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Abstract: This paper will evaluate the surge current robustness of different devices in relation to the
active short circuit (ASC). For the purposes of this study, a Si IGBT and its diode, two SiC MOSFETs
with different voltage ratings, a SiC JFET, and three GaN HEMTs will be compared. For the GaN
devices, a eMode, a dMode, and a cascode device are employed. With the exception of the Si diode,
all devices exhibited a current saturation effect. This saturation will result in significant losses and,
ultimately, a thermal defect. For all devices, a safe operating area (SOA) criterion is established. For
the SiC and GaN devices, the saturation voltage can be employed to define the safe operating area
(SOA) criterion. In this context, two on-state resistance models will be defined for these devices. One
is solely temperature-dependent, while the other also considers current saturation. Consequently,
the saturation voltage and the on-resistance model represent a straightforward methodology for
evaluating the ASC robustness of the devices. For all devices, a recommendation for a loss model
and SOA criterion will be provided. Finally, the surge current robustness of all devices is compared.
The Si, SiC and GaN devices exhibit comparable high surge current robustness in the application,
with the exception of the GaN eMode, which is susceptible to strong current saturation.

Keywords: surge current; active short circuit; wide-band gap; electrical vehicle; drive inverter; GaN
HEMT; SiC MOSFET; SiC JFET; Si IGBT; Si diode

1. Introduction

In an electrical vehicle, the control over the inverter can be lost due to various factors.
In such cases, the control must ensure the provision of a fail-safe state. Two different control
strategies are conceivable. On the one hand all switches can be turned-off [1]. This will lead
to an excessive voltage at the DC-link capacitor, semiconductors and leads to a uncontrolled
feed back into the battery. On the other hand an active short circuit (ASC) can be applied [2],
which prevents the voltage rise and feed back into the battery [3]. Therefore, the machine is
shortened by either turning all high-side switches (HSS) or low-side switches (LSS) on [2].
During the active short circuit (ASC) state, the current is typically two up to four times
higher than in normal operation [4–7] and hence is a surge current operation. This can be
observed in Figure 1. Consequently, the semiconductor must be capable of withstanding
the surge current of the active short circuit (ASC).

This paper presents a comparative analysis of the surge current robustness of different
semiconductors with respect to ASC. Two different measures are used to quantify the surge
current robustness. The first one evaluates the robustness of the semiconductor with respect
to its die area. The second one relates the robustness to the nominal current of the module.
This approach evaluates the surge current robustness with respect to the application and
represents an overload capability. For the rated current, a virtual module is designed for all
devices. Therefore, the static and switching behavior is measured for all devices under the
same conditions.
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A minimum of six series of surge current measurements are performed on all devices.
The series will vary in pulse duration TP and case temperature TC. The goal is to predict
the surge current robustness under any ASC condition. Therefore, the measurements will
be used to define a safe operating area criterion. A loss model is also derived from the
measurements. Since the losses of a semiconductor are typically temperature dependent,
the junction temperature TJ is calculated during the evaluation. The method of defining a
safe operating area for SiC and GaN devices is explained using the example of the GaN
dMode. The modeling and SOA criterion for the Si IGBT and Si diode are also presented.
Then the characteristics of each device are shown. Finally, the surge current robustness will
be compared as described before.
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Figure 1. Simulated active short circuit waveform for a representative permanent magnet synchronous
motor with reluctance utilized in electric vehicles.

Investigations into surge currents have already been conducted with a variety of
semiconductors, including Si [8–10], SiC [8,9,11–13], and GaN [14,15]. However, the inves-
tigations are in the reverse direction, with a diode, body-diode, and a closed channel of the
active device. The present paper focuses on ASC, where the channel is always open. Ac-
cordingly, the channel is open in both the forward and reverse directions during the surge
current. Figure 1 depicts a representative ASC waveform for a typical machine utilized
in electrical vehicles. As outlined in [5,16,17], the ASC current can be conceptualized as a
combination of a static sinusoidal current and a decaying DC offset. The specific current
waveform is dependent upon the machine, frequency, and current, as well as the rotor
position at the time of ASC activation. The papers [2,17] emulate a single active surge
current waveform. However, this does not represent all possible waveforms. In this paper,
as well as in the paper [18], surge current measurements are performed, a SOA criterion
is defined, and a loss model is established, as depicted in Figure 2. As a result, any active
short circuit waveform can be evaluated through simulation.

