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Abstract—Owing to the superior performances, silicon carbide
(SiC) metal oxide semiconductor field effect transistors (MOSFETS)
attract a lot of attention. To increase the power density, it is desired
to use the third quadrant (3rd-quad) characteristics of the MOSFET
rather than the externally paralleled Schottky diode for freewheel-
ing during the deadtime. It has been known that the 3rd-quad is far
more than a body diode, and the MOS channel is also an important
part of it. The channel may be not fully closed and, therefore, play
a significant role in the reverse conduction even when the gate is
zero or negatively biased. However, a comprehensive study of the
3rd-quad characteristics is still to be conducted. In this article,
experiments and simulations are conducted and a physical model
is developed to explain the 3rd-quad characteristics of the SiC
MOSFET. It reveals how and why the 3rd-quad characteristics are
affected by the gate voltage and the junction temperature. This
article is helpful for not only the application of SiC MOSFET but
also the device design.

Index Terms—Body diode, MOSFET, silicon carbide, third

quadrant (3rd-quad) characteristics.

HE use of silicon carbide (SiC) power metal-oxide-
T semiconductor field-effect transistor (MOSFET) is growing
in applications such as PV grid inverters and electrical vehicle
drives [1], [2], [3], [4], [5]. Compared with silicon insulated
gate bipolar transistors, SiC power MOSFETs feature excellent
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switching characteristics such as low conduction loss [6], [7],
[8]. To increase the power density, there is a strong desire to use
the body diode for reverse freewheeling during the deadtime,
which makes the study of the third quadrant (3rd-quad)
characteristics important [9], [10].

However, there is a MOS structure parallel with the pn junc-
tion [11], [12]. There are two kinds of 3rd-quad gate bias. One
may have the gate positively biased and therefore the MOS chan-
nel turned on for synchronous rectification, which is to reduce
losses [13], [14]. However, to avoid the fault ride-through, a
positive gate bias is not allowed during the deadtime. It is known
that a zero or negative gate bias does not guarantee a closed
channel in the 3rd-quad [15], [16], [17], [18], which means that
the 3rd-quad is more than a body diode.

The channel takes part of the total current from the pn junction
when the negative OFF-state gate voltage is higher (i.e., the
negative OFF-state gate voltage is close to 0 V). The voltage drops
on the p-base and across the pn junction go down. However,
due to the current of pn junction goes down, fewer holes are
injected into the n-drift region. This leads to weaker conduction
modulation and, therefore, an increase of the voltage drop on the
n-drift. The source-to-drain voltage is a result of the competition
of the two. Therefore, the channel current plays a key role in the
3rd-quad characteristics. However, a comprehensive study of
how the 3rd-quad characteristics are affected via MOS channel
is to be conducted.

The MOS channel current is a function of the gate overdrive,
which is defined as the difference of the gate bias and the
threshold voltage [19]. This means that channel current could
be affected not only by the threshold voltage but also by the gate
bias and junction temperature.

Regarding the impact of gate voltage, it has been shown that
1.2 kV SiC MOSFET shows a lower source to drain voltage drop
with higher OFF-state gate voltage [20], [21]. However, it is not
true for all SiC MOSFETs. For 10 kV SiC MOSFETs, a higher
OFF-state gate voltage results in a higher source to drain voltage
drop at high junction temperatures and large current [22]. The
influence of gate voltage on the 3rd-quad characteristics was
modeled in [23], but it does not explain why the MOS channel
may be formed in the 3rd-quad when the gate bias is zero or
negative. In addition, it is reasonable to expect that a layout with
balanced parasitic parameters (stray inductance and parasitic
capacitance) for the parallel devices is preferred for the current
sharing [24].
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PID temperature

Agilent BIS0SA

Fig. 1. Experimental platform for measuring the characteristics of the 3rd-
quad. The heating platform consists of a 24 V power supply, a PID temperature
controller (the control accuracy is within £0.1 °C), a ceramic heating plate
(maximum temperature 450 °C), a solid state relay, and a K-type thermocouple.
The ceramic heating plate is attached to the back of the device by a clamp.

An increase of the junction temperature leads to a decrease
in threshold voltage and, therefore, brings about lower channel
resistance [25]. But, it does not mean that this channel gets more
current from the body diode. This is because the pn junction
shows a lower forward voltage drop and thus tends to take more
current as the junction temperature increases [26]. Consequently,
the final effect is the competition between the MOS channel and
the pn junction.

In this article, experiments and simulations are conducted and
a physical model is developed to answer the following basic
questions.

1) Why the MOS channel may be not fully closed even when

the gate is negatively biased in the 3rd-quad?

2) When the MOS channel is closed?

3) How the MOS channel affects the temperature coefficient

of the reverse conduction voltage drop?

The rest of this article is organized as follows. Section II
presents the 3rd-quad static characterization and physical model.
Section III illustrates the influence of gate voltage on Vsp. Sec-
tionIV discusses the possibility of a negative current temperature
coefficient in the 3rd-quad. Finally, Section V concludes this
article.

II. THIRD QUADRANT STATIC CHARACTERIZATION AND THE
PROPOSED MODEL

The drain-to-source current (/pg) is a function of the drain-to-
source voltage (Vpg) for a given gate-to-source voltage (Vas)
of a SiC MOSFET, and vice versa. If Vpg > 0 V, then the
current flows from the drain, through the device, to the source,
and the device works in the 1st-quad. Meanwhile, if Vpg < 0
V, Ipg is negative and the device works in the so called the
3rd-quad.

Experiments are conducted, and models are developed to
reveal the underpinning physics of the 3rd-quad characteristics.
The test system consists of an Agilent BISO5A and a heating
platform, as shown in Fig. 1. The device under test (DUT.P)
is planar SiC MOSFET (SCT10N120AG), and type DUT.T is
a trench SiC MOSFET (SCT3120AL). Their rated currents at
T. = 25 °C are listed in Table 1.
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TABLE I
SIC MOSFETS UNDER TESTS

DUT Gate Rated current Minimum Maximum
Structure @ T.=25°C Vas T
DUT.P Planar 12 A -10V 200 °C
DUT.T Trench 21 A -4V 175 °C

n- /H’ Ry
S n+ u Row N
D
(a)

Fig.2.  Equivalent circuit models of the 3rd-quad characteristics of (a) DUT.P
and (b) DUT.T. The model contains five parts: the MOS, the pn junction, the
p-base region resistance (Ry, ), the drift region resistance (Rp ), which is variable,
and the substrate resistance (Rsyp ). Here, the source electrode is denoted by S,
gate by G, drain by D, base by B, p-base region by p, nTsource by nT, n-drift
by n-, and substrate by sub.

