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This application note is intended to provide the reader with background knowledge on the
device technology behind SemiSouth’'s enhancement-mode SiC JFET. The document also
describes recommended gate drivers and operating performance of EM SiC JFETS.
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1. Device Overview

The enhancement-mode (EM) silicon carbide (SiC) Vertical Junction Field Effect Transistor (JFET) is
a wide bandgap unipolar power transistor optimized for use in high-voltage, high-power, high-frequency
power management applications. Due to the superior material properties of the SiC semiconductor and
patented trench architecture, the EM SiC JFET developed by SemiSouth Laboratories delivers best-in-
class performance in both hard-switching and soft-switching applications. The EM SiC JFET is designed
to be a replacement for MOSFETs and IGBTs and delivers the following performance advantages:

No saturation voltage: Due to unipolar conduction in the JFET structure (i.e. no conductivity
modulation) there is not a saturation voltage to overcome before output current is available
enabling lower conduction losses and higher systems efficiencies.

No tail-current:  No tail current is present at the turn-off transition enabling lower switching losses
and higher practical switching frequencies.

Low on-resistance: Lowest specific-on-resistance of all 1200V-class semiconductor devices due to
the SiC material enables reduced conduction losses and higher system efficiencies.

Low Intrinsic Capacitance: Lower device capacitances allow for reduced gate charge requirements
and high-frequency switching applications.

No Body Diode: There is no intrinsic body diode in the JFET structure. A SiC SBD can be co-
packed as required by the application to enable the lowest possible switching losses.

Positive Temperature Coefficient:  Allows multiple die to be paralleled easily without concerns for
unbalanced current sharing or thermal runaway.

Current products include the 1200V 125mOhm EM SiC JFET, SJEP120R125, and the 120V 63mOhm
EM SiC JFET, SJEP120R063. Please see datasheets for addition device data.

2. Device Structure

SemiSouth’s SiC VJFET (normally on or normally off) is based on a patented vertical-channel, trench
structure, Figure 1a. As a direct result of this design no current flows laterally in the device and very high
current densities are achieved. The unique design in combination with precise control of the variation in
device threshold voltage has allowed for the creation of normally-on JFETSs requiring low negative bias for
blocking as well as truly normally-off JFETs that require no negative bias for full blocking. The schematic
representation, Figure 1b, models the internal parasitics and electrical structure of the SiC JFET. The
result merges some of the recognizable characteristics of both MOSFETs and BJTs, without the most
common negative characteristics of either. Much like a BJT, gate-source and gate-drain junctions are p-n
diodes. Similar to other MOSFETSs or other MOS-gated devices, the gate-source, gate-drain, and drain-
source junctions act as non-linear, voltage-dependent capacitances in the circuit. The SiC JFET does not
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Figure 1. (a)Cross-section and (b) schematic model of SemiSouth’s VIJFET
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6 have a p-n junction between drain-source and therefore has
no intrinsic body diode. The control methodology again
g ¢ | merges some of the main requirements of both MOSFETs
1757 and BJTs; however, voltage/current amplitudes differ. The

25°C

specific gate requirements of the normally-off SiC JFET are

<

s 4 as follows:

=

% ; / 1. Dynamic charge for charging/discharging the total gate
E capacitance
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,% ) 2. Sustainability of steady state voltage/current
o requirements of the gate-source diode throughout the
=2 duration of the conduction state.

Even though the device requires a DC current be sustained
200mA —# to maintain conduction, the SiC JFET is not a current
0 . v, . controlled device. The differential voltage between the
Ves, Gate-Source Voltage (V) applled_ gate voltage and the de\_/lce threshold,_ Vgs — Vn, is
the variable that controls the device channel width. Because
the gate-source structure is a p-n diode a forward current can
be expected anytime the structure is forward biased,;
however, this forward current is significantly lower than that
of a power BJT. This is because the recommended operating point of the gate-source diode remains low
on the gate diode forward curve. Any application of a potential beyond +3V on the gate during the
steady-state conduction period no longer yields a significant gain in forward conduction characteristics
(see figure 7 of the datasheet). Thus steady state voltages beyond the recommended +3V will only drive
excessive and unnecessary values of gate current through the gate-source diode, Figure 2.

Figure 2. Typical Forward Characteristics of
Gate-Source Diode.

