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Abstract—The trade-off between the switching energy and
electro-thermal robustness is explored for 1.2kV SiC MOSFET,
silicon power MOSFET and 900V CoolMOS body diodes at dif-
ferent temperatures. The maximum forward current for dynamic
avalanche breakdown is decreased with increasing supply voltage
and temperature for all technologies. The CoolMOS exhibited the
largest latch-up current followed by the SiC MOSFET and silicon
power MOSFET; however when expressed as current density,
the SiC MOSFET comes first followed by the CoolMOS and
silicon power MOSFET. For the CoolMOS, the alternating p
and n pillars of the super-junctions in the drift region suppress
BJT latch-up during reverse recovery by minimizing lateral
currents and providing low resistance paths for carriers. Hence,
the temperature dependence of the latch-up current for CoolMOS
was the lowest. The switching energy of the CoolMOS body
diode is the largest because of its super-junction architecture
which means the drift region have higher doping, hence more
reverse charge. In spite of having a higher thermal resistance,
the SiC MOSFET has approximately the same latch-up current
while exhibiting the lowest switching energy because of the least
reverse charge. The silicon power MOSFET exhibits intermediate
performance on switching energy with lowest dynamic latching
current.

Index Terms—Electro-Thermal Ruggedness, Body Diode,
MOSFET, Robustness, Reverse Recovery

I. INTRODUCTION

POWER MOSFETs can provide the advantage of faster

switching compared to IGBTs which use conductivity

modulation from minority carrier injection to limit conduction

losses. Conventional high voltage silicon power MOSFETs

have a considerably high on-state resistance which increases

the conduction losses. Hence, their use in power converters

is limited to high frequency and low voltage applications.

To improve the conduction losses of the high voltage silicon

power MOSFETs, the concept of the super-junction was

introduced as a way of increasing the blocking voltage without
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using thick and highly resistive drift layers. By using alternate

n and p pillars in the drift region, lateral as well as vertical

depletion resulted in high blocking voltages with less resistive

drift layers, hence, the trade-off between blocking voltage and

on-state resistance is relaxed [1], [2]. Another avenue through

which the performance of the power MOSFET was improved

was the transition to wide bandgap semiconductors like SiC

where the wider bandgap and higher critical field results in a

thinner and less resistive drift layer that can block significantly

higher voltages while maintaining a low on-state resistance.

Traditionally, independent discrete diodes are used as re-

verse conducting or anti-parallel diodes so as to enable bi-

directional power flow. Integral to the design of the MOSFET

is the body diode which has the structure of a PiN diode be-

cause of the lightly doped voltage blocking drift layer between

the n+ drain and the p body. The foremost characteristic of PiN

diodes is in the turn-off transient where reverse recovery can be

observed as a result of minority carrier extraction from the drift

layer. As current is ramped down during the turn-off process

in the PiN diode, the carrier distribution profile supports the

current through the zero crossing until the voltage across

the diode causes depletion widths at the diode PN and NN+

junctions. Once this space charge region forms, the reverse

current reaches its peak value (which is the peak reverse

recovery current) and then starts to recover to zero. The time

it takes for the current to return to zero depends on the rate

of minority carrier recombination in the drift region, which in

turn is a function of the temperature dependent carrier lifetime

amongst other parameters. Although it is generally desirable

for the PiN diode to have a minimum reverse recovery time,

it can be hazardous if the rate of change of the current with

time is very high in the presence of parasitic inductances. PiN

diode reverse recovery can be considered to be soft or snappy

depending on the ratio between the time taken for the current

to change between 0 and the peak reverse current and the time

taken to return from that peak reverse current to 0. The voltage

across the diode moves from the on-state voltage to the supply

voltage although there is usually a peak voltage overshoot due

to parasitic inductance and a time varying current. The peak

voltage overshoot occurs at the time when the diode is in

reverse recovery, hence, snappy diodes can cause high peak

voltages and dV/dt induced avalanche breakdown capable of

destroying the diode. The well-known parasitic npn BJT in

the MOSFET can be activated by the displacement current of



2 IEEE TRANSACTIONS ON POWER ELECTRONICS

the drain-body depletion capacitance, which is proportional to

the dV/dt across the diode. It is also possible for the reverse

recovery current to trigger bipolar latch-up in the device [3].

