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Abstract

In this paper, dynamic switching performance at 15! quadrant and 3" quadrant operation of Silicon and
Silicon Carbide (SiC) trench, double-trench, superjunction and planar power MOSFETs is analysed through
a wide range of experimental measurements. The devices are evaluated on a high voltage clamped
inductive switching test rig and switched with a range of switching rates at elevated junction temperatures.
It is shown experimentally that, at 15! quadrant, CoolSiC MOSFET and SiC Double trench MOSFET show
good stability in regard to temperature variations. Silicon superjunction MOSFETs perform unacceptably
at turn-OFF transient due to their large input capacitance and are unstable with temperature variation due
to the more temperature-dependent Cgp. SiC Planar MOSFET also performs poorly at turn-ON switching
due to its low transconductance and gate threshold voltage variation leading to variations of switching
rate with temperature at both turn-ON and turn-OFF transients. At 3" quadrant, Silicon Superjunction
MOSFET causes large switching loss due to its long reverse recovery process, while SiC Double trench
MOSFET and CoolSiC MOSFET show stable performance with temperature variation due to the negligible

reverse recovery charge.

1 Introduction

Wide-bandgap devices are now considered

established device candidates in power electronics.

The wide bandgap property of SiC enables
high breakdown voltage, while its good thermal
conductivity allows the devices to operate at high
temperature. Another advantage is the high carrier
saturation velocity making the devices capable of
high frequency operation. Literature has reported
small power loss and high conversion efficiency
in power electronics [1], [2]. With the increasing
requirement on operating temperature, studies have
been done on the dynamic performance of 2"
generation 1.2 kV SiC planar power MOSFETs
compared with Silicon IGBTs to demonstrate its
superiority [3]. Power MOSFETs have a parasitic
P-i-N diode, as a bipolar device, which switch in
hard switching converter. The MOSFET body diode
conducts current before turn-OFF [4], [5], and the
stored charge in its drift region leads to current
overshoot in the switching transistor during the

reverse recovery of the paired diode. This reverse
recovery current is temperature-dependent due
to the temperature sensitivity of minority carrier
lifetime. The high built-in voltage in SiC due to
its wide-bandgap also increases the conduction
loss, so usually a SiC Schottky barrier diode
(SBD) is connected anti-parallel to the MOSFET
to avoid excessive losses. However, addition
of an external SBD increases the cost while its
junction capacitance enhances the switching losses.
To this end, researchers have investigated the
performance of body diode of power MOSFETSs.
The SiC MOSFETs body diode has similar reverse
recovery performance to SiC Schottky diode in
synchronous rectification [6] while the surge current
capability of SiC MOSFETs body diode is even
better [7], [8]. The SiC MOSFET body diode reverse
recovery is shown to be worse than SiC SBD but
superior to Silicon power MOSFET body diode [9].

The aforementioned studies have mainly covered
the planar SiC MOSFET structures. The JFET
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Fig. 1: Cross-section schematics of four MOSFET
structures: Silicon Superjunction MOSFET, SiC
Planar MOSFET, SiC Double-Trench MOSFET &
CoolSiC MOSFET.

region in planar structure yields an optimum JFET
dimension beyond which the on state resistance
increases. This limits the scaling down of unit
cells, and the gate oxide is exposed to high
electric field strength which leads to reliability
concerns [10]. The double-trench power MOSFETs
introduce deep P pillars within every source/body
cell to protect the trench gate, and reshapes
the E-field distribution so the stress on the gate
oxide layer is alleviated [11]. The more compact
structure achieves low on-state resistance with
increasing cell density, but increases the junction
capacitances. The deep P pillars may re-introduce
the JFET effect and limit the current spreading
into the drain drift region, which is an issue in
unit cell scaling down. The asymmetric double

trench structure implemented in CoolSiC MOSFET
by Infineon® overcomes this JFET limitation, and
allows theoretical unlimited scaling down of the cell
without affecting the avalanche ruggedness [11].
The higher density of cells further reduces the
on-state resistance, and the P pillars induce low
gate-drain capacitance enabling high frequency
operation with low switching loss. Another important
point is that it also effectively suppresses the
parasitic BJT turn-ON.

