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Abstract—The third quadrant (3rd-quad) conduction of power
MOSFETs involves competing current sharing between the metal-
oxide-semiconductor (MOS) channel and the body diode controlled
by the gate bias (V). For 1.2 kV SiC planar MOSFETs, it is
well known that a positive Vc higher than the threshold voltage
enables parallel conduction through both channels, which reduces
the 3rd-quad voltage drop and conduction loss. This work, for the
first time, unveils that this fact does not hold for higher voltage
(e.g., 3.3 kV and 10 kV) SiC planar MOSFETs. By combining the
static characterization, simulation, and modeling, it is revealed
that, once the MOS channel turns ON, the body diode in high-
voltage MOSFETSs turns ON at a source-to-drain voltage (Vsp)
much higher than the built-in potential of the PN junction. In
10 kV SiC MOSFETs, the body diode does not turn ON over
the entire practical Vsp range if the MOS channel is on. As a
result, the positive Vg leads to completely unipolar conduction,
which could induce a higher voltage drop than the bipolar body
diode at high temperatures. A buck converter based on a 10 kV
SiC MOSFET half-bridge module was built and tested, which
validated that a negative V control provides the smallest 3rd-quad
voltage drop and conduction loss at high temperatures. Finally,
based on the revealed physics for planar MOSFETs, the optimal
Ve control for the 3rd-quad conduction in trench MOSFETsS is
discussed. These results provide critical device understandings of
1.2-10 kV SiC MOSFETSs and important application guidelines for
10 kV SiC MOSFETs.

Index Terms—Body diode, conduction loss, dc—dc converter, gate
control, high temperature, high voltage, MOSFETS, silicon carbide,
third quadrant (3rd-quad) operation.

1. INTRODUCTION

HANKS to the higher critical electric field and ther-
mal conductivity of SiC than Si, SiC devices are
ideal for medium-voltage (1.2-35 kV) power electronics
applications [1]-[4]. Among different SiC power switches,
SiC MOSFETs offer the most desirable features from the
user’s perspectives, including normally-OFF operation and fast
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Fig. 1.  Schematic of a SiC planar MOSFET unit-cell. The MOS channel path
and the body diode path in the 3rd-quad conduction are marked.

switching [1]. Following the commercialization of 1.2 and
1.7 kV SiC MOSFETs, precommercialized 3.3 and 10 kV
planar SiC MOSFETs have become available from several
vendors [2]-[4].

It is critical to understand the third quadrant (3rd-quad, also
called reverse conduction) behaviors of SiC MOSFETs for power
switching applications, particularly the ones with bidirectional
current flows, such as synchronous buck converters, motor
drives, and synchronous rectifiers. As shown in Fig. 1, there
are two paths in the SiC planar MOSFET for 3rd-quad current
conduction: one through the MOS channel and the other through
the body diode. The MOS channel has a zero turn-ON voltage,
while the body diode has lower differential conduction resistance
due to conductivity modulation [5]. Studies on 1.2kV SiC planar
MOSFETs [6], [7] have revealed that the 3rd-quad voltage drop
(Vapq) can be effectively lowered by turning ON the MOS channel
(i.e., Vg >Vin, Vg is the gate bias and Vyy, the threshold voltage),
which takes the advantages of both paths: the MOS channel
turns ON from zero bias, and the body diode turns ON at a higher
Vsp (3—4 V), which further reduces the differential resistance.
However, there is still a lack of comprehensive studies on the
3rd-quad behaviors of higher voltage (3.3—-10kV) SiC MOSFETS,
particularly the current sharing physics under different Vi and
temperatures in these devices. Prior work on 10 kV SiC MOSFETS
only studied the body diode characteristics [3] and the 3rd-quad
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Typical 3rd-quadrant characteristics of 1.2 kV SiC MOSFETs (19 A rated), 3.3 kV SiC MOSFETs (5 A rated), and 10 kV SiC MOSFETs (16 A rated),

all measured at Vg of —5, 0, 5, and 15 V, and at the temperature of 25 °C and 175 °C. The body diode turn-ON at positive Vg is marked.

conduction in the subthreshold turn-ON region [8], all at zero or
negative Vg.

This work presents the first comparative study on the 3rd-quad
behaviors of 1.2, 3.3, and 10 kV SiC planar MOSFETs under
different Vg and temperatures. The static current—voltage (I-V)
characterization of 3.3 and 10 kV SiC MOSFETs revealed a higher
Vsrq at positive Vi than the one at negative Vi under high
temperatures. This behavior is contrary to that of 1.2kV devices
and has not previously been reported in the literature. Theoretical
explanations were developed for the first time and were further
validated by physics-based simulations. Analytical device mod-
els for SPICE simulations were then developed. To understand
the circuit-level implications of these device findings, a buck
converter based on a 10 kV SiC MOSFET half-bridge module
was developed. The Vs,q of the low-side device was tested at
different V¢ and temperatures. The converter test results agree
with the static test results and analytical models. Based on the
physics unveiled for planar MOSFETs, the impact of Vg on the
Vs:q of trench MOSFETs was finally discussed.

