460

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

Improved S1C MOSFET Model Considering Channel
Dynamics of Transfer Characteristics

Ning Wang ¥, Jianzhong Zhang

Abstract—An improved SiC MOSFET model is proposed in
this article, which predicts the dynamics accurately in the wide
operation range of the SiC MOSFET. The temperature-sensitive
effect (TSE), the short channel effect (SCE), and the interface
state effect are comprehensively taken into consideration in the
modeling of the transfer characteristics. A dynamic test platform of
transfer characteristics is designed to extract data better than the
datasheet. The turn-ON and turn-OFF processes of the SiC MOSFET
are decoupled, and the nonlinear interterminal capacitances are
also modeled thoroughly. To verify the convergence and accuracy
of the proposed model, a 400 V/30 A double pulse test is fulfilled,
and the complex converters are also simulated with the proposed
model. The results show that the proposed model has good
convergence and accuracy in predicting the switching trajectory
of the SiC MOSFET, which would be favorable for observing the
dynamics in the high-speed switching processes of the SiC MOSFET.

Index Terms—Device model, dynamic characteristic, SiC
MOSFET , transfer characteristic.

I. INTRODUCTION

UE to the lower on-resistance and the faster switching
D speed, the silicon carbide (SiC) MOSFET is a promising re-
placement for the silicon IGBT in high-voltage and high-power
applications, such as photovoltaic systems, electric vehicles, and
solid-state transformers [1]. With the development of device
technologies, the modeling of the SiC MOSFET has become
a significant topic in recent years [2], [3]. On the one hand,
the reliability issues during the high-speed switching processes
of the SiC MOSFET need to be predicted in advance, such as
crosstalk phenomena [4], electrical stresses [5], and electro-
magnetic interferences (EMI) [6]. On the other hand, to fully
exploit the potential of the SiC MOSFET and further improve the
performance of the system, the ON-state loss, the switching loss
[7], and the dead time [8] should also be calculated ahead of
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Fig. 1. SiC MOSFET model. (a) Simplified small-signal model. (b) Typical
VDMOSEFET structure.

time. Therefore, a dynamic model of the SiC MOSFET with high
accuracy is of vital importance.

The simplified small-signal model of the SiC MOSFET is shown
in Fig. 1(a), where i., is the channel current, Cys, Cyq, and
C 45 are three interterminal capacitances between terminals, and
Dy is the body diode, and all of these parameters could be
positioned in the typical vertical double-diffused (VD) MOSFET
structure shown in Fig. 1(b). The modeling of the interterminal
capacitances and the channel current are the most complex parts
when modeling the SiC MOSFET because both of them have
nonlinear features. The nonlinear features of the interterminal
capacitances are well-known about the thickness of the depletion
layer inside the SiC MOSFET varies with the terminal voltage. In
recent studies, the model of the interterminal capacitance is no
longer limited to the C—v 45 curves provided in the datasheets,
and the influence of the gate—source voltage v,, is taken into
consideration. A hyperbolic-tangent-based function is adopted
in [9] to describe the impact of vy, on Cy,, where the value of
Cgs is not treated as constant anymore. In [10], the exponential
function with correction factor is applied to model C 45, where
vgs and v, are taken as variables for the exponential function
and the correction factor, respectively. It could be found that the
interterminal capacitances are mainly voltage-dependent, and
the impacts of other physical quantities are trivial [11], so the
modeling of the interterminal capacitances is becoming more
perfect.

When the SiC MOSFET operates in the saturation region, the
channel current i., is controlled by the gate—source voltage
Vgs, and the transfer characteristic shows the relationship of
Vvgs and ig,. Different from the modeling of the interterminal
capacitances of the SiC MOSFET, the studies on the transfer
characteristic model are inadequate. Most of the literature tried
to apply different functions to make the model better fit the
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transfer characteristic curve provided in the datasheet, including
the quadratic polynomial function [12], [13], the exponential
function [14], and the hyperbolic tangent function [15]. In [12],
[13], [14], [15], and [16], the junction temperature T is taken as
an independent variable in the fitting function. However, only
two or three temperature points are available in the datasheet,
which is far from enough. In general, the datasheet-driven model
of the SiC MOSFET has limited accuracy.

In this article, an improved model of the SiC MOSFET con-
sidering the channel dynamics of the transfer characteristic is
proposed. The innovations of this article are as follows:

1) The proposed model takes three channel dynamics into
consideration, including the TSE, the SCE, and the inter-
face state effect (ISE).

2) The dynamic test platform (DTP) of transfer character-
istics is designed to extract data, where the turn-ON and
the turn-OFF transfer characteristics can be modeled sep-
arately.

3) The general embedding method is presented to ensure that
measurement-based data could be effectively applied in
the Spice software.

4) The nonlinear interterminal capacitances are also com-
prehensively modeled by expanding the data of the C—v
curves provided in the datasheet.

This article is organized as follows. In Section II, the features
of the transfer characteristics of the SiC MOSFET are discussed
and analyzed in detail. In Section III, the transfer characteristic
is modeled based on the DTP. In Section IV, the simulation
and experiment validations are carried out. Finally, Section V
concludes this article.