In this paper, 1.2 kV double-trench SiC MOSFETSs,
1.2 kV CoolSiC MOSFET along with 1.2 kV SiC
planar MOSFET and 900 V Silicon Superjunction
MOSFET are tested on clamped inductive switching
test rig to evaluate and compare their switching
characteristic under 8 A and 800 V for 15t quadrant
and 8 A and 600 V for 39 quadrant. The
ambient temperature ranges from 25°C to 175°C
to investigate the impact of temperature. The
MOSFETs are also operated in the 3 quadrant
on the same clamped inductive switching test rig as
the freewheeling diode for the inductive load. The
switching device is fixed to make a fair comparison.
The ambient temperature ranges from 25°C to
175°C to investigate the impact of temperature on
the dynamic performance.

2 1t Quadrant Measurements

Experiments are performed on Infineon’s Silicon
Superjunction MOSFET (IPW90R340C3, 900 V,
15 A), Rohm’s SiC Planar MOSFET (SCT2160KE,
1200V, 22 A), Rohm’s SiC Double trench MOSFET
(SCT3160KL, 1200 V, 17 A) and Infineon’s CoolSiC
MOSFET (IMW120R140M1H, 1200 V, 19 A). The
measurements are done on a clamped inductive
switching test board shown in Fig. 2. The
freewheeling diode is SiC SBD C4D08120A which
is later replaced by MOSFETSs body diode to test
39 quadrant transients. The MOSFET is driven
by a gate driver that provides +15V/-3V output.
The current is measured with Rogowski coils and
voltage is measured with GW-Instek GDP-100
100 MHz voltage probe on a Keysight MSO7104A
1-GHz & 4 GSal/s oscilloscope.

There are three factors that impact temperature
dependency of MOSFET current turn-ON [12]:
threshold voltage (Vrg), input capacitance (Cjss)
and inversion carrier mobility (u,;). Intrinsic carrier
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Fig. 2: The clamped inductive switching test board.
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Fig. 3: Normalized current turn-ON rate to temperature
with 10 Q external gate resistance.

density and interface traps both are responsible for
Vry decrease as temperature rises [13] and enable
MOSFET to turn-ON faster and more easily. To
identify which factor is the main contributor requires
further measurement on the interface traps density
on DUT which is left for future work. The enhanced
dopant ionization rate as well as intrinsic carrier
density at higher temperature [3] [14] reduces
depletion region width, yielding an increase in Cj
so that turn-ON process is slowed down. Silicon
has negative temperature coefficient in u,; due
to more significant scattering [12]. However, i,
in SiC MOSFET is reported to have a positive
temperature coefficient below around 200°C and
then decrease at further increased temperature due
to the participation of electrons released from oxide
interface traps [15]. Fig. 3 shows normalized current
turn-ON rate with respect to temperature for four
DUTs. Slightly negative trend with temperature
is observed on Silicon superjunction MOSFET
which means the three factors almost balances

each other, though the effect from pu,; and Cjss
is more pronounced. Three SiC MOSFETs show
faster current switching speed as temperature
rises with SiC planar MOSFET being the most
temperature sensitive. The reason comes from its
Vg which drops by around 1.5 V drop according
to datasheet while it is less than 1 V for SiC
double trench MOSFET and CoolSiC MOSFET over
the experiment temperature range. From 100°C
onwards, SiC double trench MOSFET shows a
reduced temperature dependency, indicating that
Ciss counterbalances the influence of Vg and py;.
This phenomenon could be attributed to the larger
gate-drain capacitance as a feature of double trench
structure [11].
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Fig. 4: Normalized voltage turn-ON rate to temperature
with 10 Q gate resistance for four DUTSs.