Simulation model and defi-
nition of a surge current SOA

Surge current
measurements

Simulation of the
ASC waveforms

Scaling to the
single die

and derating of the virtual module
Evaluation of the ASC robustness

Ron
(

TJ
)

Vsat
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Figure 2. Concept of the evaluation.
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The present study focuses on semiconductor devices with a voltage rating of 650 to
1.2 kV, which are commonly utilized in the drive inverters of electric vehicles. As previously
demonstrated in [2], the robustness of the ASC has been investigated for Si, while [2,17,19]
have done the same for SiC.

2. Design of the Virtual Modules

The devices under consideration are single dies. For drive applications, multiple
single dies are placed in parallel in a half-bridge configuration within a power module.
In this evaluation, we assess the same module environment for all devices in our single
die measurements, thermal and loss calculations, which are utilized to design a virtual B6
module (similar to [20]). The current density of each device is than given, which reference
to the current density in the virtual module. Therefore the conduction losses are modeled
based on curve tracer measurements. The switching losses are characterized in double
pulse measurements. The stray inductance of the double pulse measurements, conducted
with single dies, is scaled to the stray inductance of the virtual module [21].

Table 1 lists the parameter of the virtual module. For all devices there is a constant
stray inductance current product, which ensures, that the stray inductance environment is
similar. The switching losses are measured for all devices. The thermal environment of
the virtual module is also defined as constant. This is ensured by a area specific thermal
resistance. For all devices the maximum allowed junction temperature TJ is set to 25 °C
below the maximum specified in the datasheet TJ,max. The fluid temperature of the coolant
is set to 65 °C.

Table 1. Boundary conditions of the virtual module.

Value

Lσ Imax 5 µVs
TJ TJ,max − 25 °C
TF 65 °C

Rth,spec. 25 K/W mm2

M 1
cos φ 1

fs 10 kHz
UDC in V 400/800 V

For the 650 to 750 V devices the DC-link voltage UDC is set to 400 V. For the 1.2 kV
devices the DC-link voltage is 800 V. The maximum allowed over-voltage for the 400 V
DC-link devices is approximately 200 V and 250 V for the 800 V DC-link voltage devices.

Table 2 shows the nominal current of the different devices under the conditions of the
virtual module. For the SiC JFET [22] as well as for the GaN eMode [23,24] and GaN dMode
a Miller clamping [25–28] is necessary to prevent or limit the influence of the parasitic turn
on (PTO). The given current density for these three devices is only achievable with the
proposed Miller clamping.

Table 2. Nominal current density of the semiconductor.

Device Jeff in A/cm2

Si IGBT [29] 338.3
Si diode [29] 562.7

SiC 700 V [30] 358.8
SiC 1.2 kV [31] 278.0

SiC JFET 342.5
GaN eMode [32] 167.1
GaN dMode [33] 173.5
GaN cascode [34] 224.7
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3. Measurement Setup and Junction Temperature Calculation

Figure 3 depicts the surge current measurement circuit. In the initial stage, the capaci-
tance C is charged. Consequently, the IGBT A is activated. Prior to the surge current pulse,
the IGBT A is deactivated. Subsequently, the IGBT B is activated. At this point, the current
begins to rise through the inductance L, exhibiting a nearly sinusoidal waveform. Subse-
quently, the IGBT B is deactivated once more after one half-wave period. The device under
test (DUT) is maintained in the on state throughout the duration of the experiment.

VPSU

Dprotect

Rdischarge

Sdischarge

Rcharge
IGBTA

IGBTD

(only Diode)

IGBTC

(only Diode)IGBTB
L

C DUTVC

Figure 3. Measurement circuit.

Figure 4 shows the measurement setup with the Si IGBT. All voltages are measured
with low voltage passive probes. The current is measured with a current transducer (LEM
HTA 200. . . 1000-S) based on the Hall effect with a bandwidth of 50 kHz, which is adequate
for pulse widths in the millisecond range. The current steepness is therefore limited by the
inductance L. For high temperature measurements, a copper bar with a heating resistor
is placed on the device. The temperature of the copper bar is controlled with a two point
controller. It should be noted that the capacitor C is positioned below the table and, as a
consequence, is not visible in Figure 4.