3. Gate Driver Recommendations

The transition speed is ultimately limited by the device; however, the performance of the gate driver
can impact this speed considerably. As described two main requirements must be satisfied by the gate
driver; delivery/removal of dynamic gate charge and sustainability of DC gate voltage and resulting gate-
source current during conduction. The ability of the gate driver to quickly deliver/remove the necessary
gate charge required the by internal gate-source and miller capacitance of the device is the main factor
that affects the time it takes for the device to transition between states. The gate drive should also be
designed to efficiently maintain the steady state DC gate voltage and gate current required to maintain
minimum Rpsony during conduction. Thus far two types of gate drivers have been designed to satisfy
these conditions and are recommended based on user experience and application needs.

3.1. AC (Capacitor) Coupled Driver

The AC-coupled gate driver circuit is ?
recommended to users as a first approach drive

methodology for initial evaluation of the normally-off Vec .
SIC JFET. This drive interfaces the gate of the JFET coTs BP R
to the output of a standard COTS MOSFET/IGBT gate Gate Driver

driver ICs with a simple RC network to allow for a
drop-in replacement of MOSFETs or IGBTs with a Vo
normally-off SiC JFET in a range of applications. Ra sic
While the AC coupled driver has proven to be an v JFET
effective means of driving the EM SiC JFET in past EE

single device switching applications, it is not 6

recommended as an optimal gate driver for all power
electronic applications as it experiences duty factor
and switching frequency limitations. Figure 3 provides

Figure 3.  AC-coupled gate driver for SiC JFET.



a schematic diagram of the AC-coupled drive. This particular gate driver uses a current limiting resistor
Rc. to set the DC operating point in the “on” state by dropping the potential difference between the high
level output of the gate driver IC and the required gate-source voltage of the EM SiC JFET at a specified
Isrwp. The bypass capacitor is used to rapidly deliver/remove the dynamic gate charge for a fast turn-on
and turn-off. In a sense the capacitor appears to overdrive the gate of the JFET, visible by the overshoot
of the gate-source voltage as measured at the terminals. Overdriving the gate for a duration of < 200ns
with a maximum driver IC voltage of +15V connected to the gate through a low ohm resistor is acceptable
and recommended for fast turn on. As the device is transitioning between a blocking state and
conduction state, high peak currents from the gate drive is simply delivering the charge required by the
input capacitance and not flowing through the gate-source diode. Once the input capacitance is fully
charge steady state conditions will be regulated by the current limiting resistor. An additional low ohm
resistor (typically 1-50hms) can be included in series with the bypass capacitor to dampen any observed
gate ringing.

This type of driver can be used with unipolar or bipolar drive voltages. If used with a unipolar drive
voltage the bypass capacitor will provide some negative gate bias at turn-off to aid in reduced turn-off
times and provide a degree of noise immunity for a limited duration of time. As MOSFETs and IGBTs are
typically interfaced to a driver IC through a gate resistor, a simple change in resistor value and the
addition of a bypass capacitor is all the is necessary to convert a standard MOSFET/IGBT drive to a SiC
JFET drive in most power switching topologies.

The appropriate Cgp value is selected based on Qg of the SiC JFET and its independent PWM/driver
IC supply rail voltages. Parasitic circuit effects can influence the selection of Cgp, S0 one particular value
is Cgp is not necessarily appropriate for all applications. Rather a range of Cgp values to be evaluated
empirically is suggested to the user as a starting point and defined by the following expression:

2* 4*
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Rc. is used to limit the continuous current flowing from the PWM/driver IC through the gate-source diode
(Figure 2) of the SiC JFET, thus setting the gate-source voltage. To avoid overdriving the gate of the

JFET during steady state conduction, it is recommended that a positive gate-source bias of no more than
+3.0 V be applied. The selection of R¢, requires the following information:

a. Vo = Positive output voltage of the PWM/driver IC
b. Vgs = Desired JFET gate-source voltage

c. lgrwp = Gate-source diode current at the desired gate-source voltage. lgrwwp Can be estimated
from Figure X of the datasheet.

