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1. Introduction

This application note provides an introduction to silicon carbide (SiC) MOSFET devices in industrial power
semiconductor modules. It is targeted towards users familiar with silicon (Si) power semiconductors (primarily
IGBTs) and focuses on the power modules offered by Semikron Danfoss which presently include the devices
with the following characteristics:

n-type, enhancement-mode, MOSFETs
planar or trench gate

blocking voltage 650...1700V

drain current >20A

The behavior of SiC Schottky Barrier Diodes (SBD) is covered separately in [3].

At the time of publication, SiC MOSFET technology is still rapidly developing so the information provided
herein should be viewed in the context of a particular chip generation.

2. Static Behavior

2.1 Conducting state

The basic operation of a SiC MOSFET is the same as a Si device where the gate is used to control current flow
between drain and source. When the gate is off (Vgs < 0V), the channel is closed and the device blocks.
When the gate voltage rises above the threshold voltage (Ves > Ves(th)), the channel begins to open (p-region
is inverted by the electric field and the pn junction vanishes locally) and current can flow. As the gate voltage
is increased, more and more of the channel is opened (more of the p-region is inverted) resulting in a lower
channel resistance and therefore a lower total Rpson). The critical field strength of SiC is much higher than
for Si, therefore can be the n- Drift region much thinner compared to Si and the forward voltage drop is much
lower.

Figure 1: Partial (L) and full (R) forward conduction
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A higher gate voltage is often desirable to reduce conduction losses to a minimum. An increasing gate voltage
gives a lower drain-source voltage for a given current (Figure 2). However, the lower losses must be balanced
with other factors. A higher Vgs results in a more open channel, allowing a higher short circuit current to flow,
and increases the stress during the pulse. Short circuit pulses must be detected quickly and turned off, or the
MOSFET will be destroyed.
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At high currents, Rps(on) becomes nonlinear. Rpson) is a function of current and increases with rising current.
For very high currents, the MOSFET goes in desaturation with an almost horizontal output characteristic as
shown in Figure 2 for Vgs = 8V. The desaturation level increases with higher gate voltages and decreases with
higher temperatures.

For example, the Ip vs. Vps curve bends sharply with Vgs = 8V, as shown in Figure 2. However, at Vgs = 15V,
this effect is much less visible. For the purposes of loss calculations, this effect is ignored and one Rps(on)
value is provided for a given temperature. The nonlinear operating space is typically avoided, so there is
relatively little error in using a single Rps(on) value, but the calculation is much simpler.

Figure 2: Influence of gate voltage on voltage drop (SKM350MB120SCH15)
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The behavior of SiC MOSFETs changes with temperature, most notably the on-state resistance (Rps(n)). The
effect of this is seen in the voltage-current characteristics of the device in forward and reverse directions
(Figure 3). Rps(on) has a strong positive temperature coefficient, meaning that as the temperature increases,
Ros(on) also increases. This provides an inherent balancing between paralleled chips and modules.

Figure 3: MOSFET forward and reverse voltage drops vs. temperature (Vgs >> 0V)
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The p-doped body and n-doped drift regions of a MOSFET form a pn diode. This “body” diode becomes forward
biased (active) when the MOSFET is reverse biased.

The body diode behaves like a typical pn diode, but with some added effects from the gate. As seen in Figure
4, the green box outlines the vertical slice within the MOSFET that is essentially a pn diode. With a negative
gate voltage, only the diode is active. With reverse current, holes are generated and current flows. The
current increases exponentially with the forward voltage drop.

Figure 4: Reverse conduction through body diode only (L) and body diode plus channel (R)
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As the gate voltage is above 0V, the channel begins to open resulting in a lower impedance path for current
to flow. If the gate is fully turned-on during reverse conduction, the forward voltage drop is greatly reduced
(Figure 5).

Figure 5: Influence of gate voltage on reverse conduction (SKM350MB120SCH15)
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2.2 Blocking state

Silicon carbide has a substantially higher breakdown electric field strength (V/cm) than silicon. This can be
used to enable higher blocking voltages devices or to have thinner devices with the same blocking rating but
with lower losses. Today’s SiC MOSFETSs are relatively thick with a lot of margin with regards to the blocking
capability but the development tendency is clearly to reduce the thickness for even lower Rps(n) values.

The leakage current of silicon devices (Ices) doubles roughly every 11°C. This can lead to thermal runaway
at high temperatures, such as the extreme junction temperatures that occur following a short circuit, even if
the device survives the initial pulse.
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The leakage current of SiC MOSFETSs tends to be substantially lower, but also increases at a lower rate than
silicon devices. This is a major feature of SiC that can enable even higher junction temperature limits to be
achieved.

3. Dynamic Behavior

3.1 MOSFET turn-on

The drain current is directly connected to the gate-source voltage during turn-on. A fast charging of the gate
can lead to very high di/dt of 30...50 kA/us which is 5 to 10 times higher than known from IGBT.