If sufficient current flows through the body of the MOSFET to

increase the potential difference between the p-body and the

n-source beyond the built-in diode voltage, the parasitic BJT

inherent in the device may latch with destructive consequences

[4]. Because the latch-up current has a positive temperature

coefficient, thermal runaway ensues [5]. In SiC MOSFET,

the low minority carrier lifetime in the drift layer coupled

with the smaller capacitances means that the switching is

faster (dV/dt is higher) and the reverse charge is significantly

smaller; whereas in the CoolMOS devices, the alternate p and

n doped pillars in the drift region means that the anti-parallel

body diode will be a parallel combination of PN–N+ diodes

and PPN+ diodes. Hence, during reverse recovery, electrons

will be minority carriers in PPN+ diodes whereas holes will

be minority carriers in PN–N+ diodes. Since electrons have

higher carrier lifetimes, CoolMOS devices will hence exhibit

higher reverse recovery charge which will be made worse

by virtue of the fact that the n pillars will be more highly

doped since the super-junctions enable high voltage blocking

i.e. reverse recovery charge increases with the doping of the

drift layer. Figure 1 shows schematic diagrams of a standard

power vertically diffused MOSFET and CoolMOS with the

inherent body diode and parasitic BJT.

Fig. 1. Cross-sectional schematic of (a) a standard vertical D-MOSFET and
(b) a super-junction power MOSFET (CoolMOS) along with the parasitic BJT
and the intrinsic diode

To avoid the unintentional use of the PiN body diode, a

Schottky diode is normally placed in series with the diode

while a further PiN diode is placed as the actual anti-parallel

diode [6]–[8]. With the emergence of advanced power devices

like Silicon Carbide MOSFETs and CoolMOS superjunction

devices, it has become more important to investigate the

performance and robustness of the body diodes in switching

applications [9], [10]. It has been previously shown that the

body diode can be actually be a suitable replacement for

the PiN diodes when it comes to soft switching converters

such as ZVS [11]–[15]; however, the use of the body diode

may create a significant robustness issue when it comes to

hard commutation switching [16]–[18]. To overcome this,

different MOSFET designs were tested including lateral Power

MOSFET [19], [20], VDMOSFT [21], VMOS, LDMOS,

TrenchMOS [22], UMOS [23], semi-super-junction [24] and

eventually super-junction MOSFETs [25], [26] or CoolMOS

[27] all of which although showed certain improvements, but

could not help the overall poor reverse recovery performance

of the body diodes during hard commutation. Though certain

efforts were made to use methods such as active channel

freewheeling [28] to minimize the effect of the recovery

charge, the performance of the body diode during the reverse

recovery could not be improved. Recently developed SiC

MOSFETs body diode have reduced the magnitude of the

recovery charge [29] which is a considerable step forward,

but may also present significant robustness issues [30].

In this paper, the reverse recovery of the body diodes are

studied as functions of the switching rate, temperature and for-

ward current in silicon power MOSFETs, CoolMOS and SiC

MOSFETs. Current is commutated through the free-wheeling

diode during a dynamic avalanche breakdown test [31] with

incremental forward currents starting from the current rating

and moving above the rating so as to investigate the robustness

of the device. The experimental measurements are presented in

section II and the results of the dynamic avalanche breakdown

of the body diode is presented in section III while section IV

concludes the paper.

II. EXPERIMENTAL MEASUREMENTS ON BODY

DIODES

Experimental measurements have been performed on the

body diodes of SiC MOSFET, silicon power MOSFET and

CoolMOS devices with the dual objectives of comparing the

switching energies and the robustness by testing to failure. The

measurements were performed in clamped inductive switching

test rig [32]–[34], the schematic of which are shown in

Figure 2 and the picture of the HV test rig is shown in Figure 3.

