 °C, respectively. Accord-
ing to Fig. 5, it after tolerating 34 A avalanche current at
room temperature and avalanche current of 26 A at 175 °C.
Asymmetrical tench SiC MOSFET fails at lower dc-link voltage
compared to the other two devices at room temperature, while
it fails at higher dc-link voltage as the temperature increases
to 175 °C. With regard to the avalanche current, the asymmet-
rical trench SiC MOSFET fails after enduring avalanche current
of 27 A at room temperature and 35 A at high temperature.
It is clear that asymmetrical trench MOSFET has a better per-
formance compared to symmetrical double-trench MOSFET at
175 °C.

In all three devices the avalanche failure happens at lower
dc-link voltage when increasing the temperature from 25 °C
to 175°C. Based on Fig. 1, all structures are composed of a
bipolar BJT structured by the N drift region, P-body along
with the NT region of the source. When the device enters
the avalanche Mode, high electric field is formed across the
junction of the N drift region and the P-body, so an avalanche
current flows from the drain to the source through the PN
junction. During this process, if a part of the current flows
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FIGURE 4. Avalanche drain-source voltage of the three devices for various
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horizontally in the P-body region and passes through its
resistance Rp, it may result in the voltage drop of V,, between
the P-body and the N regions of the source, which if exceed-
ing the built-in voltage PN junction, could lead to latch up of
the parasitic BJT with destructive consequences. Therefore,
as the temperature increases, due to the positive and negative
coefficients of the R}, and voltage drop of V,, respectively, the
BIT could also be triggered earlier.

In Fig. 6, avalanche energy of the three devices are cal-
culated and compared at 25°C and 175°C. The avalanche
energy here is direct measurements from the experiments
rather than theoretical estimations by (1). In order to accu-
rately calculate the avalanche energy, it is crucial to define
the boundary time that embraces the entire duration of the
avalanche process. The boundary time starts from the initia-
tion of the avalanche event, which is indicated by the onset
of the rise in drain-source voltage from almost zero and the
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FIGURE 7. Die sizes by CT-scan and the images of the failed cell by
scanning electron microscope (SEM) the three SiC power MOSFETs.

simultaneous decrease in the avalanche load current. This
boundary time ends when the avalanche load current reaches
zero, while the avalanche voltage reaches the peak value.
Critical avalanche energy as the maximum avalanche energy
that a device can withstand before failure is about 75 and
15 mJ for the planar SiC MOSFET at room temperature and
175 °C, respectively, which is the smallest energy among all
three devices. Symmetrical double-trench SiC MOSFET has the
largest critical avalanche energy at room temperature which
is followed by asymmetrical trench SiC mosfet. However,
at high temperature, asymmetrical trench SiC MOSFET can
sustain the largest critical avalanche energy.

The die sizes, as shown in Fig. 7, has been measured to
determine the avalanche energy density of the devices. Planar
SiC MOSFET has the largest die size which has subsequently
led to the smallest avalanche energy density at both 25°C
and 175 °C. Asymmetrical trench SiC MOSFET demonstrates
the highest avalanche energy density due to the smallest die
size which is followed by the symmetrical double-trench SiC
MOSFET. Overall, based on the experimental results, at room
temperature, the symmetrical double-trench SiC MOSFET ex-
hibits greater ruggedness compared to other devices because
of its failure at higher dc-link voltage and its ability to sustain
higher critical avalanche energy before failure. At elevated
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temperatures, the asymmetrical trench SiC MOSFET demon-
strates a higher ruggedness. The avalanche energy density of
the planar device is smallest given its lower avalanche energy
and largest die area, while it is highest for asymmetric trench
device at both 25 °C and 175 °C compared with the symmetric
double-trench device given its closer avalanche energy and
40% smaller die area.

These avalanche-induced failures are the result of “high
energy” avalanche, which as oppose to the “high current”
avalanche that leads to failure by hot-spotting, leads to failure
by total burn-out. During the “high current” avalanche by
increased pulse durations, the failure modes can be attributed
to BJT latch-up of the MOSFETs, whereas in the “high energy”
avalanche, the failure is either by the excessive electric field,
or thermal runaway. The electric field failures are a result of
punch-through in the body-region, excessive field beyond the
critical electric field, or the gate oxide electric field crowding
beyond [6], [30]. Failures by thermal runaway are also usually
a results to thermal fatigue between the aluminum wire bonds
with melting point of 933 K [36], and the source pads [6].
To investigate the exact mechanism of failure, and the differ-
ences with the “high current” avalanche, TCAD modeling are
performed.

