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Application Note PRD-08937

Impact of Ves on SiC MOSFET Characteristics

SiC MOSFETSs function well as power electronic devices used in hard-switching applications such as automotive
drivetrain, motor drives, EV chargers and solar inverters. Achieving low switching losses while maintaining
robust current capabilities, they are simple to incorporate into designs. As voltage-controlled devices, the SiC
MOSFET’s applied gate-source voltage, Ves, can be tuned based on the application. This application note will
discuss the benefits and drawbacks when changing Vs and how it will influence the performance of the power

system.
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1. Introduction

Power electronic systems are transitioning from traditional silicon (Si)-based devices (Si IGBT and Si power
diode) to the more efficient silicon carbide (SiC) MOSFET. Thanks to the intrinsic nature of wide bandgap
materials, SiC devices have higher breakdown voltage, can manage more current, function at higher
temperatures, and offer faster switching speed with lower switching losses than Si devices [1]. This makes
applications of the power MOSFET most useful for current control in inductive loads such as power train circuit
design. One benefit of the MOSFET is the simplicity of device control. A simple switch is created with an on and
off state that can be toggled by applying specific voltages. Typically, system level designers use a gate driver to
control the on-state and off-state drive voltages. The recommended operational drive voltages will vary
depending on the MOSFET manufacturer, so understanding how system design parameters vary with applied
Vs is important.

2, Background

Turn-On Transient

During a turn-on switching event, a constant positive voltage is applied across the gate-source terminals. A
power MOSFET has several intrinsic capacitances that are charged during turn-on. The applied voltage creates
a bias across the gate oxide of the device, creating a weak inversion that frees up a low concentration of free
carriers and allows a small amount of current to flow. The gate to source capacitance, Cgs, is charged while
Ves < Vin. As soon as the gate voltage exceeds the threshold voltage (Ves > Vin) of the device, the MOSFET enters
the strong inversion domain of operation, freeing up a large concentration of free carriers and starting the
conduction of current through the channel of the MOSFET. V¢s continues to rise until the Miller voltage is
reached, Vmiter, and the device enters the Miller plateau region which encompasses the time it takes to charge
the gate to drain capacitance Cgp. During this time, in SiC devices, the dVss/dt decreases but is not zero and
continues until the parasitic capacitance is fully charged. Finally, the device reaches the on-state drive voltage
[2]. Increasing Ves widens the inversion channel, leading to a larger concentration of free carriers permitting
more current to flow and lowering the on-state resistance.

Turn-Off Transient
During turn-off, the applied voltage across the gate to source terminals is often negative (but sometimes zero

for some industrial applications) for SiC devices. The off-state drive voltage indicates the voltage at which the
device is held off, and a similar but inverted discharge effect takes place as compared to the turn-on. The first
phase of turn-off occurs during the discharge of Cps where Vgs > Viiter. Once Cops if fully discharged and Viiier is
reached, Cep begins to discharge. During this phase Vmiter > Vas > Vin. Finally, once Ves < Vi, Ces discharges and the
off-state drive voltage is achieved.
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Figure 1: Turn-on and Turn-off transient with Vgs, Vs and Ips
Wolfspeed Devices

The typical Vi of Wolfspeed devices is 2.5 V at room temperature. Wolfspeed recommends utilizing the
recommended operational and max ranges provided in the datasheet of the specific device.

3. Impact of Vss on Static Characteristics

Ves influences many static values provided in the datasheet with the most important being the device’s Roson)
value. The applied gate voltage impacts the current carrying capability of the SiC MOSFET, and Wolfspeed
datasheets capture the value at the recommended turn-on gate voltage. For 3™ generation devices and
onwards, the standard recommended turn-on gate voltage is Vesion = +15 V. For 2" generation devices Vgson) =
+18 V. Not stated in datasheets is the change of Rosn) When moving to lower or higher turn-on gate voltages
suchas+11Vor+19V.Instead, IV curves are provided to display a series of various parameters. The curves taken
in the following section were captured on a Keysight® B1506A standard curve tracer. The devices under test
(DUTs) are the Gen 3 and the Gen 4 dies in TO247-4L packages. Both selected dies are rated for 1200 V and part
of the Wolfspeed’s automotive grade SiC MOSFETSs.

3.1 Impact of V¢s on Current Capability

The typical IV curves for Wolfspeed’s Gen 3 device as a function of gate voltage Ves for 25°C and 175°C are shown
in Figure 2. The gate voltage incrementally increases in steps of 1V from +10 V to +19 V at 25°C and 175°C.
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Figure 2: Ips vs. Vps with various Vss applied to the Gen 3 device at (a) 25°C and (b) 175°C

Starting at 10 V of gate-source voltage, the current is limited by the inversion channel. Increasing the Ves to the
recommended gate voltage of 15V increases the current carrying capability quite significantly. Above Ves = +15
V, the change in current becomes limited due to the saturation of the channel.

