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Abstract— The temperature and dV/dt dependence of false
turn-ON has been analyzed for Silicon Carbide (SiC) Unipolar
and Silicon Bipolar transistors, with switching rates varied by the
gate resistances while temperature is varied by a hot plate
connected to power modules. Self-heating is also investigated by
measuring the temperature rise of the modules at high switching
frequencies (8 kHz). This has resulted in continuous false turn-on
occurrence in the device which has increased the device junction
temperature significantly due to the repetitive shoot-through
energy. Temperature rises of up to 150°C within just a few
minutes have been observed as a result of repetitive shoot-
through currents at high frequencies. To understand the impact
of different mitigation techniques, the temperature rise is also
observed after applying the corrections. It is seen that using the
correction methods in the devices reduces the temperature rise
significantly and therefore is vital for the applications of both
Silicon and SiC devices.

Keywords— Silicon Carbide, MOSFETs, False turn-ON, Half
Bridge, Temperature

1. INTRODUCTION

Half bridge topologies are the simplest, though the
most popular topology of semiconductor devices in converter
applications. The power devices in this topology often switch
in turn, with respect to certain defined dead-times. In the past
couple of years, silicon IGBT devices have been the most
popular choice of semiconductor devices in these converters
for medium voltage applications. However the recent
development of SiC devices have also opened up new avenues
in converter applications where high switching speeds are
required. However, high switching speeds have certain
disadvantages which should be investigated. An example
could be the repetitive occurrence of false turn-on in power
devices, which can lead to excessive temperature rises,
thermal runaway and eventually destruction of the device. In a
half bridge topology, when the high side device turns on, the
DC link voltage drops on the low side device, imposing a
significant dV/dt which in turn coupled with the miller
capacitance and gate resistance of the low side device, will
induce a voltage to the gate of the low device [1]. This voltage
drop is rapid and its speed depends on many factors, most
importantly the gate resistance connected to the gate of the
high side device. The induced voltage on the low side device
can exceed the threshold voltage of the devices, especially in

case of SiC MOSFETs, resulting in a partial turn-on. This
causes a semi-short-circuit condition thereby allowing a shoot-
through current to flow through the devices [2]. This can have
a significant reliability impact [3]. To investigate this problem,
measurements have been done to understand how the false
turn-on occurs in different operating conditions and how
mitigation techniques can reduce its impact. Additionally, the
self-heating problem has been investigated to understand how
false turn-on contributes to temperature stresses and how the
mitigation technique can reduce the self-heating. In this paper,
two similarly-rated silicon and SiC power modules are used to
perform the measurements with different switching rates and
the shoot-through energy is analyzed as a function of
temperature. Using a thermal camera, the temperature rise of
the modules is also studied before and after the correction
methods are applied.

II. THE MEASUREMENTS SET-UP

Fig. 1 shows the schematic of the measurement test
rig where the half bridge topology and possible correction
methods are shown and Fig.2 shows the experimental set up
where the silicon bipolar (DM2G100SHI2AE) and SiC
unipolar (CAS100H12AM1) modules are tested with a range
of external R; connected on the gate drivers on both modules.
An electric hot-plate is connected to the heat sink of the
modules and is used to vary the junction temperature of the
device under test. As seen in Fig.1, both the high side and low
side devices are connected to a gate resistance. The gate
resistances in these measurements are varied between 10 to 100
Q. This is done for two purposes as follows.
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Fig. 2. The experimental measurement set-up to analyze the false
turn-ON issue in Silicon and SiC power devices.