1il. VALIDATION OF DEVICE TCAD MODELS

First, the device models are developed based on existing
device parameters reported by manufacturers in published
literature. For unknown parameters, reasonable values are se-
lected, and the static performance of the device models in
terms of the output and transfer characteristics are compared
with the reposted values by their datasheets.

A. TCAD APPROACH

The failure mechanisms of each device under “high energy”
UIS is studied by comprehensive simulations of the single-
pulse UIS test has been performed using Silvaco TCAD
software. Fig. 9 demonstrates the typical avalanche opera-
tion waveforms in which drain-source voltage is equal to
Vbp in turn-OFF mode, then it increases to the breakdown
voltage value Vpp(.rs) during the UIS event. Notably, the
actual breakdown voltage, Vgpiefr), during single-pulse UIS
events exceed the rated breakdown voltage of the device,
VBD(Dss), by approximately 60% [37]. In order to provide
an insight into the physical properties of the devices, four
points have been identified to represent the operational modes
of turn-ON, Avalanche mode, postavalanche, and heat dissipa-
tion, respectively. Three main parameters, electric filed, total
current density, and lattice temperature have been captured in
these four points both before and after failure by avalanche
to aid discussion. Point 1 in Fig. 9 is at the point where
current is ramping up, but the avalanche has not occurred
yet. This is included to provide a baseline for the level of
current distribution and electric field prior avalanche. Point 2
is immediately after the turn-OFF where the voltage rises to
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the avalanche peak and current in the DUT starts to drop. The
DUT suffers the highest electrical stress at this point, but its
temperature is still low. Point 3 is at the point where current
into the transistor approaches zero, while the voltage is still
at the avalanche peak. At this point, the stress is under the
highest thermal stress as heat has accumulated in the DUT.
Finally, point 4 is selected at a time the voltage across the
device is back Vpc-link while current is at zero.

The avalanche rating to failure of the similarly-rated SiC
power MOSFETs in Planar have been investigated through in-
cremental increase of the dc-link voltage while the gate pulse
length is kept fixed as through this approach not only a high
avalanche current is induced in the device, but also a high
voltage and electric field density in generated. The experi-
mental results, depicted in Figs. 4 and 5, reveal an evident
increase in both avalanche current and avalanche voltage as
the dc-link voltage is raised. To further validate the impact of
the dc-link voltage on these parameters, TCAD simulation has
been conducted on a SiC planar MOSFET with dc-link voltages
of 120 and 480 V, as illustrated in Fig. 10. Given the pulse
duration in the case of Vpc = 120 V is 4 times longer than the
case of 480 V, the peak of the avalanche current in both cases
is 25 A, while the peak of the avalanche voltage in the case of
Vbc= 480V is about 300 V higher. These results demonstrate
that even when the current is kept constant, varying the dec-link
voltage increases the avalanche voltage and, subsequently, the
electric field density.
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TABLE 1. Key Parameters in TCAD Models of Assessed SiC MOSFETs

Device Type Planar ~ Symmetric DT Asymmetric T
Cell Width (m) 10 4 3.1

Gate Oxide Thickness (nm) 50 Z(S)O(S(fgxfgg Z(S)és(fgt‘:/;}rllg
N-Drift Thickness (pm) 14 11 10
Doping of N-Drift (cm™?) 7 x 10 8 x 10 5x 10'°
Doping of Nt (cm™3) 6 x 101  5x 10'° 1 x 10%°
Doping of P-base (cm~2) 5x 1017 6 x 107 3.5 x 107
Doping of P-well (cm™3) - - 1 x 101
Doping of N+ Substrate (cm~3) 1 x 101° 1 x 10'° 5 x 101

B. TCAD VALIDATION

In order to validate the models used in TCAD simulations,
and to confirm that the structure models can indeed represent
the actual devices, comparisons are performed between the
static electrical characteristics of the modelled devices and
the measurements on the devices based on their datasheets.
The doping density and thickness of the drift region are deter-
mined adequately in order to ensure that the devices modeled
can withstand the 1.2 kV breakdown voltage stated by the
datasheet.