The rest of article is organized as follows. Section II presents
the static characterization results, physical theories, and device
simulation. Section III illustrates the device analytical models.
Section IV presents the converter setup and tests. Section V
discusses the 3rd-quad characteristics of SiC trench MOSFETS.
Finally, Section VI concludes this article.

II. STATIC CHARACTERIZATION, PHYSICAL THEORIES, AND
DEVICE SIMULATION

A. Static Characterization

The devices tested in this article include the engineering
samples of 10 and 3.3 kV SiC planar MOSFETS as well as the

commercial 1.2 kV SiC planar MOSFETs, from multiple vendors
including Wolfspeed (1.2 kV, 10kV), GeneSiC (1.2kV, 3.3kV),
and Rohm (1.2 kV). For commercially available devices, the
devices with the same voltage rating but different current ratings
were also tested. The experimental findings and device physics
discussed in this work have been validated for all the tested
devices and are not manufacturer specific.

Fig. 2 shows the typical 3rd-quad I~V characteristics of 1.2,
3.3, and 10 kV SiC planar MOSFETs at different Vg (-5, 0, 5,
and 15 V) and under two temperatures (25 and 175 °C). For
1.2 kV devices, under both temperatures, Vg > Vi, leads to a
lower V3.q due to the parallel current conduction in the MOS
channel and body diode. The kink in the I~V curves under Vg
of 5 V and 15 V shows the body diode turn ON, which occurs
at a source-to-drain voltage (Vsp) of ~3.5 V. These results are
consistent with the ones reported in [6].

For 3.3 and 10 kV devices, at 175 °C, the I-V curves under
different Vz show crossovers, suggesting alower V3,4 controlled
by negative Vg at high current levels. At Vg of 5 and 15V, the
body diode turns ON at Vgp of ~8 V in 3.3 kV devices, which
is larger than the one in 1.2 kV devices. At positive Vg, no
body-diode turn-ON is shown in 10 kV devices.

B. Physical Theories

In this section, the 3rd-quad behaviors of 1.2, 3.3, and 10 kV
SiC planar MOSFETs will be discussed under different Vg con-
ditions, as they involve different device physics.

Ve =—5 V. At a sufficiently negative V, the MOS channel
is completely OFF. The body diode turns ON when Vgp exceeds
the knee voltage (Vipee) of the SiC PN junction, which equals
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Fig. 3. (Top) Schematic of the established potential distribution in device by
the electron current through MOS channel, JEET region, and drift region. The
dashed lines show the equipotential lines normal to the current flow. (Bottom)
The differential conductance as a function of Vgp at Vg of —5 V and 15 V in
10 kV SiC MOSFETs at the temperature of 175 °C.

the built-in potential of the SiC PN junction and are mainly de-
termined by the ionized donor concentration (Np) and acceptor
concentration (Np) in the drift region and the p-base region,
respectively, as well as the intrinsic carrier density (n;)

Viaee ~ (KT/q) In(NpNa/nf). (1

For a SiC PN junction with not too low Np and N, Vipee 18
close to the bandgap of SiC, i.e., Vkpee ~ 3 V.

Ve =15V. At Vg > Vi, the MOS channel turns ON, and
a unipolar electron current flows in the device. This electron
current then establishes the potential distribution following the
Ohm’s law in the device, which is determined by Vgp and
the resistance components, as shown in Fig. 3. As the p-base
forms an Ohmic contact to the source electrode, the voltage
that falls onto the PN junction in the body diode (Vpn) is
approximately the voltage drop across the MOS channel (Ry10s)
and the junction field-effect-transistor (JFET) (RjypgT) region.
If we ignore the contact and substrate resistance and define the
drift region resistance as RprrrT, VpN can be written as

Ven = Vsp (Rmos + Ryret) /Ron (2)

where

Ron =~ Rmos + RyreT + Rprirr - 3)
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Due to the potential distribution established by the unipolar
current, the body diode no longer turns ON at the Vipee of
PN junction. Here, we define the body diode turn-ON voltage
(VBD-0on) as the Vsp when the current through the body diode
starts to be comparable to the one through the MOS channel,
where a change in the /-V curve slope is shown. Vpp_oy, can be
estimated by the condition that Vpy exceeds the Viyee Of the PN
junction (VPN > anee)

VeD-on = Viknee Ron/(Rmos + RirET)
~ Vinee [1 + Rprirr/(Rymos + RireT)] - (4)

