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Abstract- Eliminating antiparallel SiC SBD and making use of the intrinsic body diode of SiC MOSFET offers a cost-effectiveness
solution without obviously sacrificing the conversion efficiency in some power converter applications. Although the body diode of
commercial SiC MOSFET has been qualified by several manufacturers, the reliability of SiC MOSFET under repetitive surge current
stress of body diode has not been sufficiently studied. In this paper, the new degradation phenomena of SiC MOSFET’s gate oxide is
observed, and the degradation mechanism is discussed when the intrinsic body diode of 1200V SiC planar gate MOSFETs was
subjected to surge current stress. TCAD simulation and experimental measurements indicate that the generation and accumulation of
electrons or holes within the gate oxide under surge current stress are root reasons for the degradation of SiC MOSFET. Finally, a
mitigation technique with optimal gate turn-off voltage is suggested to suppress the gate oxide degradation of the SiC MOSFET under
the surge current stress of its body diode.

Index Terms—SiC MOSFET, surge current, body diode, gate oxide degradation, gate control

I. INTRODUCTION

Silicon carbide metal-oxide-semiconductor-field-effect transistors (SiC MOSFETSs) outperform silicon (Si) insulated gate
bipolar transistors (IGBTs) in terms of high efficiency and high power density in power converter applications because of their
superior performance including low conduction loss, fast switching speed and high switching frequency capability [1], [2].
Usually, SiC Schottky barrier diode (SBD) was anti-paralleled to the SiC MOSFETs as a freewheeling diode in the power
converter applications because it has a relatively low forward voltage drop and no reverse recovery current. However, SiC SBD is
approximately four times more expensive than Si FRD [3]. This solution inevitably causes unfavorable consequences, such as
higher die cost and larger assembling area in the power module. Meanwhile, the external SiC SBD only conducts during the dead
time and results in a minor increase in conversion efficiency at traditional switching speed power converters [4]. Therefore, the
implementation of extra SiC SBD as an anti-parallel diode to SiC MOSFET is not a favorable solution in many cost-sensitive

power conversion application cases because of its high cost.
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Removing the antiparallel SiC SBDs from SiC MOSFET/SiC SBD pair is a favorable and cost-effective solution for these
applications without obviously sacrificing power conversion efficiency. In recent years, many studies on the feasibility and
benefits of utilizing the body diode of SiC MOSFETs in power applications without anti-paralleled SiC SBD have been reported.
Although the effect of the body diode of SiC MOSFET on conversion efficiency is influenced by temperature and switching
frequency, removing antiparallel SBDs is recommended for traditional switching speed applications [5],[6]. Synchronous
rectification operation of SiC MOSFET without anti-paralleled SiC SBD can achieve almost the same conversion efficiency of
the inverter as a conventional inverter using SiC SBD as freewheeling diode [4],[5]. It is mainly because the synchronous
rectification operation of SiC MOSFET can significantly reduce the reverse conduction losses, and MOSFET’s body diode only
conducts current during a very short dead time. Moreover, it has been reported that removing additional SBDs exhibits large
advantage in terms of power loss and EMI characteristics in inverter applications especially for smaller current or lower
temperature operation conditions [5],[7]. This enables system designers to squeeze out the current capability and to capitalize on
the benefits of SiC MOSFETs. At the same time, continuous improvements in the performance of body diode of the SiC
MOSFETs have been made by manufacturers of SiC devices [8]. Recently, SiC MOSFET’s body diode has demonstrated
excellent reverse recovery characteristics, which is comparable to the SiC SBD [6].

Concerns on reliability and surge current ruggedness of 1200-1700V commercial SiC MOSFET’s body diode needs to be
addressed for its converter applications requiring reverse conduction. First, there are stability and bipolar degradation concerns on
SiC MOSFETSs’ intrinsic body diodes in the early stage of SiC MOSFETs’ commercialization. When forward current is applied to
the PN body diode of SiC MOSFETs, a crystal defect called stacking faults may expand from pre-existing basal plane
dislocations (BPDs) due to the recombination energy of electrons and holes [9]. The stacking faults inside the SiC device act as a
resistance, which increases the forward voltage drop of the body diode [10]. Due to the rapid development of SiC material epitaxy
technology and improved manufacture process control, the body diode of the latest 2-3 generation SiC MOSFETSs has been
qualified by several manufacturers and exhibited excellent stability. The body diode of SiC MOSFET shows stable performance
under 1000 hours of accelerated stressing tests [11]. Long-term switching converter testing shows the reliable operation of SiC
MOSFET’s body diode for over 10,000 hours, and no bipolar degradation was observed [12]. Second, excellent surge current
capability of the body diode of SiC MOSFET is required to be capable of withstanding several folds of the rated current for a
short time interval during the start-up process of a power factor correction (PFC) or certain fault conditions in a voltage source
inverters of the motor-driven load [13]. Characterization study of the surge current capability of SiC MOSFET’s body diodes and
failure mechanism analysis under singe surge current pulse condition are presented in [14]-[16]. Comparative evaluations among

Si-PiN diode, SiC Junction Barrier Schottky (JBS) diode, and SiC MOSFET’s body diodes have been reported [16],[17], the
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experimental results show that the SiC MOSFET’s body diodes have a slightly better surge current capability than the same
current rating SiC JBS diode. A short circuit of the gate-source terminals of SiC MOSFET was observed under surge current
stress of body diode [14]. Thermal model simulation and microscopy failure analysis reveal that the junction temperature increase
above the melting point of the surface aluminum metallization is the reason for the gate failure [18],[19].