II. TRANSFER CHARACTERISTICS
A. Curve of Transfer Characteristic

In a typical VD MOSFET structure, the channel is formed at
the top of the p-base, which is between the n+ doped region
and the n— drift layer. If the drain—source voltage v, is very
small compared to the gate—source voltage v 4, the SiC MOSFET
operates in the linear region and the channel can be equivalent
to a voltage-controlled resistor. If the drain—source voltage
v4s are relatively higher than the gate—source voltage vy, the
SiC MOSFET operates in the saturation region and the channel
can be treated as a voltage-controlled current source. Since
the dynamic characteristics of the SiC MOSFET are defined
in the transition between the cutoff region and the linear
region [5], the channel is modeled as a current source in this
article.

The turn-ON and the turn-OFF processes of the channel are
not abrupt because the carriers could not appear or disappear
instant. The transfer characteristic curve of the SiC MOSFET can
well present the transformation process of the channel, as shown
in Fig. 2. During the switching processes, the SiC MOSFET goes
through four states with the change of v 4, namely the accumu-
lation state, the depletion state, the weak inversion state, and the
strong inversion state. In the accumulation state, v, is negative,
so the SiC MOSFET could be turned off reliably. The negative
charge in the metal will attract the holes in the p-base towards the
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Fig. 3. Comparisons of transfer characteristic curves in different MOS-
FETS. (a) SiC MOSFET (IMZA65R039M1H) and SJ-MOS (IPW65R041CFD7).
(b) SiC planar MOSFET (C2M0080120D), SiC symmetrical double trench MOS-
FET (SCT2080KE), and SiC asymmetric trench MOSFET (AIMW 120R060M 1H).

Si04/SiC interface, which leads to the accumulation of majority
carriers on the semiconductor surface. As vy, increase towards
0V, the concentration of the accumulated holes will decrease.
Once vy is positive, the holes will be repelled away from
the SiO-/SiC interface, and the p-base will enter the depletion
state. With the increase of vy, the concentration of electrons
will increase, so the p-base could conduct a weak current (uA
level) in the weak inversion state. Once the concentration of
electrons is higher than that of holes, the channel is formed,
which has sufficient conductivity (mA to A level). In the strong
inversion state, the channel can be treated as a current source
mainly controlled by vys. As shown in Fig. 2, the threshold
voltage Vg is the gate—source voltage where the channel could
conduct a certain value of current. The transconductance gy, is
the local tangent slope on the transfer characteristic curve, and
gfs characterize the conductivity of the channel in the strong
inversion state.

The transfer characteristics depend on the semiconductor
materials and the fabrication technologies of the power devices,
so they vary widely among different power devices. It can be
seen in Fig. 3(a) that the shape of the transfer characteristic
curves is quite different between the SiC MOSFET and the Si super
junction MOSFETs (SJ-MOS), whereas their continuous current
capacity is similar. As shown in Fig. 3(b), the different gate
technologies have great impacts on the transfer characteristic
curves too. Therefore, the large difference in the transfer
characteristic of the MOSFETs calls for the acquisition of a
detailed and targeted model.
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Fig. 4. Switching trajectory of SiC MOSFET. (a) DPT circuit and prototype.
(b) Switching trajectory.

B. Switching Trajectory

The transfer characteristics directly determine the dynamic
features by influencing the switching trajectory of the SiC
MOSFET. Fig. 4 shows the switching trajectory waveforms of
the drain current i 4, the gate—source voltage v4,, and the drain—
source voltage v 4, in the switching processes, where V. is the
blocking voltage of the SiC MOSFET, I, is the load current, R,
is the total gate resistance, V¢ is the positive driving voltage,
and Vg is the negative driving voltage. The switching trajectory
could be obtained from the double pulse test (DPT) platform. It
should be noted that the body diode of the SiC MOSFET is served
as the freewheeling diode Dy, in the DPT.

The turn-ON trajectory can be divided into four periods,
namely the delay period (79,1 ), di/dt period (t1,t2), dv/dt period
(t2,3), and ON-state (#3,¢4). The turn-OFF trajectory also has four
periods, namely the delay period (#5,ts), dv/dt period (tg,t7), dildt
period (t7,ts) and OFF-state (fg,fg9). The slew rate of the drain
current di/dt and the slew rate of the drain—source voltage dv/dt
are the most important parameters to characterize the switch-
ing processes of the SiC MOSFET, and they can be calculated

from
<dl> _ 9rs(Vaa — Vin) 0
dt ON RgCgS + gstS
(dl) _ 9rs(Ver + V) + 11, @)
dt ) opp R,Cys + gssLs
(dU) _ 9rs(Vaa — V) — I, 3)
dt /o RyCgaygys
(dv) _ 95s(Viu = Vep) + I, @)
dt } op RyCgagys

It is obvious that Vry and gy, have significant influences on
the calculation of di/dt and dv/dt. It is well-known that di/dt is
the main factor of the turn-ON current overshoot, the turn-OFF
voltage overshoot, and the differential mode EMI. At the same
time, dv/dt is the source of crosstalk phenomena and the common
mode EMI. In addition, the value of di/dt and dv/dt directly
impacts the evaluation of the switching losses. Therefore, the
transfer characteristics of the SiC MOSFET should be accurately
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modeled during the prediction of the dynamic characteristics of
the SiC MOSFET.