As the device voltage is mainly sustained by the lowly doped
and thick drift region, the resistance of an optimal drift region
scales up with the breakdown voltage, usually following a power
law. As a result, with the increase in device voltage rating, the
percentage of Rprirr in Ron increases. From (4), VBp—_on
also increases, which explains the experimental results shown
in Fig. 2(d) and (e). In a 10 kV SiC MOSFET, as RprirT >>
Ryvios + Ryrgr, the body diode does not turn ON over the
entire Vgp safe-operating range up to 16 V. Fig. 3 shows the
extracted differential conductance as a function of Vgp at Vg
of —5 V (body diode conduction) and 15 V at 175 °C. The
differential conductance at Vg of 15 V remains constant with
the increased Vgp and is much smaller than that of body diode at
high Vgp. This further verifies that the body diode does not turn
ON at Vg = 15 V. It should be pointed out that (4) illustrates an
approximation of Vgp_oy,. A more accurate model that considers
the uneven potential distribution inside the device cell will be
developed in Section III.

Now, we discuss how this delayed body-diode turn-ON im-
pacts the V3,4 of high-voltage MOSFETS under different temper-
atures. Benefited from conductivity modulation, the differential
resistance of the bipolar body diode increases much slower or
even decrease with temperature when compared to the one of the
unipolar MOS channel and drift region. The advantage of body
diode conduction at high temperatures is more pronounced for
high-voltage devices. For example, the body diode of 10 kV
SiC MOSFETs shows advantages over a parallel junction barrier
Schottky diode at high temperatures [3]. Besides, Vi typically
decreases with the increased temperature [9] due to the higher
n;, as can be seen from (1). This factor further lowers the voltage
drop of body diode at higher temperatures.

As shown in Fig. 2(a) and (d), at Vg > Vi, in 1.2 kV devices,
since VBp_on 18 small (~3.5 V), the body diode turns ON before
the I-V curve intersects the curve with negative Vg, at both 25 °C
and 175 °C. This suggests that the V3,4 at Vg = 15 V is always
lower than the V3,4 at Vg =—5 V. In 3.3 kV and 10 kV MOSFETs,
the delayed body-diode turn-ON at Vg = 15 V leads to a larger
differential resistance, particularly at high temperatures, which
offsets the benefits that comes from the lower turn-ON voltage of
the MOS channel when compared to the body diode. As a result,
the I-V curves at Vg = 15 V and Vg =—5 V intersects; at high
current levels and high temperatures, a lower V3,4 is provided
by Vg =—5V.

Vo =0V. At Vo = 0V, the MOS inversion channel is
OFF, but a “surface channel” through the p-base region close
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Fig.4. (a)Energy band diagram showing the electrostatics of the vertical MOS
structure. (b) Simulated energy band diagram along the two cutline in the surface
NPN channel and the bulk NPN channel, respectively, showing a lowered barrier
in the p-base region in the surface channel.

to the SiC/oxide interface forms. This surface channel has a
Vinee smaller than the Vi, of the body diode (or PN junction);
therefore, as shown in Fig. 2(a)—(f), the turn-ON voltage of the
I-V curves at Vg = 0 V is 2-2.5 V and smaller than that of
the body diode. The creation of this “surface channel” with a
smaller turn-ON voltage originates from the interplay between
the MOS electrostatics in the vertical direction and the NPN
electrostatics in the lateral direction. Due to the work function
difference between the gate metal (or polysilicon) and SiC,
the p-SiC region close to the SiC/oxide interface is depleted
[see Fig. 4(a)]. This depletion by the vertical MOS structure
lowers the potential barrier of the p-base region in the lateral
NPN channel [see Fig. 4(b)], leading to a smaller Viyee. The
formation of this “surface channel” has also been discussed in
[8], [10], and [11]. The Vipee of this NPN channel gradually
increases when Vg decreases below zero due to the weakened
MOS depletion. At Vg < =5V, as the surface p-SiC region
changes from depletion mode to accumulation mode, the Vipee
of NPN channel is no longer smaller than the body diode. The
body diode then dominates the 3rd-quad current.

Once this NPN surface channel turns ON at Vg = 0V,
the current establishes the potential distribution following the
Ohm’s law within the device, in the same way as the MOS
channel does at Vg = 15 V. As a result, Vgp_on is determined
by (4) and becomes much larger than ~3.5 V in high-voltage
SiC MOSFETs. This delayed body-diode turn-ON explains the
cross-overs between the I-V curves at Vg = 0 V and Vg =
—5'V, as can be seen in Fig. 2(e) and (f). Note the differential
resistance and voltage drop at Vg = 0 V are smaller than the
ones at Vg = 15V, particularly at high temperatures. This is
because the NPN channel has a bipolar nature, and its resistance
is lower than the unipolar MOS channel at high temperatures.