A. Third Quadrant is More Than the Body Diode

A body diode exists in the SiC MOSFET, which is a pin diode
and made up of the p-base, the n-drift, and the substrate regions.
When Vpg < 0V, the diode may be turned on and contribute to
the reverse current.

However, apart from the body diode, some other components
are present in the device. The first component is the MOS
structure (hereinafter referred to as MOS), as shown in Fig. 2.
The second component is the parasitic npn, which is made up
of the n+source, the p-base, and the n-drift regions. Therefore,
the total source-to-drain voltage drop can be written as

Vep = Vsp* + Isp X (Rp + Rsub) ()

where D* is the top most part of the n-drift region, as shown
in Fig. 2, Rp is the drift region resistance, Ry, is the substrate
resistance, and Isp is the total source-to-drain current, which is
composed of three parts and can be written as

ISD = Ipn + Ich?) + Inpn (2)

where I}, is the body diode current in the 3rd-quad, .3 is the
channel current and /,,,,, is the parasitic npn current. Generally,
Iypn is very small and ignored.

I3 is a function of the gate-to-source voltage Vgs. Ac-
cordingly, Vgs may modify the 3rd-quad I-V characteristics, as
shown in Fig. 3, even when the gate is zero or negatively biased
(Vas <0 V). If Vg is smaller (i.e., the gate is more negatively
biased relative to the source), then the channel resistance is larger
and Vgp is higher for a given Isp. Consequently, the I-V curves
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Fig. 3. Typical 3rd-quad I-V characteristics of DUT.P and DUT.T. (a) DUT.P

with 7j of 25 and 175 °C, Vgs of 0, —2, and —5 V. (b) DUT.T with 7j of 25
and 175 °C, Vgg of 0, —2 and —5 V.

50 200 2000 (A/cm?)
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Fig. 4. Total current density distribution of DUT.T with Vg of 0, —5 and
—10 V, Isp of 5 and 20 A. The doping concentrations of the p+, p-base, n+
and drift region are 5 x 1018 cm’3, 2 x 10" cm’3, 2x10"%cm3and 1 x 10'©
cm 3, respectively. The thickness of the gate oxide is 50 nm, and the length of
the channel is 0.5 gm. The TCAD simulation model was calibrated to match the
experiment behavior of DUT.T, which could be used as a general case study.

shift to the left with the decrease in Vg. This notion is true
for both the planar and trench gate devices, whether at room or
elevated temperatures.

The channel will be eventually closed with a further decrease
in Vs, as shown in Fig. 4. To investigate the critical Vg when
the channel is completely closed in the 3rd-quad, the minimum
Vs may be lower than the recommended Vg of the datasheet.
Once Vg goes across a critical point which isroughly — 10V, the
3rd-quad characteristics degenerate to the forward conduction
characteristics of a pin diode. Vgp remains constant when Vgg
is lower than —10 V, as shown in Fig. 5. This notion implies
that the I-V curve is not affected by Vgg anymore. Simulation
analysis shows that the critical point is, but weakly, affected
by Isp, due to the body effect, which will be discussed in the
following section [15].

The channel is not completely closed in the typical applica-
tions with an OFF-state gate voltage (Vgg) no lower than —5 V.
This implies that: 1) I.,3 > 0 A, 2) Vgp is lower than that of the
body diode, and 3) the 3rd-quad characteristics can be affected
by Vgs.

B. Vs and Body Effect

As mentioned previously, /., may be nonzero in the 3rd-quad
when Vgg = 0 V. On the other hand, the channel has to be
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Fig.5. Impactof Vgs on Vsp. The Vsp of DUT.P and DUT.T increase with
the decrease of Vg, and Vsp stops increasing when Vg is about —10 V. Vsp
is measured at Ipnom -

completely closed, or the device cannot block a forward voltage
of hundreds or thousands of volts when Vgg = 0 V. So, there
raises a question, i.e., why the channel is formed in the 3rd-quad
but closed in the 1st-quad for the same Vgg.

From the I-V characteristics point of view, the basic difference
is the polarity of the drain-to-source voltage if the channel is
not completely closed. Fig. 2 shows that the devices are not
symmetrical.

In the 1st-quad, the channel current flows from the drain to
the source. When Vgg>Vry, the channel current is given by
[19]

ZpenCox
Lch

where Z is the channel width, Ly, is the channel length, iy, 1S
the channel mobility, Cox is the gate oxide capacitance per unit
area, and D" is the top most part of the n-drift region, as shown
in Fig. 2.

However, Vsp > 0 V in the 3rd-quad, and the flow direction
is contrary to that in the 1st-quad when the channel exists. The
n-drift region is the real source of the electrons, and the n+
region is the real drain of the electrons. In comparison with the
p-body is shorten by the source in the Ist-quad (Vg = 0 V), the
p-body is not shorted to intrinsic drain D* in the 3rd-quad, which
may lead to Vpp+ # 0 V. Given that Vs is affected by Vpp:
[15], Vpys is different from Vg, which induces I3 # Ieni.
Thus, the channel current in the 3rd-quad has to be rewritten as

1
I = (Vas — Vru) - Vs — §VI§*S (3)

Tus = ZpenCox
¢ Lch

Compared to the 1st-quad, two basic differences can be ob-
served. First, the gate bias is the gate-to-D* voltage rather than
the gate-to-source voltage Vgg. When Vgp increases for a given
Vas, Vap+ keeps increasing and may eventually go over the
threshold voltage. This condition is different from that of the
Ist-quad, wherein the gate bias keeps to be constant (Vgg) no
matter how high Vpg goes.

Second, the threshold voltage has to be revised due to the
body effect. The body effect is induced by the body bias, which
is defined to be the potential difference between the real body
region (see point B shown in Fig. 2) and the real source of the
electrons. The 1st-quad body bias, Vpg is always zero because
the pn junction is reverse-biased and no current flows from the

1
(Vepr — Virus) - Vspr — §V32D¥ )
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Fig.6. Impactof Vep+ on Vry3 is based on simulation and theoretical model,
and the simulation measurement circuit of V3 under the influence of body
effect is shown in the upper right corner. A p-base electrode is formed near the
p-base region, and an adjustable voltage source is connected between B and D*.
Vs is defined as the Vgp+ when the source-to-drain current reaches 10 mA,
and the simulated Vrn3-VBp* curve is obtained by changing the adjustable
voltage source (VBp*).

p-base region to the source. Unlike the 1st-quad, the 3rd-quad
body bias is B-to-D* voltage Vpp+, and becomes positive when
Vsp goes higher. According to the 1st-quad threshold voltage
with substrate bias [19], [27], when a substrate bias (Vgp~) is
applied in the 3rd-quad, the threshold voltage in the 3rd-quad is
given by

v2eg-q- N,
Vs = Vi + 205 + %\/zw —Vep. ()

where Ug is the Fermi potential from intrinsic Fermi potential,
N is the effective channel doping concentration, ¢ is the ele-
mentary charge, g is the silicon carbide dielectric constant, and
Vrp is the flat band voltage, which is given by

Qs + Qi

6
Cox 6)

Vig = dms —
where ¢yg 1s the work function difference between metal and
semiconductor, Q is the fixed-oxide-charge density, and Q;; is
the interface trap charge density.

