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Abstract— This paper investigates the short-circuit (SC)
capability of the 3.3-kV 5-A silicon carbide (SiC) metal-oxide—
semiconductor field-effect transistor (MOSFET) from GeneSiC
(Generation-1, engineering sample). The SC withstand time
(SCWT) of the tested 3.3-kV device could not reach the
benchmark of 10-ps at a 2.2-kV bus voltage and 18-V gate voltage.
A three-step ultra-fast SC protection method is introduced and
validated. It can detect a SC fault and reduce the saturation
current within 80 ns, then softly turn off the device within 2 ps.
Using this protection method, the SC energy can be reduced by
around 32%. Additionally, a noise immunity test showed this
protection would not be falsely triggered at the device’s rated
current. Medium-voltage (MV) SiC MOSFET based power
conversion systems could utilize this method to enhance their SC
capabilities without incurring efficiency losses.

Keywords— Medium-voltage (MV), Silicon carbide (SiC),
Metal-oxide—semiconductor field-effect transistor (MOSFET),
Short-circuit (SC), SC protection

L INTRODUCTION

Medium-voltage (MV) semiconductor devices have shown
great potential for use in solid-state relays, traction inverters, and
distribution grid converters [1]-[4]. Benefitted from the absence
of tail currents and the decrease of reverse recovery times, MV
silicon carbide metal-oxide-semiconductor field-effect
transistors (SiC MOSFETs) can demonstrate higher switching
speeds with lower switching losses compared to silicon
insulated-gate bipolar transistors (Si IGBTS), yielding improved
system performance [5]. However, compared with their Si
counterparts, SiC MOSFETs have shorter channel lengths,
thinner gate oxides, and higher saturation currents for the same
die size, which result in worse short-circuit (SC) capability.
Reported SC withstand times (SCWTs) of four different designs
of 3.3-kV SiC discrete MOSFETs, denoted as A, B, C [6], and
D [7], are summarized in Fig. 1. According to Fig. 1, all listed
SiC devices could not survive 10 ps in SC events, even at less
than 50% of their rated drain-source voltage, whereas Si IGBTs
are designed according to the benchmark of 10-us SCWT [8].
Additionally, SC-induced degradation of SiC MOSFETs
electrical characteristics including increased on-resistance,
threshold voltage shifts, and increased drain-source or gate-
source leakage currents have been reported [9]-[11]. The poor
SC ruggedness of SiC MOSFETs increases the risk of failures
and limits their lifetimes in applications. The traditional
MOSFET SC protection, based on the IGBT desaturation
(DESAT) protection, has shown incapability to satisfy both
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Fig. 1 Reported 3.3-kV SiC MOSFETs” SCWTs.
nanosecond-level response times and high detection accuracies.

During SC events, the device enters the saturation region,
undergoing simultaneous high current and high voltage.
Extremely high SC energy is generated within hundreds of
nanoseconds which cannot be dissipated by the baseplate and
the cooling structure, causing die temperatures rising outside of
the safe operating zone. Lowering the saturation current when a
SC fault happens is becoming one of the most promising
approaches to improve the SC reliability of SiC devices. Some
design methods to accomplish this include 1) P+ shielded
MOSFET [12], 2) embedded source resistance MOSFET [13],
3) the Baliga SC Improvement Concept (BaSIC) [14], and 4) the
three-step ultra-fast SC protection method [15], [16], etc. The
P+ shielded MOSFET design implants a very high P-type
doping concentration at the bottom of the P-well to shield the
junction between the channel and JFET regions. Both channel
length modulation (CLM) and drain-induced barrier lowering
(DIBL) effects at short-channel devices can be alleviated, and
the saturation current will not rise significantly with the drain-
source voltage increasing. The fabrication time and cost for very
high dose of P-type implantation are the major issues with this
method. The embedded source resistance MOSFET design
injects a positive temperature coefficient (PTC) metal between
the N+ source ohmic contact and the top source metal. When a
high positive drain-source current is flowing through the source
metal resistance, the voltage drop can raise the voltage potential
of the inversion layer. Thus, the voltage between the gate and
N+ source is reduced, and the saturation current will be clamped
to a lower level. However, this source resistance results in
additional conduction losses under normal operation. The
BaSIC method applies a nonlinear element with much lower on-
resistance and smaller saturation current in series with the main
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SiC MOSFETs. During a SC time, this nonlinear element will
clamp the current to its saturation level. Compared with the
embedded source resistance MOSFET, the BaSIC sacrifices less
conductance performance, but the nonlinear element may
increase the complexity of the main power loop circuit. The
three-step ultra-fast SC protection method consists of
nanosecond-level SC detection, active gate voltage clamping to
reduce the saturation current, and DESAT-based protection.
This protection circuit is integrated in the gate drive circuit and
will not cause additional efficiency losses in the main power
loop circuit. Previously, the three-step ultra-fast SC protection
method has been experimentally verified with the 650-V gallium
nitride (GaN) high-electron-mobility transistor (HEMT) [15]
and the 600-V GaN gate injection transistor (GIT) [16], but not
yet in SiC or MV devices.

