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Abstract—Silicon carbide-based metal-oxide-semiconductor
field effect transistors (SiC MOSFETs) have been widely applied
due to their lower on-resistance and parasitic parameters
compared with silicon devices. However, the unexpected crosstalk
phenomenon occurs and could lead to false turn-ON or gate-oxide
damage of the devices. In this article, an accurate predictive
method of crosstalk peaks is proposed to provide theoretical
guidance for crosstalk evaluation and suppression, which can
improve the reliability of the systems. First, the generation
of crosstalk and conventional predictive method are illustrated.
Second, an improved crosstalk model considering dynamic transfer
characteristics and Miller ramp is proposed. Furthermore, the
dynamic transfer characteristics and Miller charge of SiC MOSFETs
are obtained experimentally to realize the necessary supplement of
the data provided by manufacturers. Finally, the crosstalk peaks
predicted by the proposed method are compared experimentally
with the actual measured values. The results have verified the
proposed method can achieve accurate prediction of crosstalk
peaks, and the relative errors of the predicted crosstalk peaks are
below 10%.

Index Terms—Crosstalk, dynamic transfer characteristics,
miller ramp, silicon carbide (SiC) metal-oxide-semiconductor field
effect transistors (MOSFETS).

I. INTRODUCTION

UE to low on-resistance and parasitic capacitance, sili-
D con carbide-based metal-oxide-semiconductor field effect
transistors (SiC MOSFETs) have lower losses and faster switching
speeds compared to silicon-based insulated-gate bipolar tran-
sistors (Si IGBTs), which contributes to the replacement of
Si-based IGBTs with SiC MOSFETSs in many applications such as
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photovoltaic systems and electric vehicles [1], [2], [3]. However,
the increase of switching speed may cause serious reliability
issues including crosstalk [4], overvoltage during turn-OFF op-
eration [5], and electromagnetic interference [6]. These issues
have hindered the widespread application of SiC MOSFETs and
received increasing attention in recent years.

For SiC MOSFETSs, there are two package styles, namely,
Kelvin package and non-Kelvin package. The SiC MOSFETs with
Kelvin package have an independent Kelvin sense-source (ss)
terminal, which means that they have better dynamic perfor-
mance and have been widely applied in power converters [7].
Therefore, the SiC MOSFETs with Kelvin package are adopted to
study the crosstalk phenomenon in this article. In the phase-leg
configuration, the controlled device switching induces the high
change rate (dvqs/dt) of drain-source voltage, charging or dis-
charging the Miller capacitor Cgq in the complementary device.
Meanwhile, the charging and discharging currents flow through
the gate loop, making the gate voltage induce positive and
negative voltage spikes. The maximum amplitudes of positive
and negative spikes are defined as positive and negative crosstalk
peaks, respectively. The positive crosstalk spikes occur when the
controlled device is turned ON. Itis noteworthy that if the positive
crosstalk peaks exceed the threshold voltage Vi, of the comple-
mentary device, it will be falsely turned ON [8]. On the contrary,
the negative crosstalk spikes occur when controlled device is
turned OFF. For SiC MOSFETs, the negative crosstalk peaks are
the critical parameter that influences the switching-induced Vi,
drift. Under the continuous negative crosstalk spikes, Vi, could
shift downward, which makes the devices easier to be falsely
turned ON [9]. These problems seriously lower the reliability
of the devices and threaten the safe operation of the systems.
Setting negative turn-OFF gate voltage is widely suggested to
address the false turn-ON caused by positive crosstalk spikes
for SiC MOSFETs [10], [11], [12], [13], [14]. Nevertheless, the
negative crosstalk spikes, generated on the basis of negative
turn-OFF gate voltage, may potentially exceed recommended
safe operating area (SOA). As described in [13], the continuous
negative crosstalk spikes may shorten the lifetime of SiC devices.
Moreover, if the negative crosstalk peaks are large enough, the
gate-oxide layer of SiC MOSFETs will be damaged because of
low negative gate voltage tolerance [15], [16]. Therefore, to
ensure that the devices work within the recommended SOA,
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both positive and negative crosstalk peaks should be accurately
modeled and evaluated to select the optimal circuit parameters
and negative turn-OFF gate voltage.