For measurements that require a pre-defined ambient temper-

ature, a Tenney environmental series 942 is used to monitor

and maintain the ambient temperature within the specified

levels. This is the ambient temperature surrounding the device;

during the avalanche dynamic breakdown of devices, junction

temperature is increased which is in fact one of the main

causes of failure. The switching waveforms are captured on a

Tektronix TDS5054B digital phosphor oscilloscope which has

a bandwidth of 500 MHz. The current is measured using a
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Pearson Electronics wide band current monitor (Model 6656)

which is calibrated on a scale of 1 A/V and the voltage is

measured using Tektronix (P5210) differential voltage probes

scaled on a basis of 1/100. By connecting the gate of the

high side transistor to its source, the transistor is an open

circuit, hence, only the body diode is active in the circuit.

The body diode of the device under test is used to free-

wheel current through a pre-charged inductor and a low-side

transistor is used to commutate current away from the body

diode. Figure 4(a) to (d) shows the different stages of the

double pulse test and the direction of current flow in the circuit.

When the low side transistor is switched on as shown in the

circuit schematic in Figure 4(a), the inductor is charged with

a current from the power supply and when it is switched off

as shown in Figure 4(b), current commutates from the low

side transistor into the body diode of the high side transistor.

As the low side transistor is switched on again as shown in

Figure 4(c), the body diode of the high side transistor switches

off and goes into reverse recovery. As the low side transistor is

switched off again in Figure 4(d), current commutates into the

body diode where it eventually damps to 0. The duration of the

gate pulse of the low side transistor determines the magnitude

of the current the body diode will conduct and switch. Both

the low and high side transistors for any test are the same

technology. As expected the SiC MOSFET has the lowest on-

state resistance, followed by CoolMOS and then silicon power

MOSFET. The current ratings of the MOSFETs range between

15 and 17 A whereas the voltage ratings are 1.2 kV for the

silicon power MOSFET and SiC MOSFET and 900 V for

the CoolMOS device (this is the highest voltage rating for a

commercially available super-junction MOSFET). Due to the

fact that body diodes are not necessarily optimized for the

forward current, the initial measurements of the body diode

switching performance started from a forward current of 2 A

on a gradual increase beyond the current rating until avalanche

breakdown was observed. Measurements are performed with

a wide range of temperatures between –75°C and 175°C, gate

resistances between 10 Ω and 1000 Ω and forward currents

starting from 2 A to destruction of each body diode, at

approximately 40 A at 100 V.

Fig. 2. Schematic of the double pulse circuit and devices under test.

Figure 5 show the body diode reverse recovery currents of

the silicon power MOSFET when switched with a forward

current of 2 A. It should be noted that for a PiN diode, the

Fig. 3. The clamped inductive measurement test rig, consisting of a series of
bank capacitors, inductors and copper plates to minimize the effect of parasitic
inductances.

Fig. 4. The dynamic avalanche breakdown circuit, which is the same as the
classic double-pulse quasi switching clamped inductive set up; The forward
current is increased by duration of the gate pulse in (a). The turn-off the
low side transistor commutates current into the body diode under test in (b).
Upon switching in (c), the current commutates to the low-side MOSFET,
which causes reverse recovery in the body diode and subjects it to a high
dV/dt which may trigger the parasitic BJT to turn on. In (d), the circuit is
switched off.

reverse recovery charge is proportional to the forward current

i.e. in these measurements at 25°C and with a forward current

of 2 A, the total reverse charge is 2.07 µC. For the body diode

of power MOSFETs, due to the smaller diode active area, the

current density in the body diode is higher than a discrete

PiN diode. The peak reverse recovery current is primarily

determined by the commutation rate set by the external circuit,
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the temperature dependent minority carrier lifetime, parasitic

inductances as well as forward current. As can be seen

from Figure 5, at –75°C and 25°C, increasing the forward

current causes the peak reverse recovery current to increase

in addition to the stored reverse recovery charge. However

at high temperatures (175°C), the increase in the minority

carrier lifetime dominates over the effect of forward current,

hence, the peak reverse recovery current should remain the

same for all forward currents, although the recovery charge

is increasing. Temperature also has a significant impact on

the body diode as the reverse recovery charge increases with

temperature. This is due to the increased minority carrier

lifetime in the drift region, hence, lower recombination rates

during the recovery phase of charge extraction. The silicon

power MOSFET exhibits some oscillations in turn-off when

switched at lower temperatures due to the reduced carrier

lifetime; hence, a more snappy reverse recovery since the

recombination rate is increased. These oscillations are damped

as temperature increases and might be a robustness issue

because snappy reverse recoveries can induce BJT latch-up

from excessive voltage spikes. However, as will be seen in next

sections, at higher temperatures, the parasitic BJT in silicon

power MOSFETs latches-up at lower forward currents as the

temperature is increased. Hence, the impact of temperature on

increasing the body resistance and reducing the built in emitter

base junction voltage of the parasitic BJT supersedes the effect

of lower recombination rate induced by higher temperatures.

