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Abstract: In this paper, single and repetitive frequency UIS characteristics of 1200 V asymmetric
(AT)and double trench silicon carbide (DT-SiC) metal-oxide-semiconductor field-effect transistors
(MOSFETs) under different working conditions are investigated by experiment and simulation. For
asymmetric trench SiC MOSFETs, the failure mode is all thermal runaway under working
conditions. However, the failure mode of double trench SiC MOSFETs mostly is gate oxide rupture,
which indicates an instable avalanche robustness under UIS stress. The variations of measured
parameters are recorded to evaluate typical electrical features of device failure. Furthermore, TCAD
simulation is used to reveal the electro-thermal stress inside the device during avalanche.
Additionally, failed devices are decapsulated to verify the location of failure point from the
perspective of the semiconductor die. Finally, a new type of stepped-oxide vertical power DT
MOSEFET with P-type shielding and current spread layers is proposed for improvement of gate
dielectric reliability.

Keywords: SiC trench power MOSFET; UIS; failure analysis; optimized structure

1. Introduction

Due to the wide bandgap, high-critical breakdown electrical field, and thermal conductivity, SiC
has been well established as the most promising candidate for high-temperature and high-power
applications.

Because of intrinsic SiO: as gate dielectric, SiC vertical power MOSFET possess simultaneously
the advantage of high speed and high power making them widely applied in switch power markets
such as photovoltaic inverters, electric vehicles, electric aircraft, uninterruptible power supplies, and
energy distribution networks which a high dv/dt and di/dt [1] could be generated during high speed
switching. If the inductive load such as motor, inductor is used, when the turn-on and turn-off
switches speedly, due to the variation of the current flowing through the load inductor can not track
synchronizely the one in loop, an induced voltage will be generated and stressed between the drain
and source of the DUT. If the induced voltage exceeds the avalanche voltage of devices, the devices
will be forced into avalanche mode. The stored energy in load inductor during the conduction of loop
will be released through the power devices at the moment of turn-off. High voltage and large current
will simutaneosly stress on the devices leading to devices likely failure [2—4].

Up to now, many researches have focused on UIS phenomena of planar MOSFET, It is generally
believed that there are two possible reasons for single UIS failure of the device [5-16]: one is the turn-
on of parasitic BT triggering positive thermal-electrical feedback, ultimately leading to device failure.
and the other is high junction temperature causes the aluminum metal to melt, resulting in device
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failure. As to repetitive UIS failure mechanism, it is commonly believed that hot hole in JFET region
will be injected into oxide and trapped by the interface states and gate oxide leading to the parameters
degradation. However, there are fewer comprehensive studies [17-19] on UIS failure mechanisms
research including temperature characteristics, some important circuit loop parameters under single
and repetitive UIS stress on trench gate MOSFET.

In this paper, a comprehensive of single and repetitive frequency UIS characteristics of 1200V
AT-MOSFET and DT-SiC MOSFETs under different working conditions are investigated by
experiment and simulation. i.e Rohm DT-MOSFET and Infineon AT-MOSFETs with the same current
rate and on-state resistance. The single pulse UIS and repetitve UIS measurements were performed
on these two kinds of devices.Degradation and failure mechanisms of devices have been researched
by combination of measured datas and numerical simulation and microstructure analysis. A
reasonable physical failure explanation during avalanche has been given. Additionally, failed devices
are decapsulated to verify the location of failure point from the perspective of the semiconductor die.
Finally, a new type of vertical power DT MOSFET is proposed for the improvement of gate dielectric
reliability.

2. Device Structures and Experimental Setup

The measurements are done on devices under test (DUTs)listed SCT3080 shown in Figure 1(a)
as a symmetrical double-trench SiC MOSFET rated at 4.2V,30 A, 1200 V, 80 mQ with area
2.4mm*3.0mm and IMZ120R090M1HXKSAL1 in Figure 1(b) as an asymmetrical trench SiC MOSFET
rated at 4.5V,26 A, 1200 V, 90 mQ with area 2.2mm*2.1mm, all encapsulated in TO-247-3 packages.

Source Souree

N-dritt N-drift

Drain Drain

Figure 1. Cross-section of 4H-SiC trench MOSFET(a)DT-MOSFET(b)AT-MOSFET.