A minimum of six measurement series have been perfomed on all devices. The specific
conditions of the measurement series, including the temperature of the device and the
duration of the pulse, vary. Two temperature levels were considered: 25 °C and 125 °C.
Table 3 lists the capacitor and inductor combinations for the various pulse durations. Given
the values of the inductor (L) and capacitor (C), the duration of the pulse can be calculated
using the following Equation:

TP = π
√

LC (1)

Given a voltage step of 1 V, the minimum resolution R of the peak current values can be
calculated as follows:

R =
∆Imax

∆UC
=

√
C
L

(2)

For each measurement series the maximum current is increased incrementally until a defect
is observed. Each pulse is stored for subsequent use in the validation of the loss model
and SOA criterion. Subsequently, the last good pulse (LGP) is employed as an indicator
of the surge current robustness, whereas the first bad pulse (FBP) is utilized to assess the
defect mechanism.

Figure 5 depicts a Foster model comprising four links. In order to evaluate the
surge current pulses, it is necessary to ascertain the junction temperature. Consequently,
the junction temperature is calculated based on the measured drain current and drain-
source voltage. The product of the current and voltage represents the losses Ploss. The losses
will be incorporated into the Foster model, which calculates the temperature rise between
the case TC and the junction. The Foster model is performed with four up to six links.

The Foster can be derived out of the thermal impedance curve, which is mostly given
in the datasheet. The Foster link coefficients Rth,x and Cth,x have to be fitted according [35].
If the thermal model is given as a Cauer model it can be transformed in a Foster network
according [36].
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Figure 4. Measurement setup.

Table 3. Overview of the measurement setup configurations.

Conf. C L TP R

1 12.5 mF 690 µH 9.2 ms 4.26 A/V
2 1 mF 87 µH 0.93 ms 3.39 A/V
3 25 mF 7.15 mH 42 ms 1.87 A/V

Rth,1

Ploss

Rth,4Rth,3Rth,2
TJ

TC

Cth,2 Cth,4Cth,3Cth,1

Figure 5. Thermal model of the junction temperature calculation.

Figure 6 depicts the selected surge current pulses for the 9.5 ms measurement series at
25 °C case temperature of the GaN dMode. As illustrated in the upper portion of Figure 6,
the surge current is depicted. As previously stated, the current is approximately sinusoidal
with a half-wave symmetry. The middle part of the Figure 6 depicts the voltage curves.
There is a notable rise in voltage from the last good pulse (LGP) to the first bad pulse
(FBP), in which the defect occurs. As shown in the lower part of the Figure 6, this is
accompanied by a significant increase in temperature. Subsequently, a criterion for the SOA
under surge current conditions will be defined, along with a loss model that incorporates
current saturation.
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Figure 6. Surge current pulses of the GaN dMode.

4. Safe Operating Area and Modeling
4.1. Safe Operating Area Criterion

As illustrated in Figure 6, the GaN dMode exhibits a current saturation during surge
current pulses. The transition from the linear to the saturation region can be defined by the
saturation voltage, which can be expressed as follows:

VDS,sat = VDrive,+ − Vth (3)

Equation (3) defines the saturation voltage as the difference between the positive driving
voltage VDrive,+ and the threshold voltage Vth. The driving voltage can be either the nominal
driving voltage or a voltage applied by a special driver for the ASC. The threshold voltage
can scatter from device to device. Futhermore the threshold voltage is also a function of
the junction temperature. The influence on the GaN devices on the threshold voltage is
rather small.

Figure 7 depicts the voltage current density characteristics of six measurement series.
Therefore the maximum drain-source voltage of each surge current pulse is plotted as
a function of the maximum drain current density in the same pulse. Furthermore the
minimum, typical and maximum saturation voltage is plotted. One can observe that the
voltage rises strongly above the saturation voltage. This effect is especially strong for the
9.5 and 45 ms pulse duration.

Figure 8 depicts the comparison of the LGP current density values with the current
density at the saturation criterion. It shows that for the most conditions the current density
at the saturation criterion is about 63 to 89 % of the LGP value. This indicates that for the
design of the module the saturation is a valid SOA criterion.
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Figure 7. Current saturation of the measurement series.



