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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.

I. INTRODUCTION

THE use of silicon carbide (SiC) power metal-oxide-
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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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 VSD. Sec-
tion IV 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 (IDS) is a function of the drain-to-
source voltage (VDS) for a given gate-to-source voltage (VGS)
of a SiC MOSFET, and vice versa. If VDS > 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 VDS < 0
V, IDS 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 B1505A 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
Tc = 25 °C are listed in Table I.

TABLE I
SIC MOSFETS UNDER TESTS

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 (Rb), the drift region resistance (RD), which is variable,
and the substrate resistance (Rsub). Here, the source electrode is denoted by S,
gate by G, drain by D, base by B, p-base region by p, n+source by n+, 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 VDS < 0 V, 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

VSD = VSD∗ + ISD × (RD +Rsub) (1)

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

ISD = Ipn + Ich3 + Inpn (2)

where Ipn is the body diode current in the 3rd-quad, Ich3 is the
channel current and Inpn is the parasitic npn current. Generally,
Inpn is very small and ignored.

Ich3 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
(VGS ≤ 0 V). If VGS is smaller (i.e., the gate is more negatively
biased relative to the source), then the channel resistance is larger
and VSD is higher for a given ISD. 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 Tj of 25 and 175 °C, VGS of 0, −2, and −5 V. (b) DUT.T with Tj of 25
and 175 °C, VGS of 0, −2 and −5 V.

Fig. 4. Total current density distribution of DUT.T with VGS of 0, −5 and
−10 V, ISD of 5 and 20 A. The doping concentrations of the p+, p-base, n+
and drift region are 5× 1018 cm−3, 2× 1017 cm−3, 2× 1019 cm−3 and 1× 1016

cm−3, respectively. The thickness of the gate oxide is 50 nm, and the length of
the channel is 0.5 μm. 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 VGS. 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 VGS, as shown in Fig. 4. To investigate the critical VGS when
the channel is completely closed in the 3rd-quad, the minimum
VGS may be lower than the recommended VGS of the datasheet.
Once VGS goes across a critical point which is roughly−10 V, the
3rd-quad characteristics degenerate to the forward conduction
characteristics of a pin diode. VSD remains constant when VGS

is lower than −10 V, as shown in Fig. 5. This notion implies
that the I-V curve is not affected by VGS anymore. Simulation
analysis shows that the critical point is, but weakly, affected
by ISD, 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 (VGS) no lower than −5 V.
This implies that: 1) Ich3 > 0 A, 2) VSD is lower than that of the
body diode, and 3) the 3rd-quad characteristics can be affected
by VGS.

B. VTH3 and Body Effect

As mentioned previously, Ich may be nonzero in the 3rd-quad
when VGS = 0 V. On the other hand, the channel has to be

Fig. 5. Impact of VGS on VSD. The VSD of DUT.P and DUT.T increase with
the decrease of VGS, and VSD stops increasing when VGS is about −10 V. VSD

is measured at IDnom.

completely closed, or the device cannot block a forward voltage
of hundreds or thousands of volts when VGS = 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 VGS.

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 VGS>VTH, the channel current is given by
[19]

Ich1 =
ZμchCOX

Lch

[
(VGS − VTH) · VD∗S − 1

2
V 2
D∗S

]
(3)

where Z is the channel width, Lch is the channel length, μch is
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, VSD > 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 1st-quad (VBS = 0 V), the
p-body is not shorted to intrinsic drain D∗ in the 3rd-quad, which
may lead to VBD∗ � 0 V. Given that VTH3 is affected by VBD∗

[15], VTH3 is different from VTH, which induces Ich3 � Ich1.
Thus, the channel current in the 3rd-quad has to be rewritten as

Ich3 =
ZμchCOX

Lch

[
(VGD∗ − VTH3) · VSD∗ − 1

2
V 2
SD∗

]
. (4)

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 VGS. When VSD increases for a given
VGS, VGD∗ keeps increasing and may eventually go over the
threshold voltage. This condition is different from that of the
1st-quad, wherein the gate bias keeps to be constant (VGS) no
matter how high VDS 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, VBS is always zero because
the pn junction is reverse-biased and no current flows from the
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Fig. 6. Impact of VBD∗ on VTH3 is based on simulation and theoretical model,
and the simulation measurement circuit of VTH3 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∗.
VTH3 is defined as the VGD∗ when the source-to-drain current reaches 10 mA,
and the simulated VTH3-VBD∗ curve is obtained by changing the adjustable
voltage source (VBD∗ ).