The third termin (5) decreases with the increase in Vgp-, even-
tually down to zero. Accordingly, Vs of DUT.T decreases,
approaching the sum of the first two terms in (5), as shown in
Fig. 6. Itis worth noticing that Vzp+ does not go over 2Wp, or the
third term in (5) becomes imaginary and physically meaningless.
The body diode is turned on because Vpp-+ approaches 2Ug of
~3.0 V. The body diode current finally becomes prominent and
generates a voltage drop on the n-drift and the substrate regions,
which consumes the excess part of Vgp, i.e., Vpp = Isp X (Rp
+ Rgup)-

As a result of the aforementioned two differences, the gate
bias is much more prone to go over the threshold voltage in
the 3rd-quad than in the 1st-quad. Specifically, the formation of
MOS channel is easier in the 3rd-quad than in the 1st-quad. In
a special case, when the gate electrode is shorted to the source
electrode, the MOS channel is eventually formed as Vsp goes
up, whereas the MOS channel can never be formed no matter
how high Vpg goes. Similar behaviors can be observed even
with a negative Vg, as long as Vg is no lower than a critical
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Fig. 7. Parasitic npn transistor in the 3rd-quad of (a) DUT.P and (b) DUT.T.
The base, emitter and collector of the parasitic npn is p-base (B), n-drift (D*),
and n+, respectively.

voltage, which is roughly —10 V and is a function of Isp as
mentioned previously.

C. Impact of Parasitic npn

It is well known that there is a parasitic npn transistor, which
is suppressed to be activated in the Ist-quad by smart device
designs. However, one can do nothing to prevent the activation
of the parasitic npn in the 3rd-quad. This is because it is the
p-base/n-drift rather than the p-base/n+ junction that plays
the emitter junction of the 3rd-quad npn, as shown in Fig. 7. In the
3rd-quad, the p-base/n-drift junction, which is the pn junction of
the body diode as well is forward biased. It is eventually turned
ON once Vgp goes over the turn-ON voltage, which is roughly
2.7 V.

However, the activation of the 3rd-quad npn does not in-
evitably produce a significant collector current, which means
IL,pn is very small. Electrons are injected into the p-base region
when the p-base/n+ junction is turned on. But only those who
successfully pass through the p-base and divert into the n+
region contribute to I, Which is given by

yar

—— x I
1 —~var

Inpn = (7
where Ip is the base current, -y is the emitter injection efficiency,
and o is the base transport factor.

As shown in Fig. 4, the 3rd-quad /,,;,,, is generally very small
and negligible for the following two reasons. Unlike in the 1st-
quad, y of the 3rd-quad npn is extremely low. Because the doping
concentration of the emitter (n-drift) is lower than that of the base
(p-base) by several orders. Second, arr is greatly limited by the
low carrier lifetime in the p-base region, which is typically on
the order of nanosecond.

III. INFLUENCE OF GATE VOLTAGE ON 3rd-QUAD
CONDUCTION CHARACTERISTICS

When the 3rd-quad characteristics are utilized for freewheel-
ing, voltages are applied to the gate electrode to control the
device. A SiC MOSFET has two working states in the 3rd-quad.
The first state is known as synchronous rectification, wherein
the gate is biased to the ON-state gate voltage. As the MOS
channel is fully open, the source-to-drain voltage drop can be
much lower than that of a pin diode, resulting in a decrease
in the device’s power loss during the freewheeling. However,
this working state is not allowed during the deadtime to avoid
the fault ride-through. The second state can be called OFF-state
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Fig. 8. Third quadrant I-V characteristics of (a) DUT.P and (b) DUT.T with

Vasg of 0, =2, —4, —6, —8 V. I-V characteristic curves gradually overlap with
the decrease of Vgs.

rectification wherein the gate is biased to the OFF-state gate
voltage, which may be zero or negative. As discussed in the
previous section, a zero or negative gate bias does not guarantee
that the MOS channel is completely closed in the 3rd-quad.
Therefore, understanding how the gate voltage influences the
3rd-quad characteristics is important for making greater use of
the device.

A. When Channel is Formed?

As previously mentioned, the channel current may exist in the
3rd-quad even when Vg is negative. According to (4), I3 is a
function of the difference between Vgp+ and Vrys. Since Vap-
is made up of Vgg and Vgp-, one can expect that the 3rd-quad
channel current is affected by Vgs. Thus, there raises a question
that when the MOS channel is formed.

As shown in Fig. 8, the MOS channel is closed when the gate
electrode is biased so negatively that Vgp- is always less than
Vras. The 3rd-quad characteristics degenerate to the forward
conduction characteristics of a pin diode, and the turn-ON volt-
age of which is about 2.8 V (DUT.P)/2.6 V (DUT.T). VGD*
increases and may exceed VTH3 when VGS increases and
gradually approaches zero. This notion implies that the MOS
channel may be formed. The channel takes part of the total
current from the body diode, causing the voltage drop on the
body diode to decrease. Consequently, the I-V curves with Vg
higher than —8 V shift to the right, compared with that of the
body diode (the red curve).

Accordingto (1), Vsp- increases as Vgp goes up, which results
in two effects. The first effect is the increase of Vgp- for a given
Vas, as shown in Fig. 9. The second effect is the decrease of
Vs due to the body effect. When Vgp+ goes over Vrys, the
MOS channel is formed.

However, another factor has to be considered for a reasonable
evaluation of V3. According to (5), Vrps is a function of both
Vep+ and Vg For a given Igp, the body diode is forward biased,
and Vpp- is clamped to the turn-ON voltage of pn junction.
Thus, the body effect induced by Vpp-+ is no longer affected
by Vas. However, the flat band voltage Vrp is a function of
Vs, which causes Vs to decrease with decreasing Vg, as
shown in Fig. 10. Qj; increases under the influence of negative
Vs because the interface traps positive charges, resulting in the
decrease in Vpp according to (6).
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Fig. 9. Intersection points of Vprp3 and Vgp+ are the reverse conduction
voltage when the channel is formed. The solid lines are Vg3 of DUT.T under
different Vgg, and the dash lines are Vgp+ under different Vgs.
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Fig. 10. Icp3 of DUT.T is extracted with Isp = 5 A. Dash line is Vrps,
which ignores the effect of Qji¢, and the curve of Vy3 is Va3, which does not
ignore the effect of Qjt. Point A is the intersection of Vgp+ and Vrgs, which
ignores Qjt, and point B is the intersection of Vgp* and Vrgs, which does not
ignore Qjt.