Although the excellent surge current ruggedness and stability of commercial SiC MOSFET’s body diode under normal
operation conditions and single surge current pulse stress have been demonstrated, there has been no report on the influence of
repetitive surge current stress of SiC MOSFET’s intrinsic body diode on the reliability of SiC MOSFET. Reliability study of 10-
kV SiC MOSFET research sample has shown forward stress on body diode can induce the increase of on-resistance and drain
leakage current of SiC MOSFET [9]. Investigation and analysis are needed to make sure whether repetitive surge current stress of
body diode induces reliability issue of commercial SiC MOSFET. If it is true, the degradation mechanism and the suppression
method are expected for the adoption of SiC MOSFET’s body diode in the commercial power conversion applications.

The purpose of this paper is to demonstrate the degradation phenomena of commercial SiC MOSFET under repetitive surge
current stress of its intrinsic body diode, study the degradation mechanism and propose a mitigation technique to suppress the
device degradation. The organization of the paper is as follows. Section II presents the surge current test and degradation
phenomena of 1200V commercial SiC MOSFET under repetitive surge current stress of its intrinsic body diode. The influence of
major limiting factors, including surge current magnitude, negative gate turn-off voltage, surge current cycle numbers are
experimentally studied. In Section III, the electro-thermal TCAD simulation was carried out to investigate the gate oxide
degradation mechanism of the SiC MOSFET under surge current of the body diode. Meanwhile, the degradation mechanism is
verified by the subthreshold voltage measurement, capacitance-voltage characteristics and high temperature recovery treatment
after the surge current stress. In Section IV, a mitigation technique with gate voltage optimization is proposed to suppress the

performance degradation of the SiC MOSFET. Finally, Section V concludes this paper.

II. SURGE CURRENT STRESS AND DEGRADATION PHENOMENA

A. Test Setup

A simplified schematic of the surge current capability test circuit and the test platform are shown in Fig.1 and Fig.2,
respectively. The adjustable AC voltage source outputs 50 Hz sinusoidal voltage. Two IGBTs (IXYS IXGK120N120A3) [20]
with high current rating are parallel-connected to increase the current handling capability. They are serially connected with the
device under test (DUT) to control the duration of the current surge pulse applied to the DUT. The test procedures comply with

the JEDEC Standard No. 282B.01 [21], where the DUT is stressed under up to 100 surge current pulses with a duration of 10 ms
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each. The interval time between each surge current pulse is set to be 20 s. A heat sink with fan cooling was used to allow the DUT
to return to thermal equilibrium at room temperature after each surge current pulse to counteract the influence of thermal
accumulation. After applying a trigger signal, the DSP detects the positive half-sinusoidal wave from a Hall effect voltage sensor,
and the IGBT Q: is turned on at the zero-crossing point of the full-wave rectifier. The amplitude of the surge current can be

changed by adjusting the input voltage. The surge current tests were carried out at room temperature (25°C).
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Fig. 1. Simplify schematic of surge current test circuit. Fig. 2. Photograph of surge current test platform.

In this study, the non-repetitive peak surge current (/rsur) of the SIC MOSFET’s body diode is determined whenever any of the
following cases happen. The DUT is failed, or its electrical parameters are out of the specification defined by its datasheet after
surge current stress. The experiments are conducted with the commercial SiC planar gate MOSFETs rated at 1200 V/12.5 A in a
TO-247 package [22]. Three samples are used for each test under the same stress conditions to confirm the variation of the

electrical parameters.

B. Characterization and Surge Current Capability

In this part, the forward conduction characteristics and surge current capability of the SIC MOSFET’s body diode under
different gate turn-off voltages are analyzed. Three different levels of gate turn-off voltage (Vs o) were compared along with the
surge current conditions. The Vs o was set to be 0V, -5V and -10V, respectively. The forward conduction characteristics of the
body diode of the SiC MOSFET at different Vs o are shown in Fig. 3, which is plotted on the Vas-Is coordinates of the MOSFET.
The forward voltage drop of SiC MOSFET’s body diode at zero gate turn-off voltage is smaller than that at negative gate turn-off
voltage condition. This is because a positive potential appearing at the p-body to n-SiC interface and an inversion MOS channel is
formed [23], resulting in partial current flowing through the MOSFET channel. When the gate voltage decreases to a relatively
large negative value, the inversion MOS channel is closed, and essentially the forward conduction characteristics of the body
diode manifest. The forward voltage drop of the body diode almost keep the same when the gate turn-off voltage is negatively

increased from -5V to -10 V.
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Fig. 3 Forward conduction characteristics of SiC MOSFET’s Fig. 4 Measured surge current and forward voltage drop waveforms of body diode
body diode at different Vs of at different Vg o (The surge current capability is independent of the Vs of)