Figure 2 shows the circuit diagram(a) and wave curves diagrams(b). Figure 2(c) shows the image
of UIS test setup. The main circuit includes two parts: driver circuit and power loop. The driver circuit
is composed of driver source, gate resistance Rc, and the DUT. The power loop includes a DC voltage
source Voo, a DC stabilizing capacitor Coc, a load inductor L, and the DUT. Both of DUT and Si IGBT
acts as charging switch to control load inductor L. Si IGBT will isolate DUT from DC bus. In this
circuit, when IGBT module and V¢ turns off simultaneously, it ensures that DC bus does not
participate in energy dissipating during avalanche events. During the whole measurement, Voo could
be set much higher than the avalanche voltage of DUT, thus the conduction time can be decreased
and thereby helps to reduce heat generation.
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Figure 2. IS test circuit of 4H-5iC power MOSFET(a) Schematic circuit of UIS test (b) wave form
diagram of tested (c) UIS test setup.

Figure 2.(b) gives the waveform diagrams, BVbss is avalanche voltage, t3-t2 is avalanche time tav,
t>-t1 is charging time of load inductor. The dc power supply voltage is set to be 50 V. Gate voltage is
switched from -3 to +15V, several 20() resistors are parallelly connected between gate driver and
MOSEFET, the load inductor is chosen to be 3mH. Seeing from the Figure 2(a) and waveforms in Figure
2(b), When the IGBT and DUT turn on at the same moment, the current flowing through the inductor
increases linearly. When the pre-set maximum current value is arrived, the energy stored in inductor
force DUT to enter avalanche mode simultaneously when the DUT turns off.

3. Parameters Degradation and Avalanche Ruggedness Analysis
A. Single UIS Test

Figure 3 and Figure 4 show the typical single UIS waveforms of AT-MOSFET and DT-MOSFET
at the last test before failure (Figure 3) and at failure (Figure 4) under 3.0mH inductive load
conditions, respectively. When MOSFET turns ON, the Ibs rises linearly to the maximum drain-source
current (Ips, Max) with a slope of Vop/L. After it turns OFF,the energy stored in inductive load forces
the MOSFET to enter into avalanche mode. While at this moment the Vbs mantains breakdown
voltage and Ips gradually decreases to zero from Ips, max. For AT-MOSFETs, the peak drain current and
the voltage across the drain to source is 18 A and 1820 V during avalanche, respectively, avalanche
state lasts for 32.48 us, while the gate pulse width reaches 1.08ms. Avalanche energy is 0.53]. When
avalanche occurs, as shown in Figure 4(b), the gate pulse width increase to 1.14ms, the peak drain
current increase to 19A and avalanche voltage remains 1820 V, the avalanche time lasts for 18.45us,
then, the DUT fails which means that the blocking capability is lost between source and drain.
Comparatively, for DT-MOSFETSs, before failure, the avalanche current and voltage is respectively
17A and 2280V, avalanche state lasts for about 24.29us and gate pulse width reaches 1.02ms.
Avalanche energy is 0.47]. When avalanche occurs, the current reaches to 184, and gate pulse width
arrives to 1.08ms, while the avalanche state lasts only for 30.45ns because of longer gate pulse width
than the one before failure. In Figure 4 (a) and (b), because of IGBT module protection as marked
with black arrow, thermal away doesn’t occure in our test, current increasement is shut-down by the
turn-off of IGBT module.


https://doi.org/10.20944/preprints202405.0880.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2024

doi:10.20944/preprints202405.0880.v1

Viear(10V/div)

Viepr(10V/div)
=31 S -3V~15V
315 -3V~15V d 3V~15V
| — - - iy
b Ipspa=17A #— 4 2 Ipsua—18A +— p
\ |
7 (10Vidiv Vs ja=2280V Vo (10V/div
Ves(10V/div) as(10V/div) Vs aiac=1820V
Vps(1000V/div) t,=24.29us \ Vps(1000V/div) t,,=32.48us
B W [ w
Tns(5A/div) Ips(5A/div)
t(200us/div) t(200us/div)

(a)

(b)

Figure 3. Single pulse UIS waveforms with load inductor 3mH at the last test before failure(a) DT-

MOSFET (b) AT-MOSFET.
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Figure 4. Single pulse UIS waveforms with load inductor 3mH at failure(a) DT-MOSFET (b) AT-
MOSFET.

Table 1 presents the IpsMax, VDsmax, Eav and tav of the DUTs under single UIS test with different
inductive loads. We can see from this table that the avalanche withstand capability gradually
increases with the increase of inductor. The peak avalanche current presents a decreasing trend, while
the avalanche duration gradually increases.

Table 1. Comparation of Eav, Ipsmax, Vbsmax and tav tested under single UIS pulse with different

inductor load at room temperature.