If Vg is negative, then a negative electric field is formed
across the channel interface. Qj; increases as the positive charges
are trapped in the gate oxide and the interface, and Vpp de-
creases, which results in a decrease in Vpyg. Besides, the
stronger the electric field (the lower Vgg), the more charges
are trapped, resulting in a lower Vrp3 in Fig. 10.

With the consideration of Q;t, Vapr, and Vg3 intersect at
point B rather than point A, as shown in Fig. 10. The gate bias
induced trapping charges slow down the closing process of the
MOS channel as Vg becomes more negative. The gate voltage
at which the MOS channel is just completely close is called the
critical gate voltage, Vcrs. The process of SiC MOSFET is not
mature enough compared with that of Si MOSFET, resulting in
lots of traps existing in the oxide and interface. Fig. 10 shows a
significant amount of Ny (NV; = Q./q) that can go up to 1 x 10'?
cm™2, which leads to Vrgs going down to —5 V. This explains
why one can still see the channel current even when Vg is =7V
or lower.

Since Vgp+ is made up of Vgg and Vgp+, one can tell that
Vers 18 a function of Vgp- and, therefore, of Isp, as shown in
Fig. 11. The |Vgs|-Isp space (Vgs < 0 V) is partitioned into two
regions by a critical line. The first region has no channel current
and is uncontrollable by Vs, and Isp is composed by I;,,,. The
other region is with a nonzero channel current and controllable
by Vc,s.
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Fig. 11. Ipg of the curves is the conduction current when the channel of
DUT.T is formed in the 3rd-quad.

For a given Vg, the I-V curve may split from that of the
body diode as Vgp goes up, as shown in Fig. 8. Vgp+ increases
as Vgp goes up. When Vp+ goes over Vrpps, the channel current
is generated. Now, the source-to-drain current when the channel
is formed is called critical Isp (Isp.c), and I3 is generated
when Igp is greater than Isp_c. Based on the I-V characteristic
of the pn junction and the critical condition for the formation

of the channel, i.e., Vgp- = Vrpus, the model of Isp.¢ is
obtained by
qVBD*
Isp.c =1 8
SD-C OeXp(nkT> (®)

where Iy is the constant saturation current, 7 is the emis-
sion coefficient, which is used to simulate carrier generation—
recombination in the depletion region of the pn junction, 7 is
the temperature, and Vgp- is given by

(m —n)’
Vep: = 2¢p — T ©)
where m and n are given by
m=/4-(Vas — Ves + Isp - Ry) + 0% (10)
~ V2es-q- Na
=—. a1
Cox

According to (8)—(11), Isp.c increases as the Vgg becomes
more negative, which is consistent with the experimental results,
as shown in Fig. 11. It is worth noticing that the trapping charge
QOit plays an important role in the 3rd-quad and cannot be
ignored. The effect of Q;; promotes the formation of the channel,
and the channel can be formed at a lower Vgg. Accordingly, the
Isp.c curve with Qj shifts to the right in Fig. 11 compared with
that of the model without Qj;.

Meanwhile, the turn-ON sequence of the MOS channel and
body diode varied with Vgg. According to the critical line of
Isp in Fig. 11, Isp_c is nearby 0 A when Vgg = 0V, and the
MOS channel turns ON first, which lasted until Vg decreases
to —4 V. Vqs = —4 V is the critical point that the MOS channel
and the body diode turn ON at the same time. Once Vg is less
than —4 'V, Isp_¢ will exceed 0 A, and the body diode turns ON
first. The theoretical analysis in this article is based on the SiC
MOSFETs, but it is basically applicable to the silicon MOSFETSs as
well.
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Fig. 12. IV characteristics of (a) DUT.P and (b) DUT.T with Vgg of 0, 5, 10,

15, and 20 V, Tj of 25 °C. Rgson is the differential resistance.

B. Channel Resistance Affected by Vg

The I-V characteristics in the Ist-quad and 3rd-quad vary
when Vg is zero, as shown in Fig. 12. In the 1st-quad, the
device is in OFF-state and the MOS channel can never be formed
no matter how high Vpg goes. In the 3rd-quad, a diode-like
characteristic wherein the MOS channel may be formed. The
only question is which current path turns on first: the MOS
channel or the body diode.

When Vg is between 15 and 20 V, the MOS channel is fully
open, regardless of whether it is in the 1st-quad or 3rd-quad.
And it dominates the current conduction in the 3rd-quad in the
vicinity of the origin. Therefore, it simply shows a resistive
characteristic with the ON-state resistance given by [19] and
[28]. When Vpg = 0V, Vgp- is 0V, and Vi3 coincides with
the 1st-quad threshold voltage.

Based on the analysis of the experimental results, the ON-state
I-V characteristic is not just that of a pure resistor. Specifically,
the MOS channel is not simply a resistor with constant resis-
tance, although it is fully open. The derivative of the turn-ON
conductance in the 3rd-quad is given by

0?Ions _ Z1enCox
V2.~ La

OVrus
19 _
OVsp-

0*Virus

- Vs

(12)

According to (12), a positive derivative of the turn-ON con-
ductance means that the channel conductance increases with
increasing Vsp+. Whether the derivative of the turn-ON conduc-
tance is positive or negative depends on the derivative of Vs
and the second derivative of Vrps.

When Vs = 0V, the derivative of Vi3 is negative in Fig. 9.
Besides, the slope of the curve of Vrps-Vsp+ decreases when
Vsp+ increases, which means that the second derivative of Vs
is negative. Therefore, the derivative of the turn-ON conductance
is greater than zero. The 3rd-quad turn-ON conductance increases
with increasing Vgp, which means the 3rd-quad turn-ON resis-
tance decreases with the increase in Vgp. Besides, the result
holds as the Vgg goes higher.

C. Controllability of Source-to-Drain Voltage

As mentioned previously, Vsp is a function of Vgg. Fig. 13
demonstrates that Vsp decreases with increasing Vs. However,
Vsp may not present a tendency of linear decrease all the time.
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Fig. 13. Impact of the gate-to-source voltage Vgs on the source-to-drain

voltage Vgp of (a) DUT.P and (b) DUT.T. The rated current, Ipnom, of DUT.P
and DUT.T are 12 A and 21 A, respectively. The ordinate of (b) is the same to
that of (a).
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Fig. 14.  Sensitivity of Vsp to Vag as a function of Vg at rated current and
room temperature.
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Fig. 15. Channel current ratio of (a) DUT.P and (b) DUT.T, as a function

of Vas. The rated current, Ippom, of DUT.P and DUT.T are 12 A and 21 A,
respectively. The ordinate of (b) is the same to that of (a).