C. Physics-Based Simulation

To validate our theories of delayed body-diode turn-ON,
physics-based technology computer-aided design (TCAD) sim-
ulations were performed in Silvaco Atlas, based on similar
physical models described in [12]—-[14]. The conductivity mod-
ulation, velocity saturation, temperature-dependent carrier mo-
bility, and incomplete dopant ionization were accounted for in
the simulation models. The simulation was then calibrated to the
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Fig. 5. Simulated current density distribution in the 3.3 kV SiC planar MOS-
FETs at different Vg and Vgp conditions.

experimental I-V curves in the first and third quadrants. In this
section, we present the simulation results of 3.3 kV SiC MOSFETS,
as 3.3 kV SiC MOSFET shows a Vgp_opn (~8 V) higher than the
Viknee of PN junction (~3 V) but still within the normal Vsp
operating range.

Fig. 5 shows the simulated current density distribution in
the 3rd-quad conduction of 3.3 kV SiC MOSFETs. As shown
in Fig. 5(a), at Vg of —5 V and Vgp of 4 V, the current flows
entirely through the body diode. Fig. 5(b) and (c) shows the
simulated current density at Vg of 5V (> Vi ). At Vgp of 4V, the
body diode does not turn ON, validating the delayed body-diode
turn-ON. At Vgp of 12 V, the body diode turns ON, showing
parallel conduction through the MOS channel and the body
diode. Fig. 5(d)—(f) shows the simulated current density at Vg of
0 V. As shown in Fig. 5(d), the NPN “surface channel” turns ON
at Vgp of 2.5 V and the body diode is still OFF. After this “surface
channel” turns ON, at Vgp of 4 V, the body diode keeps OFF [see
Fig. 5(e)], validating the delayed body diode turn-ON due to the
potential distribution set by the conducting “surface channel”.
At Vsp of 12V, the body diode is ON, and the current shows
parallel conduction in both channels. These simulation results
are consistent with experimental results shown in Fig. 2(b) and
(e) and validated our theoretical explanations.

III. DEVICE MODELS FOR 3RD-QUAD BEHAVIORS

The objective of this section is to develop easy-to-use ana-
lytical models to describe and predict the V3,4 of SiC planar
MOSFETs with different voltage classes, at a negative Vg and
a Vg > Vi, the two gate-bias controls usually used in power



ZHANG et al.: THIRD QUADRANT CONDUCTION LOSS OF 1.2-10 kV SiC MOSFETs: IMPACT OF GATE BIAS CONTROL

Source
Body Rwos+ Rker
Diode + ARy
Rorier NRprier
(Bipolar) (Unipolar)
Drain

o
-]

[
o O !

w N = O

1

Fig. 6. (Top) Equivalent circuit for the 3rd-quad conduction of SiC planar
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tion. (Bottom) Simulated potential distribution in the top region of 3.3 kV SiC
MOSFET at 5 V V. Major resistance components are marked.

converters. While the V3,4 at anegative Vg is merely the forward
voltage drop of the PN diode, the V3,4 at Vg > Vi, is much more
complicated. The key is to model V3,4 at Vg > Vi, is to obtain
VBD_on. To this end, we will first extend the Vp_on model
based on (4) to establish a correlation between Vip_on and the
device voltage rating (or breakdown voltage).

A. Vpp-on Estimation

According to the theories developed in Section II, an equiva-
lent circuit model for the 3rd-quad current conduction in planar
MOSFETs is developed, as shown in Fig. 6. All the resistance
components listed are the specific values ({2 - cm?) normalized
with respect to the device die size or active region. Fig. 6 shows
the simulated potential distribution within the device at Vg >
Vin. When compared to the approximate model shown in Fig. 3,
the equipotential lines originated from the PN junction penetrate
into the drift region rather than extend laterally along the lower
boundary of the JFET region. This is due to the current spreading
effect and suggests that a portion of Rprpr (defining the portion
as ) needs to be accounted for when calculating the voltage drop
across the PN junction [i.e., VT and V™ in Fig. 6(a)]. Equation
(4) can be rewritten as

VBD-on = Vknee Ron/(Rmos + RipeT + aRprire) (a0 < 1).
)
Definingn = 1 — «, (5) is transformed into
VBD-on = Viknee/[(RMos + RireT + @Rpyist) /Ron]

= Vinee /[(Ron — nRprirt)/Ron]
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= Vinee /(1 = nRprirT/RoN) - (n < 1).  (6)

In (6), Vinee and Ron can be extracted from the datasheet or
the static I-V characteristics. To separate RprrT from Ron;, all
the three major components of Ron are modeled as follows.

Assuming the MOSFET operates in the linear region, Ryog is
proportional to the reciprocal of the gate overdrive

Ryios < 1/ (Vg — Vin) @)

where Vi, is the threshold voltage extracted from the device
datasheets or static transfer characteristics.