In previous works, the crosstalk phenomenon of SiC and
gallium nitride (GaN) devices has been investigated in detail
[17], [18], [19], [20], [21], [22], [23]. For SiC MOSFETs, the
positive and negative crosstalk peaks are predicted by calculating
dvgs/dt and the duration time of each stage [22]. Meanwhile,
a multilevel active gate drive circuit is developed to suppress
the crosstalk spikes. The positive and negative crosstalk peaks
are used as important selection basis of negative turn-OFF gate
voltage to achieve better crosstalk suppression effect. Then,
the nonlinearity of Cgq is mainly considered to improve the
predictive accuracy in [23]. However, the parameters used in [22]
and [23] are extracted from datasheets [24], [25] and determined
under limited test conditions. The actual operating range of
SiC MOSFETs is much wider than datasheets. In this case, the
short-channel effect (SCE) will lead to the dynamic transfer
characteristics under different blocking voltage of SiC MOSFETS
[27], [28], [29]. And the C-V characteristics of SiC MOSFETS
will also change in the high-speed switching operations [30].
Therefore, it is difficult to realize a wide range prediction of
crosstalk peaks using the parameters in datasheets. Meanwhile,
under the SCE, V}, of SiC MOSFETSs is negatively correlated with
drain bias, which means that the devices will more easily be
falsely turned ON at higher drain bias. In previous studies, this
phenomenon has been insufficiently concerned. Furthermore,
the Miller plateau is considered as constant in [20], [22], and
[23]. Nevertheless, the dynamic transfer characteristics of SiC
MOSFETs will lead Miller ramp to replace Miller plateau [29],
[36], which further increases the error of the predicted results. In
[23], the maximum relative error of crosstalk peaks is about 30%,
which has limited guiding significance for crosstalk evaluation
and suppression. In addition, the packaging parameters are
neglected in [20], [22], and [23]. Since V;}, of SiC MOSFETS
is determined in the presence of packaging parameters. The
predictive method that ignores the packaging parameters may
cause inaccurate crosstalk evaluation and suppression, so the
actual gate voltage could still exceed the recommended SOA of
SiC MOSFETs. For GaN devices, a crosstalk analytical model
that considering all parasitic parameters, nonlinear C-V and
I-V characteristics is first developed in [31]. The impacts of
circuit parameters on positive crosstalk spikes are analyzed and
the appropriate design guidelines are provided for crosstalk
suppression. More or less, this model is relatively complex.
In [32] and [33], the simplified analysis models of crosstalk
spikes are established, and the complexity of crosstalk model
is reduced by equating the controlled device to a slope power
supply. Nevertheless, the dynamic transfer characteristics and
Vin drift caused by SCE have not been fully concerned, which
may cause inaccurate estimation of crosstalk peaks for SiC
MOSFETS.

To solve these problems, an accurate predictive method of
crosstalk peaks considering dynamic transfer characteristics and
Miller ramp is proposed in this article. The main contributions
are summarized as follows.
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Fig. 1. Schematic diagram of DPT circuit with parasitic parameters.

1) The dynamic transfer characteristics are considered in the
improved predictive method, which can achieve accurate
prediction of positive and negative crosstalk peaks in a
wide operating range.

2) For SiC MOSFETSs, the impacts of Vi, shift on crosstalk
evaluation and suppression are analyzed, and the design
suggestions for mitigating crosstalk are given.

3) An extracting method of Miller charge considering the
load current is designed. In addition, the extracted Miller
charge is used to compensate the error caused by Miller
ramp, which further improves accuracy of the predictive
results.

The rest of this article is organized as follows. Section II
describes the crosstalk process and the conventional predictive
method of crosstalk peaks. The limitations of conventional
method are analyzed concretely. Then, an improved predic-
tive method of crosstalk peaks is proposed in Section III. In
Section IV, the experiment results are presented to verify the
model and theoretical analysis. And the impacts of circuit param-
eters on positive and negative crosstalk peaks are discussed and
the design suggestions are given. Finally, Section V concludes
this article.

II. CONVENTIONAL PREDICTIVE METHOD OF CROSSTALK
PEAK

In this article, the dual-pulse test (DPT) circuit with phase-leg
configuration is adopted to analyze the crosstalk phenomenon,
which includes the parasitic parameters, as shown in Fig. 1.
Since the parasitic inductances of the drain and source are not
concerned in this article, which is not illustrated in Fig. 1. The
circuit parameters are shown as Table I, where the symbol k =
1 or 2 represents different device. Internal parameters Lgj, int,
Lg}; int» Rgk_int TEpresent the parameters of the device package,
and external parameters Lgj cxt, Rgk_ext are the parameters of
print circuit board (PCB) component. In Fig. 1, the upper device
S is set in the ON/OFF state and the lower device S keeps OFF, so
that the crosstalk spikes of S caused by the switching behavior
of §; can be observed.
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TABLE I
DEFINITIONS OF PARAMETERS IN DPT CIRCUIT
Parameters Description
L, Load inductance
Ly int Gate internal inductance
L ing Source internal inductance
Lk ext Gate external inductance
Ry int Gate internal resistance
Rk ext Gate external resistance
Casr Drain-source capacitance
Cosi Gate-source capacitance
Coak Gate-drain capacitance
Ca Decoupling capacitance
gk Gate current of S;
ICodk Miller current of Sy
Vsk Voltage of gate-source capacitors
Vask Voltage of drain-source capacitors
Vedr Voltage of gate-drain capacitors
Vep Positive gate supply
Ven Negative gate supply
Vius DC-bus voltage

RemarksT “k” denotes different device (k=1 for upper device S; and k = 2 for
lower device S)).

Turn-off process Turn-on process

"
Vg“ T

(L) I
Vous 5

Iy 1 ) 3 1y Is ,
Vg2 Negative crosstalk peak

Positive crosstalk peak

Fig. 2. Ideal switching trajectory of SiC MOSFETs.