Similar tests were done on the Gen 4 device, with the gate voltage incrementally increased in steps of 2V from
+11Vto+19Vat 25°C and 175°C (Figure 3).

500
400 |
—. 300 |
< Increasing Vgs
Q 25°C Increasing Vgs 175°C
— 200 |
T Vs =11V T Vs =13V T V=11V T V=13V
100 F Ves =15V —— Vs =17V Vgs =15V —— Vg =17V
— Vg =19V —_— V=13V
0 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Vps [V] Vps [V]
a) b)

Figure 3: Ips vs. Vps with various Vss applied to the Gen 4 device at (a) 25°C and (b) 175°C

3.2 Impact of Ves on Ropson)

Applying Ohm’s Law to the IV curves, similar plots can be constructed for Rpson). Figure 4 shows the impact of
Vs 0N Ros(on) at 25°C and 175°C for Gen 3 device. Figure 5 shows the impact of Vs on Ros(en) at 25°C and 175°C for
Gen 4 device.
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Figure 4: Roson) VS. Ips at various Ves conditions for Gen 3 device at a) 25°C and b) 175°C
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Figure 5: Rpson) VS. Ips at various Ves conditions for Gen 4 device at a) 25°C and b) 175°C

Rosin) is reduced significantly as Vgs increases from +10V to +15 V. As the channel saturates above +15V, the
reduction in Rpsen) becomes limited.

Table 1 focuses on the Rpsion) for the Gen 3 device at the rated current at 25°C and 175°C while Table 2 focuses
on the Rosion) for the Gen 4 device at the rated current at 25°C and 175°C at various Vs levels.
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Ros(on) [MQ
VGS [V] DS( )[ ]

@ 25°C [ 175°C
10 36.3/38.3
11 26.4/36.2
12 22.4/34.7
13 19.8/33.6
14 18.1/32.8
15 16.9/32.2
16 15.9/31.7
17 15.2/31.3
18 14.6/31.0
19 14.2/30.6

Table 1: Static values of Rpswn at the rated current, for the Gen 3 device for various Vss

RDs(on) [mn]

@ 25°C/175°C
11 11.4/17.5
13 9.65/16.6
15 8.73/16.1
17 8.19/15.8
19 7.84/15.6

Table 2: Static values of Rpswn) at the rated current, for the Gen 4 device for various Vss

3.3 Turn on/off Waveforms

One of the consequences of varying the Vs is its impact on the turn-on and turn-off waveforms of the device.
Using a Keysight® B1506A, the impact of Vgs on the Vps turn-on and turn-off waveforms are shown in Figure 6,
Figure 7. The current (lps) was limited to the rated current and the device was tested at various Vgs values at
both 25°C and 175°C.

Figure 6 shows how Vs and Rosion) affect the V switching transients for the Gen 3 device and similarly, Figure 7
shows how Vgs and Roson) affect the V switching transients for the Gen 4 device. The change in voltage over time,
dVps/dt, during turn on and off increases as Vgs increases and Ropson decreases. Rpsen) also decreases with
temperature, hence having Vps switch faster at 175°C.
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Figure 6: Vips vs time for various Vgs for the Gen 3 device at a) 25°C and b) 175°C
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Figure 7: Vs vs time for various Vss for the Gen 4 device at a) 25°C and b) 175°C

4, Impact of Ves on Dynamic Characteristics

Ves will also impact dynamic measurements such as switching times and switching losses. Dynamic test
measurements were performed using a clamped inductive load (CIL) PCB designed to have low parasitic
inductance and a test rack consisting of a BK Precision® 9130 low-voltage power supply, a Keysight® 33210A
function generator, an Acopian® high-voltage power supply, and a Tektronix® MSO58B oscilloscope. A TIVP
IsoVu optically-isolated low-voltage probe was used for measuring Vss, a THDP02000 high-voltage differential
probe was used for Vips, and a current viewing resistor (CVR) from T&M Research Products® was used to measure

Ips.

4.1 Switching Losses

To check the impact of Ves on switching losses, CIL tests were performed at different turn-on gate voltages
shown in Figure 8 and Figure 9. The devices were switched at a constant turn-off voltage of -4 V.
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Figure 8: Transient Vgs, Vs and Ips waveforms for the Gen 3 device; Vps =800 V; Temp. = 25°C

Figure 8 shows three pulses from the CIL test. The first noticeable difference between the different Vssion)
waveforms is that the test current slightly increases. This is caused by the difference in freewheeling time while
the DUT is held off.
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Figure 9: Zoom-in of Vss, Vs and Ips vs. time for the Gen 3 device

Figure 9 zooms in to show one turn-on event and one turn-off event. At both switching events there is a time
delay related to Ves. During this delay no work is carried out by the system and energy is lost. This energy is also
known as switching loss energy, E... Equations (1) and (2) describe the turn-on and turn-off time delays as they
relate to the Vgsion) and Ves(om [3]. Re and Ciss are constant for all measurements.