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

VTH3 = VFB + 2ψB +

√
2εS · q ·NA

COX

√
2ψB − VBD∗ (5)

where ΨB is the Fermi potential from intrinsic Fermi potential,
NA is the effective channel doping concentration, q is the ele-
mentary charge, εs is the silicon carbide dielectric constant, and
VFB is the flat band voltage, which is given by

VFB = φMS − Qf +Qit

COX
(6)

where φMS is the work function difference between metal and
semiconductor, Qf is the fixed-oxide-charge density, and Qit is
the interface trap charge density.

The third term in (5) decreases with the increase in VBD∗ , even-
tually down to zero. Accordingly, VTH3 of DUT.T decreases,
approaching the sum of the first two terms in (5), as shown in
Fig. 6. It is worth noticing that VBD∗ does not go over 2ΨB, or the
third term in (5) becomes imaginary and physically meaningless.
The body diode is turned on because VBD∗ approaches 2ΨB 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 VSD, i.e., VD∗D = ISD × (RD

+ Rsub).
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 VSD goes
up, whereas the MOS channel can never be formed no matter
how high VDS goes. Similar behaviors can be observed even
with a negative VGS, as long as VGS is no lower than a critical

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 ISD 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 1st-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 VSD 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
Inpn 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 Inpn, which is given by

Inpn =
γαT

1− γαT
× IB (7)

where IB is the base current, γ is the emitter injection efficiency,
and αT is the base transport factor.

As shown in Fig. 4, the 3rd-quad Inpn is generally very small
and negligible for the following two reasons. Unlike in the 1st-
quad,γ 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, αT 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
VGS 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 VGS is negative. According to (4), Ich3 is a
function of the difference between VGD∗ and VTH3. Since VGD∗

is made up of VGS and VSD∗ , 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 VGD∗ is always less than
VTH3. 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 VGS

higher than −8 V shift to the right, compared with that of the
body diode (the red curve).

According to (1), VSD∗ increases as VSD goes up, which results
in two effects. The first effect is the increase of VGD∗ for a given
VGS, as shown in Fig. 9. The second effect is the decrease of
VTH3 due to the body effect. When VGD∗ goes over VTH3, the
MOS channel is formed.

However, another factor has to be considered for a reasonable
evaluation of VTH3. According to (5), VTH3 is a function of both
VBD∗ and VFB. For a given ISD, the body diode is forward biased,
and VBD∗ is clamped to the turn-ON voltage of pn junction.
Thus, the body effect induced by VBD∗ is no longer affected
by VGS. However, the flat band voltage VFB is a function of
VGS, which causes VTH3 to decrease with decreasing VGS, as
shown in Fig. 10. Qit increases under the influence of negative
VGS because the interface traps positive charges, resulting in the
decrease in VFB according to (6).

Fig. 9. Intersection points of VTH3 and VGD∗ are the reverse conduction
voltage when the channel is formed. The solid lines are VTH3 of DUT.T under
different VGS, and the dash lines are VGD∗ under different VGS.

Fig. 10. Ich3 of DUT.T is extracted with ISD = 5 A. Dash line is VTH3,
which ignores the effect of Qit, and the curve of VTH3 is VTH3, which does not
ignore the effect of Qit. Point A is the intersection of VGD∗ and VTH3, which
ignores Qit, and point B is the intersection of VGD∗ and VTH3, which does not
ignore Qit.