The gate resistance connected to the high side device is
varied within this range to provide a full control over the
applied dV/dt on the low side device. This gives the
opportunity to investigate how a false turn-on can occur when
devices are switched at high and low switching rates. This
approach has also been used in previous publications such as
[4] where R; in the range of 100 Q was used to intentionally
slow down the device. The gate resistance connected to the low
side device is varied within this range to simulate the cases
where a significantly higher dV/dt is applied, or where a device
with higher die size and higher miller capacitance is used. The
parasitic gate voltage on the low side device is given by the
following equation

dav.
Ves = ReCop d?s

where R; is the gate resistance and Cgp is the miller
capacitance. Hence, increasing the low side R to resistances as
high as 100 Q can help to emulate the impact of high switching
rate and large miller capacitances. Fig. 3(a) shows the parasitic
gate voltage on the low side silicon IGBT for different R; on
the low side device while the high side device Rg is constant at
10 Q. Fig. 3(b) shows the corresponding shoot-through current
through the silicon IGBT module for the different R; on the
low side device. As can be seen in Fig. 3, increasing the Rg
used to switch the low side device is increasing the induced
voltage both in terms of amplitude and the duration period.
This in turn results in an increase in the shoot-through current
from 5 to 80 A.

Likewise, Fig. 4(a) shows the impact of increasing the
R on the parasitic gate voltage on the low side device in the
SiC MOSFET module with the high side R held constant at 10
Q. Fig. 4(b) shows the corresponding shoot-through current
where it can be seen that the amplitude and duration has
increased from 20 A to approximately 50 A. As seen in Fig. 4,
the low side gate resistance used to switch the low side device

(M

has caused ringing in the Schottky diode [5, 6]. This ringing in
the voltage across the low side SiC MOSFET/Schottky diode
has been transmitted through the miller capacitance to the low
side parasitic gate voltage. Hence, the ringing appears in the
parasitic gate voltage as well as in the shoot-through current.
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Fig. 5(a) shows the impact of temperature rise on the
induced voltage and Fig. 5(b) shows similar for the shoot-
through current of the silicon bipolar device. In Fig. 5, the
high side and low side devices are switched with R;=100 Q.
In this case, to avoid self-heating and to keep the temperature
at the same level during the measurements, the switching
frequency of the circuit has been reduced significantly to only
100 Hz. This reduces the recurrence of shoot-through
significantly and hence due to the presence of a temperature
monitoring system and a metal plate connected to the base of
the module, the temperature stays constant in measurements.

As can be seen in Fig. 5, the increase in temperature
has had a minor effect on the induced voltage level. However,
it has significantly increased the shoot-through current due to
the reduced threshold voltage of the device. A similar trend is
also seen in Fig. 6 where the impact of temperature rise on the
SiC MOSFET module is shown. Fig. 6(a) shows that the
temperature has no impact on the parasitic gate voltage
whereas Fig. 6(b) shows that temperature significantly
increases the shoot-through current. For both technologies, the
shoot-through current increases with temperature because of
the negative temperature coefficient of the threshold voltage
which means that the short circuit has a higher peak and
duration. SiC devices normally have lower threshold voltages
due to low effective p-body doping and the threshold voltage
also further reduces with an increase in temperature (due to
the increase in the intrinsic carrier concentration in the
channel). This results in the increase of the shoot-through
current with the same induced voltage since the difference
between the induced voltage and the threshold voltage is now
higher with increased temperature.
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III. EFFECTIVENESS OF THE CORRECTION METHODS
APPLIED ON THE DEVICES

To counter the false turn-on, different correction
methods can be used both in the circuit and also on the gate
drive. For example, using a bipolar gate driver is normally
expected to correct the issue since it increases the offset
between the induced voltage and the threshold voltage. In
these measurements, -5 V is used. This is because in most
cases, the induced voltage is in the range of a few volts hence,
a negative bias of -5 V should negate the impact of the
induced voltage. This, although is effective in IGBT devices,
does not fully counter the issue in SiC devices since the
threshold voltage is lower (at around 2 Volts) thereby making
false turn-on still possible. Additionally, the gate oxide of the
SiC devices is not as robust as that in silicon [7] therefore
imposing is an upper limit on the level of negative voltage
applicable on the device. Although the issue can also be
countered with higher negative values (i.e. -10 V), however
this causes a constant negative voltage to be applied to the
gate of the device which will have its own reliability issues
regarding gate oxide integrity [8]. This limit has also been
confirmed on the datasheet of the devices.