The non-repetitive surge current with a peak surge current of 110A in association with the forward voltage drop of the body
diode is depicted in Fig. 4, along with the gate turn-off voltage conditions. A sinusoidal surge current was applied to the device
for a duration of 10 ms. Due to the wide bandgap of the silicon carbide material, the body diode of the SiC MOSFET exhibits a
large forward voltage drop as compared with its silicon counterpart, which is around 2.8V when the forward current is small at
around 0 ms. High surge current flowing through the body diode of SiC MOSFET induces large power loss. Thus, junction
temperature increases rapidly due to the self-heating of the device. However, the injection of minority carriers by the PN junctions
clamps the increasing forward voltage drop with the increase of the surge current, which suppresses the power surge and limits
the further increase of the junction temperature. The forward voltage drop of body diode increases to a maximum of
approximately 6.9 V at 5ms. Although the forward voltage drop of the body diode decreases with the increase of gate turn-off
voltage at nominal current, the peak forward voltage drop under surge current is almost the same when the Ve o5 is varying from
the -10 V to 0 V. This can be explained by that all the current flow through the PN junction under surge current conditions.
Therefore, the surge current capability of the SiC MOSFET’s body diode is independent of the gate turn-off voltage.

All the tested SiC MOSFETs are failed after a peak surge current stress of 120 A. Inspection of the failed devices shows that
the SiC MOSFET’s gate-source terminals are shorted while its drain-source PN junction retains the blocking capability. But the
breakdown voltage of the degraded device has been reduced to 800 V. Thereby, the Irsu of the body diode of the 1200 V/12.5 A
SiC MOSFET is defined to 110 A according to the criteria as mentioned above.

In order to investigate the limiting factor for device degradation under surge current stress, the devices was tested under

various surge current magnitude and gate turn-off voltage levels. The SiC MOSFET’s electrical parameters are characterized by a
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Keysight B1505A curve tracer, including the forward voltage drop of body diode (Vs4), drain-source leakage current (Ziss),
threshold voltage (V) and on-state resistance (Rason) characteristic. The changes in electrical parameters are periodically
measured before stress and after each set of surge current test. All the static characteristic measurements are performed at room

temperature.

C. Influence of Surge Current Magnitude on Performance Degradation

The test started with an initial peak surge current of 50A, and the amplitude of the current was increased step by step until
reach to /rsm. The DUTs were subjected to 100 cycles surge current pulses at each current level. Fig. 5 shows the variation of the
Via and lass with the increase of surge current under -5V gate turn off voltage, respectively. In order to prevent the effects of
inversion MOS channel on the forward voltage drop of the body diode caused by gate oxide degradation, the Vi« was measured at
a gate voltage of -10 V and drain current (/) of 10 A. The results show that there is only a minor increase in the Vs of the SiC
MOSFET. After a peak surge current of 110 A, the Vs of the body diode increased by 1.3 % from its initial value. At the same

time, the luss increased by 51 % after a peak surge current of 110 A.
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Fig. 5. Evolution of Vs and lus with the increase of surge Fig. 6. Evolution of Vi and Raswn with the increase of surge

current under Vg oy =-5 V.

current under Ves o5 = -5V.

As the surge current stress increases, the variation of Vi and Ruason) 1S more significant. Fig. 6 shows the variation of the Vi

and Rusen With the increase of surge current under -5V gate turn-off voltage condition, respectively. The Vi of SiC MOSFET is

defined as the gate-source voltage when the gate and drain terminals are shorted, and the drain current is equal to 2.5mA. The

figure shows a gradual decrease in Vi, with surge current stress. After the surge current test with a peak surge current of 110 A, the

Vi of the SiC MOSFET decreased by 8 % from its initial value. It indicates that the gate oxide degradation occurs in SiC

MOSFET under surge current stress. The Rason) of the stressed devices was extracted by I-V measurement at a gate voltage of 20
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V and drain current (lus) of 10 A. The Raswn slightly increases first and then decreases with the surge current stress. After a peak
surge current of 110 A, the Rusen) decreased by 0.5 % from its initial value. This phenomenon may be caused by the competition
of different mechanisms that impact the measured on-state resistance. With the increase of surge current stress, the SiC/SiO2
interface traps density gradually increase. At the initial stage, the increasing density of interface traps that lead to strong Coulomb
scattering at the interface charges and thus significantly reduce the channel mobility [24]. Therefore, the Raswon shows an
increasing trend. At the later stage, holes accumulate in the oxide traps inducing an additional electric field is build up across the
gate oxide. This results in an obvious reduction of threshold voltage and thereby the decrease of Raswonm. Furthermore, the gate
leakage current of SiC MOSFETs is also measured and shows no increase of gate leakage current after each set of surge current

test. It means that there is no conductive path formed in the gate oxide with the increase of surge current stress.