C. Channel Dynamics

The transfer characteristic curves are provided in the
datasheet, but they are insufficient as the operating range of the
SiC MOSFET is much wide than that of the datasheet. When the
SiC MOSFET operates in the practical application, the channel
dynamics should be considered in the model, such as the TSE,
the SCE, and the ISE.

The TSE of the channel can be attributed to the positive
temperature sensitivity of the carrier concentration. At the same
time, since the Coulomb scattering is stronger than the phonon
scattering within the normal operating temperature range of the
SiC MOSFET, the field effect mobility also has a positive tem-
perature coefficient [18], [19], [20]. As a result, more inversion
electrons will appear in the channel when the temperature is
higher, so Vi1 will decrease and g, will increase. The manufac-
turers usually provide the transfer characteristic curves at two or
three temperature points, which are far from enough. Therefore,
to increase the accuracy of the interpolation algorithm, it is
necessary to extract the data of the transfer characteristics from
more temperature points.

The SCE is due to the drain-induced barrier lowering effect
(DIBL), which is more obvious in the SiC MOSFET than in the
Si MOSFET [21], [22], [23]. Compared with the Si material, the
channel mobility based on the SiC material is relatively lower,
so the channel resistance tends to be higher. Shortening the
channel length is one of the most effective ways to overcome
this defect. However, when the channel length is reduced to a
level comparable to the width of the drain depletion layer, the
SCE will cause the following three negative effects.

1) The shift in the transfer characteristic curve.

2) Degradation of the sub-threshold properties.

3) Unsaturation of the drain current [22].

In terms of the transfer characteristic discussed in this article,
the transfer characteristic curve will shift to the right when the
SiC MOSFET is turned on. It can be explained as the decrease
of v4s making the drain depletion thinner, and the holes are not
sufficiently repelled, so more electrons are required to form the
channel. As a result, Vpy will increase and gy, will decrease
in the turn-ON dv/dt period (f2,t3). On the contrary, Vppy will
decrease and g, will increase in the turn-OFF dv/dt period (fg,7).
As shown in Fig. 5, one of the most observable impacts of
the SCE on the switching trajectory is that the “Miller ramp”
replaces the “Miller plateau” [5], [9]. To predict the dynamic
characteristics of the SiC MOSFET more accurately, the SCE
should be taken into consideration in the model. The Miller
voltage Vi has the following relationship:

1,

Vanit + AVt = (Vg + AVay) + ——L—
1 1 ( TH TH) s +Agf5

(%)
where AV, AV, and Agys are variance of Vi1, Ve, and
gy caused by the SCE, respectively.

The ISE has a more significant impact on the transfer char-
acteristics of the SiC MOSFET than the Si MOSFET because the
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Fig. 6. ISE of SiC MOSFET. (a) ISE in turn-ON process. (b) Hysteresis of
transfer characteristic.

Si0,/SiC interface is more complex than the SiO»/Si interface.
On the one hand, the existence of carbon in the SiC material
brings point defects. On the other hand, the high bandgap of the
SiC material gives these point defects at a range of high energy
levels. The density of the SiO/SiC interface state could reach
10''-10'2 cm~?/eV, which is two or three orders of magnitude
larger than that of the SiO/Si interface state [24], [25]. When the
channel switches between the accumulation state and the strong
inversion state, the charges trapped in the interface will change
the number of electrons by the Coulomb force. In consequence,
the shift will occur in the transfer characteristic curve of the SiC
MOSFET.

As shown in Fig. 6(a), a large number of holes will be
trapped on the SiO2/SiC interface when the channel is in the
accumulation state, and the number of the trapped holes will
increase with a lower negative v 4. Once the channel enters the
inversion states, these trapped holes will attract more additional
electrons to form the channel, so Vry will decrease and g, will
increase. Likewise, since the SiO,/SiC interface traps a lot of
electrons before the channel is turned OFF, Vi will increase,
and gy, will decrease in the turn-OFF process of the SiC MOSFET.
It can be seen in Fig. 6(b) that the ISE makes the difference
between the turn-ON and the turn-OFF transfer characteristics,
and this phenomenon can be called the “hysteresis of transfer
characteristic.”

The hysteresis of the transfer characteristic is recoverable, and
it exists in each switching process. In the conventional model,
which neglects the ISE, the negative initial voltage Vg will not
influence the value of the turn-ON di/dt and dv/dt, and the positive
initial voltage V s has a trivial impact on the turn-OFF di/dt and
dv/dt. However, as shown in Fig. 7, the experimental slew rate

463

600
500
400

Z 300

=200
100
0

V=12V, 16V, 20V
V=0V, -4V, -8V Ve=4V)

(Vg=20V)

100 150 200 250
t (ns)

(b

100 150 200 250 0 50
1 (ns)

(a)

0 50

Fig. 7. Switching trajectory of SiC MOSFET with different initial driving
voltages (C2M0080120D, Vg. =400V, I, =20 A, R, = 10 2, Tj = 25 °C).
(a) Turn-ON process with Vo =20V, Vg =0V, —4 V, and —8 V. (b) Turn-OFF
process with Vg = —4 V, Vag = 12V, 16 V, and 20 V. (Arrows indicate the
changing direction of the initial gate voltage.)

of iz and v4, will increase when the absolute value of the initial
gate—source voltages increases. Therefore, the ISE should be
considered in the transfer characteristic model. In detail, the turn-
ON and the turn-OFF transfer characteristics should be modeled
separately, and the value of V¢ and Vg should be determined
meantime.