Figure 4 shows normalized voltage turn-ON
rate with respect to temperature for four DUTs.
According to [12], MOSFET drain-source voltage
transition is essentially charging of gate-drain
capacitance given by:

dVps

_ Vee+ —Varon )

~ Cep-Rg

where Vg is drain-source voltage, Vi is positive
gate voltage output, Vap_ o is Miller plateau at turn-
ON, Cqp is gate-drain capacitance and R is total
gate resistance.

Factors that affect the temperature dependency of
voltage turn-ON rate are threshold voltage (Vrg),
gate-drain capacitance (Cgp) and inversion carrier
mobility (u.;). Negative temperature coefficient
of Vry and positive temperature coefficient of
tn; in SIC MOSFETs would accelerates voltage
transition in the means of decreasing Vap.on-
Negative temperature coefficient of j,,; in Silicon
MOSFET hinders voltage transition by increasing
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Fig. 5: Normalized Miller plateau voltage at turn-ON to
temperature with 10 2 external gate resistance
for four DUTs.

Vep.on. The normalized value of Vgpon is
calculated by averaging the gate-source voltage
(Vgs) over drain-source voltage transition and
is plotted on Fig. 5 against temperature. The
decline of Vg p_on in Silicon superjunction MOSFET
suggests that the impact of V5 reduction is more
significant than the decreased p.,,;. However, Silicon
superjunction MOSFET exhibits slower voltage
turn-ON rate at higher temperature which means
that the dominated factor is the increased Cgp.
With the p doped source region extended into
drift region in superjunction structure as shown in
Fig. 1, its drift region is easily depleted at low drain
bias [16]. The deep depletion region at the Cqp of
Silicon superjunction MOSFET would amplify the
temperature dependency of depletion region width,
hence, it has the determinant influence on Silicon
superjunction MOSFET drain-source voltage turn-
ON rate. In Fig. 5, the large drop of Vgp on in
SiC planar MOSFET leads to a noticeable increase
in drain-source voltage turn-ON rate shown in
Fig. 4 with SiC double trench MOSFET and
CoolSiC MOSFET exhibiting a medium temperature
sensitivity.
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Fig. 6: Normalized voltage turn-OFF rate to temperature
with 10 Q external gate resistance for four DUTs.

Figure 6 shows normalized voltage turn-OFF rate
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Fig. 7: Normalized Miller plateau voltage at turn-OFF to
temperature with 10 2 external gate resistance
for four DUTSs.
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Fig. 8: Normalized current turn-OFF rate to temperature
with 10 Q external gate resistance for Four DUTs.

with respect to temperature for four DUTs. The
process is an reversion of voltage turn-ON with
gate current flowing out from gate terminal at Miller
plateau and the equation is given by [12]:

dVps

__Verorr —Vee- @)
dt lorr

Cap - Ra

where Vgp orr is Miller plateau at turn-OFF, Vg
is negative gate driver output voltage, C¢p is gate-
drain capacitance and R is total gate resistance.

The value of Vgp orr is extracted by averaging
the gate-source voltage during drain-source voltage
turn-OFF. Its normalized value is plotted in Fig. 7
against temperature. The decreasing Miller plateau,
previously enabling fast switching at turn-OFF, now
impedes at turn-OFF from Eq. 2. Although different
varying degree of Vap orr is observed on DUTS,
as shown in Fig. 6, the negative output voltage from
a bipolar gate driver (Vo) damps the temperature
dependency of voltage turn-OFF rate to a similar
extent.

The normalized current turn-OFF rate with 10 Q
external gate resistance is plotted in Fig. 8



against temperature. Current turn-OFF begins
simultaneously with voltage turn-OFF since there
is current drawn to freewheeling SBD from DUT.
According to [17], the amount of current drop during
this period can be written as:

AT — dVps

-Crwp (3)
dt |opp

where Crwp is the capacitance of freewheeling
SBD.

Hence, the averaged switching rate for this current
drop can be written as:

dVps
( )2 Crwp

AAD At lopr "

dt Voo

where Vp¢ is the DC voltage to the test circuit.