D. Influence of Gate Turn-off Voltage on Performance Degradation
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Fig. 7. (a) Evolution of Vs with different gate turn-off voltage after 70A and 110A surge current stress. (b) Evolution of /a5 with different gate turn-off voltage

after 70A and 110A surge current stress.

Three different levels of gate turn-off voltage were compared to figure out the influence of negative gate turn-off voltage on
SiC MOSFET under surge current stress. The DUTs were subjected to 100 cycles surge current pulses at each gate turn-off
voltage levels. Fig. 7 shows the evolution of the Vs and luss at different gate turn-off voltage levels after 70A and 110A surge
current stress, respectively. As can be seen, the forward voltage drop of the body diode is rarely influenced by the gate turn-off
voltage during the surge current stress. However, the gate turn-off voltage has a significant impact on the luss of the SiC MOSFET.
After a peak surge current of 110 A, the /uss increased by 67 % and 172 % from its initial value at a gate turn-off voltage of -5 V

and -10 V, respectively. And the 45 decreased by 73 % from its initial value at a gate turn-off voltage of 0 V.
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The gate turn-off voltage has a significant effect on the degradation of threshold voltage and on-state resistance under surge
current stress. Fig. 8 shows the evolution of the Vi, and Ruswen) at different gate turn-off voltage levels after 70A and 110A surge
current stress, respectively. After a peak surge current of 70 A, the Vi decreases by 4.5 % from its initial value at a gate turn-off
voltage of -10 V. However, the variation of Vi at a gate turn-off voltage of -5V and OV condition is small. The reason for the
smaller change of Vi is the DUTs were only stressed by 100 cycles surge current pulses, while large shift of Vi is observed when
several thousand cycles surge current stress was applied to the DUTs as detailed in Fig.10. The variation of Vi and Raswn) 1S more
obvious under large surge current stress. After a peak surge current of 110 A, the Vi of SiC MOSFET increases by 2.9 % at Ves of

of 0 V, while the Vi decreases by 8 % and 17.8 % when the Vgs of decrease to -5 V and -10 V, respectively.
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Fig. 8. (a) Evolution of Vi with different gate turn-off voltage after 70A and 110A surge current stress. (b) Evolution of Rasen with different gate turn-off voltage

after 70A and 110A surge current stress.

The change of on-state resistance shows a similar trend to the threshold voltage because Ruswon) can be affected by the change
of V. The measured on-state resistance of SiC MOSFETSs can be influenced by different mechanisms, including chip-related
(gate oxide) degradation and package-related (source metallization and bond-wire) degradation [25]. The change of on-state
resistance of the SiC MOSFET is mainly induced by the chip-related degradation in this case. This is because the DUTs only
subjected to hundreds of surge current pulses stress, which unlikely to trigger the package degradation. The SiC MOSFET chip
resistance is mainly comprised of the channel resistance and drift layer resistance. As shown in Fig.7 (a), no obvious degradation
of the drift layer resistance is observed under suge current stress because the voltage drop of body diode keeps almost unchanged.
In the SiC MOSFETs, the poor quality of the oxide layer and an extraordinary high interface trap density at the SiC/SiO interface

result in low channel mobility and therefore high contributions of the channel to the total on-resistance [26]. The channel
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resistances strongly depend upon the number of free carriers induced by the gate bias in the inversion layer and the channel

mobility along the SiC/SiOz surface [27]. The channel resistance Rc: can be expressed as:

L
Rch = - ( 1 )
Wﬂnicox (ng - V;h)

where Lcn is the length of the channel, 7 is the width of the channel, u» is the inversion channel mobility for electrons, Cox is the
specific capacitance of the oxide and Vs is the gate bias voltage. The Len, W, and Cox keep constant values. The change of the
Raseon) has a linear correlation to the variation of Vi, suggesting that the variation of the channel resistance dominates the
degradation of the Raswn). After a peak surge current of 110 A, the Ruson increased by 1.8 % from its initial value at Vgs o of 0 V,

while it decreases by 0.5 % and 2.2 % at Vs oy of -5 V and -10 V, respectively.

E. Influence of Surge Current Cycle numbers on Performance Degradation

Surge current stress may occur repetitively in practical applications, and repetitive surge current tests were carried out to
identify the device degradation on SiC MOSFETs under long term operation. A peak surge current of 70A (60% of the Irsv) was
selected and the DUTs was repeatedly subjected to surge current stress until the device is failed. The static electrical parameters
of the SiC MOSFETs are measured after every 1k surge current cycles.