The dimensions and doping profiles of the devices utilized
in Silvaco TCAD simulation are outlined in Table 1. Although
these parameters may not perfectly be identical to the real-
world devices, they offer valuable insights into the internal
physics of the devices. Notably, these parameters have proven
reliable, resulting in model outputs that closely resemble the
transfer and output characteristics depicted in the manufactur-
ers’ datasheets, as illustrated in Figs. 11-13.

Figs. 11 and 12 depict the comparison of the transfer and
output characteristics of the TCAD model and actual device of
planar and symmetrical double-trench MOSFET, respectively,
for Vpg = 10V and Vs = 18V as per datasheet, while Fig. 13
shows the IV characteristic comparison for Asymmetrical
trench MOSFET for Vpg = 20V and Vs = 18V. The model
outputs are close enough to datasheets to warrant further anal-
ysis of device performance under the “high energy” dynamic
avalanche.

The UIS test simulations are conducted in the SILVACO
TCAD mixed-mode circuit simulation suite. The electrical
condition in the simulation is the same as the experiment:
Vgs = 18V, and fpw = 40 wus. According to the datasheets,
thermal resistance is 0.7, 1.12, and 1.2 K/W for planar, sym-
metrical double-trench and asymmetrical trench SiC MOSFETs,
respectively. Accordingly, for all devices, the thermal bound-
ary in the simulation is set from the top of the N-channel
region to the bottom of the drain electrode with their specified
junction-to-case thermal resistance. The ambient temperature
is set to be 300 K for the room temperature test. Moreover,
the temperature coefficients of thermal conductivity and ther-
mal capacitance of the SiC material are considered according
to [38], [39].
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FIGURE 11. TCAD Modeling and measurement of /V characteristics of SiC
planar MOSFET for Vps = 10 V and Vgs = 18 V as per datasheet. The model
is subsequently used for analysis of failure mechanisms.
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FIGURE 12. TCAD Modeling and measurement of /V characteristics of SiC
symmetrical double-trench MOSFET for Vps = 10 V and Vgs = 18 V as per
datasheet. The model is used for analysis of failure mechanisms.

IV. TCAD ANALYSIS OF “HIGH ENERGY” AVALANCHE

The measurements are analyzed with TCAD models for the
three device structures under the “high energy” avalanche in
mixed-mode simulations using the validated device models
discussed above. For each device, two scenarios of before fail-
ure, and at failure, are discussed, with each scenario showing
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FIGURE 13. TCAD Modeling and measurement of /V characteristics of SiC
asymmetrical trench MOSFET for Vps = 20 V and Vs = 10 V as per
datasheet. The model is used for analysis of failure mechanisms.

the current density, electric field, and lattice temperature as
indicative parameters at the four points shown in Fig. 9.

A. PLANAR SIC MOSFET PRIOR FAILURE AT CRITICAL UIS
ENERGY

The TCAD modeling and measurement of the drain-source
voltage and current of planar SiC MOSFET under avalanche
before failure are compared as per Fig. 14. The circuit param-
eters used in the mixed-mode simulation are identical to that
of experimental measurements. The dc voltage of V;. = 480V
has been applied to the device at room temperature. As de-
picted in Fig. 14, the drain-source voltage increases to up
to 2300 V during avalanche, and the peak avalanche current
increases to 24 A. The three important parameters, electric
field, total current density, and lattice temperature have been
captured. Due to the slight differences between the datasheet
and the output of Silvaco TCAD models, owing to the im-
perfections of the models that reflected the slight errors in
Figs. 11-13, there are some differences in avalanche transients
with measurements as well. For example, it can be seen that
the avalanche duration and voltage peak in measurements is
slightly different than the model output in planar device, i.e.
Fig. 14, while these will be closer in the two trench devices.
These differences although are not ideal, but will not make
impact the analysis of the overall mechanism of avalanche
toward failure in each case.