R;reT depends on the geometry and doping concentration
of the JFET region [15] and usually is not disclosed in the
datasheets. As Rjyrrr is not dependent on the device voltage
rating and is usually a very small component in the Ron of
high-voltage devices, we approximate R yrgT as a constant value

RJFET = cons. (8)

Note (8) is not the most accurate assumption, but neither a bad
one, particularly for devices from the same manufacturer. Even
for the devices from different manufactures, the reported specific
RjrgT in the literature shows variations in a quite limited range.
The reported JFET region designs in 1.2 kV [16], [17], 3.3 kV
[18],[19], 10kV [20], [21], and 13 kV [22] SiC planar MOSFETS
have a similar JFET depth of 0.7-1 pum, a JFET width to cell pitch
ratio of 0.2—0.3, and a doping concentration of 1-2 x 10'® cm™.
Based on these parameters, the resulted variations in the specific
RjyrrT of the devices with different voltage ratings are usually
negligible compared to the Rprirr that increases significantly
with the increased voltage rating.

The specific resistance of the ideal unipolar drift region in-
creases with the square of breakdown voltage (Vgy) [23]. The
drift region resistance in the state-of-the-art high-voltage SiC
MOSFETs is very close to this theoretical limit [1]. Therefore,
RpRrirT can be approximated as

Rprirr < Vigy &)

where the Vgy for 1.2-10 kV-rated SiC MOSFETs can be ex-
tracted from [1] or simply approximated with a 20% margin
over the device voltage rating.

Finally, the correction factor 7 is tuned to match the exper-
imental Vgp_on extracted at different Vi for each device. For
example, as shown in Fig. 7, with an n of 0.80, the modeled
VBD-on Of 3.3 kV SiC MOSFETs agrees well with experiment
over a wide range of V, whereas no correction (n = 1) leads to
overestimation in Vpp_on. The 7 values fitted from experimental
data for 1.2kV and 3.3 kV SiC MOSFETs were also validated with
the simulated potential distribution in each device.

Table I summarizes the estimated Vgp_on, from the abovemen-
tioned analytical models for 1.2, 3.3, and 10 kV devices. The
modeled Vpp_,, agrees with the experimental data for 1.2 kV
and 3.3 kV MOSFETs. In addition, the model predicts a Vpp_op, of
28-66 Vin 10kV MOSFETs at Vi of 5-15 V, by usingan ~ 0.97,
which is extracted from the simulated potential distribution in
10 kV MOSFETs. This is consistent with the experimental results
shown in Fig. 2(f) that the body diode does not turn ON up
to Vgp of 16 V. The modeled Vpp_,, suggests that, once the
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TABLE 1
VBD-on FROM EXPERIMENTS AND MODELS

Voltage Vap.on(€Xp)  Vap.on (Mmodel)

Rating (ng) n Vas (V) V) P V)
5 3.17 3.30

1.2 0.6 10 3.20 3.32
15 3.30 3.36

5 6.32 5.47

33 0.8 10 8.62 8.77
15 9.31 9.31

5 N/A 28.14

10 0.97 10 N/A 52.12
15 N/A 65.86

MOS channel is ON, the body diode of 10 kV MOSFETs will not
turn ON under practical 3rd-quad conditions. The fundamental
root cause of the high Vpp_o, in 10 kV MOSFETs is the much
larger Rprirr When compared to the channel/JFET resistances.
As a very thick and low-doped drift region is always required
for a high-voltage MOSFET, a very high Vpp_o, is expected to
be universal in all 10 kV SiC planar MOSFETs instead of being
manufacturer specific.

It can be seen in Table I that the fitted 7 value increases with
the device voltage rating, which shows its physical significance.
The equipotential lines penetrating from the PN junction into
the drift region varies very little in the devices with different
voltage ratings, while the Rpripr increases with the device
voltage rating. This leads to a smaller a and a closer-to-unit
n for higher voltage devices.

It is important to note that existing SPICE circuit models for
SiC planar MOSFETs simply put a MOSFET in parallel with the
body diode, which do not capture the impact of the MOS channel
conduction on the body-diode turn-ON. The model proposed in
this article provides a more accurate description of the 3rd-quad
behavior of SiC MOSFETs and can be easily implemented in
circuit-based simulations.

B. Temperature-Dependent I-V Characteristics

The discussions in Section II suggest the importance to
develop a datasheet-driven V3,4 model for high-voltage SiC
MOSFETs, which can be used to determine the optimal Vg control
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Fig. 8. Differential resistance of the MOS channel path (Vg = 15 V) and the
body diode path (Vg = —5 V) extracted from experimental data and analytical
models at different temperatures.

to minimize the 3rd-quad conduction loss at a given Isp and
temperature (7). In this section, we develop the V3,4 model
for Wolfspeed’s third-generation 10 kV SiC MOSFETS as a case
study, which also lays a foundation for the converter test in
Section I'V.