The evolution of the Vi and luss as a function of the number of surge current cycles have been extracted and shown in Fig.9.
Severe degradation of the Vi and luss with the accumulation of surge current cycles can be seen at Vs oy of -10 V. The Vi
decreases by 32% from its initial value in 4k cycles, while the /s increases to 80pA at 1200V. After 4k surge current cycles, the
test SiC MOSFET is failed due to a short-circuit between gate-source terminals. And the blocking voltage of the degraded device
has been reduced to 600V due to a large drain leakage current. This can be attributed to higher electrical stress applied on gate
oxide with Vs o of -10 V. On the other hand, the degradation of Vi and luss is much slower at Vs o5 of -5 V and 0 V conditions.
The Vi increases by 7.1 % from its initial value at Vg o5 of 0 V after being stressed up to 8k cycles, while it decreases by 6.2 %
from its initial value at Vs of of -5 V. In the meantime, the luss decreased by 43 % after being stressed up to 8k cycles at Vs oy 0of 0
V, while the 45 increased by 95 % at Ves of of -5 V. After 8k surge current cycles, gate-source terminals short-circuit failure was

also observed at the devices with Vgs o7 0f -5 V and 0 V condition. The devices still retain a 1200V blocking capability.
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Fig. 9. Evolution of Vi and s with the accumulation of surge current cycles under 70A surge current stress.
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Both the Vi« and Rason) show an increasing trend with the increase of surge current cycles as shown in Fig.10. The change of
Vsa shows a very similar trend to the variation of Rasen. It is well known that bipolar degradation may happen if the current is
conducted in the body-diode forward direction of SiC MOSFET [28]. The stacking faults inside the SiC device act as resistance
due to the electrons are trapped in stacking faults that exist in the epitaxial layer. Not only the forward voltage drop of body diode,

but also the on-state resistance of SiC MOSFETs degrade.



Page 11 of 26

oNOYTULT D WN =

In order to verify whether the increase of the Vs and Rusen was caused by bipolar degradation, double pulse tests were
performed after repetitive surge current stress. This is because when bipolar degradation occurs, the stacking faults expand act as
recombination centers and therefore, the electron-hole plasma concentration decreases in these regions [29],[30]. The decrease of
the total plasma charge in SiC MOSFET can be evaluated by measuring the reverse recovery charge of the SiC MOSFETs in
double pulse test. Fig.11 shows the evolution of reverse recovery of the body-diode with the increase of surge current cycles. It
shows that the reverse recovery charge and peak reverse-recovery current of the body diode keeps unchanged after repetitive
surge current stress. Therefore, the bipolar degradation was unlikely occurs in these DUTs. The increase of Vs and Raswn) can be

attributed to the package degradation resulting from repetitive cyclic thermal stress of the devices [31].
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Fig. 11. Evolution of reverse recovery of the body-diode with the accumulation of surge current cycles under 70A surge current stress and Vs o =-5V.

[II. DEGRADATION MECHANISM AND EXPERIMENT VERIFICATION

A. TCAD Simulation and Degradation Mechanism

In order to verify the physical mechanism behind the gate oxide degradation phenomena under surge current stress of body
diode, electro-thermal TCAD simulations were performed to simulate the surge current process of the SiC MOSFET with the
same condition. The electro-thermal TCAD simulation model was calibrated to match the behavior of the studied commercial
device, and this could be taken as a general case study. Fig.12 shows the current distribution within the SiC MOSFET cell under a
peak surge current stress of 110A and 5ms. When a large surge current flows through the body diode of SiC MOSFETs, most of
the current vertically flows through the p-body region and n-drift region, while a small portion of current horizontally flows
through the p-body to the channel region and JFET region. However, the current flowing through the channel region and JFET

region could be affected by the gate turn-off voltage during surge current stress.
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Fig. 12. Surge current conduction paths of simulated SiC MOSFET Fig. 13. Temperature distribution of simulated SiC MOSFET

under 110A surge current stress and Sms. cell region under 110A surge current stress and Sms.

Large surge current induces increasing power dissipation of the SiC MOSFET and rapid increase of junction temperature.
Fig.13 shows the temperature distribution within the SiC MOSFET cell under a peak surge current stress of 110A and 5ms. It
shows that the highest temperature localized in the P+ region, this is because of large current concentrate at this region under
surge current stress. The heat propagates toward the gate oxide and JFET region with the increase of surge current duration time.
The temperature at the gate oxide region is approximately ten degrees Celsius lower than the highest temperature point.