A. Analysis of Crosstalk Process

In order to establish an accurate crosstalk model, it is impor-
tant to analyze the crosstalk processes and critical parameters.
As shown in Fig. 2, when the driver voltage V,; changes from
high to low at ¢y, S; is turned OFF and its input capacitance Cjss1
starts to discharge, which causes the gate-source voltage veg1 to
decrease rapidly. At 11, vg1 reaches the Miller voltage Vi1 and
the drain-source voltage v4s; of S will increase rapidly. Since
the dc-bus voltage Vi, is fixed, the drain-source voltage vqso
of S5 decreases rapidly. At the same time, the Miller current
icgd2 flows through the gate loop of Sa, which results in the
gate-source voltage vgeo to be pulled down. And the negative
crosstalk spike is generated [see blue line in Fig. 2]. From Fig. 2,
the crosstalk can be regarded as occurring when S enters Miller
stage and reaching a negative peak V,, at the end of Miller stage.
As shown in Fig. 2, the turn-ON process of S; is similar to the
above analysis. And the positive crosstalk spike is generated at
14 and reaches the peak V), at t5 [see red line in Fig. 2]. Since the
crosstalk occurs during the Miller stage of §; and is caused by
the charging or discharging of Cyq2, the crosstalk peaks mainly
depend on the duration time T,,;; of Miller stage and the Miller
charge Qgq2 of Cgqa.

Because of the low negative gate voltage tolerance for SiC
MOSFETs, the sufficiently low negative crosstalk peak V,, may
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(b)

Fig. 3. Equivalent circuits of SiC MOSFETs when crosstalk occurs in [20] and
[23]. (a) Negative crosstalk stage. (b) Positive crosstalk stage.

permanently damage the devices. Moreover, the threshold volt-
age of SiC MOSFETs is lower than that of Si devices, which
indicates that a high enough V|, will falsely turn the devices ON.
Therefore, the crosstalk spikes seriously reduce the reliability of
the systems, and it is necessary to accurately predict the crosstalk
peaks and provide theoretical guidance for crosstalk evaluation
and suppression.

B. Conventional Predictive Method of Crosstalk Peaks

In the conventional method, the equivalent circuits that neglect
packaging parameters of SiC MOSFETs are used to establish the
crosstalk model, as shown in Fig. 3.

From Fig. 3(a) and (b), the equivalent circuits of positive
and negative crosstalk are same, which means that the crosstalk
peaks can be expressed by the identical differential equation.
Thereby, the gate loop of So satisfies (1) during the switching
processes of S}

dl]gdg
dt

dUgSQ
dt

‘/gn = _Rg2 (ngQ + Cng ) + Vgs2 (1)
where Rg» is the sum of Rgo oyt and Rgo_int. And according to
Kirchhoff’s law, the relationship between vgeo and vqso is shown

as

Vgs2 = Vgd2 + Vds2. ()

The input capacitance of SiC MOSFETs composed of C, and
Cygq 1s shown as

C(iss = Ugd + Cgs- (3)
According to (2) and (3), (1) can be rewritten as

d'Ugs2 _ ng2 dvgsa + ‘/gn - vgs2. 4)
dt Cis dt RgoCiss

In [23], Miller plateau is considered as constant. During the
Miller stage, the average gate current of S; can be calculated as
(5) by Kirchhoff’s law

Vep— Vil
I —_ 2p mi}
Mgl_on Ra1 (5)
I — Vgnfvmi]
Mgl _off Ra1 °

In the switching processes, the Miller voltage can be expressed
as [23]

I
Vit = Vin + gfL (6)
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Fig. 4. Impacts of drain bias on SiC MOSFETs. (a) Low drain bias without gate
bias. (b) Low drain bias with gate bias. (c) High drain bias with gate bias.

where [7, is the load current. And g, is the transconductance of
SiC MOSFETs, which is described as

k§ [y I}
m = —_— 7
g I (N

where k1 and ko are coefficients, which can be acquired by the
curve fitting from the datasheet [26]. Substituting (6) and (7)
into (5), Ivg1_on and Iyig1_orr can be solved. Furthermore, the
average slope of vygo is expressed as [23]

dvasa dvasi _ Ivgi (8)
dt dt Cear
According to Fig. 2, the Ty is shown as [23]
Thil_on = % )
Tt off = _%

At this point, taking Vy, as the initial condition of the differ-
ential equation and T,;; as the duration time of crosstalk, the
positive and negative crosstalk peaks in conventional method
can be calculated as follows:

RyoCsanInigt

__Tmi
1—e ™20 ). (10)
Cgar ( ) (

C. Influences of Dynamic Transfer Characteristics, Miller
Ramp, and Packaging Parameters

Vgs27peak = van

In the conventional method, the crosstalk peaks can be ob-
tained through Section II-B. However, due to neglecting the
dynamic transfer characteristics, Miller ramp and packaging
parameters, the error of conventional method is large, and the
accuracy cannot satisfy the requirements. To develop an accurate
predictive model of crosstalk peaks, the influences of dynamic
transfer characteristics, Miller ramp, and packaging parameters
are analyzed as follows.