If VGS is negative, then a negative electric field is formed
across the channel interface. Qit increases as the positive charges
are trapped in the gate oxide and the interface, and VFB de-
creases, which results in a decrease in VTH3. Besides, the
stronger the electric field (the lower VGS), the more charges
are trapped, resulting in a lower VTH3 in Fig. 10.

With the consideration of Qit, VGD∗ , and VTH3 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 VGS becomes more negative. The gate voltage
at which the MOS channel is just completely close is called the
critical gate voltage, VCR3. 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 Nt (Nt = Qt/q) that can go up to 1 × 1012

cm−2, which leads to VTH3 going down to −5 V. This explains
why one can still see the channel current even when VGS is−7 V
or lower.

Since VGD∗ is made up of VGS and VSD∗ , one can tell that
VCR3 is a function of VSD∗ and, therefore, of ISD, as shown in
Fig. 11. The |VGS|-ISD space (VGS ≤ 0 V) is partitioned into two
regions by a critical line. The first region has no channel current
and is uncontrollable by VGS, and ISD is composed by Ipn. The
other region is with a nonzero channel current and controllable
by VGS.
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Fig. 11. IDS of the curves is the conduction current when the channel of
DUT.T is formed in the 3rd-quad.

For a given VGS, the I-V curve may split from that of the
body diode as VSD goes up, as shown in Fig. 8. VGD∗ increases
as VSD goes up. When VGD∗ goes over VTH3, the channel current
is generated. Now, the source-to-drain current when the channel
is formed is called critical ISD (ISD-C), and Ich3 is generated
when ISD is greater than ISD-C. Based on the I-V characteristic
of the pn junction and the critical condition for the formation
of the channel, i.e., VGD∗ = VTH3, the model of ISD-C is
obtained by

ISD-C = I0 exp

(
qVBD∗

ηkT

)
(8)

where I0 is the constant saturation current, η is the emis-
sion coefficient, which is used to simulate carrier generation–
recombination in the depletion region of the pn junction, T is
the temperature, and VBD∗ is given by

VBD∗ = 2ψB − (m− n)2

4
(9)

where m and n are given by

m =
√

4 · (VGS − VFB + ISD ·Rb) + n2 (10)

n =

√
2εS · q ·NA

COX
. (11)

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

Meanwhile, the turn-ON sequence of the MOS channel and
body diode varied with VGS. According to the critical line of
ISD in Fig. 11, ISD-C is nearby 0 A when VGS = 0 V, and the
MOS channel turns ON first, which lasted until VGS decreases
to −4 V. VGS =−4 V is the critical point that the MOS channel
and the body diode turn ON at the same time. Once VGS is less
than −4 V, ISD-C 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 MOSFETs as
well.

Fig. 12. I-V characteristics of (a) DUT.P and (b) DUT.T with VGS of 0, 5, 10,
15, and 20 V, Tj of 25 °C. Rdson is the differential resistance.

B. Channel Resistance Affected by VGS

The I-V characteristics in the 1st-quad and 3rd-quad vary
when VGS 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 VDS 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 VGS 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 VDS = 0 V, VBD∗ is 0 V, and VTH3 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

∂2Ich3
∂V 2

SD∗
=
ZμchCOX

Lch
·
[
1− 2

∂VTH3

∂VSD∗
− ∂2VTH3

∂V 2
SD∗

· VSD∗

]
.

(12)
According to (12), a positive derivative of the turn-ON con-

ductance means that the channel conductance increases with
increasing VSD∗ . Whether the derivative of the turn-ON conduc-
tance is positive or negative depends on the derivative of VTH3

and the second derivative of VTH3.
When VGS = 0 V, the derivative of VTH3 is negative in Fig. 9.

Besides, the slope of the curve of VTH3-VSD∗ decreases when
VSD∗ increases, which means that the second derivative of VTH3

is negative. Therefore, the derivative of the turn-ON conductance
is greater than zero. The 3rd-quad turn-ON conductance increases
with increasing VSD, which means the 3rd-quad turn-ON resis-
tance decreases with the increase in VSD. Besides, the result
holds as the VGS goes higher.