Another  shoot-through  mitigation  technique
comprises of using different resistive paths for the turn-on and
turn-off transients [9]. This method seems more effective with
fewer complexities compared to design of a bipolar gate driver
as it slows down the device on turn-ON and reduces the
imposed dV/dt on the low side device. It must be noted that
due to oscillations of the SiC device, use of snubber capacitor
is also preferable.



A. Snubber Capacitor

The snubber capacitor is a parallel capacitor in the
module which charges and discharges as the voltage on the
device changes. In the instant that there is an increase or
decrease of the DC link voltage, this change will be countered
by the charging/discharging of the snubber capacitor thereby
stabilizing the DC link voltage. Fig. 7(a) shows the measured
DC link voltage during shoot-through for the silicon IGBT
module while Fig. 7(b) shows that of the SiC MOSFET
module. As can be seen in Fig. 7 (a), at the time of the false
turn-on occurrence, there is instability in the DC link voltage.
This happens because the shoot-through current is derived from
the charge in the DC link capacitors. The DC link capacitor
subsequently tries to recharge through the voltage on the DC
link which causes the voltage undershoot/overshoot. The
problem is more severe in the case of SiC device due to the
ringing imposed by the low side SiC Schottky diode as is
explained in [5]. The snubber capacitor only reduces the
consequences of the false turn-on on the DC link voltage and
does not remove the shoot-through current or the induced
voltage. However its presence in the case of the SiC module is
required for stability of the circuit.
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Fig. 7. The DC link voltage of the (a) Si IGBT (b) SiC MOSFET
module showing the impact of the snubber capacitor.

B. Bipolar Driver and 2 resistive paths

Fig. 8(a) shows the effect of the bipolar gate driver on
the shoot-through current in the silicon IGBT module. Fig. 8(b)
shows the effect of using 2 resistive paths on the shoot-through
current in the silicon IGBT module. Both measurements were
done at 25 °C and it can be seen that the shoot-through current
is significantly suppressed for the Si IGBT module. Fig. 9(a)

shows the effect of the bipolar gate drive on the shoot-through
current in the SiC module where it can be seen that the peak
current is reduced, however not as effectively as was the case
for the silicon IGBT module in Fig. 8(a). This is because the
negative bias was limited to -5V for the SiC devices. Fig. 9(b)
shows the effect of the 2 resistive path method on the SiC
MOSFET module.
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IV. TEMPERATURE RISE AS A RESULT OF FALSE TURN-ON
IN SIC DEVICES IN A BUCK CONVERTER

The shoot-through energy of the devices can
contribute to significant temperature rise in the devices
especially at higher switching frequencies. For example, the
measurements presented here are done at a voltage of 650 V
and with a load resistance of 1 kQ. This results in a device
current equivalent to 0.65 A which is very low for a module
rated at 100 A. Hence, the switching energy on its own could
not have resulted in a significant temperature rise. However as
will be seen in the next section, the temperature rise as a result
of the shoot-through energy can be very high. Fig.10 shows
the shoot-through energy of the (a) Silicon IGBT module and
(b) SiC MOSFET module over a range of gate resistances
between 10 to 100 Q.
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Fig. 10. The measured shoot-through energy as a function of the
low side gate resistance and the high side gate resistance in the (a)
Silicon IGBT and (b) SiC modules.

Fig. 11 shows the shoot-through energy of the (a)
Silicon and (b) SiC device for different gate resistances over
temperature. These measurements are made without any of the
mitigation techniques for limiting the shoot-through current. A
trend of increase of shoot-through energy with temperature is
seen in both cases, the slope of which is higher for the Silicon
bipolar device.
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Fig. 11. The measured shoot-through energy as a function of the
low side gate resistance and junction temperature in the (a)
Silicon IGBT and (b) SiC modules.