Electric field distribution is shown Fig. 15. It must be noted
that in analysis of the electric field the junction terminations is
not considered in the model to focus solely on the mechanism
of UIS in the active area of each single cell device. It can
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FIGURE 14. TCAD Modelling and measurement of the drain-source voltage
and current of the planar SiC MOSFET under avalanche prior failure at
critical UIS energy.
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FIGURE 15. Electric field distribution of SiC planar MOSFET prior failure at
critical UIS energy.

be seen that in the first point, as the gate voltage is applied,
an inversion layer is formed underneath the gate oxide and
electric field is distributed linearly in the gate oxide and then
extended in the channel region. Then, in point 2, as the gate
voltage is turned OFF the device enters the avalanche mode and
a high concentration of electric field is formed under and in the
corners of the P-body region, which indicates the conductivity

VOLUME 5, 2024

80 100

80 100

Total Current Density
(A/em?)
== 1.88x10*
1.47x10*
& 106x10*

& s5.88x10°
I 1.76x10%

FIGURE 16. Drain Current distribution of SiC planar MOSFET prior failure
at critical UIS energy.

of the body diode. Next, drain-source voltage reaches the
maximum amount in point 3 while the drain current is reduc-
ing. In this point, the electric field increases to its maximum
with uniform distribution throughout the device. Finally in
point 4, after avalanche event has completed, the electric field
reduces remarkably across the P-body and N-drift junction
and the device is restored to its nominal state.

Fig. 16 demonstrates the total current density of the device
before failure. As the gate voltage is applied to the device,
the total current density increases in the channel, so the drain
current increases gradually until the channel becomes fully
conductive and the current density expands toward the drain
region of the device. Following the observation in Fig. 15,
as the electric field density increases sharply in point 2, a
large current starts flowing vertically from drain to source
region through the body diode. In a normal condition when the
MOSFET is in the OFF-state mode, because the depletion region
is created across the PN junction, just a small reverse leakage
current passes through the body diode. However, when the ap-
plied reverse voltage across the diode exceeds its breakdown
voltage as in the point 3, the reverse current increases dra-
matically and diode enters the avalanche breakdown. During
this process, a part of the current flows horizontally in the
P-body region and pass through its resistance R; and brings
about a voltage drop of V;, between the P-body and the N™
region of the source. It is worth mentioning that this horizontal
current flow path in the P-body region in phases 2 and 3 can be
attributed to the combination of higher doping concentration
and electric field distribution. The electric field distribution in
the device depends on the applied voltage and doping density.
In Fig. 15, the electric field is mainly concentrated near the
edge of the depletion region and regions with higher doping
density. Accordingly, the electric field is more pronounced
near the edge of the p-base region resulting in horizontal
current flow. In this level of the applied voltage, the voltage
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FIGURE 17. The lattice temperature distribution of SiC planar MOSFET
prior failure at critical UIS energy.
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drop does not exceed the built-in voltage of PN-junction. In
point 3, the drain current starts to reduce gradually and finally
it decreases to a great point after avalanche event as in point 4.
According to Fig. 17, lattice temperature is relatively low
in point 1, but in point 2, as avalanche event starts the lattice
temperature increases notably that is attributed to the high
concentration of electric field across the P-body N-drift junc-
tion together with a high current density flowing through the
junction. In point 3, the electric field reached its maximum
which results in generation of additional heat throughout the
device especially across the PN junction. In the last step, the
lattice temperature becomes lower and more uniform com-
pared to the avalanche event because of heat dissipation.

B. PLANAR SIC MOSFET AT FAILURE

Fig. 18 shows a comparison between experiment and TCAD
model in terms of drain-source voltage and load current of the
planar device at failure by “high energy” avalanche. By apply-
ing Vpc = 600V in simulation, drain-source voltage and load
current reach 2500 V and 30 A, respectively, and the device
enters avalanche failure as was the case in the experiments.
The electric field, total current density, and lattice temperature
distribution are depicted in Figs. 19-21.

Before avalanche starts, the distribution of the three param-
eters are the same as that of the “before failure” case presented
in previous section. As avalanche starts in point 2, a high
density of electric filed is formed primarily in the junction of
the P-body and N-drift regions and avalanche current starts
flowing through intrinsic body diode from drain to source
regions of the Planar SiC MOSFET. As this current reaches a
maximum, the lattice temperature increases rapidly especially
at the edges of the PN junctions. In point 3, the electric field
reaches the maximum in the PN junction and current starts
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FIGURE 18. TCAD modeling and measurement of the drain-source voltage
and current of the planar SiC MOSFET under avalanche at failure.
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FIGURE 19. Electric field distribution of SiC planar MOSFET at failure.