The usage of the integrated body diode as a commutation partner leads to recovery losses also in the MOSFET.
A SiC SBD, on the other hand, produces nearly no reverse recovery current (Ir). When used together with a
MOSFET, the MOSFET turn-on current is greatly reduced, and therefore the turn-on losses (Eon) are also
reduced. See [3] for more details on this topic.

3.2 MOSFET turn-off

The MOSFET turn-off losses (Eqff) are quite low when compared to an IGBT. This is because MOSFETs are
unipolar devices, meaning only electrons are used to carry current. In IGBTs, electrons and holes carry
current, reducing the on-state voltage. However, during turn-off, the electron-hole pairs and resulting tail
current cause substantially higher turn-off losses. Without the electron-hole plasma, MOSFETs can turn off
faster and with lower losses. The di/dt and dv/dt of drain current and drain-source voltage can be well
controlled by the gate, in contrast to an IGBT.

3.3 Body diode turn-off

Many SiC suppliers have put significant effort into improving the body diode’s performance even when used
without an SBD. This enables MOSFET-only products to be developed that have a considerable reduction in
losses when compared to an IGBT-pn diode combination without the extra cost of a SiC chip or chips.

3.4 Short circuit behavior

During short circuit, hundreds of kilowatts or even megawatts of power can be dissipated into the chip. As a
result, the junction temperature can reach hundreds of degrees. The amount of heating during short circuit
is a function of the DC link voltage, short circuit current, duration of the pulse, and the thermal mass of the
chip, among other factors.

The power dissipation during short circuit is produced almost entirely within the channel structure and only
heats the surface of the chip, not the complete volume like in an IGBT. Higher gate voltages are often used
to achieve the lowest possible Rpsony with the drawback of even higher short circuit currents. Finally, SiC
MOSFET chips are much smaller than an equivalent IGBT with a higher current density. Therefore, SiC
MOSFETSs reach critical temperatures at shorter pulses. Some SiC MOSFETs only allow short circuit durations
of up to 2us, while others are not capable of withstanding any short circuit.

3.5 Reverse bias safe operating area (RBSOA)

SiC MOSFETs can have a higher voltage overshoot during RBSOA than a similar IGBT. SiC MOSFETs tend to
have a much higher switching speed resulting in a higher di/dt and dv/dt. This can cause oscillations during
turn-off, leading to voltage spikes potentially exceeding the rating of the device.

When using SiC devices, great care must be taken to minimize the stray inductance of the commutation loop
and maintain symmetry across the devices. This will help reduce the voltage overshoot and maintain current
sharing. For this reason, new development is trending towards lower profile packages. For example, the
SEMITRANS 3 package has been widely used, but new SiC products tend to be shorter, more compact
modules, often with several parallel main terminals, such as the SEMITOP line.

3.6 Temperature dependency

Switching losses at 125°C and 150°C are quite close in value (Figure 6). However, switching losses have a
slightly negative temperature coefficient. This is because the negative temperature coefficient of the threshold
voltage means a higher gate current at higher temperatures. This is a drawback in paralleling in high switching
frequency applications where switching losses dominate because a hot chip will take over even more current
and have even higher losses.
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To ensure good dynamic sharing, great care must be taken so that paralleled modules are as symmetrical as
possible. The higher switching speeds of SiC MOSFETs relative to Si IGBTs means that this need is even
greater. See [4] for more recommendations when paralleling modules.

Figure 6: SK250MB120CR0O3TE2
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Fig. 5: Typ. turn-on /-off energy E =f (Rg)

4. Gate Drivers

4.1 Gate voltage

The allowable turn-on and turn-off voltages for SiC MOSFETs vary with chip technology (e.g. planar vs. trench
gate) as there are generation-specific phenomena that must be avoided. The voltage selection then depends
on a number of competing factors.

Turn-on voltage, Vsson), must be:
¢ Maximized (more positive) for low conduction losses (low Rps(on))
e Minimized (closer to 0V) for high short-circuit capability (longer tpsc)
e Minimized to avoid long term gate threshold voltage (Vesn)) drift

Turn-off voltage, Vgs(or), must be:
e Maximized (more negative) to avoid parasitic turn-on of a switch in an off-state
e Minimized (closer to 0V) to avoid long term gate threshold voltage (Vgs(th)) drift

The recommended Vs values given in the Characteristics section (7.2) of the module datasheet are specific
to the used chip technology and have been selected to avoid any of the shortfalls listed above in typical
applications.