The surge current condition of SiC MOSFET’s body diode under 110A surge current and different gate turn-off voltage
conditions are simulated for comparison. Fig.14 shows the vertical electric field in gate oxide at the interface of SiC and oxide (Y
= 0 um) with different gate turn-off voltage under surge current stress. The positive vertical electrical field direction is defined
from the gate oxide layer to the SiC epitaxy layer. SiC planar MOSFETSs have two sensitive areas concerning the electric field
stress on gate oxide under surge current stress. First, the gate oxide interface above the channel region and second the gate oxide
interface above the JFET region. As shown in the figure, the vertical electric field along the SiC/SiO: interface shows a
continually increase at the channel region (X = 4.2~4.6 um) and exhibits the uniform peak distributions at the JFET region (X =
4.7~5.5um). There is an approximately 2.8V internal built-in potential exists in the P-body and N+ junction when the current
flows through the body diode. Therefore, the potential of the SiC semiconductor at the channel region and JFET region is lower
than that of the source terminal. When the gate turn-off voltage is 0V, a positive vertical electric field exists along the SiC/SiOx.
And this positive electric field decreases close to zero when the gate turn-off voltage decreases to -3V. As the gate turn-off
voltage continue decreasing to -5 V and -10 V, the vertical electric field along the SiC/SiO: turns from a positive direction to a

negative direction.
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23 Fig. 14. Vertical electrical field along the SiC/SiOs interface of SiC MOSFET cell region with different Vs ,punder 110A surge current stress and Sms.

25 Fig.15 shows the hole density and electron density along the SiC/SiO: interface with different Vgs o under 110A surge current
stress and Sms, respectively. At OV gate turn-off voltage condition, a large density of electrons accumulated at the SiC/SiOz
interface due to the channel is partially opened. The positive vertical electric field contributes to the injection of electrons into the
30 gate oxide at the channel region and JFET region. As the gate turn-off voltage decreases, the electron density decreases and holes
32 begin to accumulate along the SiC/SiOz interface. Therefore, the negative vertical electric field leads to the holes tunneling into

34 the gate oxide above the channel region and JFET region at gate turn-off voltage of -5V and -10V.

49 (a) ()
50 Fig. 15. Carrier density along the SiC/SiO; interface with different Vg, oyunder 110A surge current stress and 5Sms, (a) Electron density (b) Hole density.

52 The degradations of the Vi and luss of the SiC MOSFETs are due to the presence and accumulation of charge defects in the
54 gate oxide traps during surge current stress. Depending on the surface potential, the oxide traps may be positive or negative
56 charged due to the holes and electrons captured via a direct tunneling mechanism under surge current stress. Fig.16 shows the

58 energy band state of the SiC/SiO: structure of SiC MOSFET under surge current stress condition. When the MOS structure enters
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into depletion state, the electron and hole densities are both small. At this time, the corresponding gate turn-off voltage is defined
as depletion voltage (Vaepieion). When the negative gate turn-off voltage is lower than the Vaepieion, band bending at the surface
inducing a large density of holes accumulated at the interface between the gate oxide and the SiC semiconductor. The holes direct
tunneling into the gate oxide and begin to build up in the oxide traps. On the one hand, the accumulation of positive holes in the
oxide traps increases the effective electric field across the gate oxide in the channel region, so the required threshold voltage to
form the MOS inversion channel below the gate oxide decreases. On the other hand, the /s can be influenced by the trapped
holes in the gate oxide above the JFET region due to an increased electrical field at the P-body/N-drift junction in reverse
blocking state [32],[33]. Analogously, when the negative gate turn-off voltage is higher than Viepieion, electrons begin to
accumulate at the SiC/SiOz interface. Electrons tunneling into gate oxide and accumulated at the oxide traps results in an increase
of the Vi and decrease of luss. However, it should be pointed out that the Vieprerion varies for different manufacture’s SiC MOSFET

because the design parameter and gate oxide processing technique are different.

Fig. 16. The influence of gate turn-off voltage on energy band state of SiC/SiO: structure of SiC MOSFET under surge current stress. (a) Hole capture, (b)

Electron capture

In addition to the gate turn-off voltage, the high junction temperature is another major limiting factor responsible for the gate
oxide degradation under surge current stress. Additional gate oxide traps can be generated under high-temperature stress when the
SiC MOSFET’s body diode is subjected to a large surge current. These active traps can engage in the charge trapping through
thermally assisted tunneling and causing severe degradation of the gate oxide [34]-[36]. The junction temperature of SiC
MOSFET is related to the amount of power dissipation that the device is subjected to, which is mainly determined by the surge
current amplitudes and forward voltage drop of the body diode under surge current stress.

B. Experiment Verification
In order to verify the influence of gate turn-off voltages and junction temperature on the gate oxide degradation of SiC

MOSFET under surge current stress, the generation and accumulation of charges in the gate oxide traps are verified through



Page 15 of 26

oNOYTULT D WN =

measuring the variation of subthreshold characteristics, C-V characteristics before and after the surge current stress. High
temperature recovery treatment of the stressed device was also carried out.