The descent speed of Vsp slows down as the Vg increases from
0-20V, and Vg has a limited effect on Vsp when Vg is large
enough (Vg is close to 20 V).

To better understand the controllability of the source-drain
voltage, a parameter for a given Igp is set to reflect the con-
trollability of Vgg to Vsp. The sensitivity of Vgp to Vgs, S, 18
defined as dVsp/dV s, which is the slope of the curve Vsp-Vas,
as shown in Fig. 13. Besides, the larger |S] is, the stronger the
control ability of Vag to Vgp will be.

The effect of Vgg on S is shown in Fig. 14. The [S| of
DUT.P/DUT.T first increases and then decreases, and |S| reaches
the highest in Vgg = 11/2.5 V. At low Vgs, Isp flows through
the body diode and the MOS channel, as shown in Fig. 15. It can
be seen from (1) that Vgp is made up of Vgp+ and the voltage
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drop on the drift region and substrate region. Besides, Vgp- is
made up of the voltage drops on R}, and across the pn junction.
Therefore, for a given AVgg, which is defined as the difference
between Vgt and Vase (Vast > Vase2), AVgp is given by

AVsp = (Ims(vast) — Lensvasz)) X Ry

+ nkT In (1 - IchS(VGS2)/ISD> (13)
q 1 — Ipz(vasi)/Isp

where I.p3(vast) is the channel current with Vgs = Vgsi, and
In3(vase) is the channel current with Vs = Vggo.

It can be seen from Fig. 15 that the I3 at rated current
of DUT.P/DUT.T grows faster and faster before Vg reaches
11/2.5 V, which means AVgp for a given AVgg increases
with increasing Vgg according to (13). Given that AVgp
is comparable to dVsp when AVgg approaches infinity, ||
increases with the increase in Vgg. The ascending speed of
Iehs/Isp slows down with the increase in Vg to 20V, resulting
in AVgp going down, which means |S| decreases. Therefore,
Vas has an excellent control effect on Vsp when Vgg of
DUT.P/DUT.T is close to 11/2.5 V. Besides, Vg has a limited
effect on Vgp when Vg is close to —10 or 20 V.

D. Control Method of the Vs

The channel can be formed in the 3rd-quad with a higher Vg,
which can reduce the conduction loss. Some data sheets recom-
mended setting the OFF-state gate voltage toO V. Vgs =0 Visa
good choice for a single device if the device can be completely
closed.

However, the increased Vgg may cause undesirable side ef-
fects for the parallel devices with different threshold voltages
(threshold voltages of devices with different batches vary con-
siderably, and SiC MOSFETS are likely to operate with Vpy mis-
match, especially after long term of cycling) [29]. The influence
of different Vgg on parallel devices is evaluated with a double
pulse test circuit (DPT), as shown in Fig. 16. Two devices are
parallel connected in the lower arm of the DPT, and their Vg
are different.

The freewheeling transient current sharing with different
threshold voltage is shown in Fig. 17. As shown in Fig. 17(a),
DUT1 with a lower threshold voltage takes most part of the
total current when Vgg1 = Vase = 0V, and the difference of
freewheeling current between DUT1 and DUT2 is 1.4 A. This
situation is due to the channel formed in the 3rd-quad, and Vgp
increases with the increase of Vg according to (1) [25]. Thus,
a device with a higher Vg has a larger Vgp, and it gets less
current.

When Vg1 = Vase = —5 'V, the pn junction takes part of the
total current from the channel, as shown in Fig. 4. The influence
of threshold voltage on Vgp is weakened, and the difference of
freewheeling current between DUT1 and DUT2 is reduced to 0.8
A. Therefore, an appropriate negative gate voltage is conducive
to parallel applications. However, the additional losses should
be taken into consideration. Besides, a very large negative gate
voltage causes the threshold voltage drift and degrades the long-
term reliability of the gate oxide, which may shorten the device
lifetime [30].
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Fig. 16.  (a) Circuit diagram of DPT. The input voltage V4. is 300 V, and the
gate-to-source voltage bias of the upper bridge arm Vgate is 15 and —5 V. The
gate resistance Rg1 and OFF-state gate voltage Vg1 of DUTI are the same as
those of DUT?2. (b) Experimental setup of DPT.
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Fig. 17. Freewheeling current sharing performance of DUT.T with Vg

mismatch under (a) Vgs1 = Vgse = 0 V and (b) Vags1 = Vgse = —5 V.
The total current of DUT1 and DUT2 is 20 A. The ordinate of (b) is the same
to that of (a).

IV. INFLUENCE OF T; ON 3rd-QUAD
CONDUCTION CHARACTERISTICS

When the junction temperature of the devices was changed,
the voltage drop across the MOS channel, and the voltage of the
body diode will decrease. Besides, the change of voltage caused
by T; of the body diode and MOS channel is different. As pointed
out in the previous sections, we have found that there are three
conduction modes for the 3rd-quad at different gate voltages.
The first mode is the channel is fully formed and all Ipg flows
through the channel when the positive Vg is large enough. The
second mode is that the channel is partially formed, i.e., Isp
flows through the channel and body diode. The third mode is
that the channel is completely closed and all Isp flows through
the body diode when Vg is negative enough. Therefore, the
effect of T; on the 3rd-quad characteristics may vary with V.
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Fig. 18.  Third-quad I-V characteristics of (a) DUT.P and (b) DUT.T with the

MOS channel fully open (Vgg =20 V).

A. Channel Fully Formed

At room temperature, when Vg is between 15 and 20 V,
Vsp of DUT.T increases linearly with the increase of Isp. This
means the MOS channel is fully open, and all /s flows through
the channel. In Fig. 18(a), the kink in the I-V curve under
T; = 175 °C indicates that the body diode is turned ON. Besides,
due to the difference in device structure, the body diode of planar
MOSPFET is easier to turn ON than that of trench MOSFET at high
temperature [22]. The temperature coefficient of Vsp is positive.
However, it is known that an increase in T leads to a lower Vrys
and a decrease in Vgp.

When the channel is fully formed, Vgp is made up of the
voltage drops on the channel resistance (R.), Rp, and Rgyp.
When T; increases, the change of Vgsp for a given Isp mainly
depends on R}, and Rp.

It is known that R}, and Rp increase with decreasing mobility
in the MOS channel and drift region, and mobility is sensitive
to Tj [19], [31]. Therefore, the main physical mechanisms for a
positive temperature coefficient in the 3rd-quad when the chan-
nel is fully formed come for two reasons. The first mechanism
is related to the temperature dependence of Vrpps. The Vsp
decreases with T; due to the negative temperature coefficient
of Vrps. The second mechanism is related to the temperature
dependence of mobility. As Tj increases, the scattering of carrier
becomes stronger, resulting in a decrease in mobility, which
leads to an increase in R¢, and Rp. Thus, the Vgp increases
with Tj. The only question is which mechanism dominates the
temperature coefficient of the Vgp.