Figure 7: Location of recommended gate turn-on and turn-off voltages in Characteristics
section of Semikron Danfoss datasheet (e.g. SK250MB120CR0O3TE2)
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The fast switching times of SiC devices, coupled with the parasitic inductance in the driver circuit, and/or
displacement current across the semiconductor capacitances, can cause voltage overshoot during transitions
as shown in Figure 8. In order to avoid exceeding the maximum gate voltage, it is recommended that the
gate driver voltage supplies be designed such that there is no tolerance in one direction. For example, if the
target turn-on/turn-off voltages, Veswon)/ Vas(ofr)y, for the device are +15V/-4V, then the gate driver power
supplies should be regulated as follows:

e  Vpos = 15 +0/-1V

o Ve =-4-0/+1V

Figure 8: Definitions of turn-on and turn-off voltages with maximum values
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B e
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A gate clamping circuit can also assist in avoiding gate overvoltage. The circuit shown in Figure 9 should be
placed close to the module gate connection, with diodes D1 and D2 providing a return path to the negative
and positive voltage rails for transient voltage spikes.
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Figure 9: Example gate clamping circuit
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4.1.1 Measurement

Vs is measured at the auxiliary (if equipped) module terminals to avoid the influence of any gate-source
impedance between the driver and module. As the switching transitions for SiC applications are higher than
with Si-based devices, a high-quality differential voltage probe is necessary to capture high frequency
behavior (e.g. ringing).

Recommended probe characteristics:
e Bandwidth (-3dB): 2100MHz
e Risetime: <3.5ns
e Lead length between measurement point and differential probe: <600mm, twisted where possible to
reduce loop area.

4.2 Gate resistors

The effect of gate resistors on SiC MOSFETs is similar to that of Si devices in that lower gate resistance
typically gives faster switching speeds and lower switching losses. Figure 10 gives a comparison between the
switching losses vs. gate resistance for a fast 1200V Si IGBT and a 1200V SiC MOSFET.
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Figure 10: Switching losses versus gate resistor for 120A/1200V Si (L) and 250A/1200V SiC
(R) devices
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As the rate of change of drain-source voltage, dv/dt, in a SiC MOSFET is inherently high (e.g. 50kV/us), many
users will use large gate resistors to reduce dv/dt.

For Semikron Danfoss IGBT modules, it has been stated [2] that twice the nominal current can safely be
switched using the datasheet gate resistor. For SiC MOSFETSs, this rule is not valid because the required gate
resistor would be far too large. The current at which the losses are specified is only about 50% of the nominal
current, because this is closer to operating conditions for applications with higher frequencies.

For more information on gate resistor selection, please refer to [5].

4.3 Gate inductance

The high-speed switching transitions of SiC devices means that minimizing gate inductance is crucial.
Otherwise, large gate resistors are required to damp oscillations. A minimum gate resistance for damping
oscillations can be calculated by:

Lg

RG,min =
iss

Gate inductance can be reduced by reducing the loop area of the gate-source path between gate driver circuit
and device. This is best achieved with a PCB-based design. The source node should be laid out on one layer
as a larger plane. The gate signal is then placed on top of the layer immediately above the source.

4.4 Switching frequency

SiC has enabled higher switching frequencies for industrial power converters operating above 10kW. While
this allows for reduced filtering, there are optimum design points for magnetics (in terms of
cost/size/efficiency) that make switching at higher frequencies unnecessary. Also, the inherent issues with
electromagnetic interference in high power converters are compounded by higher switching speeds as dv/dt
and di/dt increase. Table 1 documents the maximum switching frequencies that have been observed in
industry using presently available technology.
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Table 1: Practical limits for hard switched converters (e.g. 100kW)

Voltage Class Si IGBTs SiC MOSFETs
1200V 10...20kHz 30...60kHz
1700V 6...10kHz 20...40kHz

Increased switching frequency also impacts gate driver power requirements. The required power to be
supplied by a given gate driver channel for a given power semiconductor device is directly proportional to the
switching frequency (section 3.3 in [5]). Therefore, driver circuits that were suitable for a slower switching
silicon-based design may not easily be adapted to SiC devices.

4.5 Short circuit detection

As noted in [Section 3], many generations of SiC MOSFETs have no, or very little, short circuit withstand
capability. Additionally, the use of higher (>15V) gate voltages to reduce on-state losses also yields very high
currents in the event of a short circuit (e.g. >10-Ipnom). It is therefore critical that any short circuit detection
circuitry act as fast as possible to give the best possible chance of device survival.

Short circuit detection for a SiC MOSFET is performed via monitoring of the on-state voltage drop across the
device in a manner similar to that used with a Si IGBT (i.e. DESAT, DSCP). A comparator circuit is used where
the on-state voltage is measured via a blocking diode, as shown in Figure 11. The blanking time can be set
to a few 100ns, which is possible because Vps drops very quickly. For example, switching 600V with 10kV/us
means a Vps drops to its minimum value within 60ns.