TSE, SCE, and ISE are three critical physical effects for
the design, application, and evaluation of the SiC MOSFET. The
dynamic transfer characteristics considering the TSE, SCE, and
ISE can be approximately expressed as follows:

1 N 2T N
Viy = — /desickT In (A) + (A)
Cou i q n;
TSE (6)
- 45$iCtox\IjB - Qox
CO[EL COCL‘
~—~—
SCE ISE
w niCo:c
Im = ,U/T (Ugs - VTH) (]- + )"Uds) (7)

where eg;c is the dielectric constant of the SiC material, k
is the Boltzmann’s constant, T is the temperature, N4 is the
doping density, n; is the intrinsic carrier concentration, C,,; is
the specific oxide capacitance, ¢ is the fundamental charge, 7,
is the oxide thickness, 1 5 is the bulk potential, W is the channel
width, L is the channel length, Q,, is the total effective oxide
charge, 1u,,; is the electron channel mobility, and X is the channel
modulation factor.

It is difficult to directly apply the physics-based equations to
model the transfer characteristics because the parameters inside
the SiC MOSFET might be unavailable to the users. Therefore, a
measurement-based method is proposed in this article to extract
the detailed dynamic transfer characteristics for the SiC MOSFET.

III. IMPROVED MODEL
A. Test Platform of Dynamic Transfer Characteristic

The DTP is shown in Fig. 8, which consists of two isolated
push-pull gate drivers U; and Us, PNP transistor Q;, power
supplies Va1, VeEEL, Vage, VEE2,and Vi, driving resistors
Ri, Ro, and R3, high-speed switching diode D;. It should be
noted that the value of Vg1, Vaai’, and V. is adjustable, and
the junction temperature of the SiC MOSFET could be controlled
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by the heater. The effective driving voltage Vg, of the SiC
MOSFET can be expressed as

Vacr Vi=1,V, =1

VEp1 V1 =0,V =1 (8
Vi Vi =1,V5 =0

Vdr =

where V; and V5 are the driving signals. The extraction of the dy-
namic transfer characteristics is realized by obtaining the value
of iy at a fixed gate—source voltage v4,. As shown in Fig. 9(a),
when extracting the turn-ON transfer characteristic, the signal V,
should be set at a high level, and V; is a pulse signal with 1 us
which could reduce the impact of the self-heating effect. It can
be seen that V;,. will be switched between Vg, and Va1, and
the value of i at different V71 could be obtained, as shown in
Fig. 10(a). Then the turn-ON transfer characteristic at a fixed Vg,
could be obtained. Since there have some differences between
the turn-ON and turn-OFF transfer characteristics, the data of the
turn-OFF transfer characteristic should be extracted in another
way. Fig. 9(b) shows the signals V; and V, for the turn-OFF
process, where V5 should turn to a low level after a certain delay.
So, the effective driving voltage V4, jumps to V1 first, keeps
at Vg1’ second, and decreases to Vg finally. As a result, the
SiC MOSFET is turned on sufficiently by Va1, then keeps in the
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circuit. (b) Relationship between vy and ig4.

strong inversion state at Vg1, and the SiC MOSFET is turned
OFF by Vg1 finally. The channel will conduct a certain current
at Va1, and the conducted current at Vggq’ is recorded, as
shown in Fig. 10(b). Therefore, the turn-OFF process of the SiC
MOSFET could be reasonably emulated, and the turn-OFF transfer
characteristic at a fixed V4. could be obtained.

It is obvious in Fig. 10 that the current conducted by the
channel in the turn-ON process and the turn-OFF process are
different. When both V51 and Vg’ are 7'V, and the blocking
voltage V. is 20 V, the measured current in the turn-ON process
is 0.65 A higher than that in the turn-OFF process, which is due
to the ISE. Therefore, it is necessary to model the turn-ON and
turn-OFF transfer characteristics separately.

It should be noted that each test process will increase the
junction temperature of the SiC MOSFET, so sufficient interval
time is necessary to keep the device in thermal equilibrium,
especially in the turn-OFF test. Compared with the datasheet-
driven parameters extraction method, the measurement-based
method is more flexible and comprehensive. On the one hand,
the DTP expands the measurement range of the curve tracer. On
the other hand, the turn-ON and turn-OFF transfer characteristics
could be measured separately in a convenient way.