Fig. 12(a) shows a thermal camera picture taken of
the SiC MOSFET module after 8 minutes of continuous
switching at 8 kHz in a buck converter topology with both the
high side and low side R;=10 Q. A temperature rise of up to
50 °C can be observed in Fig. 12(a). Fig. 12(b) shows a
thermal camera picture after 8 minutes of switching at 8 kHz
with the high side RG=10 Q and the low side Rz=100 Q. It can
be seen in Fig. 12(b) that a temperature rise exceeding 150 °C
can be observed in the SiC MOSFET module. The difference
in the temperature rise between the 2 measurements is
attributable to false turn-ON. This temperature rise is the
result of the different shoot-through energies shown in the
Fig.10 (b) which also increases when the temperature rises.

Fig.13 shows the impact of lowering the switching
rate of the high side device. In Fig. 13(a) the high side device
is switched with R;=10 Q and the low side device with
Rs=100 Q. In Fig. 13(b), both the high side and low side
devices are switched with R;=100 Q. It can be seen by
comparing the pictures that slowing down the high side device
commutation rate reduced the dV/dt on low side device
thereby causing smaller shoot-through currents resulting in
lower shoot-through energy and a smaller temperature rise.
This has the disadvantage of slowing down the device and
causing higher switching losses. Since high switching rates are
preferred in SiC technology, this is not a preferred correction
method.
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Fig. 12(a). A thermal camera image of the power module
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Fig. 12(b). A thermal camera image of the power module
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Fig. 13(a). Thermal camera picture of the SiC MOSFET module
switched with the low side at R;=100 Q and high side R; =10 Q.
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Fig. 13(b). Thermal camera picture of the SiC MOSFET module

switched with the low side at R;=100 Q and high side R; =100 Q.

As was seen in Fig. 7 previously, there are considerable
oscillations associated with the application of SiC power
devices. These oscillations, if not dealt with, will cause even
higher losses due to overshoots occurring. To counter this, a
snubber capacitor must be connected on the DC link
connection of the power module, ensuring that the oscillations
are effectively removed. This snubber capacitor will reduce
the elevated shoot-through energy and will slightly reduce the
temperature rise. It should be noted that as was explained
earlier, the snubber capacitor does not remove the false turn-
on but only reduces its consequences. The impact of using this
snubber capacitor can be seen in Fig. 14 where a thermal
camera image is shown for the SiC MOSFET module without
a snubber capacitor and a module with a snubber capacitor.
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Fig. 14(a). Thermal camera image of the SiC MOSFET module
without the snubber capacitor when the R on the high side device
is 10 ) and on the low device is 100 .
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Fig. 14(b). Thermal camera image of the SiC MOSFET module
with the snubber capacitor when the R on the high side device is
10 Q and on the low device is 100 Q.

Fig.15 shows the impact of using the unipolar and
bipolar gate drivers on the SiC module where the high side
device is switching with 10 Q and the low side device is
connected to a gate resistance of 100 Q. It is seen that the
bipolar gate driver has reduced the impact of the temperature
rise on the module as a result of the false turn-on, however this
is not a complete mitigation and the temperature rise continues
to take place at a slower rate. Hence, should the converter
operate for a considerably long period, it will eventually heat
up to a significant degree, although later than the case where
the unipolar driver is used. The increase of the temperature
follows an exponential trend, as increase of the temperature
increases the shoot-through current which will further increase



the temperature. This positive feedback loop can potentially
lead to thermal runaway and the destruction of the device. As
a result, the two resistive paths method should also be applied
to reduce the possible temperature rise in the SiC module.
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Fig. 15(a). Thermal camera image of the SiC MOSFET module
switching at 8 kHz with a unipolar gate drive. The high side device

R =10 Q and low side device R; =100 Q.
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Fig. 15(a). Thermal camera image of the SiC MOSFET module
switching at 8 kHz with a bipolar gate drive. The high side device
R; =10 Q and low side device R; =100 Q.