Energies 2024, 17, 4362 7 of 17

9.5 ms, 25 °C

9.5 ms, 125 °C

1 ms, 25 °C

1 ms, 125 °C

45 ms, 25 °C

45 ms, 125 °C
0

100

200

300

400

500

600

700

800

900

 J
D

 in
 A

/c
m

2

V
sat

 criterion

LGP value

9.5 ms, 25 °C

9.5 ms, 125 °C

1 ms, 25 °C

1 ms, 125 °C

45 ms, 25 °C

45 ms, 125 °C
-40

-35

-30

-25

-20

-15

-10

-5

0

 J
D

,s
at

 c
rit

er
io

n
 / 

 J
D

,L
G

P
 in

 %

Figure 8. Comparison of the current density at the saturation criterion and at the LGP.

4.2. Loss Model

For the loss model the on-state resistance is modeled. There are two different ap-
proaches for the on-resistance model. For both approaches the on-resistance is modeled
temperature dependent. In contrast to the second approach, the first approach do not take
the current saturation into account.

RDS,on
(
TJ
)
= R0

(
αT2

J + βTJ + 1
)

(4)

Equation (4) defines the on-state resistance model without current saturation. The resistance
is thereby modeled as a second order polynomial.

RDS,on
(

ID, TJ
)
= a

(
TJ
)

eb(TJ) ID + c
(
TJ
)

(5)

Equation (5) defines the on-state resistance model with current saturation. The current
saturation is therefore modeled with a exponential function. The coefficients a, b and c are
modeled with a first or second order polynomial.

Figure 9 depicts the fitting of the two different on-state models out of static device
analyser measurements. On the left side the model without current saturation is shown.
The on-resistance is evaluated at 0 A drain current. This model is only valid until the
saturation voltage is reached. On the right side the on-resistance is modeled as a function of
the drain current for each measured temperature. It can be observed that for both models
the fitting quality is high.
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Figure 9. Fitting of the on-state resistance.



Energies 2024, 17, 4362 8 of 17

Figure 10 depicts two different surge current pulses with the measured and simulated
waveforms for the 9.5 ms pulse duration and 25 °C case temperature measurement series.
On the left side the last pulse below the saturation voltage of the measurement series is
shown. For both models the drain-source voltage and hence the junction temperature is
in good agreement. On the right side the LGP is shown. The on-state resistance model
without the current saturation underestimates the losses. The second model with current
saturation instead exhibit a high accordance with the measured drain-source voltage as
well as the junction temperature.
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(a) Last pulse before reaching the SOA criterion
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Figure 10. Comparison of the measured and simulated waveforms of the 9.5 ms pulse with 25 °C
case temperature.

In the following the characteristics of the different devices during surge currents will
be shown as well as the SOA criterion and the loss model. Also a defect temperature range
and a defect mechanism will be given.

4.3. Dynamic On-Resistance of GaN HEMTs

The effects of GaN trapping continue to exert an influence on the device’s behavior.
A considerable body of literature addresses the trapping mechanisms [37], methods to
prevent it [37], the characterization thereof [38] and characterizations with stable charge
trapping states [39]. The traps are predominantly filled during the blocking of the high
drain-source voltage [40] and due to hot electrons during the switching transitions [41].
In the surge current measurements, the devices are maintained in a constantly turned-on
state. In this state, the traps are typically depleted [40]. The following section will analyze
the surge current measurements in order to identify any potential instances of the dynamic
on-resistance.

Figure 11 depicts the measured and simulated waveforms of the loss model without
saturation. The waveforms on the left side are presented for three distinct peak current
values. It can be observed that there is a high degree of correlation between the drain-source
voltage and the junction temperature of the measurements and simulation. The maximum
values of the drain-source voltage VDS and the junction temperature TJ of the entire mea-
surement series are illustrated on the right side of Figure 11 as absolute and relative values.
It can be observed that the discrepancy between the simulated and measured drain-source
voltage for high current densities is below 2.5 %. Therefore, the difference is indistinguish-
able from the measurement error. Consequently, the model of the static measurements
aligns with every surge current pulse, and there is no evidence of the dynamic on-resistance.
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Figure 11. Comparison between the on-resistance model and the measured waveforms of the 9.5 ms
pulse with 25 °C case temperature to ensure the absence of the dynamic on-resistance.