reducing to a point and then increases again resulting in a
considerable temperature rise underneath the PN junctions
and device enters avalanche failure as depicted in point 4.
The failure in SiC planar device happens at the beginning
of the avalanche process, when the peak electric field is at
its maximum for both cases of 25 °C and 175 °C avalanche.
During “high current” avalanche, the parasitic BJT latches-up
together with consequences of the thermal runaway. In the
case of “high current” avalanche, the high avalanche current
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FIGURE 21. Lattice temperature distribution of SiC planar MOSFET at
failure.

that flows vertically through the PN junction passes toward the
source region horizontally and this can induce a voltage drop
of V,, by Rj, and subsequent thermal runaway. This would be
followed by formation of a hot spot. However, in the “high
energy” avalanche observed here, the planar device has failed
before reaching such high level current. This indicates that the
failure has been through high electric field concentration at
the gate oxide. This is verified by the short-circuit detected on
the gate and source terminals of the device. At elevated tem-
perature, the same mechanism is observed at even lower load
current. At high temperatures, the gate oxide interface traps
are less likely to be occupied as the charges are released [2],
which leads to a gradual change in failure mode from oxide
rupture to thermal fatigue, which combined with the elevated
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FIGURE 22. TCAD modeling and measurement of the drain-source voltage
and current of the symmetric trench SiC MOSFET under avalanche prior
failure at critical UIS energy.

case temperature of 450 K compared with Al wire-bond melt-
ing point of 933 K leads to thermal fatigue and failure as in
Fig. 20. The postfailure asymmetry in the current path seen
in point 4 in Fig. 20 can be attributed to the mechanism of
BIT latch-up leading to thermal runaway in either of the two
P-base regions in device cell. The visual may also slightly
vary depending on exact time frame selected to capture the
cross-section.

C. SYMMETRICAL DOUBLE-TRENCH SIC MOSFET PRIOR
FAILURE AT CRITICAL UIS ENERGY

Fig. 22 demonstrates a comparison between the experimental
and TCAD model of symmetrical double-trench SiC MOSFET
before failure at room temperature. The results in terms of
drain-source voltage and load current are close to each other.
Figs. 23-25 show the distribution of the electric filed, total
current density and lattice temperature at four different points
before failure, respectively.

The distribution of electric field in point 1 is the same as
the case in the planar SiC MOSFET, but in point 2 it is seen
that the electric field is primarily concentrated at the bottom
of the gate oxide and P-well trench region and it reaches its
maximum in point 3 leading the drain-source voltage to reach
its peak. After the avalanche event, electric field begins to
reduce significantly in point 4.

In Fig. 24, it is evident that the distribution of the total cur-
rent density is uniform explained by the symmetric structure
of the device. Path of the current in point 1 is also the same as
the planar MOSFET and it flows through the channel and N-drift
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FIGURE 23. Electric field distribution of symmetrical double-trench SiC
MOSFET prior failure at critical UIS energy.
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FIGURE 24. Drain Current distribution of symmetrical double-trench SiC
MOSFET prior failure at critical UIS energy.

region. As the device enters the avalanche event by increasing
the applied reverse voltage, the P-well N-drift junction of the
device opens and the path of current changes from channel to
the PN-junction. Then, the current starts to decrease in point 3
until finally in point 4 the drift region it will become devoid of
charge carries. According to Fig. 25, the lattice temperature
distribution as well as current distribution is symmetric and
the hot-spots form in the junction of P-well trench and N-drift
region junctions in point 2 and 3 as the current flows through
it.
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FIGURE 25. Lattice temperature distribution of symmetrical double-trench
SiC MOSFET prior failure at critical UIS energy.
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FIGURE 26. TCAD modeling and measurement of the drain-source voltage
and current of the symmetric double-trench SiC MOSFET under avalanche
after failure.

D. SYMMETRICAL DOUBLE-TRENCH SIC MOSFET AT
FAILURE

The drain-source voltage and load current of experimen-
tal results and TCAD model of symmetrical double-trench
MOSFET in failure mode have been compared based on
Fig. 26. Electric field, total current density, and lattice tem-
perature distribution have been reflected in Figs. 27-29,
respectively.
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MOSFET at failure.