The dynamic transfer characteristics of the SiC MOSFET could
be tested by the DPT proposed in [29] and [30]. In [29] and
[30], the relationship between vy and iy in the di/dt period
is researched. However, the solution based on the DPT has
limited accuracy due to the following factors. First, the parasitic
resistance and inductance in the DPT will lead to inevitable
errors in the test of the transfer characteristics. Fig. 11 shows
the parasitic gate resistance R;,, the parasitic gate inductance
L, the parasitic source inductance L, and the parasitic drain
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inductance L4. The voltage drop on the parasitic parameters
could never be eliminated, and it will significantly influence the
switching trajectory of the SiC MOSFET, especially in different
packages with changing parasitic effects. Fig. 12(a) shows the
tested results of dynamic transfer characteristics in different
packages, where the measured i, in the TO-247N package is
1.24 A lower than that in the TO-247-4L package under the
same V45 based on the DPT. This is unacceptable for testing the
transfer characteristics. Second, the solution in [29] and [30]
requires the strict and accurate correction for the time offset
between the voltage probe and the current probe, where the
dedicated calibration equipment is very expensive. Third, two
probes with high bandwidth are required in the solution based
on the DPT. Obviously, the measured i ; by low bandwidth probe
CPO150A (12 MHz) has amore significant attenuation compared
to that by high bandwidth probe N2783A(100 MHz), as shown in
Fig. 13(a). The measurement errors would lead to the inaccuracy
of the transfer characteristics.

The proposed extraction method of the transfer characteristics
based on the DTP in this article could have higher accuracy
than the existing solution as shown in [29] and [30]. Different
from the existing solutions, the measurement of iy based on
the DTP is carried out at the stable state where iy, diy/dt, and
dij/dt are close to zero. Then the voltage drops on the parasitic
parameters are trivial. Fig. 12(b) shows the tested results of
the dynamic transfer characteristic at different packages, and
good consistency could be achieved for the proposed solution
based on the DTP. Furthermore, the proposed DTP only needs
one current probe and then no time offset should be corrected.
Fig. 13(b) shows only minor attenuation in the measured i ; when
the bandwidth of the current probe is relatively low. Therefore,
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=== Turn-off transfer curve @V, =20V,7=25°C

60

iq(A)

40

Fig. 14. Transfer characteristic curves at different operation points
(C2M0080120D).

the good consistency and accuracy of the proposed extraction
method of the transfer characteristics based on the DTP could
be achieved.

B. Transfer Characteristic Model

To take the SCE into consideration, the dynamic transfer
characteristic test should be repeated at different blocking volt-
ages by adjusting V4.. Meanwhile, to consider the TSE, the
test should be carried out at different junction temperatures
by fully heating the SiC MOSFET to the specified temperature
T}, and then the junction temperature could be measured on
the outside of the package. It is shown in Fig. 14 that the
transfer characteristics in the practical applications are more
complex than the curves provided in the datasheet. When the
junction temperature increases from 25 °C to 100 °C, the transfer
characteristic curve will shift to the left due to the TSE. Likewise,
the SiC MOSFET will have a lower Vry and higher gy, due to the
SCE if the blocking voltage increases from 20V to 400 V. It
can also be seen that the turn-ON transfer characteristic curve
shows a difference from the turn-OFF curve, which confirms the
results about the ISE shown in Fig. 6. It should be noted that the
negative initial voltage Vg in the turn-ON process is —4 V, and
the positive initial voltage V¢ in the turn-OFF process is 20 V
in this article.

The complete test data of the transfer characteristics for the
SiC MOSFET is shown in Fig. 15. Three junction temperatures
T;=25°C,T; =100 °C, and T; = 175 °C, are selected in the
proposed model, and the blocking voltage V. varies from 10 to
400 V. It is also convenient for the users to obtain data at other
T} or Vg, for modeling the dynamic transfer characteristic.

The Spice software lacks the plugins for the 3-D lookup
table, so it is not friendly to the discrete data shown in Fig. 15.
Therefore, a general embedding method is adopted to ensure
good implementation of the measured data in the Spice software,
as shown in Fig. 16. The curve fitting in MATLAB Toolbox is
used to match the discrete data with the specific fitting function.



466

14 12
10 3 p
Vo (V) 4
)

| Turn-off (7;=100°C

14
12
10 8
Vo (V)

®

Fig. 15.  Transfer characteristic of SiC MOSFET (C2M0080120D). (a) Turn-ON
tested data at 25 °C. (b) Turn-OFF tested data at 25 °C. (c) Turn-ON tested data
at 100 °C. (d) Turn-OFF tested data at 100 °C. (¢) Turn-ON tested data at 175 °C.
(f) Turn-OFF tested data at 175 °C.
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Fig. 16.  General embedding method from test to Spice.