Figure 11: Example DESAT detection circuit
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R1

VDS(ref)
Vps-Error Ryps  Dvps
Vbs(n) ANA > |
N

R2 —_— Cgank —/——C1

SOURCE SOURCE

Dvps: Blocking diode, fast recovery, high voltage (e.g. BY203-20S)

Rvps: Voltage dropping resistor (application dependent)

C1: Filter capacitor, for noise suppression, as low a value as possible (e.g. <1nF)
R1/R2: Voltage divider to set static trip voltage (application dependent)

CeLank: Capacitor to set blanking time (application dependent)

4.6 Parasitic turn-on

As described in [11], for silicon devices parasitic turn-on can be caused by the feedback effect of the Miller
capacitance or by the influence of the parasitic inductance in the emitter (source) branch.

SiC MOSFETs have a lower gate threshold voltage than Si IGBTs (e.g. Vgs(th) ® 2.5V vs. Vgein) ® 5.8V). This
characteristic, coupled with the higher dv/dt and di/dt inherent in high-speed switching and the gate
capacitance ratios typical of SiC MOSFETs, means that SiC MOSFET devices are at a higher risk for parasitic
turn-on than Si devices.

The gate clamping circuit shown in Figure 9 also provides some protection against parasitic turn-on.
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The susceptibility of a SiC MOSFET to parasitic turn-on is dictated by the ratio of gate capacitances. At high
dv/dt, the impressed voltage across the gate can be estimated using the following equation:

C
AVgs = AVpg * = rss

iss = Crss

...where AVpg = Vpc in the case of a half-bridge circuit.

If the impressed voltage is greater than the turn-off voltage plus the threshold voltage, the device will likely
be inadvertently turned on.

Example:
A SiC MOSFET is switched with a 600Vpc link and uses Vgs(offy = -4V. The datasheet for the SiC MOSFET gives
Crss = 27pF, Ciss = 1337pF, and Vesihy = 4.15V. The impressed voltage during switching is:

AVgs = 600V 27pF =1237V
6s = 1337pF — 27pF ~

The gate voltage could potentially reach:

Vesgiy = —4V +12.7V = 837V
This value is above the threshold voltage of 4.15V, which means the device could be turned on.

4.6.1 Excessive negative gate voltage

Parasitic turn-on via Miller capacitance current is caused by large values of positive dvps/dt. Large values of
dvps/dt in the negative direction can induce negative gate voltage. Since SiC MOSFETs can only tolerate a
relatively small negative gate voltage, any induced voltage spikes could cause damage to the device. In Figure
12, a fast-falling voltage from AC to DC- (across drain to source), induces a current flow from gate to source
via the Miller capacitance. This current generates a negative voltage drop across the impedances in the gate
circuit. This voltage drop adds to the negative turn-off gate voltage supplied by the driver.

Figure 12: Miller current-induced negative gate voltage overshoot
Coe —o AC VGS
DRIVER A
; ‘\dv/dt
» t
VGa(on) Vaa(off)
+ Vas(offy [T 7~
_VGSS _____________
\J

Both parasitic turn-on and excessive negative gate voltage can be avoided using a Miller clamp circuit. A
MOSFET is connected between gate and source of the power device on the gate driver. When the power device
is in the off-state, the gate driver circuit keeps this MOSFET on. The MOSFET effectively short-circuits the
Miller current, preventing it from creating a voltage drop across the impedances in the gate circuit (e.g. Lg,
Rg). Modern gate driver ICs incorporate such a MOSFET internally, meaning only an additional gate connection
is required.

5. Losses

Losses in a SiC MOSFET are considered in a similar manner to Si IGBTs, wherein the total losses are divided
into conduction and switching losses. However, an additional feature in a MOSFET (compared to IGBTS) is the
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ability to use the channel in reverse conduction for negative (source-to-drain) currents (see section 2.1). In
most voltage source inverter topologies (as well as synchronous rectifiers in DC/DC topologies), the PWM
generated by the controller already alternates switching between the upper and lower switches in a half-
bridge, meaning the channel of the MOSFET is already available for conduction of reverse currents. This
means that reverse currents can flow in the MOSFET channel, body diode, and external SBD (if equipped).

The following formulae are given in a general time-based manner to show the general approach to loss
calculation. These formulae can be extended to a point-by-point calculation method using spreadsheet
software, though the temperature-dependent effects (which require recursion) and module parameter
database are best handled with a dedicated thermal calculation tool.

Figure 13: Generic example of sampled current and corresponding MOSFET duty cycle

100 A
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-40 A
-60 A
-80 A
-100A

“Transistor” Losses “Diode” Losses
(forward direction) (reverse direction)

5.1 MOSFET only (no external diode)

5.1.1 Conduction losses

During forward conduction, as the MOSFET does not have an intrinsic forward voltage drop resulting from a
pn junction, conduction losses in the channel are calculated only considering the on-state resistance. A generic
duty cycle is shown, which must be calculated based on the circuit topology, switching pattern, and operating
conditions.