Therefore, the current turn-OFF rate for this period
follows the temperature dependency of drain-source
voltage turn-OFF rate which is decreasing with
temperature rise. The subsequent current drop
after voltage transition completed which is decay
with gate voltage is determined by Vgp orr and
Ciss- The largest drop of current turn-OFF rate
for around 30% in SiC planar MOSFET comes
from its similarly large drop of Vgp opr over the
experiment temperature range, as shown in Fig. 7.
Silicon superjunction MOSFET has only 10% drop
on Vg p_orr While there is 20% drop on current turn-
OFF rate which can be explained by the significant
impact of temperature on C;s, that further slows
down current turn-OFF.

Device Turn-ON Energy (uJ)  Turn-OFF Energy (uJ)

Silicon superjunction MOSFET 476 198
SiC planar MOSFET 957 130

SiC double trench MOSFET 731 113
CoolSiC MOSFET 576 94

Tab. 1: Turn-ON energy and turn-OFF energy for
four DUTs at 25°C, with 10 Q external gate
resistance.

At turn-ON, Silicon superjunction MOSFET
outstands from three SiC MOSFET, shown in
Table. 1 in terms of energy, even with large Cjs
as a common disadvantage of Silicon MOSFET
due to large die size. This is achieved by its
large transconductance parameter which can be

Device Var.on (V) Vaporr (V) Vrg (V)

Silicon superjunction  6.44 2.67 2.5~3.5
SiC planar 12.65 2.78 1.6~4

SiC double trench 11.1 3.85 2.7~5.6

CoolSiC 10.4 3.7 3.5~5.7

Tab. 2: Threshold voltage and Miller plateau voltage
for four DUTs at 25°C with 10 Q external gate
resistance.

observed from comparison of Miller plateau at
turn-ON Vo p_on and threshold voltage V. These
two parameters for DUTs are presented on Table. 2
with Vop on and Vgp opr extracted by averaging
gate-source voltage Vs during drain-source
voltage transition and Vry obtained by datasheet.
It can be seen Silicon superjunction MOSFET
has the largest transconductance parameter with
the lowest Vop on while the smallest value for
SiC planar MOSFET with highest Vop on. Lower
Miller plateau contributes to both fast current
transition and voltage transition [18]. However,
large transconductance does not grant benefits to
Silicon superjunction MOSFET at turn-OFF since
lower Vop orr slows down switching as opposite
to turn-ON. Its large C;ss could further worsen the
situation as a large portion of turn-OFF delay of
Silicon superjunction MOSFET would come from
the slow decay of gate voltage to Vgporr. At
both turn-ON and turn-OFF, the two double trench
MOSFETs exhibits improved performance from
SiC planar MOSFET, majority of improvement are
due to the reduced input capacitance. CoolSiC
MOSFET even achieves better performance than
SiC double trench MOSFET as a result of reduction
of Cep from its asymmetric double trench structure.

3 Measurement on 3rd Quadrant
Operation

Measurements have indicated that the reverse
recovery charge increases with temperature
because of the increase of the carrier lifetime in
the body diode drift region. This charge can be
approximated by:

Qrr=1p 7

where 7 is the high-level minority carrier lifetime in
the body diode drift region and I is the forward
current.



Silicon Superjunction MOSFET has a very large
stored charge during conduction. In addition to the
higher minority carrier lifetime in Silicon, the charge
storage mechanism in the superjunction structure
is significantly contributing to this. The structure is
effectively a P*N"N* diode in parallel with a P*P"N*
diode at 3" quadrant operation, so both electrons
and holes act as stored charge while the body
diode is conducting [9]. SiC MOSFET show smaller
reverse recovery current at 3" operation. On one
hand, this is due to the low carrier life time in Silicon
Carbide which stores little charge during conduction
of MOSFET body diode; on the other hand, the high
knee voltage of SiC MOSFET body diode as well as
strong body effect as a consequence of the physical
nature of Silicon Carbide suppresses the trigger-on
of body diode but conduct current in channel which
is unipolar [19]. With temperature rise, increased
scattering raises the channel resistance thus a
higher voltage is applied to the body diode of SiC
MOSFET. Along with the drop of knee voltage due
to enhanced thermal generation, the likelihood of
turning on body diode of SiC MOSFET is increased
which yields a more significant reverse recovery in
addition to longer carrier lifetime.
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Fig. 9: Voltage turn-OFF rate to temperature of DUTs at
3 operation.