The variation of near-interface oxide traps density under surge current stress can be substantiated by the forward and
backward s -V sweep measurement of SiC MOSFET. Fig. 17 shows the measured s -Vs characteristics of SiC MOSFETs at
room temperature after surge current stress. The gate voltage Vg starting sweep at a negative gate bias of -10V to Vgs =10V (up-
sweep, solid lines) and from Vs =10V back to a negative bias of -10V (down-sweep, dotted lines) at a drain voltage of Vus = 0.1V.
Since the currents involved are small, the DC static mode was employed in the measurement. The SiC MOSFET’s subthreshold
curve exhibited a large clockwise hysteresis because the oxide traps capture electrons during the up-sweep measurement and
cannot emit electrons during the down sweep measurement due to a relatively long emission time constant [37], [38]. It can be
observed that the hysteresis envelops Iz -Vgs curves overall shift toward a negative direction with the increase of surge current

stress due to the holes being trapped in the gate oxide traps.
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Fig. 17. Transfer characteristics of SiC MOSFET in the subthreshold Fig. 18. Variation of the oxide traps density (AVx (Hys)) in
regime with the increase of surge current under Ve o =-5V. SiC MOSFETs with the increase of surge current.

The subthreshold hysteresis AVw (Hys) was defined as the difference of the gate voltage of the up-sweep trace and the gate
voltage of the down-sweep trace, both at Is =1e>A. The AV (Hys) is associated with the near-interface oxide traps density. The
dependence of the AV, (Hys) on the gate turn-off voltage under different surge current stress is shown in Fig. 18. AV (Hys)
showed an increasing trend in line with the surge current. It is because the junction temperature increases with the surge current
amplitude. After a peak surge current of 110A, the AVu (Hys) increased by 13mV, 5mV, 11mV and 27mV at the gate turn-off
voltage of 0V,-3V, -5V and -10V, respectively. This indicates that the generation of active oxide traps has a linear correlation to

the variation of Vi and luss under surge current stress.
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The types and distribution of the charges injected into the gate oxide under surge current stress can be distinguished by the
shifts of the Cg-Vys curve after the surge current stress, which indicates the sites and regions of SiC/SiO: interfacial damage. The
degradation of Cg -Vgs characteristics under different surge current stress at Vg o of -5V is shown in the Fig.19. A 1 MHz, AC
signal of 25 mV amplitude was superposed to the DC sweep voltage of the SiC MOSFET in order to measure its capacitance, and
the device’s drain terminal is shorted to the source terminal. An apparent negative shift of Cy -V, curves can be seen when the
gate voltage Vs is in the range from -7V to -5V, and the shifting trend is more obvious with the increase of surge current
amplitude. This can be explained by the holes injection into the gate oxide along with the interface above the JFET region [38].
Moreover, a significant negative shift of Cg-Vs curves were also observed in the range from -2V to 1V, and this is attributed to
the injection of holes into the gate oxide along with the interface above the channel region. The accumulation of positive holes in
oxide attracts electrons in the SiC layer along with the bottom oxide interface, reduces the thickness of the depletion layer beneath

the bottom of the gate and therefore increases the depletion capacitance.
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Fig. 19. Measured C,-Vs curves of the SiC MOSFET after different Fig. 20. Measured C,-Vs curves of SiC MOSFET before and after
surge current stress of body diode under Vs o5 0f -5 V. a peak surge current of 110A with different Vs o5

The degradation of C, -V characteristic after the surge current stress at different gate turn-off voltages are depicted in the
Fig.20. It can be seen that the hole tunneling effect is more obvious with the decrease of negative gate turn-off voltage, especially
at -10V gate turn-off voltage condition. However, the Cg-Vgs curves show a positive shift at OV gate turn-off voltage condition.
This is due to surge current stress leads to the injection of electrons into the gate oxide traps above the channel region and JFET
region. Furthermore, the C, -V curve shows a slightly positive shift with the surge current stress with -3V gate turn-off voltage.

The high-temperature recovery test has been carried out to validate the gate oxide degradation of the degraded SiC MOSFET.
The high-temperature can provide activation energy to release the trapped holes from the gate oxide traps [39]. Following a

succession of surge current stress with a peak surge current of 110A at -5V gate turn-off voltage, the degraded SiC MOSFET was
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kept at the ambient temperature of 150 °C in a thermostat to check its possible high-temperature recovery. And the device is
characterized at 150 °C after the different high temperature recovery time. Fig. 21 shows the evolution of the normalized Vi and
Ruasn) of the degraded device at 150 °C versus recovery time, respectively. When the high temperature recovery time increases,
both the Vi and Iuss slightly move toward the initial value of the fresh die. Furthermore, the Cg-Vys curve of the SiC MOSFET

after high temperature treatment also exhibit a slight shift to its initial value.
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Fig. 21. Variations of normalized Vi and s as a function of recovery time under 150°C temperature.