For model calibration, static 3rd-quad characterizations are
first carried out from 25 °C up to 175 °C with a 25 °C step at V¢
of 15V and —5 V. At Vg of 15V, as illustrated in Section III-A,
the current completely goes through the MOS channel and the
device R, is dominated by Rpgrrr. Given the unipolar nature,
the temperature dependence of Rpgrypr is mainly induced by
electron mobility degradation at high temperatures, and RprrT
can be modeled as

Rorier(Ve > Vin) = Rprirr,2s[(T + 273) /298] (10)

where RprirT,25 1S the RprirT at 25 °C, and K is a temper-
ature coefficient. The value of K appears to vary with devices
according to [24] and [25]. As shown in Fig. 8, K of Wolfspeed
10 kV SiC MOSFET tested in this work is fitted to be ~3.2.

At Vg of =5V, the current goes through the body diode. The
forward voltage drop of the body diode can be described as

Vard (Vg = —5V) = Vinee + Rpiopelsp (11)

where Rpropg represents the total differential resistance of the
bipolar current path through the body diode and drift region.
Significant conductivity modulation has been observed in the
body diode of 10kV SiC MOSFETS [26]. Due to the bipolar nature,
Rpiope does not increase monotonically with temperature. At
high temperatures, on the one hand, conductivity modulation
is enhanced due to the increased lifetime of the injected holes,
the decreased Vipee Of PN junction, and the increased acceptor
ionization in p-base [27]; on the other hand, the carrier mobility
decreases due to the increased phonon scattering. As shown in
Fig. 8, we found that a quadratic polynomial equation can well
fit the temperature dependence of Rpropg with a peak Rpiopg
at ~100 °C.

The temperature-dependent 3rd-quad /-V characteristics of
10 kV SiC planar MOSFETs can be well reproduced based on
(10) and (11), as shown in Fig. 9. Below 75 °C, within the
safe operating range of Vgp and Isp, no intersection shows up
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Fig. 9. Experimental (dot) and modeled (solid line) 3rd-quad I-V character-

istics of the 10 kV SiC MOSFET at different junction temperatures for Vg of
—5Vand 15 V.

between V¢ of —5 and 15 V. The crossing point (at ~15 A) first
appears at 100 °C and continues to drop at higher temperatures.
At 175 °C, the early crossover at 4 A indicates that a negative
Vg control is preferred for most of Isp operation.

IV. BUCK CONVERTER TEST

To further validate if a negative Vi control can lead to a
smaller V5.4 in 10 kV SiC MOSFETs in switching conditions,
a synchronous dc—dc buck converter was built up using a 10 kV
SiC MOSFET half-bridge power module.

A. Test Setup

The circuit schematic and the test setup are shown in Fig. 10.
The input voltage is 280 V, and the load resistor is 2 €2, The
customized gate driver design for a 10 kV SiC MOSFET is based
on the one described in [28]. The switching period is set to
100 ps. The switching frequency is 10 kHz, which is usually
implemented in the hard-switching of 10 kV SiC MOSFET power
modules [8], [29], [30]. The test was performed under different
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Fig. 10. (Top) Schematic of the developed buck converter using a 10 kV
SiC MOSFET half-bridge module and a customized gate driver. (Bottom)
Photograph of the test set up.

temperatures, and the module case temperature (7¢) was con-
trolled by a hot plate and calibrated by a thermal camera. Device
junction temperature (7’5) was estimated by

Ty~Tc+ RygjoL (12)

where Ry jc is the module junction-to-case thermal resistance,
L is the power loss on the module that can be estimated by

L =Vin ILD = Vouw!r (13)

where [7, is inductor current, Vi, and V,¢ are input voltage and
output voltage, and D is the duty cycle of the buck converter.
At each temperature, two Vg, —5 V and 15 V, were used to
control the low-side MOSFET in the 3rd-quad conduction. Due
to the concern of false turn-ON [31], Vi of 0 V is rarely used in
real converter applications and is, therefore, not studied in our
converter tests. For Vg of 15V, the dead time is set to 8 us with
Vo of —5 Vin the dead time. Under different test conditions, the
input voltage and output current were maintained at 280 V and
10 A, respectively, by modulating the buck converter duty cycle.
The relatively small input voltage 280 V is chosen to minimize
the switching loss in the converter test, which facilitates the
measurement of the 3rd-quad voltage drop and the comparison
of 3rd-quad conduction loss under different test conditions. The



2040

T,~ 50°C
15 T 1 T LI | T
I Y/ 15v! [ 1%
10F 4. i = |-
RN i 280V
5 [} x!_/’ _ H 430
R Vo=5V i |
S L e 1 Jas _
m b b <
; : ]V;_rd IV;rd | <
g-5 M - ! 20 =~
ST B L_L\.. N A N o A B
_10 L T 15

200

OSFET (V)

cde=cnrvay 20

S < IR v ‘~eso-q 10

25 : N 1 N 1 N 1
100

t (us)

Fig. 11.  Two switching periods in the waveform of the low-side MOSFET at
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the 3rd-quad conduction. Voltage waveforms are shown at the top part of each
figure and the output current waveforms at the bottom part.