In this evaluation, the influence of the dynamic on-resistance can be disregarded.
In future work, the influence of the dynamic on-resistance must be evaluated, as well as
the impact on surge current and ASC robustness.

5. Characteristics of Different Devices in Surge Current
5.1. Si Diode

In contrast to the Si IGBT, which exhibits a saturation effect, all Si diodes fail due
to a thermal defect. Therefore, all devices fail at a junction temperature above 395 °C.
Additionally, the failure is caused by either a molding of the metallization or an intrinsic
failure, which is analogous to the Si IGBT.

In the case of the loss model, the following Equation may be employed [42]:

VF = a + bIF + c ln(IF) + d
√

IF (6)

the coefficients a, b, c, d are temperature dependent and can be modeled as second or-
der polynomial.

In reverse direction there is no difference, if the parallel IGBT is turn-on or off. Nev-
ertheless in all measurements series the IBGT is turn-on with 15 V. In all cases their is no
gate-source failure.

For the thermal model a Foster network based on the thermal impedance curve out
of [29] is used.

5.2. Si IGBT

The current saturation is initiated at approximately 5.4 V. The saturation current
exhibits a small dependency on temperature. Consequently, the LGP current for the
two 1 ms and the two 9.5 ms is estimated to be between approximately 560 and 685 A.
The device ultimately fails at a junction temperature above 460 °C. For a pulse duration of
45 ms, the devices do not reach the saturation current. The defect is therefore attributed to
the elevated temperature.

The gate-source distance also exhibits a low resistance effect. For surge current pulses,
it can be assumed that the junction temperature is equal to the temperature of the gate
metallization. According to [8], this indicates the melting of the gate-source distance. It
is also possible for the device to exhibit an intrinsic failure due to filament formation [43].
As outlined in [43], intrinsic failure can occur in bipolar semiconductors in the on-state at
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temperatures above 500 °C. Furthermore, solder molding can also occur for pulse durations
of 9.5 ms and 45 ms [43].

The loss model of the Si diode can also be applied to the Si IGBT using the model
presented in Equation (6). However, it should be noted that this model is only valid for
a collector-emitter voltage below 5.4 V. An alternative approach is outlined in Paper [44],
which models the losses on a half-physical basis.

For all pulse durations under 125 °C case temperature, which is the worst case condi-
tion, the Si diode withstands a higher over-current. Therefore the Si-IBGT is limiting under
surge current conditions.

For the thermal model a Foster network based on the thermal impedance curve out
of [29] is used.

5.3. SiC 700 V

The SiC 700 V shows a small saturation effect, which do not lead to a fast electric-
thermal runaway. During the failure the gate-source distance seems to fail and the gate-
source voltage drops 15 V to 0 V. The device fails in all measurements series above a junction
temperature of 1229 °C.

The worst case fo the surge currents is in the forward direction. This phenomenon is
the result of two distinct effects. The first effect is that at high current, the body diode begins
to conduct. The channel is then parallel to the body diode [45]. Consequently, the voltage
drop is lower than in the case where only the channel is connected. The second effect is
that the on-resistance in reverse direction is slightly lower than in forward direction.

For the low voltage class of 700 V the resistance of the channel and the epitaxy are the
same magnitude. While the channel is p-doped and has therefore a positive temperature
coefficient, the epitaxy is n-doped and has a negative temperature dependency. This leads
to a mixed temperature coefficient of the whole on-resistance. In fact the temperature and
current dependency makes it hard to fit the on-resistance properly. For the loss model the
simple temperature dependent on-resistance model of Equation (4) is the best option. [46]

For the SOA criterion the saturation voltage can be applied. The threshold voltage
is between 1.9 V and 2.4 V [30]. The temperature coefficient of the threshold voltage is
negative [47]. Hence, the saturation voltage will increase with higher temperature. With a
nominal driving voltage of 20 V the saturation voltage is from 17.6 V up to 18.1 V.

For the thermal model a Foster network based on the thermal impedance curve out
of [30] is used.