In the failure mode, as higher voltage is applied to the
device, the electric field concentration is increased at the base
of the gate oxide and P-well trench region in point 2 and
3 of Fig. 27 compared to prefailure avalanche event. The
overlap of the high density of current that flows vertically
through PN-junctions and the high voltage across them results
in creation of very hot spots at those regions based on Fig. 29.
Eventually, in point 3 the device enters the avalanche failure
mode by increasing the current abruptly until in point 4 device
fails.
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SiC MOSFET at failure.

Majority of the current flows vertically through the PN-
junction, reducing likelihood of activation of the parasitic
BIJT. Therefore, parasitic BIT latch-up cannot be considered
as a failure mechanism in symmetrical double-trench MOSFET.
Two main factors can be raised for the failure mechanism
which are the gate oxide degradation and thermal runaway. Ef-
fectively, in symmetric double-trench device, failure happens
toward the end of the avalanche process at 25 °C, suggesting
failure by thermal runaway together gate oxide rupture, and
earlier in 175°C due to the reduced headroom at elevated
temperatures. Here, the base and corners of the gate trench
suffer from lack of proper protection, as those regions are
subject to high concentration of electric field compared to
other regions that can result in hot carrier injection generated
by impact ionization into the gate oxide. This phenomenon
can affect the gate by trapped charges, interface states which
can cause shifts in the threshold voltage, increased gate leak-
age current, and degradation by early gate oxide breakdown.
However, by increasing the temperature of the case of sym-
metrical double-trench MOSFET, the failure mode will evolve
into thermal runaway as the primary destructive force with
thermal fatigue on wire-bonds and source pads/electrodes.
This phenomenon can be explained by the reduction of the
charge in the interface states [2], [40], [41] at higher tem-
peratures, generating enough energy for the trapped charge to
be released. This is in-line with the observation that in “high
energy;; avalanche, as in Fig. 4, the peak electric field was
the maximum for SiC planar, reduced for SiC symmetrical
double-trench, and minimum for SiC Asymmetric trench de-
vice. In contrary, the period of the avalanche process in planar
structure is minimum, increased for SiC symmetrical, and
maximum for SiC asymmetric. The avalanche energy of the
planar device is the lowest when failure occurs as the issue if
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FIGURE 30. TCAD modeling and measurement of the drain-source voltage
and current of the asymmetric trench SiC MOSFET under avalanche prior
failure at critical UIS energy.

the gate oxide rupture. The avalanche energy at room temper-
ature, as shown in Fig. 6 is also the highest for SiC symmetric
double-trench device, while at elevated temperature of 175 °C
is highest for the asymmetric trench device. This suggests
that the failure mode in the symmetric double-trench device
at low initial temperature is less heat-dependant and more
reliant on peak electric field damaging the gate oxide, while
as temperature increases the failure mode becomes thermal
runaway.

E. ASYMMETRICAL TRENCH SIC MOSFET PRIOR FAILURE
AT CRITICAL UIS ENERGY

Experimental results and TCAD model of asymmetrical
trench MOSFET before failure have also been compared to each
other in Fig. 30 and similarity of the results confirm that the
model is close to the real device. Based on the distribution of
electric field inside the device shown in Fig. 31, it can be seen
that the electric field is concentrated mainly in the channel
region and the gate oxide as the gate voltage is applied to the
device in point 1.

Unlike symmetrical double-trench SiC MOSFET, in asym-
metrical trench SiC MOSFET, one of the side-wall trenches
is designed to be used as the field plate structure in order
to increase the breakdown capability of the device by pro-
tecting the bottom of the gate oxide of excessive electric
field. Moreover, in real device the left trench orientation is
aligned with (11-20) crystal plane that takes advantage of
higher mobility compared to other crystal planes [21]. Con-
sequently, the current mostly flows from the left side channel
of the device in conduction mode as illustrated in Fig. 32.
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FIGURE 31. Electric field distribution of asymmetrical trench SiC MOSFET
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FIGURE 32. Drain current distribution of asymmetrical trench SiC MOSFET
prior failure at critical UIS energy.

Thereby, the loss of right channel for current conduction can
be effectively compensated and asymmetrical trench MOSFET
can still attain its high conduction capability [21], [42]. Under
avalanche condition in points 2 and 3 of Fig. 31, the electric
field is predominately dense on the corner of the P-well region
compared to the base of the gate oxide which means that the
gate oxide is effectively protected from high electric field by
the P-well. In terms of current and temperature in avalanche
mode it is evident that the current passes through the P-well
N-drift region junction, so the temperature in these points will
be increased as in Fig. 33.