In this article, the fifth order bivariate polynomial is adopted,
and it has

5
Z-ch (Ugsa vdS)Tj:n"C - Z Pijvzsvés (9)
i=0

Jj=0
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TABLE I
COEFFICIENTS OF VOLTAGE-CONTROLLED CURRENT SOURCE
7=25°C 7=100°C T=175°C

on | off on | off on | off
Poo 12.660 12.490 15.760 15.350 17.740 17.870
Pio 20.020 18.540 17.900 17.730 | 22.760  22.790
po 3.285 3.275 3.190 2.080 3.444 2.974
P20 8.955 8.545 5.443 6.032 7.262 6.649
pii —0.494 0.289 -1.062  —-0.653 |[-1.514 —-0.947
po2 4.746 4457 4.495 4.339 5.994 4.702
P30 —-1.083 0.154 0.824 1.130 -2.002 -1.735
p21 -0.075 0.271 0.053 0.226 —0.208 0.725
P2 2.756 3.591 3.014 2.905 3.051 2.415
Po3 -3.203 -2.441 |-3337 -1.531 |-=-3.700 -2.500
P40 -0.549  -0.387 0.4898  0.309 -0.248  -0.045
p3i 0.487 0.543 0.678 0.637 0.505 0.563
P2 -1.693 -1.430 |-1.707 -1.667 |-2.104 =2.097
pi3 2.836 2.327 2.841 2.614 3.639 3.300
po4 =2.711  =2.517 | -2490 -2.365 |-3.422 -2.685
Pso 0.369 0.119 -0.008  —0.091 0.476 0.395
P41 —0.002 0.019 -0.071 -0.087 |[-1.001 —0.394
P32 -0.573  -0.889 |-0.846 —0.795 |-0.460 -0.450
P23 1.327 1.081 1.352 1.240 1.585 1.587
yan -1.931 -1.846 |-1.759 -1.652 |-2479 -2.060
Pos 1.635 1.291 1.670 1.113 1.980 1.367

+

N
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e ! St
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(n=25,100. 175...)

+
11’\%00 n=175
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Model of dynamic transfer characteristic in Spice software.
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Fig. 17.

where p;; are the coefficients and could be determined by the
implementation of the 3-D fitting in the MATLAB, i, (Vgs,Vds)
is the channel current at various gate—source voltage and drain—
source voltage, and the footnote T; = n°C is the junction tem-
perature. Table I shows the detailed coefficients in (9). Then,
in the Spice software, the dynamic transfer characteristics of
the SiC MOSFET could be modeled as the voltage-controlled
current source. Fig. 17 shows the implementation of the dynamic
transfer characteristic in the Spice software. There are several
parallel-connected blocks corresponding to different junction
temperature 7; and only one of the blocks at a specific 7; would
be enabled during the simulation. The ON/OFF terminal in the
Spice software is connected with the pulsewidth modulation
(PWM) signal. Then, the voltage level of the PWM signal
decides the turn-ON or turn-OFF process of the SiC MOSFET,
where the high voltage corresponds to turn-ON process and the
low voltage corresponds to turn-OFF process. The current source
ion serves as the channel current of the SiC MOSFET in the
turn-ON process, and iorp serves as the channel current of the
SiC MOSFET in the turn-OFF process. The comparators U; and
Uy judge the T location according to n and trigger the switch
S7. So, only the source block at specific 7 would be enabled.
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Fig. 18. Model of dynamic interterminal capacitance (C2M0080120D).
(a) Cys. (b) Cyq. (c) Cygs. (d) Implement of dynamic interterminal capacitance
model in Spice software (C, could be Cys, Cyq, or Cys).

C. Interterminal Capacitance Model

The interterminal capacitance model also plays an important
role in predicting the dynamic characteristics of the SiC MOSFET.
The C—v curves provided in the datasheet are widely applied
to the conventional model of interterminal capacitances [26].
However, the C—v curves are only obtained at v, = 0 V, where
the dynamic behaviors of the SiC MOSFET in the high-speed
switching process are neglected. Since the parasitic capacitance
of the p-base varies a lot when the channel changes from the
accumulation state to the strong inversion state, the capacitance
Cgys will change with v,,. When v, is comparable to v, the
change in v 4, will have a great impact on the capacitance Cyq,
which cannot be ignored anymore. The capacitance Cgs will
decrease at higher v 4, because the equivalent area of the drain
body junction and the carrier concentration at the bottom of
the n-drift layer will reduce when v, increases. Therefore,
to achieve high accuracy, the influences of vy, on the three
interterminal capacitances must be modeled.

The finite element analysis of the device is an effective way
to extract the interterminal capacitances under the dynamic
processes [27], [28]. As shown in Fig. 18(a)—(c), every single
C—v curve in the datasheet is expanded to multiple curves at
different vg,, and it is obvious that the curves are different
from each other, especially at low v4s. The model of dynamic
interterminal capacitance could be implemented by the voltage-
controlled capacitance in the Spice software, which is shown
in Fig. 18(d). Since the linear capacitance C; is adopted, good
convergence could be achieved because no complex calculation
parts are required. It should be noted that g(v4,,v4,) is the fitting
function according to the data in Fig. 18(a)—(c), and the detailed
coefficients can also be obtained by the general embedding
method in Fig. 16. The physical parameters of the SiC MOSFET
(C2M0080120D) are same as [31], which might be easy to
be collected for the different devices by cooperation with the
manufacturers.

TABLE II
INFORMATION OF DPT

Name Information
Tested power device  SiC MOSFET C2M0080120D (1200V/36A)
Re 10-60 Q
It 5-30A
Driving parameters Vie 100—400 V
T; 25-175°C
Vol Ve 20V/=4V
Parasitic parameters L% 82.5 nH from ANSYS Q3D
P L 9.0 nH from ANSYS Q3D
Current probe TCP305A
Test equipment Voltage probe SI1-9002
Oscilloscope TPS2024B

Cpr
Leap
R, . ﬁ]
Ceon A Cose Roge
~N T

Lawn B

T

Homemade Capacitor
ground wire compensation knob

Roots of
—
package

Fig. 19. Measurement of voltages between terminals of SiC MOSFET.