DT-MOSFET AT-MOSFET
Parameters
ImH 3mH 10mH ImH 3mH 10mH
Eav 0.19] 0.47] 0.57] 0.46] 0.53] 0.67]
Ips,max 19A 18A 10.5A 30A 19A 11A
Vs Max 2240V 2280V 2320V 1840V 1820V 1800V
tav 3.13us 30.45ns 49.35us 15.23us  18.45us 40 us

The Eav of AT-MOSFET is higher than that of DT-MOSFET, which means superior single UIS
ruggedness than 5iC MOSFETs with AT structure. Also, higher Eav indicates serious thermal stress
in S5iC MOSFET, so the avalanche voltage of 2240V makes DT-MOSFET more susceptible than AT-
MOSEFET to gate oxide reliability.

Figure 5 gives the dependence of tav and Eav on on-state time ton for both AT-MOSFET(a) and
DT-MOSFET(b) with a fixed load inductor value. All measurements dates are recorded before the
DUT failure occurs. From Figure 5(a) and 5(b), we can see that ta and Eav increasing with the
increasement of ton and almost the same the variation trend of curves with temperature.
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Figure 5. Eav and tav versus ton for AT-MOSFET(a) and DT-MOSFET(b) under different ambient
temperature with inductor load 3mH.

Figure 6 presents the dependence of tav and Eav for DT- and AT- SiC MOSFETs on ambient
temperature with load inductor equals to 3mH in the UIS conditions. For these two types of
transistors, a different variation with temperature is observed. For AT-MOSFET, tav and Eav decreases
a little bit with the temperature increasing. From 25°C to 175°C, the maximum t.v has decreased by
approximately 3% and the maximum Eav has decreased about 6%. While for DT-MOSFET,
comparatively, as the ambient temperature increases, both of tav and Eav increases monotonically.
From 25C to 1757, ta has increased by approximately 7% and the maximum Eav has increased

significantly 26%. So, the temperature has a significant impact on the avalanche energy of DT
MOSFET.
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Figure 6. Eav and tav versus ambient temperature of AT-MOSFET(a) and DT-MOSFET(b).

Figure 7 shows the peak avalanche current (Ipex). start point of avalanche voltage(BVs) and
peak avalanche voltage(Vpeak) at failure of DT MOSFET and AT MOSFET with a fixed 3mH load
inductor. Seeing from this figure that, for AT MOSFET, the peak point of avalanche voltage and start
point of avalanche voltage has increased with ambient temperature increasing, while the peak
avalanche current at failure has decreased firstly and then almost constant. For DT MOSFET, these
three electrical parameters all show a increasing trend monotonously with temperature increasing.
The start point and peak point avalanche voltage also increase monotonously.
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Figure 7. Ipeak, BVst, Vpeak of DT-MOSFET (b) and AT-MOSFET (a)versus ambient temperature at failure
with load inductor 3mH.

Figure 8 shows the decapsulation images and failure point of AT-MOSFET and DT-MOSFET
under single UIS test. For AT-MOSFET, the failure point is obviously located at the point besides the
gate electrode and on the source electrode.

(b) (c)

Figure 8. Decapsulation image of AT-MOSFET (a) and Decapsulation of DT-MOS and failure point at
25C (b)and Decapsulation of DT-MOS and failure point at 175°C(c).

Figure 8(b) and (c) presents the decapsulation images and failure point of DT-MOSFET in 25C
and 175°C. During our measurement, when the gate driver signal is switched off, the gate voltage
does not immediately drop to zero which is marked in Figure 4(a) and this phenomena indicates that
the avalanche current flowing not only from drain to source also through the gate to source leading
to gate voltage abnormal. Thus, the DT-MOSFET is susceptible to gate oxide damage. As
demonstrated in Figure 8(a) and (b), an obvious crack is found above the gate electrode. It can be
thought as that the failure is because of gate oxide damage [20-22].

B. Repetitive Avalanche Stress

Figure 9 shows the waveforms of DT-MOSFET and AT-MOSFET under repetitive avalanche
stress, avalanche energy of each cycle under repetitive UIS test is set to 20%, 40% Eav of single UIS.
In our experiment, since the experiment phenomena and degradation failure mechanisms are similar
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with that of 20% energy ratio, the waveforms, and parameters degradations under 40% energy ratio
are not shown here. Veont and Ve are respectively control signals of IGBT module and gate pulse
signal. Ip and BVbss are inductor current and avalanche voltage respectively. During repetitive pulse
experiment, heat sink and fan are used to help to thermal dissipating. Width of pulse is set to 200ms
under 20% energy ratio, while the pulse width is 500ms under 40% energy ratio. Before our
experiment, a pretest has confirmed that the pulse width and the heating sink settlement can
effectively dissipate the heat from the device.

jl_|l_|]_|l_lﬁL

o BV o ¢

In(Vos)

Figure 9. Repetitive avalanche UIS test waveform diagrams.