The following expression is then used to calculate Re,:
VO - Vgs

L
|

GFWD(@Vgs)

To consistently obtain the fastest switching performance possible it is necessary for the bypass
capacitor of the RC network to be fully discharged prior to the next switching event. The size of this
capacitor depends on the specifics of the application and the driver IC. Any particular value may need
more time to discharge than that available for certain combinations of switching frequency and duty
factor. While no operational problems will result from not fully discharging this capacitor; slower turn-on
transitions will result as there is less voltage differential between the output of the driver IC and the
capacitor voltage at the next turn-on event. Therefore additional DC-coupled gate driver designs that can
operate over a wider range of switching frequencies and duty factors are necessary.



3.2. Optimized Drivers

High frequency applications need a driver that is
not dependent on an RC time constant for best
performance. A two-stage, DC-coupled driver O+
design has been developed specifically for the €1 ‘
JFET, Figure 4. The purpose of this driver is to first \
apply a high peak current pulse for supplying the G;;gfgmq 51
required dynamic charge as quickly as possible for J_|_,_|_ r j
a fast turn-on. Then secondly maintain the steady o
state DC gate voltage/current to sustain conduction.
As mentioned in the previous section, it is Ry Cisic
recommended to overdrive the gate during the turn- .‘133 “FET
on transient. The two-stage driver developed allows v
for precise control of the overdrive conditions as
well as the steady state condition.

S2

Figure 4.  DC-coupled, two stage gate driver for

The circuit of Figure 4 accepts a single PWM driving SIC JFETs

control signal and generates a second PWM signal

that synchronized with the original control signal but has a much shorter pulse width. The generated
pulse drives a first turn-on stage which controls delivery of dynamic gate charge. Switch S; of the first
stage connects a high peak current source for quickly charging the device’s gate and miller capacitance
at turn-on. The original control pulse is applied to the second turn-on stage, where switch S, supplies the
necessary steady state DC gate current required to maintain conduction. Current limiting resistor R; is
properly sized to set the forward gate current Igewp While stepping down the voltage from the positive rail
voltage to that required by the gate of the JFET. R; is sized with the same approach used for the current
limiting resistor in the AC-coupled RC drive circuit. The complement of the user supplied PWM pulse
controls the turn-off stage which pulls the JFET gate low through a low ohm pull-down resistor R;. This
driver approach can be realized in many ways; using discrete transistors, multiple driver ICs, or a single
dual driver IC (Figure 5). The method chosen will depend upon the required driver voltages, transition
times, and desired peak current supply.

The simplest, most cost effective approach was realized using a standard IXYS dual driver IC,
IXDI502 for driving a SJEP120R125 or a IXDI404 for driving a SJEP120R063, Figure 5. In this circuit
driver A controls the dynamic charging conditions while driver B controls the steady state gate conditions.
The pulse width of the input to drive A should be limited to < 200ns. Since the purpose of driver A is to
deliver a high peak current for charged the devices input capacitance, its pulse width should not exceed
the turn-on time of the device by more than 100ns. Again, high peak current supplied during the turn-on
transient is internally distributed so that it delivers charge to the input capacitance and is not simply
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Figure 5. A simple, cost effective, two-stage gate driver approach uging a singlg IXDI502 dual driver IC and resulting
waveforms for driving a SJEP120R125 SiC JFET.
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Figure 6.  Switching Energy Test Circuits. (a) Single
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SemiSouth SiC SBD used for the freewheeling diode.
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4. Device Performance

flowing through the gate-source diode. This results
in an overshoot of the gate voltage greater than +3V
for a precisely limited time. However, once the input
capacitance is fully charged and the drain voltage
fully collapses the gate voltage will continue to rise,
allowing high current to flow to the gate-source diode
following the curve in Figure 2, until driver A is turn-
off. It is recommended that the time difference
between the end of the transition period and the time
at which driver A is turned off be minimized as much
as possible. For any duration of time that driver A
remains active during the conduction period,
excessive power loss will be dissipated by the gate
and could result in damage to the gate if this
duration lasts longer than 100ns. Figure 5b presents
some experimental results for driving the
SJEP120R125 SiC JFET using the dual drive circuit
explained by Figure 5a. Gate drive voltages of +15V
and -10V were supplied and resistors sized
accordingly: R1 = R3 = 5 ohms and R2 = 135 ohms.
Driver A pulse width was set to 100ns. Figure 5b
shows Igspk) = 2A at Vgs = +6V during the turn-on
transition. Once driver A turns off and driver B takes
control and the steady state conditions were
measured at Vgs = +3V and Igs = 100mA.

Switching energy loss is one of the major performance factors used in comparing different

semiconductor transistors for new designs.