Vps(t) = Ioyr(t) * Kimosrer () * Rps(on) (T] (t))
Peonamosrery (£) = loyr(t) - Kiyosper (t) - Vps(t) - DCr(t)
During reverse conduction, the current is divided between the MOS channel and the body diode. It is easiest
to determine the current sharing using a circuit simulator or with an iterative set of equations (e.g. in
spreadsheet software). Therefore, for the purpose of this discussion a current sharing factor, Ki, is used to
indicate that a portion of the total current is flowing through each device.

Kiyosrer () + Kipoay gioae(t) =1

In forward conduction, Kimosrer = 1 and Kipody diode = 0. In reverse conduction, the Kimosrer and Kibody diode Will
each be less than one depending on the current sharing between the MOS channel and the body diode.
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Conduction losses in the MOS channel are calculated above but since the body diode has a pn junction, the
conduction losses are calculated in the traditional manner with the straight-line approximation of the forward
characteristic.

Ve(t) = Vg (T; ®, t) + Iour(t) - Kipoay dioae (t) * ¢ (7} (t))
Pcond(body diode) ) = Ipyr(t) - Kibody diode * Vf(t) -DCp(1)

During dead time, the channels of both upper and lower MOSFETs in a half-bridge circuit are off, meaning
any negative current will only flow through the body diode (i.e. Kimosrer = 0, Kibody diode = 1).

5.1.2 Switching losses

Switching losses consist of the turn-on and turn-off losses of the MOSFET, as well as the reverse recovery
behaviour of the intrinsic body diode:

Pswmosrery(t) = fow - [Eon(V, Loy (), T (1)) + Eopr(V, Iour(t)'T}‘(f))]
Pswvoay aiode)(t) = fow * [Err (V. Iour (), Tj(t))]
As explained further in [3], the value of E. for the diode contains: E. for the body diode, Ept, for the MOSFET,
and Ec; for the MOSFET. However, since these losses all occur in the same physical semiconductor, they are
not calculated separately. In most cases, Ec;, which does not contribute to the real losses, is neglected but in
certain applications it must be subtracted from Err before calculating losses.

5.2 MOSFET + external SBD

5.2.1 Conduction losses

Modules employing an additional Schottky barrier diode (SBD) offer a third path for current during reverse
conduction and thus a portion of the overall current is accounted for with another current sharing factor.

Kimosrer(€) + Kipoay aioae(£) + Kispp(£) =1

As an SBD has an intrinsic voltage drop, the conduction losses are again calculated in the traditional manner
with the straight-line approximation of the forward characteristic.

Ve (6) = Vo (T sep (), t) + Ioyr (t) - Kisgp () - 14 (Tj 580 (1))
Peonacsepy (t) = loyr(t) - Kispp (t) - V¢ (t) - DCp(t)

During interlock time, Kivosrer = 0 and Kisgp and Kinody diode represent the share of the current between the
two diodes.

The relative voltage drops between the three different paths (MOS channel, body diode, and SBD) are shown
in Figure 14.
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Figure 14: Comparison of voltage drops in different devices (~160A devices)
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5.2.2 Switching losses

Switching losses of a Schottky barrier diode are considered negligible (due to its unipolar nature) and are
therefore not given in datasheets. Instead Ewmosrer) is given to indicate that the losses occur in the MOSFET
chip (see [3] for explanation).

Pswosrery () = faw * [Eon(V, lour (0, Tj () + Eor (V. lour (), T; (1)) ]
Psw(body diode) (t) = fsw ' [Err(MOSFET)(V; IOUT (t)’ T](t))]
Pswiarp)(t) = 0

5.3 Junction temperature calculation

With losses calculated, temperature calculation is performed in a similar manner as with Si devices, using the
Foster thermal equivalent circuit diagram [2]. As the body diode is part of the MOSFET chip, the losses are
generated in the same physical space. Thus, the junction temperature of the body diode and MOS channel
are the same, and both devices use the same value of thermal resistance. The anti-parallel Schottky body
diode, if equipped, has its own junction temperature and thermal resistance (see Figure 15). For a more
detailed description of how these thermal resistances are defined, including for baseplate modules, see [10].
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Figure 15: Thermal equivalent circuit diagram for a baseplate-less half-bridge SiC MOSFET
module (w/ and w/o anti-parallel diodes)
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6. Reliability

6.1 Gate oxide

SiC gate oxide can be more sensitive than similar silicon structures. As discussed above, this can mean stricter
limits on the gate voltage maximum values. However, this sensitivity also introduces some other concerns
regarding long term reliability. The gate voltage must be kept within the datasheet limits, otherwise long-
term shifts or damage could occur.

Gate cables and PCB traces should be kept to a minimum using twisted pairs and overlapping ground layers
when possible. This will minimize the gate inductance and therefore over and undershoots in gate voltage.
This will help ensure that the threshold of the device does not shift over time. If Vgt drifts upwards, the Rpson
of the chip will also increase, raising the conduction losses. Dynamic behaviour can also be altered.