Since Vgg is very large (Vgs >15 V) when the channel
is fully formed, temperature induced changes in Vpps has a
limited effect on Ry,. Therefore, the effect of 7; on the mobility
dominates the temperature coefficient of Vgp, which results in
a positive temperature coefficient for the 3rd-quad when the
channel is fully formed.

B. Channel Partially Formed

As mentioned previously, when Isp = Ipnom and Vg is
between —10 and 10 V, the MOS channel is partially formed.
The influence of Tj on Vgsp is shown in Fig. 19. When Vg of
DUT.P is less than 10 V, the temperature coefficient of Vgp in
the 3rd-quad is negative. However, the temperature coefficient
of DUT.T is positive, as shown in Fig. 19(b) [32]. Thus, there
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Fig. 19. Impact of the junction temperature on Vsp of (a) DUT.P and (b)

DUT.T at rated current. The ordinate of (b) is the same to that of (a).

raises a question of what causes the temperature coefficient of
DUT.T and DUT.P to be different when the MOS channel is
partially formed.

When the MOS channel is partially formed, the temperature
coefficient of Vgp in the 3rd-quad is mainly affected by the MOS,
pn junction, and Rp according to (1). These components are di-
vided into two parts. The first includes the pn junction and MOS
in parallel, and the temperature coefficient is determined by the
dominant one of the two components. The second part is Rp.

Compared with the Rp with a positive temperature coefficient
when the channel is fully formed, the temperature coefficient
of Rp is more complicated when the MOS channel is partially
formed. Because the carrier of the Isp is bipolar, and the lifetime
of carrier is affected by 7;. At low current, the lifetime of carrier
increases as T; goes higher, which leads to the Rp decreasing
with temperature. Thus, the temperature coefficient of Rp is
negative. While at high current, as 7; goes higher, in addition
to an increase in carrier lifetime, the mobility of the drift region
decreases, which leads to an increase of Rp. The temperature
coefficient may change from negative to positive.

When Igp is small, the voltage drop across Rp is negligible
compared to that across the MOS. Thus, the 3rd-quad temper-
ature coefficient of the SiC MOSFET is dominated by the MOS
and pn junction. Coupled with the MOS and pn junction of a
negative temperature coefficient [26]. Consequently, the temper-
ature coefficient of DUT.P and DUT.T are negative, as shown
in Fig. 3. With the increase of Igp, the 3rd-quad temperature
coefficient is dominated by the drift region. When Isp = Ipnom,
the temperature coefficient of DUT.T is positive, as shown in
Fig. 19(b), which is different from the negative temperature
coefficient of DUT.P in Fig. 19(a). The difference is because
of the different minority carrier lifetimes in DUT.P and DUT.T,
which may be attributed to the type and number of recombination
centers of the devices. It is known that the minority carrier
lifetime decreases with the increase in the number of recom-
bination centers. There is always some variation in the number
of recombination centers for different devices because of the
different manufacturing processes of different manufacturers,
which leads to different minority carrier lifetimes of devices.
A small lifetime of minority carriers causes the mobility of the
drift region to decrease significantly with temperature.

Simulation results of DUT.T are shown in Fig. 20, and the
I-V curves of the 3rd-quad are illustrated with different minority
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Fig. 20.  (a) Third quadrant I-V characteristics of DUT.T with Vgg of =5V,

71 of 1 and 100 ns, and the intersection is called the zero-temperature coefficient
(ZTC) point. (b) AVRp/AVnos of Rp/MOS is obtained at different Isp with
71, of 1 ns and Vg of —5 V. AVRp is the difference between Vg p with 175 °C
and Vgrp with 25 °C, i.e., AVrp = Vrp (175 °C) — Vgrp (25 °C).
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Fig. 21.  Third-quad I-V characteristics of (a) DUT.P and (b) DUT.T with the

MOS channel fully closed (Vgs = —10 V).

carrier lifetimes (71,). When 7y, in the drift region is 100 ns, the
temperature coefficient is always negative. When 7y, is 1 ns, the
temperature coefficient changes from negative to positive with
the increase of Isp.

Therefore, when 71, of DUT.T is very small, coupled with
a high current density, the carrier mobility decreases signifi-
cantly with temperature. The temperature coefficient of DUT.T
is dominated by the mobility of the drift region, and it is positive.
However, when 71, in the DUT.P drift region is long, the tem-
perature coefficient of DUT.P, which is negative is dominated
by the lifetime of carrier.

C. Channel Completely Closed

The channel is completely closed when Vgg is less than
—10 V, and all Isp flows through the body diode. Thus, the
temperature coefficient of Vgp in the 3rd-quad is affected by the
pn junction and Rp. The voltage drop of pn junction decreases
with 7; due to the positive temperature coefficient of intrinsic
carrier concentration.

When the channel is fully formed, the carriers of Igp are
unipolar, and the temperature coefficient of Rp is positive due
to mobility decreases with 7. As Vg becomes more negative,
the channel is gradually closed. The body diode takes part
of the total current from the channel and the bipolar carriers
of the Isp increase. When the channel is completely closed,
the lifetime of bipolar carriers increases with increasing Tj,
resulting in a decrease in Rp. Coupled with the pn junction with
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a negative temperature coefficient, the Vsp of DUT.P decreases
with increasing Tj, as shown in Fig. 21(a). However, as shown in
Fig. 21(b), the temperature coefficient of DUT.T for a given Isp
remains positive as Vg is reduced to —10 V. This is because
the 7, of DUT.T is very small, resulting in the temperature
coefficient being dominated by the mobility.

V. CONCLUSION

The 3rd-quad static conduction characteristics of the SiC MOS-
FET are studied by experiments and simulations in this article,
and a physical model is developed to explain the characteristics.
The MOS channel is not fully closed in the 3rd-quad for the
following two reasons. The first reason is the increase of the
gate potential for a given Vg. The second reason is the decrease
of the threshold voltage in the 3rd-quad (Vy3) due to the body
effect. The MOS channel is formed when the gate potential goes
over Vrps. Besides, the gate bias induced trapping charges to
slow down the closing process of the MOS channel as Vg goes
down from zero. The channel is closed when the source-to-drain
current (Isp) is less than the critical Isp, and the channel of
DUT.P and DUT.T could not be formed when Vg is smaller
than —10 V. A negative Vg is conducive to parallel applications,
but the additional losses should be taken into consideration. The
effect of the MOS channel on the temperature coefficient of
Vsp varies with Vgg. The larger is the channel current, i.e.,
the larger is Vg, the larger is the temperature coefficient of
Vsp. This article provides a reference for understanding the
3rd-quad behavior of the SiC MOSFETs and a guideline for circuit
applications as well as chip design.