Minimizing this number is a priority for high switching

frequency applications as this type of loss can become a significant portion of the total device losses.
The normally-off SIC JFET is measured according to the same standard as MOSFET/IGBTs. A
standard, double-pulse, clamped inductive load test circuit is used to observe the energy loss during both
turn-on and turn-off. These measurements have also been conducted based on different drive voltage

recommendations (i.e. unipolar or bipolar drive)
as well as switch configurations (i.e. single
device or bridge configuration). Measurements

have also been conducted at elevated
temperature and show that there is very little
change in switching energy as junction

temperature increases.

4.1. Single Device Applications

For single device applications, boost and
buck converters for example, a unipolar drive
voltage is typically sufficient for driving the EM
SiC JFET. In these types of circuits current is
commutated between the main power transistor
and a free-wheeling diode. While each
application/design can present a different set of
conditions, experimental results have thus far
proven that the use of a negative rail is not
usually needed in single switch applications.
The use of the AC-coupled, RC driver has also
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Figure 7.  Resulting waveforms for AC-coupled drive in

single switch test circuit. Vps = 600V, Ip = 12A, Unipolar
driver with RCL = 100ohms and CBP = 47nF drinving a
SJEP120R125. Switching energies measured are Eoy =
87uJ and Eorr = 38uJ.



proven to be sufficient for most single switch applications with the bypass capacitor providing some
negative bias at turn-off (duration of negative bias based on RC time constant) to aid in a fast turn-off and
provide some degree of noise immunity for a limited amount of time. The switching losses for the
SJEP120R125 SiC JFET have been observed under a variety of conditions. A +15V unipolar driver IC as
well as a +15V/-10V bipolar driver in combination with the AC-coupled, RC driver interface was evaluated
using the test circuit shown in Figure 6a. The duty factor was adjusted to observe the difference in
switching losses when the bypass capacitor was allowed to fully discharge and partially discharge. Table
1 lists the resulting turn-on losses for each case. As expected, the turn-on energy loss can be up to 2x
greater when the bypass cap is not allowed to fully discharge prior to the next switching event. These
results may or may not be sufficient based on the needs of a specific application and may require the use
of the two-stage driver with a modest negative rail to achieve higher switching frequencies or higher duty
factors.

4.2. Bridge Configurations

The test circuit for monitoring the switching energy based on the conditions was modified to reflect
the conditions experienced in applications using a bridge configuration, Figure 6b. For these applications
shoot thru can be a real problem and thus noise immunity must be evaluated. A negative drive voltage is
recommended for turn-off to aid in noise immunity and prevent shoot thru caused by the “miller effect”.
Similar to MOSFETs and IGBTs there are three common approaches for preventing a positive spike on
the gate voltage from reaching the device’s threshold voltage:

a. negative drive voltage on gate during turn-off
b. capacitive clamp connected closely at gate-source terminals
c. limit the dV/dt during switching

If lowest possible switching losses are required, increasing the voltage differential between the turn-off
voltage and the threshold voltage by adding or increasing the amount of negative voltage is
recommended as a first approach. This is an easy solution and the only solution that does not impact the
switching performance of either the high- or low-side device. However, as with all field-controlled power
devices there is a limit to the amount of negative voltage that can be applied to the gate of the SiC JFET
(see datasheet). If a positive gate spike is still evident after the maximum negative voltage is applied then
another approach must be taken. A capacitive clamp connected tightly across the gate-source terminals
of each device will provide a secondary source to pull necessary displacement current. This will reduce
the positive spike at the gate; however, this method will require the gate driver to deliver more gate
charge during each turn-on switching event. A modest increase in gate drive power and possibly a
slightly slower turn-on speed will be observed. The last option is a downward adjustment of the dV/dt by
adjusting a series gate resistance of the gate drive. This will reduce the peak current through the Miller
capacitance of both switches and reduce the probability of shoot-through through the blocking switch.
This third option will obviously result in slower switching than the maximum possible; therefore the
designer must way the trade-offs for each specific application. Table 1 includes the switching losses

Table 1. Switching Energy Losses for SJIEP120R125.
Conditions: Vps = 600V, Ip = 12A