6.2 Power cycling

Silicon carbide is a considerably stiffer material than silicon, having a roughly three times higher Young’s
Modulus. SiC devices tend to come in smaller sizes compared to a similarly rated IGBT chip. This smaller
geometry results in a higher strain in the corners of the device.

SiC devices often have substantially lower losses than equivalent silicon devices and can enable a lower
temperature swing for the same load profile.

SiC and Si should not be directly compared in terms of power cycling lifetime. These aspects must be balanced
when designing a new system. [6] provides the basis for performing such calculations.

6.3 Humidity

The construction of SiC chips is not radically different from Si devices so the failure modes are similar, and
the same precautions must be taken (see [9]). In general, the latest SiC chipsets are capable of passing the
HV-H3TRB test (per EN 60749-5:2018) to 1000 hours. As the chip voltage rating, module design, and module
production process also have an impact on humidity robustness, the actual test duration for a specific module
family may vary.
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6.4 Cosmic radiation

Cosmic ray failures occur when a high energy particle interacts with a semiconductor while blocking. This
causes a local disturbance of the electric field inside the chip, potentially leading to a local breakdown and
failure.

Although both Si and SiC chips are susceptible to this failure mode, SiC chips have an advantage over Si. SiC
chips tend to be much smaller than their Si equivalents. A smaller area gives a lower probability that a particle
will pass through the chip, and therefore a lower rate of cosmic ray failure rate.

[7] serves as the basis for calculating failures rates due to cosmic radiation.

6.5 Body diode

Some older generation SiC MOSFETs showed some degradation and shifts over time if the body diode was
used. However, the modern designs used by Semikron Danfoss do not have this drawback. The body diodes
of the SiC MOSFETSs in Semikron Danfoss modules are safe to use in forward operation within the limits defined
in their respective datasheets.

7. Datasheets

The characteristics of new SiC MOSFET modules require some changes to the terminology traditionally used
in silicon MOSFET datasheets [2]. The following terms are used in datasheets for SiC MOSFET devices for
product from 2023 onward.

In the datasheets, the values are specified separately for each module component (or module function, such
as forward and negative conduction behaviour of MOSFET). All ratings refer to one switch, irrespective of the
number of MOSFET chips per switch actually connected in parallel in the transistor module.

Only terms specific to SiC MOSFET datasheets or different from Si IGBT datasheets are explained below. For
an explanation of terms related to the Schottky barrier diode (SBD) often used in anti-parallel with a MOSFET,
please refer to AN 22-001 [3].

7.1 Absolute maximum ratings, MOSFET and integrated body diode

These values are given in the first section of the datasheet (Figure 16) and should be considered design limits
that cannot be exceeded during operation.

Figure 16: Absolute maximum ratings, MOSFET and integrated body diode

Absolute Maximum Ratings

Symbol | Conditions Values Unit

MOSFET

Voss Ti=25°C 1200 v

= HPTP/HP-PCM | Ts=70°C 29 A
Tj=175"G Ts= 1009C 25 A

lom PW = 10ps, Duty cycle < 1% 84 A

Ves ;I;r{asnosaiz‘; Gate - Source voltage 4 423 Vv

Ti -40 ... 175 G

Integrated body diode

lsm PW < 500ns, Duty cycle < 5% 43 A

IFsm PW = 10ps 84 A
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7.1.1 MOSFET: continuous drain current, Ip

Calculated maximum direct current at the drain at which the permissible chip temperature is reached. The
current is calculated with a fixed case or heatsink temperature and Tj = Tjmax)

T~ Ty
ID =
Rth(j—n),max ) RDS(on),max,Tj
...where n is sink or case, depending on whether the module has a baseplate.

Since Ip designates a static value (direct current), it is not relevant for switching operation. The value is used
only as a comparison to other devices to give an indication of the current capability.

7.1.2 MOSFET: peak value of pulsed drain current, Ipm

Repetitive peak drain current that the MOSFET (in on-state) is able to withstand under normal operation
without damage. The duration of the current pulse must be limited to prevent the junction temperature from
exceeding Tj(max)-

This value is similar to Icrm for a Si IGBT and is valid for current flowing in either direction through the on-
state drain-source channel.

7.1.3 MOSFET: gate-source voltage, Vgss

Maximum voltage (indicated as transient or static) between the gate and source terminals with drain-source
shorted (Vps = 0).

This value varies with chip technology (i.e. chip generation). Recommended gate-source drive voltages are
given in the Characteristics section of the datasheet (7.2).

7.1.4 MOSFET: maximum turn-on time during short-circuit, tpsc

Maximum duration of desaturation caused by overcurrent or short-circuit at a specified supply voltage, drain-
source voltage, and junction temperature.

The short-circuit protection circuitry (e.g. DSCP, DESAT detection) must interrupt the current within tpsc in
order to avoid device destruction. This value varies with chip technology (i.e. chip generation). If no value is
present, the chip does not have any guaranteed short circuit capability.