%
gS(Off)) (1)

Vgs (on) — Vth

1% _
(on)
tacon) = RgCissln ( e

Thus, the turn-on delay relies on the delta between Vgsion) and Vi, and so as Ves increases the delay decreases.

V, -V,
_ gs(on) gs(off)
td(off) - RgCissln (V — ) (2)
miller gs(off)
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Equation (2 describes the time delay during turn-off where the delay is dependent on the delta between Vsson)
and Ves(of. Thus, the resulting trend is that for increasing Vesion), taem Will increase. The delays measured here are
plotted in Figure 10(a), Figure 11(a).
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Figure 10: a) Turn-On and Turn-Off time delay vs. Veson b) Switching Energy vs. Vesion) & BEsw VS. Veson) for the Gen 3
device
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Figure 11: a) Turn-On and Turn-Off time delay vs. Vsson b) Switching Energy vs. Veson & AEsw VS. Vss(on) for the Gen 4
device at 25°C and 175°C

Figure 10(b) & Figure 11(b) shows the on (E.n), off (Ecf), total switching energy (Esw), and change in total switching
energy (AEs.) as functions of turn-on voltage. Although the total switching energy decreases as Ves(on) increases,
the benefits in energy saved abate at higher turn-on values. When the turn-on voltage for the Gen 3 device
increased from 11V to 13V, the total switching energy decreased by ~200 J/V, a 16% improvement while from
17V to 19V it reduced by ~75 J/V, a 7% improvement. The total reduction in total switching energy over the
Veson) Values measured here improved from ~2.5 mJ at 11 Vto ~1.5mJ at 19V, a 67% reduction.
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5. Influence of Ves on Short-Circuit Capability

The short-circuit capability of the device will also vary with Vesen). During a short-circuit event, the device
dissipates a large amount of energy in a short period of time, spiking in the device’s junction temperature and
causing failure. The current transient (di/dt) at turn-on has a direct relationship to short-circuit withstand time,
tsc, and short-circuit withstand energy (Esc) [4]. To demonstrate this relationship, short-circuit tests were
performed on a Gen 3 device following the standard test-to-failure (TTF) method and IEC and JEDEC standards
[5] [6]. Short-circuit tests were performed using an Acopian® high-voltage power supply, a BK Precision® 9130
low-voltage power supply, an Agilent® 33250A 80 MHz function generator and a Tektronix® DPO 5034B digital
phosphor oscilloscope. A Tektronix® Rogowski current probe was used to measure lps, a Tektronix® TPP1000
passive probe was used to measure Vgs, and Tektronix® TPP0850 probe for Vps.
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Figure 12: a) tc vs. Vgs and b) Ec vs. Ves for the Gen 3 device at 25°C

In Figure 12, short-circuit time and energy both decrease with increasing gate voltage and impact device
performance significantly. Lowering the turn-on gate voltage can increase short-circuit withstand time and
energy. The higher Rosen) value seen at lower Vgsen) values limits the turn-on and peak short-circuit current.
When these currents are managed, the critical failure temperature of the device takes longer to reach. A 2 us
minimum short-circuit time increase is gained by decreasing the Vgsen from 17Vto 11 V.

6. Conclusion

Ultimately, Vs plays a critical role in the performance of a SiC MOSFET. When designing a power system, the
operational Vss must be considered, and trade-offs may occur. Increasing Vss will allow for lower Roson) and faster
switching times, leading to lower conduction and switching losses and thus improving system efficiency. With
the Gen 3 device, increasing the gate voltage can be advantageous in low Ropsin) applications, showing a 19%
reduction in Rpsin) between +15V and +19V at 25°C. With the Gen 4 device, a 11% reduction in Rpsen is seen
between +15Vand +19 Vat 25°C. The benefits gained from increasing Vs quickly diminish for values above +15 V
and at higher temperatures. Alternatively, for applications that require robust parts, short-circuit performance
can be improved when moving to lower Vgs operating conditions. Thus, any change in Vgs needs to be tested
and validated to understand the device characteristics under the new conditions. Lastly, performing tests with
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Ves values outside of the operational and maximum ranges provided in the device’s datasheet will alter the
lifetime of the device and possibly degrade the immediate performance of the device.
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