5.4. SiC 1200 V

The SiC 1.2 kV MOSFET exhibits a pronounced saturation effect in comparison to
the SiC 700 V MOSFET. All devices finally fail with a junction temperature above 710 °C.
Additionally, both the 1.2 kV MOSFET and the 700 V MOSFET exhibit a gate-source failure,
resulting in a drop of the gate-source voltage to 0 V. This phenomenon may also indicate
the melting of the gate-source metallization.

For the SiC 1.2 kV MOSFET, the worst case is also in the forward direction. This is
once again caused by the lower voltage drop at high current due to the body diode and
the smaller on-resistance in the reverse direction, as was previously observed for the SiC
700 V MOSFET.

For the loss model up to the saturation voltage the simple temperature on-state re-
sistance model of Equation (4) can be used. Above the saturation voltage the on-state
resistance model with current saturation of Equation (5) have to be used. For high tempera-
tures the model strongly suffers from parameter deviation. Hence, it is difficult to model
the voltage and the junction temperature until the defect point is reached.

For the SOA criterion the saturation voltage can be applied. The threshold voltage
is in the range between 1.8 V and 3.6 V [31]. Again the threshold voltage has a negative
temperature coefficient and hence a higher saturation voltage for high temperatures. With a
nominal driving voltage of 15 V the saturation voltage is from 11.4 V up to 13.2 V.
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A Foster model is derived from the thermal impedance data presented in [31].

5.5. SiC JFET

As was previously observed for the other semiconductor types, the SiC JFET is limited
in its forward operation by the effects of current saturation. A detailed examination of the
current amplitude clearly demonstrates the current saturation behavior which in turn leads
to a drain-source voltage and temperature runaway.

The failure is defined as a short circuit between the gate and source or gate and drain.
It is not possible to determine whether the gate and source or the gate and drain are the
failure using simple measurement technology. The junction temperatures reached during
the FBP in forward conduction are above 450 °C. According to [8], this may support the
hypothesis that the gate metallization is undergoing melting. The temperature is calculated
with a six link Foster model of the JFETs thermal impedance. However, the temperature
runaway occurs with such rapidity that it cannot be employed as a SOA criterion.

In contrast to e.g., a MOSFET, the JFET is operated with a gate-source voltage of
0 V in the surge current measurements or the ASC. The intended application is a mixed
MOSFET/JFET half bridge, which is described in more detail in [22]. In normal inverter
operation the gate-source voltage is 2 V for a turn-on event and −18 V for a turn-off
event. If the gate-driver-supply voltage fails until the gate source voltage is 0 V the mixed
half bridge do an ASC by itself, due to the normally-on and normally-off behavior of the
semiconductors. The 0 V gate-source voltage will applied due a short circuit mechanism
provided by the gate driver. Hence, the gate-source voltage of 0 V is implemented with
a external gate-source short circuit for the surge current measurements. Consequently,
the typical gate-source slope in the FBP, where the positive gate-source voltage collapses to
0 V, cannot be identified.

The SOA criterion is selected according to the established methodology for the semi-
conductors based on SiC and GaN with Equation (3). The threshold voltage of the JFET is
−6.9 V. The threshold voltage exhibits a slight negative temperature coefficient, resulting in
a higher saturation voltage for higher temperatures. However, the temperature coefficient
is so small that it can be neglected. With the applied gate-source voltage of 0 V, this results
in a saturation voltage of 6.9 V.

The on-state resistance in reverse conduction is lower than in forward conduction.
Therefore, the worst-case scenario is the ASC in forward conduction, as long as a low
gate impedance is taken into account. The present study does not address secondary
effects in reverse conduction, such as the gate current via the gate drain diode of the
JFET, as illustrated in [48]. This is due to the fact that forward conduction is limiting
in comparison to reverse conduction when a low gate impedance is applied. The gate
impedance represents a crucial parameter in reverse conduction, determining whether the
reverse or forward case is the limiting direction. However, given the objective of achieving
a minimal gate impedance with the ASC, this paper focuses exclusively on the forward
conduction as the critical direction. Further detailed modeling and defect analysis for the
forward and reverse conduction will be presented in future papers.