C. Controllability of Source-to-Drain Voltage

As mentioned previously, VSD is a function of VGS. Fig. 13
demonstrates that VSD decreases with increasing VGS. However,
VSD 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 VSD of (a) DUT.P and (b) DUT.T. The rated current, IDnom, of DUT.P
and DUT.T are 12 A and 21 A, respectively. The ordinate of (b) is the same to
that of (a).

Fig. 14. Sensitivity of VSD to VGS as a function of VGS at rated current and
room temperature.

Fig. 15. Channel current ratio of (a) DUT.P and (b) DUT.T, as a function
of VGS. The rated current, IDnom, 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 VSD slows down as the VGS increases from
0–20 V, and VGS has a limited effect on VSD when VGS is large
enough (VGS is close to 20 V).

To better understand the controllability of the source-drain
voltage, a parameter for a given ISD is set to reflect the con-
trollability of VGS to VSD. The sensitivity of VSD to VGS, S, is
defined as dVSD/dVGS, which is the slope of the curve VSD-VGS,
as shown in Fig. 13. Besides, the larger |S| is, the stronger the
control ability of VGS to VSD will be.

The effect of VGS 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 VGS = 11/2.5 V. At low VGS, ISD flows through
the body diode and the MOS channel, as shown in Fig. 15. It can
be seen from (1) that VSD is made up of VSD∗ and the voltage

drop on the drift region and substrate region. Besides, VSD∗ is
made up of the voltage drops on Rb and across the pn junction.
Therefore, for a given ΔVGS, which is defined as the difference
between VGS1 and VGS2 (VGS1 > VGS2), ΔVSD is given by

ΔVSD =
(
Ich3(VGS1) − Ich3(VGS2)

)×Rb

+
ηkT

q
ln

(
1− Ich3(VGS2)/ISD

1− Ich3(VGS1)/ISD

)
(13)

where Ich3(VGS1) is the channel current with VGS = VGS1, and
Ich3(VGS2) is the channel current with VGS = VGS2.

It can be seen from Fig. 15 that the Ich3 at rated current
of DUT.P/DUT.T grows faster and faster before VGS reaches
11/2.5 V, which means ΔVSD for a given ΔVGS increases
with increasing VGS according to (13). Given that ΔVSD

is comparable to dVSD when ΔVGS approaches infinity, |S|
increases with the increase in VGS. The ascending speed of
Ich3/ISD slows down with the increase in VGS to 20 V, resulting
in ΔVSD going down, which means |S| decreases. Therefore,
VGS has an excellent control effect on VSD when VGS of
DUT.P/DUT.T is close to 11/2.5 V. Besides, VGS has a limited
effect on VSD when VGS is close to −10 or 20 V.

D. Control Method of the VGS

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

However, the increased VGS 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 VTH mis-
match, especially after long term of cycling) [29]. The influence
of different VGS 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 VTH

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 VGS1 = VGS2 = 0 V, 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 VSD

increases with the increase of VTH according to (1) [25]. Thus,
a device with a higher VTH has a larger VSD, and it gets less
current.

When VGS1 = VGS2 =−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 VSD 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 Vdc 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 VGS1 of DUT1 are the same as
those of DUT2. (b) Experimental setup of DPT.

Fig. 17. Freewheeling current sharing performance of DUT.T with VTH

mismatch under (a) VGS1 = VGS2 = 0 V and (b) VGS1 = VGS2 = −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 Tj 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 Tj 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 IDS flows
through the channel when the positive VGS is large enough. The
second mode is that the channel is partially formed, i.e., ISD
flows through the channel and body diode. The third mode is
that the channel is completely closed and all ISD flows through
the body diode when VGS is negative enough. Therefore, the
effect of Tj on the 3rd-quad characteristics may vary with VGS.