7.1.5 Integrated body diode: peak value of pulsed forward current, Ism

Repetitive peak forward current that the body diode (MOSFET in off-state) is able to withstand under normal
operation without damage. The duration of the current pulse must be limited to prevent the junction
temperature from exceeding Tj(max)-

This value is similar to Irrm for a Si FWD.

7.1.6 Integrated body diode: surge forward current, Irsm

Non-repetitive peak forward current in the form of a half-sine wave with pulse width, t,, that the body diode
(MOSFET in off-state) is able to withstand in the event of a malfunction (e.g. short-circuit), provided it does
not occur too often during the diode lifetime.

When the device is subjected to a current near Irsm, the junction temperature can reach values in excess of
Timax), causing damage to the chip metallization. Additionally, the blocking voltage capability of the diode
immediately following the surge current event is reduced. The datasheet value of Irsu is valid for an event in
which the diode is not expected to block any reverse voltage.

7.2 Characteristics

These values are given in the second section (Figure 17) of the datasheet and define the behavior of the
device under recommended operating conditions.
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Figure 17: Characteristics, MOSFET and integrated body diode

Characteristics

Symbol | Conditions min. typ. max. Unit
MOSFET
V,:Bﬂms Vgg =0 VI ID =92 mA, Tj =25°C 1200 v
VGS(H‘\: ng = 1OV, |D =111 mA, Tj =25°C 28 48 V'
loss Vez=0V, Vos=1200V, T;=25°C 0.2 mA
less Voe=0V, Va==21V, Tj=25°C 400 nA
i |VGE ;13\1‘, T,=25°C 36 45 mQ
on) D— J °
chiplevel T;=150°C 72 mQ
Ciss Vas =0 \,u"l f=1MHz 2335 pF
Coss Vos = 800V, f=1MHz 70 pF
Crs T;=25°C f=1 MHz 5 pF
Qs Ves =018V, Vps =800V, Ip=21TA 91 nC
Raint T,=25°C 1.0 Q
- |V33 ;Ofi?o v T,= 150 °C 10 ns
o=
tr Ve =0/M18Y T,=150"°C 9 ns
Rezan =330
taom Ren=330 T;=150 °C 52 ns
t difdton =29 kAlus | 1,= 150 °C 30 ns
difdter= 1.7 kA/ps
Eon dv/dt,, = 29 kVips T,=150°C 0.32 m.J
dv/dts= 29 kVips —
Eor Lo =14 nH Ti=150°C 0.26 m.J
Voo =720V
. Voss <1200V _ N
e ” | Veez0M8 YV T;=150°C 2 us
E..=280mJ
Rings) per MOSFET, HPTP / HP-PCM 125 Kw
Integrated body diode
ey do =_2(1] 3 T,=25°C 3.30 Vv
F — V5D GS — o
chiplevel Tj=150°C 3.60 v
v v hiblevel T,=25°C 2.25 A
= Vg chipleve
Fo Yseo) P T,=150°C 210 v
. T=25°C 50 mQ
IF=Tsp chiplevel
T;=150°C 71 mQ)
t, N T,=150 °C 54 ns
Q. b= 30 A T,= 150 °C 1 uc
I Ves =0V Tj=150 °C a7 A
di/diz= 2.8 KA/us
E- T;=150°C 0.39 mdJ

7.2.1 MOSFET: drain-source breakdown voltage, V(gr)pss

Breakdown voltage between drain and source with gate-source shorted (Ves = 0V). Value given for impressed
current, Ip, and junction temperature, T;.

Virypss is measured with a high-voltage constant-current source so the stated current (Ip) does not
necessarily correspond to the leakage current (Ipss). As most SiC MOSFET devices do not explicitly allow

operation in the avalanche region, V(srypss,min Will usually be equal to Vpss.

7.2.2 MOSFET: Gate-source leakage current, Igss

Leakage current between gate and source with drain-source shorted (Vps = 0) at specified drain-source
voltage, temperature, and gate voltage.
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7.2.3 MOSFET: Drain-source turn-on resistance, Rps(on)

Quotient of changing drain-source voltage, Vps, and drain current, Ip, in a fully gate-controlled MOSFET at a
specified gate-source voltage, drain current (i.e. "rated current"), and junction temperature.

Rbs(on) is strongly dependent on Vgs(ony and T;j (see section 2.1 and Figure 18).

Figure 18: Rps(on) VS. temperature, normalized to 25°C
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7.2.4 Body diode: reverse recovery energy, E;:
Reverse recovery energy of the body diode during turn-off as measured under the specified conditions.

7.2.5 Current class

Power MOSFET devices have traditionally been classified by their drain-source turn-on resistance. IGBT
modules have been classified by the nominal current (DC) rating of the chips that make up each functional
IGBT switch. Semikron Danfoss SiC MOSFET module names contain an approximate current class that is
derived from the test current used for deriving the characteristics given in the datasheet. This test current,
Ip or —Ip, is shown in the “Conditions” section for a given characteristic.