200

duty cycle (D) is chosen to be small (around 10%) to make the
low-side device mainly work in the 3rd-quad conduction. During
the test, the output voltage, output current, and the voltage drop
on the low-side MOSFET were measured.

B. Test Results and Analysis

Fig. 11 shows two switching periods in the test waveforms of
the low-side MOSFET, with Vg of —5 V and 15 V for 3rd-quad
control, and at the 7 of 50 °C and 150 °C, respectively. At
T3 of 50 °C, Vg of 15 V leads to lower V3,.q. However, at Ty
of 150 °C, Vi of —5 V provides a lower V3.q. This trend is
consistent with our static test results and device models. Note
the same reverse recovery loss is expected for two Vg controls,
due to the need for dead time for the 15 V V¢ control. Hence,
the conduction loss determines the total loss of the low-side
device. It can, therefore, be inferred that a negative V¢ leads to
the minimal loss for 3rd-quad operation of 10 kV SiC MOSFETSs
at high temperatures.

Table II shows the extracted D and V3.4 under different
test conditions. As the output current (and power) at the load
resistor is kept constant, a larger duty cycle suggests more energy
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TABLE II
COMPARISON OF THE JUNCTION TEMPERATURE, MEASURED DUTY CYCLE,
AND THIRD-QUAD VOLTAGE DROP IN DIFFERENT TESTS

7, (°C) Vs (V) D Vara (V)
-5 10.4% ~7
50 15 9.5% ~4.5
-5 10.9% ~7.4
100 15 10.7% ~7.2
-5 10.8% ~1.5
150 15 11.9% ~10.5
175F E
150 :
125 :
o
< 100 :
[y
751 .
50 -
25
0 10 20 30 40 50

hys (A)

Fig. 12. Ty - Ips boundary for the optimal Vg (=5 V and 15 V) that leads
to the smallest V3,4 for the tested Wolfspeed third-generation 16 A, 10 kV SiC
MOSFETs.

provided by the input power supply and a higher power loss in the
converter system. For example, at Ty of 150 °C, the duty cycle
for Vo of 15 V is higher than that for Vg of —5 V, indicating
a higher loss for Vg of 15 V. These converter test results verify
that a negative V¢ is optimal to control the 3rd-quad conduction
of 10 kV SiC MOSFETs at high Ty and Igp.

With a good agreement between static tests, converter tests,
and device models, the optimal Vi to control the 3rd-quad
conduction of 10 kV SiC planar MOSFETS can be confidently
determined under different load currents and device junction
temperatures. Fig. 12 shows the extracted 7j5—Isp boundary
curve for the tested Wolfspeed third-generation 10 kV, 16 A
MOSFET. The conditions above this curve call for a negative Vg
control, while the ones below this curve would prefer a Vg >
Vin control for the device 3rd-quad conduction.

V. THIRD QUADRANT BEHAVIOR OF SiC TRENCH MOSFETS

Trench MOSFETs allow for a higher gate density and smaller
specific on-resistance compared to the planar MOSFETs with
similar voltage ratings. Up to now, SiC trench MOSFETs have
been commercialized at the voltage class of 1.2 kV. Based on the
device physics unveiled for planar MOSFETs, we will investigate
the competing current sharing in the 3rd-quad conduction of
trench MOSFETS in this section. The standard trench MOSFET
structure and two commercial 1.2 kV trench MOSFETS are inves-
tigated. The discussions in this section would also be useful for
the design and application of future SiC trench MOSFETs with
higher voltage ratings.
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Fig. 13. Schematic of the unit-cell of (a) standard trench MOSFETs, (b)
Rohm’s double-trench MOSFET, and (c) Infineon CoolSiCtys asymmetric trench
MOSFETs. The body diode path is shown in each structure.

Fig. 13(a) shows the standard structure of a SiC trench
MOSFET. As there is no JFET region in this structure, at Vg
> Vip, the body diode turn-ON voltage can be written based on
4)

VBD-on = Vinee (RMmos + Rprirr) /Ryos
= Viknee [1 + Rprirr/Rumos] - (14)

From the comparison between (4) and (14), Vgp_op, of trench
MOSFETs is expected to be much higher than the one of planar

:1,) R SRR SR S 4 R T, ) I S y AR A S
2 _
3 <
160 -t e - B.gof -t
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i\ | =——15V
240 Body yquqg turhon _|
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Fig. 14.  3rd-quad I-V characteristics of Rohm’s double-trench MOSFETs at
(a) 25 °C and (b) 175 °C. 3rd-quad I-V characteristics of Infineon’s CoolSiCTM
MOSFETs: at (c) 25 °C and (d) 175 °C.