Fig. 18. Third-quad I-V characteristics of (a) DUT.P and (b) DUT.T with the
MOS channel fully open (VGS = 20 V).

A. Channel Fully Formed

At room temperature, when VGS is between 15 and 20 V,
VSD of DUT.T increases linearly with the increase of ISD. This
means the MOS channel is fully open, and all ISD flows through
the channel. In Fig. 18(a), the kink in the I-V curve under
Tj = 175 °C indicates that the body diode is turned ON. Besides,
due to the difference in device structure, the body diode of planar
MOSFET is easier to turn ON than that of trench MOSFET at high
temperature [22]. The temperature coefficient of VSD is positive.
However, it is known that an increase in Tj leads to a lower VTH3

and a decrease in VSD.
When the channel is fully formed, VSD is made up of the

voltage drops on the channel resistance (Rch), RD, and Rsub.
When Tj increases, the change of VSD for a given ISD mainly
depends on Rch and RD.

It is known that Rch and RD 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 VTH3. The VSD

decreases with Tj due to the negative temperature coefficient
of VTH3. 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 Rch and RD. Thus, the VSD increases
with Tj. The only question is which mechanism dominates the
temperature coefficient of the VSD.

Since VGS is very large (VGS >15 V) when the channel
is fully formed, temperature induced changes in VTH3 has a
limited effect on Rch. Therefore, the effect of Tj on the mobility
dominates the temperature coefficient of VSD, 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 ISD = IDnom and VGS is
between −10 and 10 V, the MOS channel is partially formed.
The influence of Tj on VSD is shown in Fig. 19. When VGS of
DUT.P is less than 10 V, the temperature coefficient of VSD 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 VSD 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 VSD in the 3rd-quad is mainly affected by the MOS,
pn junction, and RD 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 RD.

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

When ISD is small, the voltage drop across RD 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 ISD, the 3rd-quad temperature
coefficient is dominated by the drift region. When ISD = IDnom,
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

Fig. 20. (a) Third quadrant I-V characteristics of DUT.T with VGS of −5 V,
τh of 1 and 100 ns, and the intersection is called the zero-temperature coefficient
(ZTC) point. (b) ΔVRD/ΔVMOS of RD/MOS is obtained at different ISD with
τh of 1 ns and VGS of −5 V. ΔVRD is the difference between VRD with 175 °C
and VRD with 25 °C, i.e., ΔVRD = VRD (175 °C) – VRD (25 °C).

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 (τh). When τh in the drift region is 100 ns, the
temperature coefficient is always negative. When τh is 1 ns, the
temperature coefficient changes from negative to positive with
the increase of ISD.

Therefore, when τh 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 τh 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 VGS is less than
−10 V, and all ISD flows through the body diode. Thus, the
temperature coefficient of VSD in the 3rd-quad is affected by the
pn junction and RD. The voltage drop of pn junction decreases
with Tj due to the positive temperature coefficient of intrinsic
carrier concentration.

When the channel is fully formed, the carriers of ISD are
unipolar, and the temperature coefficient of RD is positive due
to mobility decreases with Tj. As VGS 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 ISD increase. When the channel is completely closed,
the lifetime of bipolar carriers increases with increasing Tj,
resulting in a decrease in RD. Coupled with the pn junction with
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a negative temperature coefficient, the VSD 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 ISD
remains positive as VGS is reduced to −10 V. This is because
the τh 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 VGS. The second reason is the decrease
of the threshold voltage in the 3rd-quad (VTH3) due to the body
effect. The MOS channel is formed when the gate potential goes
over VTH3. Besides, the gate bias induced trapping charges to
slow down the closing process of the MOS channel as VGS goes
down from zero. The channel is closed when the source-to-drain
current (ISD) is less than the critical ISD, and the channel of
DUT.P and DUT.T could not be formed when VGS is smaller
than−10 V. A negative VGS 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
VSD varies with VGS. The larger is the channel current, i.e.,
the larger is VGS, the larger is the temperature coefficient of
VSD. 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.
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