In this paper, test results and saturation current
measurements of the 3.3-kV SiC device at a 2200-V dc bus are
presented in Section II. Section III introduces the classic three-
step ultra-fast SC protection and extends it with two more
modified versions. In Section IV, the protection function
validation with the 3.3-kV SiC device is presented. A conclusion
is given in Section V. The devices under test (DUTs) are 3.3-kV
5-A rated GeneSiC Generation-1 SiC MOSFET engineering
samples. There are two different device samples (denoted as
DUT #1 and DUT #2) used for SCWT measurement and SC
protection tests respectively.

II. THESCWT OF THE 3.3-KV SIC MOSFET

The SC sustaining capability of DUT #1 is presented in this
section. Before the destructive SC test, the I-V characteristics of
DUT #1 were measured under both high drain bias and low drain
bias with different gate voltages to explore the gate voltage’s
impact on SC energy and normal turn-on resistance.

Fig. 2 shows the SC test circuit where DUT #1 is directly
connected with the capacitor bank. Two 5-uF film dc-link
capacitors are utilized to realize an acceptable dc bus voltage dip
during a SC event. Five 15-nF decoupling capacitors with a low
equivalent serial inductance (ESL) and resistance (ESR) are
placed near DUT #1 to support the high-frequency SC current.
The external gate resistor is 20 Q to ensure a slow turn-off.
Current limiting resistors are placed between the power supply
and the capacitor bank to decouple the power supply from the
test setup during SC events. Bleeding resistors are added to
ensure the test setup can shut down safely. The SC current was
extracted by the voltage drop on a 0.1-Q shunt resistor using a
high bandwidth passive probe.

The SCWT of DUT #1 was measured with a 2.2-kV dc bus
voltage at room temperature. The turn-on gate voltage was 18-
V along with a 0-V turn-off gate voltage. The turn-on pulse
width began at 1-ps, and a 1-ps increment was added for the next
pulse until the device failed. Between two adjacent pulses, a
minute interval was allowed for the device to cool down.

Fig. 3 shows the SC test waveforms when the DUT survived
the 4-us SC pulse and when the DUT failed at the 5-us SC pulse.
0.9-J energy was generated within the 5-us SC pulse, which
caused the semiconductor die to reach its critical temperature.
The saturation current initially rose due to the increase of
effective inversion layer electron mobility with temperature, and
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Fig. 3 The SC tests waveforms: (a) DUT #1 survived at the 4-ps pulse; (b)
DUT #1 failed at the 5-us pulse after switching off.

then the current was reduced due to the net reduction in the
inversion layer and drift layer electron mobilities at higher
temperature [17], [18]. DUT #1 failed catastrophically after the
gate voltage reduced to 0 V, which could be caused by the
molten aluminum diffusing to the depletion region [19] or
thermal runaway at hot spots [20]. The SC currents from the first
to the fifth turn-on pulse are plotted in Fig. 4, where the
overlapped curves showed that there was no significant
saturation current degradation during the SC test process.

The experimental results reveal that DUT #1 could not
achieve the 10-us SCWT at the above test condition. As
illustrated in Section I, the steeply elevated die temperature
caused by the high saturation current at an 18-V gate voltage
resulted in the low SCWT. Though by applying a lower gate
voltage the SWCT could potentially be increased, the cost of
increased conduction losses at normal operational conditions
needs to be considered. For DUT #1, its saturation currents were
measured at 18-V, 14-V, and 10-V gate voltages, as plotted in
Fig. 5(a). The device’s I-V characteristics at these three gate
voltages are shown in Fig. 5(b). Table I summaries the peak SC
currents, the SC energies, and the normal-operating turn-on
resistances. According to Table I, for the baseline scenario with
an 18-V gate voltage, the SC energy within 1 ps reduces by 40.6
% and 77.6 % using 14-V and 10-V gate voltages respectively,
which suggests extended SCWTs. As the trade-off, the turn-on
resistance increases by 18.0 % and 164.2 % with 14-V and 10-
V gate voltages respectively. Therefore, keeping a constant
lower gate voltage just for the purpose of extending the device
SCWT may not be acceptable for this 3.3-kV SiC device. The
three-step ultra-fast SC protection method is introduced in
Section IIT which only lowers the gate voltage during SC fault
conditions.

III. THE CLASSIC THREE-STEP ULTRA-FAST SC
PROTECTION METHOD AND ITS EXTENSIONS

The three-step ultra-fast SC protection design principle for
the 3.3-kV SiC device case is referenced in [15]. Minor
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Fig. 4 DUT #1: the SC currents from the first to the fifth turn-on pulse.
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Fig. 5 At three different gate voltages: (a) DUT #1’s saturation currents; (b)
DUT #1’s first quadrant I-V curves.