The temperature has almost no impact on the
switching rate at 3 operation except in Silicon
superjunction MOSFET, the high temperature
significantly reduces the voltage turn-OFF rate, as
shown in Fig. 9. The reason for this phenomenon
is the huge reverse recovery current of Silicon
superjunction MOSFET. At 25°C, voltage transition
happens when the reverse recovery current is
returning to zero as shown in Fig. 10 which
means the drain current through the bottom-side
MOSFET is declining. This declining drain current

at bottom-side MOSFET, incorporating the source
inductance, results in a larger effective gate-
source voltage and would accelerate the switching.
Therefore, Silicon superjunction MOSFET also has
the leading voltage transition rate than other DUTs.
As the peak reverse recovery current increases
with temperature, voltage transition on Silicon
superjunction MOSFET at 3™ quadrant takes place
earlier when its reverse recovery has not reaching
the negative peak, shown as 175°C in Fig. 10. This
appears as increasing drain current to the bottom-
side MOSFET and results in smaller effective gate-
source voltage by incorporating source inductance.
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Fig. 10: Voltage and current transient of Silicon
Superjunction MOSFET 3 quadrant operation
at turn-OFF at 25°C and 175°C.

The reverse recovery becomes more significant
in Silicon Superjunction MOSFET with increased
forward current level in terms of reverse recovery
current, reverse recovery time and reverse recovery
charge as shown in Fig. 11. This means more
charge is stored in the device at conductivity
modulation, so these charge will take longer to
recombine when the MOSFET body diode is
turned-OFF. As for the other three SiC MOSFETSs,
this trend is opposite. The reason is the
extended switching time. Although higher current
accumulates more charge on the device, the
longer switching time means more charge would
recombine during the switching process and yields
a net decrease in the residual charge when the
reverse recovery takes place. SiC double trench
MOSFET and CoolSiC MOSFET both show less
reverse recovery peak current, charge and time
than SiC planar MOSFET which suggests the
charge storage is minimized at 3 quadrant by
implementing double trench structure.
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resistance.

4 Conclusion

The switching performance of 1.2 kV SiC
planar MOSFET, 1.2 kV SiC double trench
MOSFET, 1.2 kV CoolSiC MOSFET and 900 V
Silicon superjunction MOSFET are compared
experimentally along with their 3 quadrant
operation. Silicon superjunction MOSFET performs
unacceptably due to its temperature-dependent
C¢p and high input capacitance, though it benefits
from the large transconductance parameter at turn-
ON. Its 3™ quadrant operation has large switching
losses as a result of the reverse recovery charge
which rises further at high temperature due to
its increased lifetime and reduced voltage turn-
OFF rate. SiC planar MOSFET exhibits slow

switching at turn-ON as a consequence of its small
transconductance parameter which generates large
switching losses, though its highly temperature-
dependent threshold voltage is able to reduce
switching energy loss at high temperature. At 3
quadrant operation, its reverse recovery charge
would result in more switching loss, especially at
high temperature. SiC double trench MOSFET
and CoolSiC MOSFET maintain excellent switching
performance at all temperatures, due to the reduced
Ciss by their specific structure. The switching loss of
the CoolSiC MOSFET is even less than that of the
SiC double-trench MOSFET. When operated at 3"
quadrant, SiC double trench MOSFET and CoolSiC
MOSFET both shows good suppression on charge
storage than conventional planar structure.
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