1) Influence of Dynamic Transfer Characteristics: The
trench SiC MOSFETs (IMZ120R060M1H) is used to study dy-
namic transfer characteristics caused by SCE in this article. The
cell structure of this device is shown in Fig. 4. In Fig. 4(a),
some negative charges Q.q1 are attracted to the reddish region
by the drain stress. As shown in Fig. 4(b), once the gate bias
V1 is applied, the negative charges Q1 are attracted from the p
region to the reddish region, and then the channel is formed in
the reddish region by the charges Q.41 and Q. In Fig. 4(c), if
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Fig. 5. Ideal turn-ON trajectory of SiC MOSFETSs.

a higher drain bias is applied, more negative charges Q42 will
be attracted to the reddish region by the drain stress. Once the
gate bias Vs is applied, the charges attracted by gate and drain
stress will form a channel in reddish region, similarly. It is clear
that Qo are less than Qy,; when a high drain bias is applied.
Supposing V7 and Vj is the gate voltage that can just turn ON the
device, i.e., threshold voltage, Q41 and Qs> can be represented
by

Qvgi(i=1,2) = Ciss Vi (11)

By (11), V1 > V5 can be deduced. Therefore, Vi, will lower
at higher drain bias for SiC MOSFETs. The similar phenomenon
of threshold voltage shift has been demonstrated in [34] and
[35]. In the initial Miller stage of the turn-ON process, Vi of
SiC MOSFETs is low due to the high drain bias. During turn-ON
process, the charges attracted by the drain bias are gradually
released as vqs decreases, which means that V;, will increase
dynamically. Meanwhile, g, will decrease dynamically [29].
The increase of Vi, and the decrease of g,,, will lead the transfer
characteristics shift to the right. From (6), the SCE also causes
the Miller voltage Vi, to raise gradually during turn-ON process,
which is called Miller ramp, as shown in Fig. 5. In the Miller
stage of the turn-OFF process, the decrease of V;y, and the increase
of g, will lead the transfer characteristics dynamically shift to
the left. The mechanism is similar to the turn-ON process and
will not be repeated here.

In conventional method, Vi, is obtained directly from the
datasheet. And the coefficients k; and k- of g, are also acquired
by the curve fitting of transfer characteristics from the datasheet.
However, the transfer characteristics and Vyy, in the datasheet are
obtained under the drain-source voltage vgs = 20 V. When vgg
is much higher than 20 V, the transfer characteristics and Vi,
will change greatly. At this time, using the parameters obtained
from the datasheet to solve (6) and (7) will cause significant
error. Therefore, to accurately predict the crosstalk peaks of
SiC MOSFETs, the dynamic transfer characteristics require to be
considered.

2) Influence of Miller Ramp: In conventional model, (8) is
used to solve Ty,;, and its essence is to calculate the Miller
charge Qgq1 of S1. By integrating both sides of (8), Qyq1 can be
expressed as (12) in conventional model

dil = ngl Vious-

In [23], Cgqy is established as a piecewise model to obtain
Qa1 accurately, and the piecewise model of Cgzq; is obtained

12)
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Fig. 6.  (a) Equivalent circuit diagram of gate loop. (b) Comparison of vgs2
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through the C-V curve in the datasheet. But the C-V charac-
teristics of SiC MOSFETs will also change dynamically during
the switching processes [30]. As a result, Qgq: is inaccurate in
conventional method. Furthermore, since the Miller plateau is
considered to be constant, Qgq; is the total gate charge at Miller
stage. Based on this, substituting (12) into (9), the duration time
of Miller stage can be rewritten as

. _ dil
Tmﬂ_on ~ Tnglon (13)
T . — gdl
mil_off — N

From the previous analysis, it can be seen that the dynamic
transfer characteristics of SiC MOSFETs lead Miller ramp to
replace Miller plateau. So, the change of v, results in the
charging or discharging of Cyg1, and Qg is generated in Miller
stage. The total gate charge Qg1 in Miller stage can be expressed
as

le = Qgsl + dil'

For SiC MOSFETSs, Cgg is much larger than Cgq, which means
that the neglected Qg in (13) will cause an inaccurate estima-
tion of Ty,;1. Accordingly, the error of predictive results will be
further amplified.

3) Influence of Packaging Parameters: In conventional
model, the amplitudes of vy are solved as crosstalk peaks by
(10). However, depending on the high switching speeds of SiC
MOSFETs, the voltage drop across the packaging parameters such
as Rg2_int, Lg2_int, and Lg_iny cannot be ignored, which means
that the amplitudes of vggso and vgeo are different, as shown in
Fig. 6. According to Fig. 6(b), vggs2 is smaller than vy, and the
relationship between them is nonlinear because of the parasitic
inductance of the gate loop.

Moreover, since the threshold voltage for judging the switch-
ing behavior of SiC MOSFETs is determined in the presence of
packaging parameters, it is illogical to calculate the amplitudes
of vgeo as crosstalk peaks in conventional model.

(14)

D. Limitations of Conventional Predictive Method

As described above, the several inherent limitations of con-

ventional method are summarized and illustrated as follows.

1) The operating range of SiC MOSFETs is much wider
than datasheets. However, the conventional method uses
the transfer characteristics and C-V curve provided by
datasheets in limited test conditions, which will lead to
the wrong estimation of Tyy;1.
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2) Because Miller ramp is considered as Miller plateau, the
deviation of T\, further increases and leads to unaccept-
able predictive results of crosstalk peaks.

3) Since the packaging parameters of SiC MOSFETS are ne-
glected, the crosstalk peaks predicted by the conventional
model are different from that considering the packaging
parameters, which may cause the inaccurate crosstalk
evaluation.