MOSFETs with similar voltage rating, due to the lack of Rjpgr
and a smaller Ryrog (as a consequence of the higher channel
density). This implies that the body diode may not turn ON over
the entire Vgp safe-operating range, and the Vg > Vi, control
would lead to a completely unipolar 3rd-quad conduction.

The device structures of commercial SiC trench MOSFETS
may deviate from the standard one. For example, Rohm’s third-
generation trench MOSFETSs feature a double trench (DT) struc-
ture [32]-[34], as shown in Fig. 13(b); Infineon’s CoolSiC™
features an asymmetric structure with a deep P™ emitter [35],
[36], as shown in Fig. 13(c). The common feature in these
two structures that differs from the standard one is a source-
connected P region penetrated deeply into the drift region
beyond the bottom of the trench gate. This structure is designed
mainly to shield the trench gate from the high electric field in
the reverse biases. As the PN junction between the P+ emitter
and the drift region is deeper than the end of the MOS channel,
this deep P design would induce an effective JFET region. As a
result, when calculating the Vp_oy, an effective RypgT needs
to be added in (14), making Vpp_on equation the same as (4).

Fig. 14 shows the I-V characteristics of commercial 1.2 kV
SiC trench MOSFETSs from Rohm (SCT3080KL, 31 A rated) and
Infineon (IMZ120R045M1, 52 A rated) at 25 °C and 175 °C, at
Vg of =5V and 15 V. At Vg of =5V, the 3rd-quad conduction is
through the body diode in both devices. As shown in Fig. 14(a)
and (b), at Vg of 15 V, no body-diode turn-ON is observed at Vsp
up to 10 V in Rohm’s DT MOSFET, and therefore, the 3rd-quad
characteristics are symmetric to the lst-quad characteristics
(including the current saturation at high Vgp). This implies
a VBp_on higher than 10 V in Rohm’s devices. As shown in
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Fig. 14(c) and (d), at V of 15V, the body diode turns ON at Vgp
of ~7 V in Infineon’s devices. The larger Vgp_,, in Rohm’s
devices compared to the one in the Infineon’s can be attributed
to the wider effective JFET region in the device unit-cell (~3 ym
in Rohm’s device versus ~1 pm in Infineon’s device [37]) and,
therefore, a smaller effective Rjpg7. It should be noted that
VBD-on of Infineon’s 1.2 kV trench MOSFETs (~7 V) is larger
than that of the 1.2 kV planar MOSFETs [~3.5 V, as shown in
Fig. 2(d)], due to the inherently smaller Ryos and effective
RjrrT in trench MOSFETS.

In summary, although the 3rd-quad characteristics of SiC
trench MOSFETSs show a dependence on specific device structures,
their Vpp_on is generally expected to be larger than the one of the
planar MOSFETs with the same voltage rating. While Vg of 15V
generally gives smaller V3,4 for 1.2 kV SiC trench MOSFETS in
the normal current operating range, the 3rd-quad conduction of
future higher voltage (e.g., 2.5, 3.3 kV, etc.) SiC trench MOSFETS
could be similar to that of 10 kV planar MOSFETSs. A negative V¢
is probably optimal to control the 3rd-quad conduction of higher
voltage SiC trench MOSFETs at high junction temperatures and
high load currents.

Meanwhile, if Vg > Vi, is preferred in some applications,
a larger effective Ryprr would facilitate to reduce Vpp_o, and
V3:4, which, however, increases the total R .,. For Vg > Vi,
there will be a tradeoff between the device R ,, and the 3rd-quad
conduction loss. This tradeoff needs to be carefully considered
in the design of future high-voltage trench MOSFETSs.

VI. CONCLUSION

This article presents the first comparative study on the 3rd-
quad behaviors of 1.2, 3.3, and 10 kV SiC MOSFETs, with the
focus on understanding the competing current sharing between
the MOS channel and the body diode at different V. At Vg >
Vin, the body diode was found to turn ON at a much higher Vgp
than the built-in potential of the PN junction in higher voltage
SiC planar MOSFETs. Comprehensive device physics accounting
for this phenomenon has been revealed and validated by TCAD
simulation. Analytical models have been developed to correlate
VBD-on With the device voltage rating, which demonstrates that
the body diode would not turn ON with the MOS channel in
10 kV SiC planar MOSFETs in the practical Vgp range. Then,
the 3rd-quad conduction and voltage drop of 10 kV SiC planar
MOSFETs are carefully studied by the static tests, device mod-
eling, and converter tests. It is found that, in contrast to the
optimal Vg control for 1.2 kV MOSFETs, a negative Vg would
lead to smaller V3.4 and conduction loss for 10 kV MOSFETs
at high junction temperatures and load currents. Finally, the
3rd-quad characteristics of trench MOSFETs are discussed. This
work provides new insights into understanding the 3rd-quad
behaviors of SiC MOSFETs as well as the key guidelines for their
circuit applications.
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