Figure 10 and Figure 11 give the threshold voltage Vw, on-state resistance Ron, gate leakage
currenet Igs and forward-voltage of body diode Vsp at room temperature versus UIS cycles under
20% avalanche energy ratio with load inductance of 3mH for AT-MOSFET and for DT-MOSFET. Vi
is tested under Vos=10V and Io=5mA, while Ron is tested under Vcs=18V and Io=10A. Gate leakage Igss
is tested with Ves=22V and Vps=0V and V. is tested with Ves=0V and Isp=8.5A. Combining with Figure
10(a) and Figure 10(b), For DT-MOSFET, Vi and Ron sharply decrease to 3.9V and 73mQecm?
respectively at the beginning, and then as the cycles increase, the values keeps almost unchanged.
While for AT-MOSFET, these two electrical parameters almost keep constant after repetitive UIS
pulses which indicates that the gate oxide has been well protected by the P+ region in the source of
AT-MOSFET. The strong electrical field under the corner of gate trench oxide is transferred to the P+
shielding region, thus, avoiding the gate oxide dielectric breakdown in advance.
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Figure 10. Vi versus Cycles (a) and Ron versus Cycles (b), Vin and Ron of AT-MOSFET (0.46*0.2=0.09J,
L=3mH) and DT-MOSFET (0.19%0.2=0.038], L=3mH)versus cycles under 20% avalanche energy ratio.
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Figure 11. Igs versus Cycles (a) and Vsa versus Cycles (b), Gate leakage curren(lgs) and forward
voltage of body diode(Vsd) of AT-MOSFET and DT-MOSFET under 20% avalanche energy ratio.
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Figure 11. (a) and (b) present the gate leakage current (Igss) and forward voltage of body diode
(Vsa) of AT-MOSFET and DT-MOSFET under 20% avalanche energy ratio. In Figure 11. (a) and (b),
for DT-MOSFET, the Igs increase suddenly after 10K cycles while the Vsp has dropped at the
beginning. The avalanche has affected both the gate oxide and the body diode of the device. For AT-
MOSEFET, the Igss almost keep constant after repetitive UIS pulses which has been reflected in Figure
10(a) and (b) that the Vi and Ron almost has kept constant during the cycling test. While in Figure
11(b), we can see that UIS cycles has much less effect on the Vsp of body diode.

C. TCAD Simulation under Repetitive UIS Stress

Figure 12 gives the electrical field profile, impaction ionization (LI) of AT-MOSFET and DT-
MOSEFET under 20% avalanche energy ratio with load inductor 3mH, the gate conduction time is set
as 500us and 400us respectively. Sentaurus TCAD mixed-mode simulation with coupled electro-
thermal conditions is used to investigate the avalanche failure mechanism under repetitive UIS stress.
For AT-MOSFET, the thickness and doping concentration of the drift region were set at 10 um and
1.2x10'5 cm?, respectively. The thickness of the gate oxide at the trench sidewalls and trench bottom
was set at 60 nm and 100 nm, respectively. The channel length was 0.5um with P-type doping 1x10"7
cm?. For DT-MOSFET, gate trench and source trench have the same size with the width and depth is
lum, gate oxide thickness is the same as AT-MOSFET, the thickness and doping concentration of the
drift region is set to 12 um and 5.0x10'” cm=, respectively. Physical models, including the avalanche
generation model "Okuto-Crowell Model", Shockley-Read-Hall (SRH) recombination, temperature
and high electric field-dependent carrier mobility, incomplete ionization, thermodynamics model
and temperature-dependent intrinsic carrier density are taken into considerition in the simulation.

" Electricield (V*cm!
32006406

2667406

i 3.28 MV/cm

i 1600e+06

2.13 MV/cm et

1.067e+06
53336405

Io,nuwoo
() (b) (c) (d)
Figure 12. Electrical field of AT-MOSFET (a) and LI of AT-MOSFET (b) and Electrical field of DT-

MOSFET (c) and LI of DT-MOSFET (d), Electrical field profile and Impaction Ionization (LI) of AT-
MOSFET and DT-MOSFET under 20% avalanche energy ratio.