III. PROPOSED PREDICTIVE METHOD OF CROSSTALK PEAKS

As mentioned above, the conventional predictive method has
inherent limitations, which leads to an inaccurate predictive
results. Aiming at the limitations of conventional method, an
improved predictive method considering dynamic transfer char-
acteristics and Miller ramp is proposed in this section. The
principle of proposed method is sufficiently analyzed as follows.

A. Improved Predictive Model of Crosstalk Peaks

The Miller ramp is neglected in the conventional model,
causing the incorrect estimation of 7,;;. In the proposed model,
the total gate charge is adopted to calculate 7},;, which can
compensate the error caused by Miller ramp. Furthermore, the
duration time T},;; of Miller stage can be expressed as follows:

. — Qa1
Tmllfon - [Mgl_(m (15)
T . — gl
mil_off — Tntet off

where Q, is the total gate charge in Miller stage, which can be
acquired in Section III-C. From (15), the average Miller current
Icga2 of So can be expressed as

o di2
IngQ,OH " Thilon (16)
I o Qgaz
Cgd2_off = — 7 ~v

where Q42 is the Miller charge of S», which can be obtained in
Section III-C.

As shown in Fig. 7, the actual Miller current icgq2 is affected
by parasitic parameters of gate loop and dvggo/dt, showing a
ramp characteristic. To simplify the calculation, icgq2 is lin-
earized to the ramp current in Fig. 7(a) and (b), and the slope of
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Fig. 8. Equivalent circuit diagram of the gate loop of So at different stages.
(a) Steady stage. (b) Crosstalk stage.

icga2 can be expressed as

i 2Qga2
Ing270n = T2‘1g<
mil_on
r d2
Ing2_0ff = - ng

mil_off

A7)

According to the above analysis, the Miller capacitance Cgq2
is equivalent to a ramp current source when crosstalk occurs.
Furthermore, an improved model considering packaging pa-
rameters is built, and its equivalent circuit diagram is shown in
Fig. 8(b). In Fig. 8(a), the gate loop of S» has reached steady state
before crosstalk occurs. Once crosstalk occurs, the Miller capac-
itance Cgq2 is equivalent to a ramp current source and excites
the gate loop. Then, the crosstalk spikes can be considered as
the response of the gate loop to the ramp current, which can be
obtained by solving the complex frequency domain circuit in
Fig. 8(b).

In Fig. 8(b), Vassa(s) and Vggo(s) are different voltage due to
the packaging parameters of SiC MOSFETS. It is unreasonable to
use the predictive results of Vgeo(s) to evaluate the crosstalk level
of the selected circuit parameters. To solve this problem, the volt-
age Vss2(s) is adopted as crosstalk voltage in this article, which
can provide more accurate guidance for crosstalk suppression.
Applying Kirchhoff’s laws to the circuit in Fig. 8(b), the Miller
current of S5 can be derived as

jC d2
I = g 18
Me2 (S) (CgSQLg252 + OgSQRgQS + 1)52 (%)
where
Lg2 - LgQ_ext + Lg2_int + LsQ_int- (19)

Then, the crosstalk voltage Vgss2(s) can be expressed as

van ngdQ (Lg2_cxt s+ Rg2_cxt )

(CgsngQSQ + CgSQRgQS + 1)82 ’

The time-domain expression of Vigso(s) can be obtained
by Laplace inverse transformation for (20) to investigate the
crosstalk peaks, which is shown as (A1) in the Appendix. At this
point, using Vg, as the initial condition, the crosstalk peaks can
be solved by substituting (15) and (17) into (A1). The executing
steps of the proposed method are shown in Fig. 9.

VGSSQ(S) =

(20)

B. Measuring Method of Dynamic Transfer Characteristics

To achieve accurate prediction of crosstalk peaks, the dynamic
transfer characteristics are considered in the proposed crosstalk
model. As shown in Fig. 10(a), a simple method to obtain the

5607
Dynamic transfer characteristics Extracted Miller charge
Vins k15 K25 8m Qg1 Qa2
Substitute Solve (Al) —
Solving duration Deriving the slope Positive
tome of crosstalk of Miller current crosstalk peaks
Twit_on Leyis on Negative
Tmil_ol‘f 1 Cgd2_off crosstalk peaks
Fig. 9. Executing steps to predict the crosstalk peaks.
/h‘\’“* [ 1
| vam600V | ||
Y\\"\,\_‘ ‘ I
=100V |
0 0204 06 08 1 12 14 1.6

#(us)

(a) (b)

Fig. 10.  (a) Extracting circuit of dynamic transfer characteristics. (b) Experi-
mentally measured igs at vgss = 7.5 V.

actual transfer characteristics at different vy is proposed in [30].
In Fig. 10(a), a SiC MOSFET is connected in parallel with the dc
supply and a coaxial shunt Ryt is used to measure drain-
source current iqs. A narrow pulse about 1 s is applied to the
MOSFET to mitigate the harmful effect of self-heating, as shown
in Fig. 10(b). Once vggs and igs reach steady state, the values of
Vass and iqs are recorded. Keeping the positive gate supply Vg,
unchanged, the drain-source current /451 and I4¢o at different v
can be obtained.
The channel current is usually expressed as

ich = k1 (VGss — Vin)*? 21

where k; and ko are same coefficients in (7). Then, configuring
multiple V,, and vy, k1 and k can be obtained by curve fitting
of (21), accordingly. Besides, substituting the k1 and k5 into (6)
and (7), Vi and gy, at specific vqs can be obtained.