IV. MITIGATION TECHNIQUE WITH OPTIMAL GATE TURN-OFF VOLTAGE

It was observed from the experiment results that the Irsi of the body diode of planar gate SiC MOSFETs is independent of the
gate turn-off voltage, while the gate turn-off voltage exhibits a strong influence on the degradation of SiC MOSFET and the
corresponding electrical parameter deviation when the body diode is subject to the repetitive surge current stress. Based on the
analysis of the degradation mechanism, the gate oxide degradation can be suppressed by reducing the gate oxide trap density and
selecting optimal gate turn-off voltage. From the device design and fabrication point of view, the forward voltage of body diode
under the surge current condition should be as small as possible in order to avoid an immense amount of heat accumulation on the
device during surge current stress. This is particularly important since the oxide layer of SiC MOSFET is susceptible to over-
temperature stress, which may lead to an increase of local defects within the gate oxide and SiC/SiO: interface. Furthermore,
SiC/SiO; interface state density can be adequately reduced by suitable passivation process conditions [40]. Since fewer oxide
traps are activated during the high-temperature stress to participate in the trapping process, the variation of electrical parameters
induced by charges trapping can be greatly reduced. From the gate control point of view, it may be advantageous to have a proper
gate turn-off voltage to achieve a high gate oxide reliability and a low forward voltage drop of the body diode when using the

body diode. The charge tunneling phenomenon is sensitive to the electrical potential applied on the gate oxide. According to the
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results shown in section II, a high electric field in the gate oxide during surge current stress can potentially accelerate the wear out
of the gate oxide. An inappropriate turn-off voltage could be considered as a long-term reliability risk, in particular concerning the
high defect density in the SiC/SiO: interface of SiC MOSFETs.

In order to improve the surge current reliability of the body diode of the SiC MOSFET, the amplitude of the surge current
should be limited to alleviate the thermal stress on gate oxide and prevent package degradation under repetitive surge current
stress. Meanwhile, the gate turn-off voltage of SiC MOSFET should be selected appropriately to reduce the gate oxide
degradation induced by the possible surge current stress. According to the energy band state of SiC/SiO: structure of SiC
MOSFET, as shown in Fig.16, when the gate turn-off voltage is close to -3 V, there is a weak electrical field along the SiC/SiOz
interface, which alleviates the charge tunneling effect of the gate oxide. Fig. 22 shows the evolution of the Vu and lus as a
function of gate turn-off voltage after a surge current of 110A. The variation of the Vi and liss of the SiC MOSFET exhibit a
strong relationship with the gate turn-off voltage under surge current stress. More specific, both Vi and uss show little variation at
-3V gate bias. Therefore, an optimal gate turn-off gate voltage of -3V is suggested to suppressing the device degradation when
using the body diode. However, it should be noted that the differences in SiC MOSFET’s cell structure, design parameter, and

processing technique may result in different optimal Vs of
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Fig. 22. Variations of normalized V» and /s as a function of gate turn-off voltage after surge current stress.

V. CONCLUSION

In this paper, the degradation phenomenon of the 1200V planar gate SiC MOSFET under repetitive surge current stress of the
body diode is investigated. Degradation mechanism of the device under surge current stress is experimentally verified and the

mitigation techniques to suppress device degradation are discussed. The key points of this paper can be summarized as follows.
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1) After a large surge current stress for the selected 1200V commercial planar gate SiC MOSFET, the forward voltage drop of
body diode shows a minor change, while an obvious change in Vi and J4ss was observed. This indicates significant degradation of
the gate oxide of SiC MOSFETs. The growth of stacking faults in SiC MOSFET has not been observed after surge current stress
by analyzing the reverse recovery characteristic of the degraded devices.

2) The surge current amplitude and the gate turn-off voltage exhibit a strong influence on the degradation of SiC MOSFETs
under surge current stress. The electrical parameters degradation of SiC MOSFETs at 110A surge current condition is more
severe than 70A surge current condition. After a peak surge current of 110 A, the Vi of SiC MOSFET decreases by 8 % and
17.8 % when the Vs o decreases to -5 V and -10 V, respectively. The increase of Ruswn) and Via after thousands of repetitive surge
current cycles are attributed to package-related degradation under repetitive cyclic thermal stress.

3) The high electrical field applied on the gate oxide in addition to the high junction temperature under surge current stress are
the main reasons responsible for the gate oxide degradation. The charges inject and being trapped in the gate oxide traps cause the
gate oxide degradation of SiC MOSFET. Holes trapped in the gate oxide traps at a gate turn-off voltage of -5V and -10V
condition, which induces a decrease of the V and increase of Jus. When the gate turn-off voltage is 0V, the electrons trapped in
the gate oxide traps induces an increase of the V and decrease of Juss under surge current stress.

5) The subthreshold voltage characteristics show the additional oxide traps are generated with the increase of surge current,
and the increase of gate oxide trap density is consistent with the variations of the Vi and liss under the surge current stress.
Capacitance-voltage measurement results show that the injection of holes occurs within the gate oxide traps above the channel
region and JFET region. The degradation of the SiC MOSFET’s electrical performance can be partially recovered under high-
temperature treatment. It means that some trapped holes within the gate oxide traps are released at high temperature.

6) Based on the degradation mechanisms, an optimal negative gate turn-off voltage of -3V was suggested to suppress the gate
oxide degradation of the SiC MOSFET under repetitive surge current stress in this case study.
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