It is found from Figure 12(a) that the corner electrical field of oxide trench in AT-MOSFET is 2.13
MV/cm, the maximum LI is located near to body diode while the L.I under the bottom of oxide trench
is below the 107 cm3-s? which indicates that deep p-wells in asymmetric trench structure could
effectively limit the electric field crowding at the trench bottom and prevent the gate oxide
breakdown [23-24]. The Vbs maintains 1650V during avalanche, the maximum lattice temperature
obtained by simulation is 515K. However, For DT-MOSEFET, the electrical field in Figure 12(c) under
the bottom of oxide trench is 3.28 MV/cm, the maximum L.l is located around the body diode, because
of lacking P-type shielding, the LI can reach to 10 cm?s'. Under the collective effection of high
electrical field and impact ionization, the holes generated by LI after obtaining high energy and
accelerated by avalanche electrical field would cross the barrier and injected into gate oxide, thus,
becoming hot carriers in the oxide. The avalanche voltage maintains 2050V. So, for AT-MOSFET,
reliability of body diode could be responsible to the failure of device, while for DT-MOSFET, both of
gate oxide breakdown and lattice temperature is responsible to the failure of the device.

doi:10.20944/preprints202405.0880.v1
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4. Optimizaiton and Simulation

In order to reduce the degradations of the SiC MOSFET especially DT-MOSFET under repetitive
UIS stresses, several improved structures were proposed, as shown in Figure 13. Based on the DT-
MOSFET, a new stepped-oxide structure with p-type shielding under oxide trench and current
spreading layer(CSL) beneath the channel is proposed here in Figure 13(c).

Figure 13(a) is conventional DT-MOSFET. In Figure 13(b) a heavy P-type dopant shielding layer
is added under the oxide trench to avoid the oxide breakdown in advance. Hower, P-type shielding
will form JFET resistance in conjunction with P-Well region and leading to increasement of Ron. In
order to release this problem, a layer of N-type current spreading is added under the channel.
Simulation results has shown that at avalanche voltage working condition, the horizontal electrical
filed beneath the oxide trench could be released however at the corner of the oxide trench there still
a high electrical field exits around 3.12 MV/cm. Then in Figure 13(c), a stepped-oxide structure with
p-type shielding under oxide trench and CSL beneath the channel is proposed. The corner of oxide
trench is removed with substitution of stepped oxide corner and protected by P-type shielding layer.
The electrical field at the corner of oxide trench is reduced to 2.62 MV/cm benefited by the P-type
shielding and CSL collective effect.

el P N
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Figure 13. Cross-section comparation of three devices (a) conventional DT-MOSFET (b) Modified DT-
MOSFET (c) Proposed DT-MOSFET.
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Figure 14. Electrical field profile in different structrue (avalanche point) (a) conventional DT-MOSFET
(b) Modified DT-MOSEFET (c) Proposed DT-MOSFET.
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Figure 15 gives the blocking characteris Vsv and Ron of these three structures. Compared with
the conventional DT-MOSFET and modified MOSFET, the Ron of the proposed structure has
decreased about 17.9% with almost constant breakdown voltage. The breakdown voltage has
increased from 1320V to 1460V equivalently about 10.6% increasement.
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Figure 15. Blocking characteristics and Ron variation of these three devices.

5. Conclusion

The degradation mechanisms and failure analysis of SiC power MOSFETS under single and
repetitive frequency UIS characteristics are investigated in this work by experiment and simulation.
Research have shown that compared with load inductor, ambient temperature has less influence on
the Eav of DUTs. For asymmetric trench devices, avalanche withstand capability slightly decreases
with increasing temperature, while for dual trench devices, avalanche withstand capability slightly
increases with increasing temperature. Under repetitive UIS test, for AT-MOSFET with 20%
avalanche energy ratio, Vin and Ron has decreased about 3.4% and 2% respectively, and Cga increase
by 16.7% while gate oxide does keep well which indicates that the degradation of devices could be
caused by the increasement of interface states due to impact ionization. For DT-MOSFET, Vin and Ron
have decreased about 5.4% and 5.1% respectively under the same avalanche energy ratio, gate
leakage current Igss is 7nA which will increase with higher avalanche energy ratio. Thus, the
degradation of DT-MOSFET under repetitive pulse is attributed to the hot carrier is injected into
oxide leading to the increasement of gate leakage current and finally the gate oxide is damaged.

Furthermore, LI and electrical field profile at avalanche state obtained by simulation has shown
that the I.I under the oxide trench of DT-MOSFET will be higher than that AT-MOSFET, which further
prove that gate oxide of DT-MOSFET could be more damaged by electro-thermal stress than AT-
MOSFET.

Additionally, failed devices are decapsulated to verify the location of failure point and further
confirmed the consistency between simulation and experiment. Finally, a new type of stepped-oxide
vertical power DT MOSFET with P-type shielding, and current spread layers is proposed for the
improvement of gate dielectric reliability. Compared with DT-MOSFET, Ron could be decreased by
17.9% with almost the same avalanche voltage ratio.
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