Fig. 5. The reverse recovery of the silicon power MOSFET body diode at 2
A at different temperatures. It can be seen that reverse charge increases with
temperature and low temperatures can induce snappy recovery.

Figure 6 shows the reverse recovery current of the CoolMOS

body diode at 2 A forward current. As can be seen, the reverse

recovery current is much higher, which is expected since it is

a lower voltage rated device and will hence, have a higher

drift layer doping. However, it is also thought that the super-

junction architecture contributes to the reverse charge firstly

by enabling a higher drift layer doping for delivering lower on-

state resistance while maintaining a relatively high blocking

voltage. Secondly, electrons will also participate as stored

charge in the reverse recovery process because of the presence

of the p pillars in the n doped drift region. As a result of

the fact that electrons have higher carrier lifetimes than holes,

there will be higher reverse recovery in CoolMOS compared

with silicon power MOSFETs. The impact of temperature

on the reverse charge is similar to that in the silicon power

MOSFET shown in Figure 5 again as a result of the higher

carrier lifetime at higher temperatures. On closer observation,

the shape of the reverse current is different in the CoolMOS

device compared with the silicon power MOSFET. The slope

of the recovery current (positive slope from the peak reverse

current to 0) is higher than that of the extraction current

(negative slope from 0 to the peak reverse current). This is

due to rapid charge extraction in the n and p doped columns

in the drift region.

Fig. 6. The reverse recovery current of the CoolMOS body diode at 2 A at
different temperatures where it can be seen that total reverse charge increases
with temperature.

Figure 7 shows the reverse recovery current of the SiC

MOSFET body diode switched with a forward current of 2 A.

As can be seen from Figure 7, the dI/dt of the SiC MOSFET

is much higher and temperature has an insignificant effect on

the switching characteristics. Also, there is little or no reverse

charge and only current oscillations with small amplitudes are

evident. What is also interesting to note about the switching

characteristics of the SiC MOSFET body diode is the fact

that the turn-off characteristics are independent of the forward

current thereby indicating that there is little or no charge

storage mechanism. This is due to two reasons, firstly the

fact that minority carrier lifetime is lower in SiC MOSFET

and secondly that the physical area of the die is smaller,

hence, there is much smaller area for stored charges. The

SiC MOSFET will deliver the most energy efficient switching

performance since the switching energy will be the smallest

as a result of the fastest transients. The robustness implication

of this is investigated in the next section.

Figure 8(a) shows the effect of the gate resistance or

the switching rate on the switching characteristics of the

body diode for the SiC MOSFET whereas Figure 8(b) and

Figure 8(c) show similar characteristics for the silicon power

MOSFET and CoolMOS. As expected, increasing the switch-

ing rate increases the dI/dt however also causes increased

snappiness in the reverse recovery characteristics for the SiC

MOSFET and silicon power MOSFETs in Figure 8(a) and

Figure 8(b). As the switching rate is increased, the peak

reverse recovery current increases and the recovery current

has a higher dI/dt i.e. it is more snappy. The snappy recovery
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Fig. 7. The reverse recovery current of the SiC MOSFET body diode at
2 A at different temperatures where it can be seen that total reverse charge
increases with temperature.

is capable of causing parasitic bipolar latch-up. These mea-

surements are not destructive because of the low currents and

voltages involved, however, increasing the switching rates at

higher voltages have destructive consequences. In the case of

the CoolMOS device as shown in Figure 8(c), increasing the

switching rate does not make the recovery snappier or cause

oscillations in the turn-off current. This is due to the fact

that the super-junction structure causes a different mechanism

of charge extraction from that in the SiC MOSFET and

silicon power MOSFETs. This will also account for why the

CoolMOS device has the highest latch-up current.