C. Extracting Method of Miller Charge

In this subsection, an extracting method of Miller charge is
designed to compensate the error caused by Miller ramp. A
circuit prototype is proposed to extract Miller charge Qg4 in [30].
However, since the resistive load and single-pulse testing condi-
tions, this method neglects the influence of load current on Qgq,
which could result in incorrect extracting results. Therefore,
an improved method for Miller charge is designed considering
the load current, as shown in Fig. 11. In Fig. 11, Sy, is SiC
MOSFET and D, is freewheeling diode. To minimize the impact
of parasitic parameters, Ry ox is chosen as 620 €2, which means
that the turn-ON speed of SiC MOSFET is slow. And di,/dt is so
small that the induced voltage on the parasitic inductance is far
less than vaes and can be ignored. Meanwhile, because Ry oy, 1S
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T Vous

Fig. 11.  Extracting circuit of Miller charge.

much larger than R, ;,,¢, the voltage drop across R i can also
be neglected. Furthermore, the measured vggs can be considered
as the actual gate-source voltage. Besides, Ry orr is setas 15
to get a high turn-OFF speed, thereby the load inductance L,
can provide initial current for next turn-ON process. The Miller
charge can be obtained in the second turn-ON process.

In the Miller stage, Qg can be expressed as

Qgs = CgsAV:gs (22)

where AV, is the variation of v4 during the Miller stage. In the
turn-ON process, the Miller current can be expressed as

Vgp — UGss
Rgfon

In addition, the total charge in the Miller stage can be ex-

pressed as
Qg = /ngdt.

Substituting (22) and (24) into (14), the gate charge Qg1 and
Miller charge Qgq2 can be solved.

(23)

ZMg =

(24)

D. Comparison With Conventional Predictive Method of
Crosstalk Peaks

The differences between the conventional method and the

proposed method are summarized as follows.

1) In conventional method, the amplitude of vggs is solved as
crosstalk peak, which is inaccurate for crosstalk evalua-
tion. Instead, the amplitude of vqgso is solved as crosstalk
peak in proposed model, considering the packaging pa-
rameters. Therefore, the proposed method is accurate and
can guide crosstalk suppression much effectively.

2) The conventional model neglects the dynamic transfer
characteristics of SiC MOSFETs. On the contrary, since con-
sidering the dynamic transfer characteristics, the proposed
method can obtain accurate predictive results of crosstalk
peaks in wide operating range.

3) The Miller ramp is considered in proposed method, and the
total gate charge during the Miller stage is applied, thus,
the error caused by Miller ramp can be compensated.

IV. EXPERIMENTAL VERIFICATION AND DISCUSSION

A. Measurement of Dynamic Transfer Characteristics

The transfer characteristics curves measured experimentally
at various vgs are shown in Fig. 12, and the corresponding
parameters are obtained at It, = 30 A, as shown in Table II.
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Fig. 12.  Transfer characteristics curves measured experimentally at various
vds (20-600 V).

TABLE 1T
PARAMETERS OF TRANSFER CHARACTERISTICS CURVES AT DIFFERENT
DRAIN-SOURCE VOLTAGE

v/ V 100 200 300 400 500 600
ky 1.5046 1.6214 1.9665 1.9985 2.3047 2.3029
k> 1.9017 1.9273 1.8745 1.8874 1.8376 1.8354

20/S 6.2184 6.6009 7.0112 7.1420 7.3237 7.4081

45
42
39
Z
Z3.6
33
3.0

100 200 300 400
vas(V)

500 600

Fig. 13.  Measured variation trend of Vip, with vqs.

In Fig. 12, the transfer characteristics curves gradually shift to
the right as vqs decreases, which closely aligns with the previous
theoretical analysis.

Note that, there may still be a leakage current flowing through
the source of SiC MOSFETs, even if a negative turn-OFF gate
voltage is applied, which is called subthreshold current. At wide
range of v4s, obtaining Vyy, is challenging at igs = 0 A. Therefore,
a specific vgss at igs = 1 A is chosen as the threshold voltage
Vin. For example, using this method, Vi, = 4.5 V is obtained
atigs = 1 A and vqs = 20 V. In Fig. 13, it is illustrated that the
measuring results of Vi, vary with vqs. With the increase of vqs,
Vin decreases almost linearly, which is similar to the mechanism
of [34], [35].

B. Extraction of Miller Charge

In Fig. 14, the experimentally measured turn-ON trajectory is
shown using the proposed method in Section III-C. It can be
observed that vqs starts to decrease rapidly at #; and the slope of
vass Slows down significantly at this point. This means that the
device enters the Miller stage, and the specific vgss is considered
as Vi at this point. Compared to 7, the ending time #, of the
Miller stage may hardly be observed because the slope of vggs
is almost unchanged at this point. However, v4s can be used as
reference to determine the ending time of the Miller stage, i.e.,
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Fig. 14. Experimentally measured turn-ON trajectory of SiC MOSFETs at

different vqs. (a) When vgs = 100 V. (b) When vqs = 600 V.