As was expected, the two resistive paths solution is
also needed to damp the shoot-through current, especially in
the case of the SiC MOSFET module. To provide a fair
comparison, the thermal images of two cases with gate
resistances with a value of 100 Q are presented in Fig.16 (a)
and Fig. 16(b). Fig. 16(a) shows the thermal image of the
module with a single resistive path while Fig. 16(b) shows a
thermal image of the module switching with 2 resistive paths.
As can be seen, using the two resistive paths solution has
significantly reduced the temperature rise of the module.
Hence it is recommended that in all cases, especially where
SiC modules are to be used, the two resistive paths method to
be applied along with the use of a bipolar gate driver with a
negative value of at least -5 V (in-line with datasheet
requirements) and snubber capacitor placed on the DC link
connection of the module (here with a values of 100nF).

Fig.17 shows the temperature rise plot of the module
base temperature for each of the silicon IGBT and SiC
MOSFET modules. As can be seen in Fig.17, increasing the
low side gate resistance has increased the rate at which the
temperature of the modules rises, while the increase is more
uniform in case of SiC compared with the Silicon device.

Fig. 16(a). A thermal camera image of the SiC MOSFET module
switching at 8 kHz with a single resistive gate path.
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Fig. 16(b). A thermal camera image of the SiC MOSFET module
switching at 8 kHz with two resistive gate paths.
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module as a result of the increasing the low side gate resistance.

It can be seen that although the temperature rise in the SiC
MOSFET module in most cases is higher than that of the
silicon IGBT module, however the change of slopes is more
uniform and the slope in the temperature rise in the silicon



module is higher, i.e. where the low side device is connected
to 100 Q, the silicon device reaches the thermal runaway point
faster. The SiC module, due to the higher bandgap and better
packaging can cope with temperatures up to 150 °C easier,
while in the case of Silicon device, the device has been
destroyed after reaching a temperature around 120 °C.

Fig.18 provides a clearer comparison between the
temperature rise of the silicon and SiC modules. In this case,
the low side gate resistance is 100 Q in all cases and the high
side gate resistance is changed between 10 and 100 Q in both
cases of the silicon and SiC modules.
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Fig. 18. The temperature rise due to shoot through currents in
both modules with the low side R; =100 Q.
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Fig. 19. The temperature rise due to shoot through currents in (a)
Si IGBT and (b) SiC modules with and without snubber
capacitors and bipolar gate drives.

As can be seen in Fig. 18, the difference between the
temperature rises in the two cases for the silicon module is
more explicit compared to the case of the SiC module. The
reason for this difference is the change of shoot-through
energy with R and is clear in the Fig. 10.

Fig.19 shows the temperature rise in both modules (a)
for the silicon module and (b) for the SiC module, where a
snubber capacitor and a bipolar drive is connected. The
presence of the bipolar drive in both cases has considerably
reduced the temperature rise, though the reduction is more
significant in the case of the silicon module. The snubber
capacitor has also reduced the temperature rise slope, which is
due to the reduction of the shoot-through energy through
damping the overshoots and ringing of the voltages.

V. CONCLLUSION

The induced voltage on the silicon IGBT module is
higher than that of the SiC MOSFET module due to the
significantly higher Miller capacitance of the device. This
results in higher shoot-through current in most cases, however
the shoot-through energy of the SiC device is higher than that
of the silicon module due to the ringing present on the SiC
module. The shoot-through energy is increasing more rapidly
with temperature in the silicon module compared with the SiC
module. This is due to the significant difference between the
miller capacitance of the devices and higher stability of the
threshold voltage of the SiC device compared with the Silicon
IGBT device with changes in temperature. Several correction
methods have been employed to remove the false turn-on issue,
and it is concluded that in the case of SiC device, the bipolar
gate driver should be used along with the snubber capacitor and
the two-resistive paths. Several measurements are done to
investigate the self-heating issue of the modules as a result of
the false turn-on and as was seen, if the issue is not mitigated, it
can lead to very high temperatures on the module with serious
reliability consequences.
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