However, due to the low switching losses in SiC, this current rating is of little use when comparing to a silicon
device (e.g. a 250A IGBT would often be replaced by a smaller SiC MOSFET).

Figure 1: Partial (L) and full (R) forward CONAUCEION .......ouiieiiiii e e eraeaeas 2
Figure 2: Influence of gate voltage on voltage drop (SKM350MB120SCH15)....ccciviiiiiiiiiiiiiiiiieieeee e 3
Figure 3: MOSFET forward and reverse voltage drops vs. temperature (Vgs >> 0V) .cooviviiiiiniiiiiiiiiiieenene 3
Figure 4: Reverse conduction through body diode only (L) and body diode plus channel (R)...................... 4
Figure 5: Influence of gate voltage on reverse conduction (SKM350MB120SCH15).....cccoiiiiiiiiiiiiiiiiieenne. 4
Figure 6: SK250MBIL20CROBTEZ ..uiuitititititieaeitte et e e et et e te s e e e e e e e e e re s e e eas it it s e e e a e e anananeneneneenes 6
Figure 7: Location of recommended gate turn-on and turn-off voltages in Characteristics section of

Semikron Danfoss datasheet (e.g. SK250MB120CRO3TEZ2) . .uiuiuiiiieieiiiiiiiieeere e e e e s e e e eeeeeaenenaas 6
Figure 8: Definitions of turn-on and turn-off voltages with maximum values .........ccccviiiiiiiiic e 7
Figure 9: Example gate clamping CIFCUIL .. ... e et e e e e e eees 8
Figure 10: Switching losses versus gate resistor for 120A/1200V Si (L) and 250A/1200V SiC I devices....... 9
Figure 11: Example DESAT detection CirCUIT ... o e e eeas 10
Figure 12: Miller current-induced negative gate voltage overshoot.......cocviiiiiiiiiiic i e 11
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Figure 13: Generic example of sampled current and corresponding MOSFET duty cycle ......c.ccvvviiinnnnnn. 12
Figure 14: Comparison of voltage drops in different devices (~160A deVICES)....ciiiiiiieieieiniiiiiiiaiaieaeenans 14
Figure 15: Thermal equivalent circuit diagram for a baseplate-less half-bridge SiC MOSFET module (w/ and
W/0 @nti-parallel diOAES) .. uuiieii i e e 15
Figure 16: Absolute maximum ratings, MOSFET and integrated body diode.........cccoviiiiiiiiiiiiiiiiiiin e, 16
Figure 17: Characteristics, MOSFET and integrated body diode........cciiiiiiiiiiiiiiiii e 18
Figure 18: Rps(on) VS. temperature, normalized to 25°C........cooiiiiiiiiiii 19
Table 1: Practical limits for hard switched converters (€.g. 100KW) ....coeiuinininiiiiii e eee e 10

Symbols and Terms

Letter Symbol Term

SiC Silicon Carbide

Si Silicon

SBD Schottky barrier diode

APD Anti-parallel diode (freewheeling diode, inverse diode)

A detailed explanation of the terms and symbols can be found in the "Application Manual Power
Semiconductors"
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IMPORTANT INFORMATION AND WARNINGS

The information provided in this document may not be considered as any guarantee or assurance of product characteristics
("Beschaffenheitsgarantie"). This document describes only the usual characteristics of Semikron Danfoss products to be
expected in typical applications, which may still vary depending on the specific application. Therefore, products must be
tested for the respective application in advance. Resulting from this, application adjustments of any kind may be necessary.
Any user of Semikron Danfoss products is responsible for the safety of their applications embedding Semikron Danfoss
products and must take adequate safety measures to prevent the applications from causing any physical injury, fire or
other problem, also if any Semikron Danfoss product becomes faulty. Any user is responsible for making sure that the
application design and realization are compliant with all laws, regulations, norms and standards applicable to the scope of
application. Unless otherwise explicitly approved by Semikron Danfoss in a written document signed by authorized
representatives of Semikron Danfoss, Semikron Danfoss products may not be used in any applications where a failure of
the product or any consequences of the use thereof can reasonably be expected to result in personal injury.

No representation or warranty is given and no liability is assumed with respect to the accuracy, completeness and/or use
of any information herein, including without limitation, warranties of non-infringement of intellectual property rights of any
third party. Semikron Danfoss does not convey any license under its or a third party’s patent rights, copyrights, trade
secrets or other intellectual property rights, neither does it make any representation or warranty of non-infringement of
intellectual property rights of any third party which may arise from a user’s applications. This document supersedes and
replaces all previous Semikron Danfoss information of comparable content and scope. Semikron Danfoss may update and/or
revise this document at any time.

Semikron Danfoss International GmbH

Sigmundstrasse 200, 90431 Nuremberg, Germany

Tel: +49 911 65596663

sales@semikron-danfoss.com, www.semikron-danfoss.com
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