9.5
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E80
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Vds(v)
Fig. 15. Measured and calculated variation trends of Vi,j with vqs.
TABLE III
EXTRACTED RESULTS OF MILLER CHARGE AT I, = 30 A
vas/V 100 200 300 400 500 600
0,1/mC 9.2190 9.7806 10.248 10.535 10.893 11.142
Q.0nC__ 52131 5.8975 6.4076 6.8913 7.2065 7.5758
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TABLE IV
PARAMETERS OF EXPERIMENTAL PLATFORM
Parameter Value Parameter Value
Cest/Cor 1060pF Rg1 ext/Rep ext 15/20/25Q
L, 53uH L ext 14.4nH
IL 30A Lgl im/ng int 12.5nH
Vius 100-600V Ly it /L ing 5.8nH
Ve/ Vi 20/-5.8V Rot in /R in 6Q
Fig. 17. Parasitic inductances extraction by Ansys Q3D.
TABLE V
INFORMATIONS OF MEASURING EQUIPMENT
Equipment Name
SiC MOSFET IMZ120R060M1H
Current shunt SSDN-015 (1.2GHz)
Voltage probe RT-ZP11 (700MHZ)

Isolated voltage probe
Oscilloscope

RT-ZHDI15 (100MHz)
MXO044 (1GHz)

(b)

Fig. 16.  Experimental platform. (a) Details of DPT board. (b) Top view of the
experimental platform.

the Miller stage ends when vqs reaches 0 V [36]. Then, AVy, in
(22) can be solved by using specific vggs at this point.

From Fig. 15, Vi1  calculated by the parameters in Table 11
is closely to Vil m measured by experiments at different vqs,
which means that the measured results of dynamic transfer
characteristics are accurate. Furthermore, the extracting results
of Qg1 and Qgq2 using proposed method are shown in Table III.

C. Experimental Verification of Proposed Method

A DPT prototype is developed, as shown in Fig. 16. The
parameters of DPT prototype are listed in Table IV, and the
packaging parameters of the devices are obtained from the
SPICE model [37] provided by the manufacturer. The PCB of
the driver circuit is imported into the finite element simulation
software, ANSYS. Parasitic inductance can be simulated by
selecting appropriate current loop and excitation source. As

<) <) -6‘
> >
1 S Viu=100V
2 3-8 — V=200V
& & Vius=300V
= =0 Peak l V00V
— V=500V
12 — Viu=600V.
1 2 3 4 5 6 7
1x30ns x30ns
() (b)

Fig. 18. Measured crosstalk spikes under various Vi, (100-600 V).
(a) Positive crosstalk spikes at Rgj,_oxt = 25 €2. (b) Negative crosstalk spikes at
Rgk_ext =25 €0

shownin Fig. 17, the inductance Lgo_cxt Tepresents the sum of all
parasitic inductances of the driver circuit. For SiC MOSFETS, the
crosstalk processes are transient, and the crosstalk peaks may
be only several volts. In this case, the actual crosstalk spikes
may be attenuated or distorted due to the low bandwidth of
the measuring equipment. The high bandwidth voltage probe
and oscilloscope are essential to achieve accurate measurement
of crosstalk spikes. Furthermore, to minimize the effect among
different grounds of measuring probes, separate measurements
should be performed for different signals whenever possible.
In this article, to accurately measure the crosstalk peaks, the
measuring equipment is shown in Table V.

The measured crosstalk spikes are shown in Fig. 18. It can be
observed that the positive and negative crosstalk peaks increase
along with Vi, which is consistent with the changing trend
of Qgq. To verify the accuracy of the proposed method, the
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Comparisons of the measured and predicted negative crosstalk peaks at different Vi, (100-600 V) and Rgp,_ext (15-25 €2). (a) Rg1_ext = Rg2_ext =
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Fig. 21.  Relative errors of the proposed method at different Vi, ;5 (100-600 V)
=20Q. (©) Rgliext = Rg27ext =25Q.

comprehensive comparisons among the conventional method,
the proposed method and the experimental results are shown
in Figs. 19 and 20. The results demonstrate that the predicted
crosstalk peaks by the proposed method are more consistent
with the experimentally measured results, compared with the
conventional method.

The relative error is used to further evaluate the accuracy of
proposed method, which is expressed as

Tp — Tm

A% =1
E% OO%X :r,m—Vgn

(25)

and ng_ext (15-25 Q). (a) Rgl_ext = Rg2_ext =15 (b) Rgl_ext = Rg2_ext

where x;, represents the predicted crosstalk peaks, and x,,, rep-
resents the measured crosstalk peaks. It should be noted that
the negative turn-OFF gate voltage V,, is applied to prevent
false turn-ON problem. Therefore, V,, needs to be eliminated
to ensure the fairness of (25).

The relative errors of the proposed method are illustrated in
Fig. 21. It is obvious that the relative errors are satisfactory, and
all are below 10%. Therefore, the proposed method can achieve
accurate prediction of crosstalk peaks for SiC MOSFETS.