Figure 9(a) shows the body diode switching characteristics

of the three technologies at –75°C whereas Figure 9(b) shows

similar characteristics at 175°C. Figure 10(a) shows the mea-

sured reverse recovery charge as a function of temperature

for the 3 technologies where it can be seen that the reverse

charge increases with temperature for both the silicon power

MOSFETs whereas is temperature invariant for the SiC MOS-

FET. Figure 10(b), the reverse charge density is shown as a

function of temperature where it can be seen that the silicon

power MOSFET and SiC MOSFET have very low reverse

charge per unit area compared with the CoolMOS device.

Since current is simply defined as charge flow rate, the total

reverse recovery charge can be calculated by the integration of

the reverse recovery current over its corresponding transient

duration. This integration is done numerically using the reverse

recovery waveforms (where the reverse recovery current is

negative). The reverse recovery charge density is also the

calculated reverse recovery charge per unit area.

Figure 11(a) shows the body diode switching energy as

a function of temperature for the 3 technologies switched

with a gate resistance of 15 Ω whereas Figure 11(b) shows

a similar characteristic for the device switched at 150 Ω. The

measurements have also been done at different supply voltages

so as to ascertain that the trends are repeatable at all voltage

levels. Figure 12 shows the calculated body diode switching

energy for the 3 technologies as a function of temperature and

the switching rate for the (a) SiC MOSFET, (b) the silicon

power MOSFET and (c) the CoolMOS. As can be seen, the

SiC MOSFET body diode has the least switching energy and

Fig. 8. Reverse recovery current of (a) SiC MOSFET , (b) Silicon Power
MOSFET and (c) CoolMOS body diode at 2 A forward current and 100 V
supply, showing less oscillations and smaller peak at slower switching rates.

shows a slight decrease as temperature is increased. This is due

to the fact that the switching rate in SiC MOSFET increases

with temperature hence, the switching is more efficient. The

body diode of the silicon power MOSFET has a higher

switching energy that generally increases with temperature

and the switching rate i.e. increases as the gate resistance is

reduced due to increasing peak reverse recovery current. As

the switching rate is increased, the peak voltage overshoot and

the peak reverse recovery both increase, hence, the switching

energy of the silicon power MOSFET body diode generally

increases with the switching rate. The switching energy of

the body diode in the silicon power MOSFET also exhibits

the highest temperature dependency as a result of temperature

dependent minority carrier lifetime. The CoolMOS body diode

exhibited the highest switching energy that generally increased

with temperature and the switching rate. The gate resistance

modulates the switching rate, hence lower gate resistances will
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Fig. 9. Comparison of the reverse recovery current of SiC MOSFET , Silicon
Power MOSFET and CoolMOS body diode with a forward current of 2 A, at
(a) –75°C to (b) 175°C showing that CoolMOS body diode has a significantly
higher level of the reverse recovery but the least oscillation.

cause faster switching (The RGCGD can be accounted for as

the electrical time constant) thereby resulting in higher peak

reverse recovery currents [35]. This peak reverse recovery

current coupled with peak voltage overshoot causes significant

instantaneous power which increases the switching energy at

high switching rates. The increase in switching energy with

temperature is due to an in increase carrier lifetime which

further increases the reverse recovery charge. This trend is not

affected by the magnitude of current and voltage. Therefore,

an increase in either the current or voltage will not impact the

temperature dependency trend of the switching energy.

III. DYNAMIC AVALANCHE BREAKDOWN OF BODY

DIODES

In the converter applications, MOSFETs body diodes may

conduct during dead times. SiC MOSFETs have good re-

covery performance with low recovery charge and signif-

icantly faster transients. Additionally, the switching energy

of SiC MOSFET body diodes is smaller than discrete PiN

diodes, making them a good choice in terms of speed and

temperature invariability. However, there are some important

robustness considerations [36]. In this section, robustness of

the body diode has been studied through a range of dynamic

avalanche breakdown tests under hard switching commutation

in thermally stressed conditions. The breakdown limits of

the technologies are compared under different temperatures,

forward current and drain-source voltages. Figure 13 shows

how the gate pulse duration can determine the magnitude of

Fig. 10. (a) Body diode reverse recovery charge stored in the body diode as
a function of temperature for all 3 technologies with a forward current of 2
A, (b) The reverse recovery charge density as a function of temperature for
the 3 technologies.

current that is stored and eventually forced into the devices

during switching. The duration of the charging gate pulse on

the low side transistor has been varied from 50 µs to 1000 µs

while the switching pulse has a fixed duration of 20 µs. The

inductor size determines the level of the current. Hence, the

current through the device is changed from just a few Amps to

current magnitudes capable of destroying the device. The tests

are performed in –75°C, 25°C and 175°C so as to understand

the effect of temperature on the technologies breakdown limits.