REFERENCES

[1] Z.Liang, P. Ning, and F. Wang, “Development of advanced all-SiC power
modules,” IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2289-2295,
May 2014.

P. Yi, P. K. S. Murthy, and L. Wei, “Performance evaluation of SiC
MOSFETs with long power cable and induction motor,” in Proc. IEEE
Energy Convers. Congr. Expo., 2016, pp. 1-7.

H. Liu, H. Wu, Y. Lu, Y. Xing, and K. Sun, “A high efficiency inverter
based on SiC MOSFET without externally antiparalleled diodes,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., 2014, pp. 163-167.

J. Jordan et al., “A comparative performance study of a 1200V Si and SiC
MOSEFET intrinsic diode on an induction heating inverter,” IEEE Trans.
Power Electron., vol. 29, no. 5, pp. 2550-2562, May 2014.

S. Yin, K. J. Tseng, C. F. Tong, R. Simanjorang, C. J. Gajanayake, and A.
K. Gupta, “A 99% efficiency SiC three-phase inverter using synchronous
rectification,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2016,
pp. 2942-2949.

T. Kimoto, “Material science and device physics in SiC technology for
high-voltage power devices,” (in Japanese) J. Appl. Phys., vol. 54, no. 4,
Mar. 2015, Art. no. 040103.

T. Kimoto and J. A. Cooper, Fundamentals of Silicon Carbide Technology:
Growth, Characterization, Devices, and Applications. Singapore: Wiley,
Nov. 2014.

Q. J. Zhang et al., “Latest results on 1200 V 4H-SiC CIMOSFETs with
Rsp, on of 3.9 mQ-cm?2 at 150 °C,” in Proc. IEEE 27th Int. Symp. Power
Semicond. Devices IC’s, 2015, pp. 89-92.

M. Zhang, J. Wei, X. Zhou, H. Jiang, B. Li, and K. J. Chen, “Simulation
study of a power MOSFET with built-in channel diode for enhanced
reverse recovery performance,” IEEE Electron. Device Lett., vol. 40, no. 1,
pp- 79-82, Jan. 2019.

X.Deng, X. Xu, X. Li, X. Li, Y. Wen, and W. Chen, “A novel SiC MOSFET
embedding low barrier diode with enhanced third quadrant and switching
performance,” IEEE Electron. Device Lett., vol.41,no0. 10, pp. 1472-1475,
Oct. 2020.

(2]

(3]

(4]

(5]

[6]

(71

(8]

(9]

[10]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 1, JANUARY 2023

[11] L. Tang et al., “The influence of dynamic threshold voltage drift on third
quadrant characteristics of SiC MOSFET,” in Proc. IEEE Workshop Wide
Bandgap Power Devices Appl. Asia, 2021, pp. 483-487.

C. Li, Z. Lu, H. Wu, W. Li, X. He, and S. Li, “Junction temperature
measurement based on electroluminescence effect in body diode of SiC
power MOSFET,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2019,
pp- 338-343.

S. Yin, Y. Liu, Y. Liu, K. J. Tseng, J. Pou, and R. Simanjorang, “Com-
parison of SiC voltage source inverters using synchronous rectification
and freewheeling diode,” IEEE Trans. Ind. Electron., vol. 65, no. 2,
pp. 1051-1061, Feb. 2018.

B. Li, M. Chen, X. Wang, N. Chen, X. Sun, and D. Zhang, “An optimized
digital synchronous rectification scheme based on time-domain model
of resonant CLLC circuit,” IEEE Trans. Power Electron., vol. 36, no. 9,
pp- 10933-10948, Sep. 2021.

G. Doln, S. Sapp, A. Elbaiaway, and C. F. Wheatley, “The influence of
body effect and threshold voltage reduction on trench MOSFET body
diode characteristics,” in Proc. 16th Int. Symp. Power Semicond. Devices
ICs, 2004, pp. 217-220.

K. Han and B. J. Baliga, “Comprehensive physics of third quadrant
characteristics for accumulation- and inversion-channel 1.2-kV 4H-SiC
MOSFETS,” IEEE Trans. Electron. Devices, vol. 66,1n0. 9, pp. 39163921,
Sep. 2019.

X. Jiang et al., “Investigation on degradation of SiC MOSFET under surge
current stress of body diode,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 8, no. 1, pp. 77-89, Mar. 2020.

V. Pala et al., “Physics of bipolar, unipolar and intermediate conduction
modes in silicon carbide MOSFET body diodes,” in Proc. 28th Int. Symp.
Power Semicond. Devices ICs, 2016, pp. 227-230.

S. M. Sze, Physics of Semiconductor Devices. Hoboken, NJ USA: Wiley,
1981.

R. Callanan, J. Rice, and J. Palmour, “Third quadrant behavior of SiC
MOSFETS,” in Proc. 28th Annu. IEEE Appl. Power Electron. Conf. Expo.,
2013, pp. 1250-1253.

K. Peng, S. Eskandari, and E. Santi, “Characterization and modeling of
SiC MOSFET body diode,” in Proc. IEEE Appl. Power Electron. Conf.
Expo., 2016, pp. 2127-2135.

R. Zhang, X. Lin, J. Liu, S. Mocevic, D. Dong, and Y. Zhang, “Third
quadrant conduction loss of 1.2—-10 kV SiC MOSFETs: Impact of gate
bias control,” IEEE Trans. Power Electron., vol. 36, no. 2, pp. 2033-2043,
Feb. 2021.

A.U.Rashid, M. M. Hossain, A. I. Emon, and H. A. Mantooth, “Datasheet-
driven compact model of silicon carbide power MOSFET including
third-quadrant behavior,” IEEE Trans. Power Electron., vol. 36, no. 10,
pp. 11748-11762, Oct. 2021, doi: 10.1109/TPEL.2021.3062737.

Z. Zeng, X. Zhang, and X. Li, “Layout-dominated dynamic current
imbalance in multichip power module: Mechanism modeling and com-
parative evaluation,” IEEE Trans. Power Electron., vol. 34, no. 11,
pp. 11199-11214, Nov. 2019.

J. A. O. Gonzdlez and O. Alatise, “A novel non-intrusive technique for BTI
characterization in SiC mosfets,” IEEE Trans. Power Electron., vol. 34,
no. 6, pp. 5737-5747, Jun. 2019.

J. Qi et al., “Comparative temperature dependent evaluation and anal-
ysis of 1.2-kV SiC power diodes for extreme temperature applica-
tions,” IEEE Trans. Power Electron., vol. 35, no. 12, pp. 1338413399,
Dec. 2020.