5.6. GaN eMode

As was observed for the Si IGBT and the SiC devices, the surge current robustness of
the GaN eMode is limited by the current saturation. For the GaN eMode, saturation is not
observed until the LGP. At the FBP, the GaN eMode experiences a significant saturation,
which results in a rapid runaway and ultimately the defect. The defect observed in the
GaN eMode under surge current tests is depicted in [15]. Consequently, the GaN channel
and gate region are entirely destroyed. The results of resistive measurements on the failed
devices indicate the presence of a similar defect. Furthermore, the device is anticipated to
malfunction at a junction temperature exceeding 500 °C.
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For the GaN eMode device, forward is also the worst case direction. This could be
caused by a higher virtual gate-source voltage due to the voltage drop of the channel
between the gate and the source. This voltage depends on the current direction.

For the loss model of the GaN eMode the best choice is the temperature dependent
on-state resistance model of Equation (4) without current saturation, as described in [18].
Therefore, the saturation effect is so strong that modeling the saturation does not result in a
much higher surge current rating. If the current saturation should be modeled nevertheless,
the Equations of [49] are the best choice.

For the SOA criterion the saturation voltage can be applied. The threshold voltage
of the GaN eMode device is between 1.1 V and 2.6 V with a typical value of 1.7 V. Again,
the threshold voltage has a negative temperature coefficient. Therefore, the saturation
voltage will increase as the junction temperature increases. With a nominal driving voltage
of 6 V the saturation voltage is between 3.4 V and 4.9 V with a typical value of 4.3 V.

The Cauer model, as described in [32,50], transformed into a Foster model and was
employed for the purpose of calculating temperature.

5.7. GaN dMode

The GaN dMode exhibits a current saturation effect as already shown. The current sat-
uration effect is less pronounced than in the GaN eMode and the Si IGBT. The rising losses
and hence the elevated temperature also results in a burnout of the device, as evidenced by
the decapsulated device in Figure 12. The analysis shows that in the middle of the device a
thermal hotspot lead to a burnout over a wide range of the device. The bond wires and
the enabling low-voltage Si MOSFET do not exhibit any defects. The final failure for all
devices occurs above 575 °C. This temperature can also be defined as the SOA criterion,
but is not recommended.

For the GaN dMode device, forward is also the worst case direction. This is due to the
same effect as for the GaN eMode.

Both loss models can be applied to the GaN dMode. The temperature dependent on-
state model is only valid up to the saturation voltage. The model with current saturation can
be applied until the defect occur. Once again small parameter deviation lead to high errors.

For the SOA criterion the saturation voltage can be applied. The threshold voltage
of the GaN dMode is between −8.7 V and −6.3 V with a typical value of −8.2 V. Again,
the threshold voltage has a negative temperature coefficient. Therefore, the saturation
voltage will increase as the junction temperature increases. With a nominal driving voltage
of 0 V the saturation voltage is between 6.3 V and 8.7 V with a typical value of 8.2 V.

In order to calculate the junction temperature, a Foster network was employed, derived
from the thermal impedance of [33].

Figure 12. Decapsulation of a GaN dMode device.
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5.8. GaN Cascode

The cascode device comprises a dMode GaN and a low-voltage Si MOSFET. The GaN
cascode exhibits a saturation behaviour that is nearly identical to that of the GaN dMode.
The device will finally fail above a junction voltage of 600 °C. The low-voltage MOSFET
has a minimal on-resistance, thereby ensuring that the surge current robustness is not
constrained. The gate of the Si MOSFET is also functional, indicating that the Si MOSFET
will not be damaged.

The on-state resistance in the forward direction is slightly higher than in the reverse
direction for the cascode device. Therefore, the reverse direction represents the worst-
case scenario.

Hence the GaN cascode device also has a GaN dMode as main part of the device the
characteristics are nearly identical as for the GaN dMode. In fact, the same models and
saturation voltage criterion can be applied, even the saturation voltage of the GaN dMode
part of the GaN cascode is not known.

The junction temperature is calculated using a Foster model, which is derived from
the thermal impedance curve of [34].

6. Comparison of the Surge Current Robustness

As previously stated, two distinct methodologies will be employed for the comparative
assessment of surge current robustness. The initial comparison entails the assessment of
the maximum current density associated with each surge current pulse. In essence, it
characterizes the semiconductor surge current capability. The second measure is the
maximum current density during the surge current pulse density Jmax,surge in relation to
the nominal current density JN of the virtual module. This value is more indicative of the
application and can be considered an overload capability. In both comparisons, the LGP
value is considered.