TABLEI
DEVICE’S CHARACTERISTICS AT DIFFERENT GATE VOLTAGES
Gate Peak SC Turn-on Energy | On Resistance
Voltage Current during 1 ps at 5-A Current
10V 22 A 37m] 1086 mQ
14V 61 A 98 mJ 485 mQ
18V 96 A 165 mJ 411 mQ

modifications were made in insulation distances, detection
signal filters, and drive circuit structures. The schematic for the
lower device SC protection function is drawn in Fig. 6, in which
the three steps include ultra-fast SC detection, active gate
clamping, and DESAT detection with soft turn-off are
highlighted. The ultra-fast detection is the first step and the
detection sensing point is at the upper device’s drain terminal.
For the turn-on with normal current and the turn-on causing half-
bridge shoot-through, different voltage behaviors can be
extracted at this sensing point due to the differences in the
decoupling capacitance voltage decreasing magnitudes and the
voltage drops on the busbar stray inductor (different di/dt
magnitudes). The simulated waveforms of these two scenarios
are shown in Fig. 7, in which the sensed voltage signal after the
filter can be compared with a preset reference voltage to
diagnose whether a SC fault has occurred. Once the fault is
diagnosed, the SW2 in Fig. 6 will be turned on for tens of
microseconds to insert a gate voltage divider resistor, which is
the second step. The lowered gate voltage can limit the device
SC energy to reduce the risks of device degradation or failure.
The output signal of the ultra-fast SC detection circuit can also
be sent to the upper device’s gate driver through a digital isolator
to lower the upper device’s gate voltage simultaneous.
Following this the DESAT protection procedure (the third step)
takes effect and softly turns off the device.

The detection method (the first step) shown above is one of
the optional methods of tracking and indicating the transient
energy changes at circuit elements that can display differences
in a normal switching event and in a switching event with a SC
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Fig. 7 Simulated waveforms under normal switching and half-bridge shoot-
through: (a) device’s drain-source current, (b) voltage oscillation at the sensing
point, (c) the sensed voltage signal after the filter processing.

fault. Two more approaches [21], [22] can also be utilized as the
first detection step, as shown in Fig. 8 in the case of a half-bridge
shoot-through fault. In Fig. 8, when the lower device is turning
on and cause a SC fault, due to the reduced voltage change
between the lower device drain and source terminals, the Miller
capacitance (Cy,) discharging current is largely eliminated,
which causes reduced overall gate charge [21]. Meanwhile, a
more significant voltage difference between the device’s Kelvin
source and source can be detected [22], which is based on the
similar mechanism of [15], [16] but by utilizing the bond wire
inductance rather than the busbar stray inductance.
Theoretically, tens or hundreds of nanoseconds detection time
could be achieved by all the above methods. By integrating one
of these detection methods with the gate voltage clamping
circuit and the DESAT protection circuit, a fast and robust SC
protection function can be built.
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Fig. 8 SC detection methodologies based on transient energy changes.

IV. EXPLERIMENTAL VALIDATION OF THE THREE-STEP
ULTRA-FAST SC PROTECTION

A half-bridge test setup was built with the upper device
shorted as shown in Fig. 9. The circuit parameters in Fig. 2 and
Fig. 9 are largely the same, except the shunt resistor was
removed and a new gate drive integrating the three-step ultra-
fast SC protection was used. The current was measured by the
30-MHz Rogowski coil in the protection validation test. The
setup picture is shown in Fig. 10.

The 3.3-kV DUT #2 (the lower device) was tested under a 2-
kV bus voltage with an 18-V preset turn-on gate voltage. The
SC test result with protection is shown in Fig. 11. After 80 ns
when the device was turned on, the fault flag of the ultra-fast SC
detection was set. Then within several nanoseconds, the gate
voltage dropped to 14 V and the slew rate of the drain-source
current was reduced. Eventually, the desaturation protection
circuit confirmed the fault and started a soft turn-off at 2.2 ps.
Fig. 12 shows the saturation current comparisons with and
without the gate clamping function using a 1-ps SC pulse. It
shows a 32% reduction of the SC energy with the gate clamping
function.

Additionally, a noise immunity for this ultra-fast detection
method was verified by using a multi-pulse clamped inductive
switching test with the same setup. Fig. 13 shows the noise
immunity test waveforms. At a 2-kV dc bus voltage, with up to
a 7-A load current, the ultra-fast SC detection was not falsely
triggered. Therefore, under normal operation, the efficiency of
the electrical system will not be influenced by the three-step
ultra-fast SC protection function.
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Fig. 10 Setup picture of the SC protection validation experiment.
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V. CONCLUSION

This paper presents the SC capability evaluation of the 3.3-
kV 5-A GeneSiC SiC MOSFET and the method to improve its
SCWT. The SCWT of DUT #1 could not reach 10-us at a 2.2-
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kV bus voltage with an 18-V gate voltage. Though its SCWT
could potentially be extended with 14-V or 10-V gate voltages,
this can result in a significant increase of the DUT’s on
resistance in the normal operation area. A three-step ultra-fast
SC protection method, which only reduces the gate voltage
during SC faults was introduced. This method was validated by
experiment. In the experiment, the device’s gate voltage could
be lowered within 80 ns and the SC energy could be reduced by
around 32%. Furthermore, a noise immunity test showed this
protection would not be falsely triggered at the device’s rated
current.
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