The results of these measurements are shown in Figure 14(a)

for the SiC MOSFET, Figure 14(b) for the Silicon power

MOSFET and Figure 14(c) for the CoolMOS device all

switched at 25°C with 100 V. In Figure 14(a), the results

show that the SiC MOSFET body diode fails during reverse

recovery with a forward current of 42 A. As can be seen from

Figure 14(a), the increase in the forward current does not have

any significant impact on the reverse recovery charge of the

device. Subsequent tests on the failed device showed that all

of the terminals were short circuited. Figure 14(b) shows a

similar set of measurements for the body diode of the silicon

power MOSFET. As can be seen in Figure 14(b), the current

level for the destruction of the body diode has decreased

to 34 A. Figure 14(b) also shows that the increase in the

forward current has a considerable impact on the level of the

reverse recovery current in the body diode of the silicon power

MOSFET. Figure 14(c) shows the same measurements for the

CoolMOS device where it can be seen that the latching current

is approximately equal to that of the SiC MOSFET. These
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Fig. 11. The switching energy of the body diodes for all technologies over
a wide range of temperatures (–75°C to 175°C ) with the high and low-side
MOSFET switching with a gate resistance of (a) RG = 15 Ω and (b) RG =
150 Ω.

measurements were also performed at different supply voltages

for the 3 technologies. The gate resistance used in all the

measurements shown in Figure 14 is 10 Ω. It is expected that

reducing the gate resistance will increase the turn-OFF dV/dt

across the body diode, thereby increasing the displacement

current of the drain to body depletion capacitance. This will

cause a higher voltage drop across the source to body para-

sitic resistance which can further trigger body diode failure.

Hence switching at faster rates will increase the likelihood of

device failure. Very low minority carrier lifetime in Silicon

Carbide means that there is minimal recovery charge during

turn-OFF. The primary cause of failure in Silicon Carbide

MOSFET body diode is due to high dV/dt in hard commutation

conditions which coupled with high thermal resistance causes

high junction temperatures and device failure. The high dV/dt

during body diode turn-OFF causes a displacement current

which coupled with the body resistance triggers the parasitic

BJT. In CoolMOS and silicon Power MOSFET, where the

thermal resistance is lower than SiC MOSFET, the high reverse

recovery charge and high peak voltage overshoot is the primary

cause of failure. This is due to the high instantaneous power

where the peak voltage overshoot and peak reverse recovery

current coincide. Hence in SiC MOSFET, the device failure

is during body diode turn-OFF whereas in silicon Power

MOSFET and the CoolMOS , the failure is due to the reverse

recovery in body diode.

Figure 15(a) shows the maximum forward current at differ-

ent supply voltages for the 3 technologies at 100 V and 25°C.

It can be seen from Figure 15 that the latching current reduces

Fig. 12. The switching energies of body diodes as functions of temperature
and switching rate for a constant forward current of 2 A and 100 V for the
(a) SiC MOSFET body diode (b) silicon power MOSFET body diode and (c)
CoolMOS body diode.

with increasing supply voltage for all technologies. This is

due to the increasing dV/dt and dI/dt with increasing supply

voltage. The latching current is approximately equal between

the CoolMOS and SiC MOSFET (within approx. 4% margin of

error) for all supply voltages. Figure 15(b) shows that the SiC

MOSFET has the highest latch-up current density followed by

the CoolMOS device and the silicon power MOSFET. This is
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Fig. 13. Pulse length of the lower-side MOSFET’s gate voltage will determine
the flowing current with a 450 µH inductor.