S. Khandelwal et al., “Analysis and modeling of vertical non-uniform dop-
ing in bulk MOSFETSs for circuit simulation,” in Proc. 8th Int. Caribbean
Conf. Devices, Circuits Syst., 2012, pp. 1-5.

B. J. Baliga, Silicon Carbide Power Devices. Singapore: World Scientific,
Jan. 2006.

H. Li et al., “Influences of device and circuit mismatches on paralleling
silicon carbide MOSFETS,” IEEE Trans. Power Electron., vol. 31, no. 1,
pp. 621-634, Jan. 2016.

A. J. Lelis, R. Green, D. B. Habersat, and M. El, “Basic mechanisms of
threshold-voltage instability and implications for reliability testing of SiC
MOSFETS,” IEEE Trans. Electron. Devices, vol. 62, no. 2, pp. 316-323,
Feb. 2015, doi: 10.1109/TED.2014.2356172.

J. Lutz et al., Semiconductor Power Devices: Physics, Characteristics,
Reliability. Berlin, Germany, Springer, 2011.

Z. Zhu, H. Xu, L. Liu, N. Ren, and K. Sheng, “Investigation on surge
current capability of 4H-SiC trench-gate MOSFETs in third quadrant under
various Vg Biases,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 9,
no. 5, pp. 6361-6369, Oct. 2021.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]


https://dx.doi.org/10.1109/TPEL.2021.3062737
https://dx.doi.org/10.1109/TED.2014.2356172

TANG et al.: INVESTIGATION INTO THE THIRD QUADRANT CHARACTERISTICS OF SILICON CARBIDE MOSFET 1165

electronics.

Lei Tang was born in Hunan Province, China, in
1996. He received the B.S. degree in electrical engi-
neering and automation from Changsha University of
Science and Technology, Changsha, China, in 2019.
He is currently working toward the Ph.D. degree
in electrical engineering with Chongqing University,
Chongqing, China.

His current research interests include power semi-
conductor devices and its applications in power
electronics.

Huaping Jiang received the Ph.D. degree in micro-
electronics with the University of Electronic Science
and Technology of China, Chengdu, China, in 2012.

He was with Zhuzhou CRRC Times Electric Ltd.,
China, from 2013 to 2018. He was also with Dynex
Semiconductor Ltd., Lincoln, UK., from 2014 to
2018. From 2016 to 2018, he was a Visiting Fellow
with University of Warwick, Coventry, U.K. Heis cur-
rently a Research Fellow with Chongging University,
China. His current research interests include power
semiconductor devices and its applications in power

Xiaohan Zhong was born in Guangan, China, in
1997. He received the B.S. degree in 2019 from
Chongqing University, Chongqing, China, where he
is currently working toward the Ph.D. degree in elec-
trical engineering.

His research interests include reliability evaluation
of wide band gap power electronic devices and appli-
cation of wide band gap power electronic devices in
electric vehicle.

Guanqun Qiu (Student Member, IEEE) received the
B.S. degree from the East China Jiaotong University,
Jiangxi, China, in 2018, and the M..S. degree from the
Chongqing University, Chongqing, China, in 2021,
all in electrical engineering. He is currently working
toward the Ph.D. degree with the Khalifa University,
Abu Dhabi, United Arab Emirates.

His research interests include dc—dc converters, dc
microgrid, power converters based on SiC, and SiC
device reliability.

Hua Mao (Graduate Student Member, IEEE) re-
ceived the B.S. degrees in electrical engineering from
Chongqing University, Chongging, China, and from
the University of Cincinnati, Cincinnati, OH, USA, in
2018. She is currently working toward the Ph.D. de-
gree with Chongqing University, Chongqing, China.

Her current research interests include testing,
analyzing, and reliability of power semiconductor
devices.

Xiaofeng Jiang received the B.S. degree from China
University of Petroleum (East China), Qingdao,
China, in 2019, and the M.S. degree from Chongqing
University, Chongqing, China, in 2022, all in electri-
cal engineering. He is currently working toward the
Ph.D. degree with the Institute of Electrical Engineer-
ing, Chinses Academy of Sciences, Beijing, China.
His research interests include reliability and indus-
trial application of wide bandgap power devices.

Xiaowei Qi received the B.S. degree in electrical en-
gineering from Northeastern University at Qinhuang-
dao, Qinhuangdao, China, in 2020. He is currently
working toward the M.S. degree with Chongging
University, Chongging, China.

His research interest includes the reliability of sil-
icon carbide power semiconductor devices.

Changhong Du received the B.S. degree in metallic
materials engineering from the Hubei University of
Automotive Technology, Hubei, China, in 2005, and
the M.S. degree in materials processing engineering
from the Chongqing University, Chongqing, China,
in 2008. He is currently the Deputy General Manager
with the Power Development Department, Chongging
Changan New Energy Automobile Technology Co.,
Ltd. He was engage in the research and development
of new energy vehicles for 14 years. He participated
in the development of all PHEV and EV models of

Changan automobile, and undertook 5 state-level and province-level science and
technology projects.

N

Qianlei Peng received the Ph.D. degree in mechan-
ical engineering from Tsinghua University, Beijing,
China, in 2017.

He is currently with the Chongqing Changan New
Energy Automobile Technology Co., Ltd. His re-
search interests include multidisciplinary optimiza-
tion and industrial application of e-drive system for
the new energy automobile.

Li Liu received the B.S and M.S degrees in
2009 and 2012, respectively, from the College of
Optoelectronic Engineering, Chongqing University,
Chongqing, China, where he has been working toward
the Ph.D. degree with the State Key Laboratory of
Power Transmission Equipment and System Security
and New Technology, since 2019.

He s currently a Manager of E-drive Software with
Chongqing Changan New Energy Automobile Tech-
nology Co., Ltd., Chongging, China. His research
interests include motor control algorithms and motor

controller reliability for electric vehicles.

Li Ran (Senior Member, IEEE) received the
Ph.D. degree in power systems engineering from
Chongqing University, Chongqing, China, in 1989.
He was a Research Associate with the Universi-
ties of Aberdeen, Nottingham and Heriot-Watt, Ab-
erdeen, Nottingham and Edinburgh, U.K., respec-
tively. He was a Lecturer in Power Electronics with
Northumbria University, Newcastle upon Tyne, U.K.,
in 1999 and was seconded to Alstom Power Conver-
sion, Kidsgrove, U.K., in 2001. Between 2003 and
2012, he was with Durham University, U.K., and took

asabbatical leave at MIT, USA, in 2007. He was with the University of Warwick,
Coventry, U.K., as a Professor in Power Electronics - Systems in 2012. His
research interests include the applications of power electronics for electric power
generation, delivery, and utilization.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