IV. EXPERIMENT VALIDATION
A. Double Pulse Test (DPT) Platform

The DPT platform shown in Fig. 4(a) is implemented to vali-
date the proposed model. The detailed information on the DPT
is listed in Table II. It is significant to reduce the measurement
errors of the voltage between the SiC MOSFET terminals. So,
three critical steps are adopted in the implementation of the
DPT, as shown in Fig. 19. First, the impedances of the probe
and the oscilloscope should be matched (R, Cpr = RoscCosc) to
ensure enough high-frequency response by tuning the capaci-
tance compensation knob (see Fig. 19). Second, the homemade
ground wire should be wrapped around the metal ground of
the probe to minimize the parasitic inductance Lgnp, which is
effective to reduce the additional oscillations. Third, the probes
must be placed at the roots of the package as close as possible
to reduce the errors caused by the parasitic inductance of the
pins. Furthermore, the alignment should be carried out in the
computer because the inherent offset and delay of the probes
should be deducted in advance.

B. Accuracy Validation

In this article, Pspice16.6 is applied as the Spice software, and
the computer configuration is Intel Core i5-7th Gen. To quantify
the accuracy of the proposed model, all the errors between the
experimental result Xy, and the simulated result xg;,,, will be
expressed as the relative error; it has

Texp — Lsim

A% = x 100%. (10)

Lexp
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Fig.20. Comparison of experimental and simulated switching trajectory when

applying conventional model (Ry, = 10 2, I, = 20 A, Vgc =400 V, T; = 25
°C). (a) Turn-ON process. (b) Turn-OFF process.
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Fig.21. Comparison of experimental and simulated switching trajectory with
different R4 when applying the proposed model (I, =20 A, Vqc =400V, T; =
25 °C). (a) Turn-ON with R, = 10 €. (b) Turn-OFF with Ry = 10 €2. (c) Turn-ON
with R, = 20 €2. (d) Turn-OFF with R, = 20 €2. (e) Turn-ON with R, = 30 €.
(f) Turn-OFF with R, = 30 €2.

The conventional model provided by the CREE neglects the
channel dynamics, so there have obvious errors in predicting the
switching trajectory of the SiC MOSFET. As shown in Fig. 20,
taking the turn-ON di/dt as the comparison object, A% reaches
23.9%, which is unacceptable.

The improved SiC MOSFET model with transfer characteristics
considering the channel dynamics has higher accuracy than
the conventional model. Meanwhile, the dynamic model of the
interterminal capacitances could also improve the correctness
of predicting the switching characteristics of the SiC MOSFET.
As shown in Fig. 21, the simulated switching trajectory by
the proposed model has great agreement with the experimental
switching trajectory at different driving speeds. It is easy to
find that the relative error of the turn-ON di/dt is only 3.6% in
Fig. 21(a), which is far lower than that with the conventional
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Fig.22. Comparison of experimental and simulated switching trajectory with
different /7, when applying the proposed model (R, = 102, Vqc =400V, T =
25 °C). (a) Turn-ON with /7, = 10 A. (b) Turn-OFF with I, = 10 A. (¢) Turn-ON
with I7, = 30 A. (d) Turn-OFF with I, = 30 A.
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(@) (b)
Fig.23. Comparison of experimental and simulated switching trajectory with

another blocking voltage when applying the proposed model (R, = 10 €2, I, =
20 A, Vac =200V, T = 25 °C). (a) Turn-ON process. (b) Turn-OFF process.

model. As shown in Fig. 22, the proposed model also has
relatively high accuracy with different load currents.

The blocking voltage V. will have a significant impact on the
switching trajectory of the SiC MOSFET. On the one hand, the
transfer characteristics of the SiC MOSFET vary at different v 4,
due to the SCE. On the other hand, the interterminal capacitance
will change when the voltages between terminals are different.
As shown in Fig. 23, the proposed model could keep high
accuracy at different V..

Since the proposed model takes TSE into consideration, the
simulated results could agree with the experimental results well
at a different temperature, as shown in Fig. 24. Fig. 24 shows
the proposed model could have good accuracy with the junction
temperature 7; = 100 °C, 125 °C, and 175 °C.