F. ASYMMETRICAL TRENCH SIC MOSFET AT FAILURE
Fig. 34 illustrates the comparison results of experiment and
TCAD model for asymmetric trench MOSFET at failure.
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FIGURE 33. Lattice temperature distribution of asymmetrical trench SiC
MOSFET prior failure at critical UIS energy.
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FIGURE 34. TCAD model and measurement of drain-source voltage and
current of the asymmetric trench SiC MOSFET in avalanche after failure.

According to point 2 and 3 of Fig. 35, the peak electric
field is at the corner and bottom of the P-well region. Un-
like the “high current” avalanche observed with low source
voltage, and high pulse duration, in which the sole source
of failure in asymmetric trench SiC MOSFET was thermal, in
the case of “high energy” avalanche, we can observed that
failure is after initiation of the avalanche, with a rather short
process (compared with the symmetric device) before failure
occurs, as in Fig. 4, for both cases of 25°C and 175 °C. The
critical avalanche energy of failure in both cases of 25°C
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FIGURE 35. Electric field of asymmetrical trench SiC MOSFET at failure.
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FIGURE 36. Drain current of asymmetric trench SiC MOSFET at failure.

and 175°C are also close, as shown in Fig. 6, suggesting
independence from the thermal headroom. These combined
indicate a different failure mechanism in asymmetric trench
SiC MOSFET in the “high energy” avalanche compared with
the “high current” avalanche, with the excess electric field
(>3 MV/cm) at the gate oxide being a key contributor to the
failure, reducing the effectiveness of the P-pillars in protec-
tion of the gate oxide. In addition, as depicted in point 2 of
Fig. 36, current is mainly flowing through the left side P-well
region toward the source region resulting in generation of high
temperatures in the junction of the N-drift and P-well regions.
Based on the total current density and lattice temperature at
avalanche failure mode in Figs. 36 and 37, respectively, the
aluminium wire-bonds and pads suffer metal fatigue, with
eventual melting when the entire die temperature rises above
933 K [36], especially given its smallest die size shown in
Fig. 7.
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FIGURE 37. Lattice temperature of asymmetric trench SiC MOSFET at
failure.

Measurements and simulations have confirmed that the dc-
link voltage required for avalanche breakdown toward failure
significantly reduced with the rise of temperature. To quantity
this, with temperature rise from 25 °C to 175 °C, the dc-link
voltage initiating the failure of the planar SiC device reduces
to 300 V from 600 V, in symmetrical double-trench drops to
420V from 600 V, and in asymmetrical trench drops to 480 V
from 540 V.

V. CONCLUSION

In this article, a new mechanism for UIS measurements,
namely the “high energy” avalanche, is applied to third gen-
eration planar, symmetrical double-tench, and asymmetrical
trench SiC MOSFETS to evaluate the avalanche and failure
mechanism when subject to UIS at high source voltage. As
the measurements results indicate, confirmed by TCAD mod-
eling, the failure mechanisms in the “high energy” avalanche
by increase of source voltage differ from “high current”
avalanche by increasing of load current by prolonged pulse
durations. The measurements, supported by TCAD modeling,
confirm that in the case of planar SiC MOSFET, the failure
during “high energy” avalanche has been through the concen-
tration of the high electric field at the gate oxide leading to
leakage by carriers trapped in oxide defects, while in the case
of the symmetric double-trench SiC MOSFET, the failure mode
at low initial temperature is less heat-dependant and more
reliant on peak electric field density damaging the gate ox-
ide, while as the case temperature increases the failure mode
moves toward thermal runaway. In the case of asymmetric
trench SiC MOSFET, failure is after initiation of the avalanche,
with the critical avalanche energy of failure in both cases of
25°C and 175 °C being close, suggesting independence from
the thermal headroom. This means the protection offered by
the asymmetric P pillars to the gate oxide is not as effective in
the case of “high energy” avalanche compared with the “high
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current” avalanche, and the failure mechanisms in the “high
energy” UIS are in fact closer to failure mechanism in the
failure by short-circuit events than “high current” avalanche
cases.

DATA STATEMENT

All data supporting this study are provided in full in this arti-
cle. Specific data of measurements are available with authors
at request.
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