Fig. 14. Point of Failure in Body diode forward and reverse currents for the
body diode of the (a) SiC MOSFET (fail at 42 A), (b) silicon power MOSFET
(fail at 34 A) and (c) CoolMOS (fail at 44 A), all at 100 V.

due to the fact that the SiC MOSFET has the smallest active

area. At 800 V measurements, the current of the both SiC

MOSFET and CoolMOS body diode is around 10 A, even

though the CoolMOS has slightly lower ratings. Figure 16

shows the picture of the physical die sizes which correlates

with the thermal resistances and input capacitances stated

on the datasheet. The SiC MOSFET device clearly has the

smallest die area which is responsible for its high thermal

resistance. This means that the device has a smaller thermal

mass which results in higher temperature excursions. Hence,

the current density is the critical parameter in determining BJT

latch-up during the turn-off transient in the body diode since

the higher temperature further increases the body resistance.

BJT latch-up depends on the combination of a high source-

body resistance and a high source-body current both of which

combine to cause a voltage sufficient to forward bias the

parasitic BJT.

Fig. 15. (a) The latch up current as a function of supply voltage for the 3
technologies at 25 °C. (b) The latch-up current density as a function of supply
voltage for the 3 technologies at 25 °C.

Fig. 16. Die sizes of the 3 technologies showing that the SiC MOSFET has
the smallest die area, followed by the CoolMOS device and the silicon power
MOSFET resulting in the highest thermal resistance in SiC MOSFET.
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The impact of temperature on the latch-up current for

different voltages is plotted in Figure 17(a), 17(b) and 17(c)

respectively for silicon power MOSFET, SiC MOSFET and

the CoolMOS body diodes. It can be seen from these figures

that increasing the temperature reduces the latch-up current

for the silicon power MOSFET and SiC MOSFET. In the

case of the CoolMOS device, when the body diode is in the

forward conductive mode, a finite amount of charge is stored

in the N- drift region of the diode/MOSFET. During the reverse

recovery of the body diode, the displacement current induced

during the formation of the depletion layer in the PN- junction

can constitute the base current of the parasitic BJT. Parasitic

BJT latch-up thus occurs if the p-well resistance and base

current are large enough to provide a base-emitter voltage

larger than the built-in voltage of the BJT. The charging current

of the depletion capacitance is the product of the capacitance

and the dV/dt across the diode. Hence, BJT latch-up has a

higher probability during fast switching when dV/dt is high.

The temperature dependence of dV/dt has been determined

through measurements and is shown in Figure 18(a) for the

silicon power MOSFET, Figure 18(b) for the SiC MOSFET

and Figure 18(c) for the CoolMOS body diodes when switched

with a 100 V supply.

It can be seen from Figure 18(a) that dV/dt decreases as

temperature increases in silicon power MOSFET. At –75°C,

there is significant voltage overshoot across the diode with

oscillations. This correlates with Figure 5 where the snappiness

of the reverse recovery characteristics can be seen to increase

as temperature reduces for the silicon power MOSFET. The

reason for the increasing dV/dt with reduced temperatures is

the carrier lifetime dependence on temperature. It is known

from the physics of PiN diodes that the voltage across the

diode starts rising at the point when the minority carriers have

been extracted from the drift region via a negative current.

At this point, the charge density in the diode can no longer

support the current through it and electric fields start to form

at the P+N- and N+N- junctions thereby depleting them of

carriers. As this occurs, the remaining charges in the drift

region recombine at a rate that depends on the minority carrier

lifetime. At low temperatures, where the lifetime is reduced,

the tail current in the reverse recovery characteristic is snappy

and can cause oscillations. At high temperatures, where the

lifetime is high, there is a long tail current. This is evident

in Figure 5 for the silicon power MOSFET. However, the

BJT latch-up also depends on the resistance of the p-body

which increases with temperature. Hence, as the temperature

is increased, although dV/dt reduces (which in the one hand

will make BJT latch-up less probable), the p-body resistance

increases (which makes BJT latch-up more probable). Hence,

the conclusion from the measurements in Figure 18(a) is that

the positive temperature coefficient of the p-body resistance

is the primary determinant of the temperature dependence of

BJT latch-up. Figure 18(b) shows that dependence of the body

diode dV/dt on temperature in SiC MOSFET is small enough

for it to be considered temperature invariant. This correlates

with the body diode turn-off currents presented in Figure 7

which were also temperature invariant. Again, this is as a

result of the significantly smaller minority carrier lifetime in

Fig. 17. Maximum latch-up current shown as a function of supply voltage
at –75°C, 25°C and 175°C for (a) silicon power MOSFET, (b) SiC MOSFET
and (c) CoolMOS body diodes.