To intuitively demonstrate the advantages of the proposed
model in terms of accuracy, this article takes the average of
four relative errors of (dildt)on, (dvldt)on, (dildt)orr, and
(dvldt)orr for the comparisons, the average relative error is
expressed as A, %. As shown in Fig. 25, the improved model of
the SiC MOSFET could get higher accuracy than the conventional
model in the wide operation range.
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Fig.24. Comparison of experimental and simulated switching trajectory with
different junction temperatures when applying the proposed model (R, = 10 €2,
I, =20 A, Vgc = 400 V). (a) Turn-ON with 7; = 100 °C. (b) Turn-OFF with
T; = 100 °C. (c) Turn-oN with T; = 125 °C. (d) Turn-OFF with 7; = 125 °C.
(e) Turn-ON with T; = 175 °C. (f) Turn-OFF with T; = 175 °C.
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C. Convergence Validation

Besides the accuracy, convergence performance and simula-
tion duration are two other important issues during the evaluation
of the device model. It is widely known that the simulation accu-
racy will increase with the decrease of the maximum simulation
step in the Spice software. Meanwhile, the divergence problem
might occur in a short simulation step [15]. Fig. 26 shows the
proposed model could achieve good convergence close to the
conventional model even at the simulation step of 0.01ns. It is
obvious that the general embedding method based on the fitting

_10° _ 10 .
To; 10 g 107 Lok ol
g 10 g 10
3 100 S 10
i=1 =]
15 15
g 10°! E 107
= =
E10? E 107
“ 10 “ 100
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Maximum simulation step (ns) Maximum simulation step (ns)
(a) (b)

Fig. 26. Convergence validation of different models in Pspicel6.6 (running
time is 1 ps). (a) One DPT circuit. (b) Two DPT circuits.
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Fig. 27. Three-level T-type inverter with improved SiC MOSFET model.

TABLE III
INFORMATION OF THREE-LEVEL T-TYPE INVERTER

Name Information
Bus voltage Veus=200 V
Bus capacitor C1=C=0680 pF
Load inductor L=3 mH
Load resistor R=15Q
Modulation method Phase-disposition PWM
Switching frequency 5kHz
Output frequency 50 Hz
Modulation ratio 0=0.8
Ui and Uz (SN74LVC1G14)
. . Us and U (SN74LVC1GO8)
Dead-time interlock circuit Ri=R=100Q
C5=C4=100pF

functions in Fig. 16 is easier and faster to converge than the
method applying the lookup table, and the model based on the
lookup table could not converge at the simulation step of 0.01
ns.

It is necessary to ensure that the proposed model has good
convergence in the system-level simulation. Fig. 27 shows the
three-level T-type inverter with the improved SiC MOSFET model.
The detailed information on the three-level T-type inverter is
shown in Table I1I. It should be noted that six dead-time interlock
circuits are included in the simulation to ensure the operation of
the inverter in safety. Fig. 28(a) shows the output line voltage
vuy and Fig. 28(b) shows the convergence report of the proposed
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Fig. 28.  Simulation results of the proposed model. (a) Output line voltage

waveform. (b) Convergence report.
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Fig. 29. Simulation results of the proposed model in various Spice software

at (a) different maximum simulation steps. (b) Different number of simulated
DPTs. (Pspicel6.6 and Simetrix9.0 are Spice software A and B, respectively.)

model in Pspicel6.6. It can be seen that the simulation duration
of the three-level T-type inverter is 136.25 s (running time = 0.04
s, maximum simulation step = 1 ns), and no divergence problems
occur. Therefore, the convergence of the proposed model in the
system-level complex topology has been validated well.

D. Generality Validation

It is valuable to show the proposed model has good generality
in various Spice software. Besides Pspicel6.6, a more state-
of-art tool, Simetrix9.0, is also adopted in the same computer
configuration for validation of the device model. The simulation
results in different software are shown in Fig. 29. Obviously, no
divergence problems would occur in the Spice software, even if
the maximum simulation step is as short as 1 ps and the number
of DPTs is as large as six. It also shows that Simetrix9.0 has a
higher simulation speed, which is beneficial for the simulation
of the complex converter.

To verify the performance of the improved model of the
SiC MOSFET, the device model is also applied to soft-switching
applications. Fig. 30 shows the neutral point clamped (NPC)
full-bridge three-level LLC resonant converter with an improved
SiC MOSFET model. The simulation results in Simetrix9.0 is
shown in Fig. 31, where the resonant converter works well and
the simulation duration is only 30.55 s (running time = 0.04
s, maximum simulation step = 1 ns). Therefore, the proposed
model of the SiC MOSFET also has the potential for soft-switching
resonant converters.

V. CONCLUSION

An improved SiC MOSFET model considering the channel
dynamics of transfer characteristics is proposed in this article,
which predicts the dynamic characteristics of the SiC MOSFET
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Fig. 30. NPC full-bridge three-level LLC resonant converter with improved
SiC MOSFET model.
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Fig. 31.  Simulation results of the proposed model. (a) Voltage and current of

the resonant network. (b) Convergence report.

in high accuracy and good convergence. The dynamic effects,
TSE, SCE, and ISE are taken into consideration in the proposed
model. The measurement method based on the DTP and the
implemented method in the Spice software are discussed in
detail. Furthermore, the nonlinearity of the interterminal ca-
pacitances is also included in the model. The performance of
the proposed model is validated in the DPT and comparisons
with the conventional model are carried out. The simulation
results have good agreement with the experimental results in
different switching speeds, load currents, blocking voltages,
and junction temperatures. Finally, two complex converters are
simulated with the proposed model, and good convergence has
been proven in a small maximum simulation step. Therefore, the
proposed model could predict the dynamic characteristics of the
SiC MOSFET at the converter system level.
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