In Figure 13, the values for pulse duration of 9.5 ms are given at 25 °C and 125 °C case
temperature. Similarly, in Figure 14, the values for a pulse duration of 1 ms are given at the
same temperatures, while in Figure 15, the values for a pulse duration of 45 ms are given at
the same temperatures.

For a pulse duration of 9.5 ms, the silicon diode exhibited the highest surge current
density. The Si IGBT and SiC devices exhibit comparable high robustness, whereas the GaN
devices display a significantly lower surge current robustness. For the overload value, all
devices demonstrate comparable surge current robustness at a case temperature of 25 °C.
However, at a case temperature of 125 °C, the GaN eMode exhibits a lower surge current
robustness than the other devices. This phenomenon can be primarily attributed to the
pronounced current saturation observed in the GaN eMode. It can be observed that the SiC
1.2 kV MOSFET, SiC JFET, and GaN devices exhibit a greater difference in performance at
elevated temperatures than other devices. This phenomenon is primarily attributable to
the elevated temperature coefficient of the on-resistance of these devices. A comparable
pattern of behavior can be observed for the remaining pulse durations.

The Si IGBT exhibits a current saturation phenomenon, whereby the current values
exert a more pronounced influence on the device’s behavior than the temperature. Conse-
quently, the application related values for all three pulse durations and the two different
ambient temperatures are nearly identical. In contrast, the saturation current for SiC and
GaN devices exhibits a strong dependence on junction temperature, resulting in a cur-
rent saturation that differs significantly from that observed in Si IGBTs. Consequently,
the current values for the 1 ms pulse duration are considerably higher than those for the
45 ms pulse duration. For machines controlled with the maximum torque per ampere
(MTPA) strategy, the highest ASC will occur at the nominal frequency of the machine.
In fact, the pulse durations are closer to the 1 ms than to the 45 ms. For example, in [18],
the worst case for two typical machines is between 175 and 200 Hz, which equates to
a pulse duration of 2.5 to 2.9 ms. In fact, the surge current robustness of SiC and GaN
devices in this pulse duration range is higher than that of Si devices, with the exception
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of GaN eMode. Consequently, the transition from Si to wide band gap semiconductors
is unproblematic.
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Figure 13. Surge current robustness for 9.5 ms pulse duration.
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Figure 14. Surge current robustness for 1 ms pulse duration.
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7. Conclusions

This paper evaluated the bidirectional surge current robustness of a wide range of power
semiconductor regarding the active short circuit as a failure safe state in electrical vehicles.

The modeling of the output characteristics is shown using the example of the GaN
eMode device. Therefore, two models are used. The first one is an on-state resistance
model which is temperature dependent. The second model is an on-state resistance model
which is temperature dependent and also current dependent. Hence, this model considers
the current saturation, witch is seen for all the devices except the Si diode. For the SiC
and the GaN devices, the loss model without current saturation shows good results up
to the saturation voltage. Therefore, the saturation voltage is defined as the criterion for
the safe operating region. For the SiC 1.2 kV, SiC JFET, GaN dMode and GaN cascode
devices, the current-dependent model can also predict the losses above the saturation
voltage. The junction temperature can then be used as a safe operating criterion. The strong
influence of the parameters on the losses makes the prediction inaccurate. Therefore,
the saturation voltage is the best safe operating criterion for all devices.

Although Si-IGBTs with Si-diode and SiC-MOSFETs have already been employed
in electrical vehicles, the suitability of GaN HEMTs and SiC JFETs for use in the drive
inverter of an electrical vehicle remains to be demonstrated. Subsequently, future work
will present the impact of gate-drain current in SiC JFETs on surge current robustness.
Additionally, the impact of trapping in GaN HEMTs on the device’s normal operation
and active short-circuit robustness will be evaluated. Moreover, the GaN HEMTs will be
subjected to repetitive surge current pulses within the safe operating area to ascertain the
active short circuit robustness over the entire operational lifetime.

In addition to SiC-MOSFETs, SiC-JFETs and GaN HEMTs demonstrate an acceptable
level of active short-circuit robustness, which makes them promising devices for the next
generation of drive inverters in electric vehicles.
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