SiC, hence, the dependence of the turn-off characteristics on

temperature is negligible. However, the dependence of the

latch-up current on temperature is more evident as shown in

Figure 17(b). This is due to the temperature dependence of the

p-body resistance which increases with temperature thereby

forward biasing the parasitic BJT. Figure 18(c) shows that

the dV/dt characteristic of the CoolMOS body diode is also

temperature invariant. As previously was shown in Figure 16,

the CoolMOS device has a larger die (and smaller thermal

resistance) compared with the SiC MOSFET. Although its

thermal resistance is higher than the silicon die (and die area is

smaller), it still maintains a higher latch-up current compared

to the silicon power MOSFET. In standard MOSFETs, the hole

current generated by the charging of the depletion capacitance

flows laterally through the p-well resistance and if it is large

enough it latches up the BJT. In contrast, in super-junction

technology, the hole current flows upward through the p-type

pillar before it reaches the metallization and the lateral current
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in the p-well is reduced and consequently the possibility of

triggering the parasitic BJT is also reduced.

Fig. 18. The turn-off voltage transients of the (a) silicon power MOSFET, (b)
SiC MOSFET and (c) CoolMOS body diode at different temperatures showing
increasing dV/dt as the temperature is reduced in silicon power MOSFET
while it is temperature invariant is SiC MOSFET and CoolMOS.

Figure 19(a) and Figure 19(b) show the voltage and current

transient characteristics of the three body diode technologies

switched at 25°C and RG = 10 Ω. It can be seen from Figure 19

that the devices have approximately the same dV/dt, hence,

differences between the dV/dt cannot be attributed to the

differences in latching current. In the case of the CoolMOS,

the higher forward latching current compared to silicon power

MOSFET is due to the effect of the superjunction architecture

on the suppression of lateral current flow needed to trigger

the parasitic BJT. In the case of the SiC MOSFET, the higher

forward latching current is due to the lower instantaneous

switching power resulting from insignificant reverse recovery

charge (this is in spite of having a larger thermal resistance

than the silicon power MOSFET). Figure 19(b) shows the re-

verse recovery characteristics of the three technologies at 800

V with a forward current of 5 A. Again, the CoolMOS device

has the largest reverse charge while the SiC MOSFET has

the smallest. The highest switching energy of the CoolMOS

device does not affect its immunity to BJT latch-up negatively

because of the super-junction architecture which suppresses

lateral currents during reverse recovery [37].

Fig. 19. The 800 V measurements showing body diode’s (a) voltage and (b)
current of the three technologies.

IV. CONCLUSION

The body-diode switching performance and electro-thermal

ruggedness of 1.2 kV SiC MOSFET and silicon power MOS-

FET as well as 900 V CoolMOS devices were compared ex-

perimentally. The body diode reverse recovery characteristics

were also compared at different switching rates, temperatures

and supply voltages. It was seen experimentally that SiC

MOSFETs exhibit the lowest switching energy followed by

the silicon power MOSFET and the CoolMOS device. This is

due to the fact that the carrier lifetime in SiC MOSFET is the

lowest; hence, the PiN body diode stores the least amount of

charge during forward mode conduction. The reverse recovery

charge in the CoolMOS device was also the largest as a result

of the super-junction structure resulting in excess minority

carrier storage. Additionally it was seen that the total reverse

charge and peak reverse current in silicon power MOSFET

and CoolMOS devices increase with the temperature and for-

ward current, whereas in the SiC MOSFET, these parameters

are temperature invariant. In addition, the robustness of the

body diodes was studied during hard turn-off at different

temperatures. This was investigated by increasing the forward

current until latch-up was achieved. The results showed that
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the CoolMOS and SiC MOSFETs had the highest latch-up

current followed by the silicon power MOSFET. Furthermore,

the SiC MOSFET showed the highest latch-up current density

(since it has the smallest die area) followed by the CoolMOS

and the silicon power MOSFET.
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