Device Config. Test Circuit Gate Driver C gp Discharge (Iic;'; I(EUO;)F
Single Switch Figure 5a Xé"ggfg g 2V 100% 75 38
Single Switch Figure 5a Xé"ggfg o 12Vi 75% 82 38
Single Switch Figure 5a Xg'ggm a1oVe 58% 105 38
Single Switch Figure 5a :g'ggfg Vi 30% 149 38
Single Switch Figure 5a B"X’gfrm;ﬁe\é |0V 100% 57 35
Single Switch Figure 5a B'goc"'j‘éonllg’g (’jr'i\llgv; N/A 52 45

Bipolar +15V/-10V;
Bridge Figure 5b 10nF capacitive clamp; N/A 121 59
DC-coupled drive




Vas [
o — - Mo+t - 4=

Mas(C1) 74404

600v

SRR R by { + { R T i

iz => Egy= 121ud
: | SO 5 r => Eqpp = 59uJ
B i i R R T T
A 7 184V A 7 184y
Figure 9. Switching energy measurements for SJEP120R125 tested in a full phase leg (Figure 6b). Vps = 600V, Ip =

12A, GD voltages = +15V/-10V, and capacitive clamp of 10nF connected tightly gate-source on each device.

(@) (b)
Figure 8. Switching energy versus load current for 25°C and 150°C for (a) SJEP120R125 and (b)SJEP120R063 SiC
JFETs.

observed using the test set up described by Figure 5b using the DC-coupled gate driver. Figure 9
presents measured switching energy losses for the SJEP120R125 and the SJEPR063 as a function of
load current and junction temperature. As shown there is approximately a 10% increase in total switching
energy between 25°C and 150°C junction temperature.

5. Application Tips

Even though the enhancement-mode SiC JFET is a new device technology, many of the same design
and layout tips valid for other types of high frequency power transistors are still applicable for SiC JFET
designs. Care must always be taken when creating PCB layouts for power converters such that
additional coupling capacitances are not introduced, the device is not mounted to close to switching IC
and magnetic components, symmetrical layouts are used when paralleling devices, and adequate
cooling/heat sinking is obtained. In addition to tips that have already become common practice for high
frequency switching designs a few addition key points are discussed.

5.1. Gate Ringing

Gate ringing can be caused by feedback of high frequency noise through the miller capacitance of the
device or ground bounce cause by improper separate of signal and power grounds. Layouts should



designed to properly separate power grounds from signal ground with a common connection between the
two made at a single point. Also the proper use of ground planes can help shield the gate from the drain
as well as other high frequency circuit connections. Ferrite beads connected as close as possible to the
gate terminal of the SiC JFET may also be used to reduce voltage spikes at the gate. A small, low ohm
external gate resistor may also be sufficient, as used in the design examples presented in this document.
The use of a series R-C snubber connected directly across the main DC voltage bus has proven to
reduce the amount of high frequency noise feedback through the miller capacitance. Lastly, gate drivers
and gate turn-off components should always be connected as close as possible to the gate terminal of the
device to reduce all of the aforementioned contributors of gate noise.

5.2. Buck/Boost Configuration

Evaluate the specifics of the application to determine the best gate driver approach. The AC-coupled,
RC driver is the simplest and most cost effective approach for single switch applications as long as the
switching frequency and duty factor requires do not exceed the abilities of this approach. Each
component should be defined by the equations presented, yet also physically evaluated to ensure the
values selected are sufficient for all system operating conditions. To maintain the best switching speeds
the bypass capacitor should be fully discharged prior to the next switching event, yet will not cause any
adverse affects if not fully discharged. If the switching frequencies of the application exceed the abilities
of the RC driver then the two-stage driver should be considered. The use of a dual driver IC is the
simplest approach; however, two separate driver ICs might be necessary to achieve a desired peak
current rating. Derivation of the overdrive pulse should be precise and closely match the turn-on speed of
the transistor to minimize unnecessary gate power dissipation.

5.3. Half Bridge Configuration

As with any low threshold device, noise immunity is an important concern. A negative turn-off voltage
is recommended when using EM SiC JFETSs in a bridge or series configuration. As with MOSFET/IGBTs
the JFET can also experiences false triggering due to the “miller effect”. However, by increasing the
voltage difference between the turn-off voltage and the gate threshold voltage this adverse effect can be
minimized. If positive gate voltage spikes are still a problem then adding a small capacitive clamp across
the gate-source terminals is recommended to limit the effect of high dV/dt on the gate of the opposing
JFET.