Predicting crosstalk peaks for other SiC MOSFETs with Kelvin
package, the specific parameters should be updated to solve
the (A1), and the dynamic transfer characteristics and Miller
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Fig. 22.  Measured and predicted crosstalk peaks at Rgp ext = 20 €2 and
different Vi, (100-600 V). (a) Positive crosstalk peaks of device B. (b) Negative
crosstalk peaks of device B.
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Fig.23.  Impacts of different circuit parameters on crosstalk peaks. (a) Impacts

of Rgj_ext on positive crosstalk (Lg2_ext = 14.4 nH). (b) Impacts of Lgo_ext on
positive crosstalk (Rgx_ext = 15 €2). (¢) Impacts of Rgj,_ext On negative crosstalk
(Lg2_ext = 14.4 nH). (d) Impacts of Lgo_ext on negative crosstalk (Rg_ext =
15 Q).

charge are necessary to be extracted, simultaneously. The exe-
cuting steps in Fig. 9 are still appropriate. As a result, another
1.2 kV/40 m$) SiC MOSFET with Kelvin package (device B,
IMZA120R040M1H) is also tested with the same processes,
which has different packaging parameters. The experimentally
measured and predicted crosstalk peaks are shown in Fig. 22.
It can be observed that the proposed method has also accurate
predicted results for device B.

D. Impacts of Circuit Parameters on Crosstalk Peaks and
Design Suggestions

The negative crosstalk peaks slightly exceeding the SOA will
not cause devices damage, but continuous undershoots may po-
tentially shorten the lifetime of the devices. Especially, negative
crosstalk spikes and high drain bias may lead to the downward
shift of Vi, which makes SiC MOSFETs more likely to be falsely
turned ON. In this case, the threat of crosstalk spikes should be
re-evaluated. In this section, the impacts of circuit parameters
on positive and negative crosstalk peaks are discussed, which is
meaningful for driving circuit design and crosstalk suppression.

Based on the proposed predictive model, the impacts of
different circuit parameters on crosstalk peaks are shown in
Fig. 23. And the impacts of the negative turn-OFF gate voltage
on negative crosstalk peaks are shown in Fig. 24. In Figs. 23
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Fig.24. Impacts of negative gate voltage bias on negative crosstalk at Rgj_ext
=15 Q and Lga_ext = 14.4 nH. (a) Impacts of negative gate voltage bias on
AV@ss2_peak- (b) Impacts of negative gate voltage bias on VGss2_peakn-

and 24, Vg2 peakn refer to the negative crosstalk peaks, and
AViss2 peak are defined as [Viss2 peak-Ven|- From Fig. 23,
the larger Rgj,_ext and Lgo oyt Will lead to the higher crosstalk
peaks, especially at higher Vy,,. Therefore, the smaller Ry, ext
and Lgo oy are effective to reduce the crosstalk peaks, but it
still has limitations. As shown in Fig. 23(a) and (b), when a
fixed Vi, = 4.5 V [26] is employed, many circuit parameters
are appropriate without considering the SCE. However, under
the SCE, Vi), will decrease as Vi,,5 increases, thus the original
appropriate circuit parameters may have potential risks. As
shown in Fig. 23, the downward shift of Vi, limits the selection
margins of circuit parameters. Setting negative turn-OFF gate
voltage not only accelerates the turn-OFF process speeds and
reduces losses but also lowers the basis of positive crosstalk
spikes. As a result, the selection margins of Rgj_ext and Lgo ext
can be effectively extended. Nevertheless, the basis of negative
crosstalk spikes is also lowered. As shown in Fig. 24, the larger
negative turn-OFF gate voltage will induce the higher negative
crosstalk peaks and exceed the negative gate voltage limitation of
SiC MOSFETSs. According to Figs. 23 and 24, considering the SCE
is beneficial to accurately select the optimal circuit parameters
and negative turn-OFF gate voltage, making the devices operate
in the recommended SOA.

Furthermore, when SiC MOSFETs work in synchronous rec-
tification, the high negative turn-OFF gate voltage will result in
the larger forward voltage of body diode. Then, the losses of
the body diode will increase in the deadtime. Paralleling SiC
Schottky barrier diode can improve this problem, but it will
introduce extra component cost. Hence, the forward voltage of
the body diode should be considered when selecting negative
turn-OFF gate voltage for SiC MOSFETs, especially in high fre-
quency applications. Finally, considering the SCE, predicting
the positive and negative crosstalk peaks under the selected
circuit parameters, and designing the optimal turn-OFF gate
voltage bias, to ensure the excellent performance and reliable
operation of SiC MOSFETS.

V. CONCLUSION

In this article, a predictive method of crosstalk peaks con-
sidering dynamic transfer characteristics and Miller ramp for
SiC MOSFETs is proposed. First, to develop an accurate predic-
tive model of crosstalk peaks, the limitations of conventional
method are analyzed in detail. Then, both dynamic transfer
characteristics and Miller ramp of devices are considered to
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improve predictive accuracy in the proposed model. And the
extracting methods of the dynamic transfer characteristics and
Miller charge are discussed. Finally, the experimental results
demonstrate that proposed predictive method is effective and
accurate for crosstalk peaks of SiC MOSFETs with Kelvin pack-
age. Moreover, the impacts of SCE on crosstalk evaluation and
suppression are analyzed, providing a reliable and practical
reference for driving parameters design. The conclusions are
summarized as follows.

1) The proposed method can get accurate predictive results of
crosstalk peaks in a wide operating range, and the relative
errors are less than 10%.

2) The analysis result indicates that the downward shift of
Vin increases the risk of false turn-ON and reduces the
selection ranges of driving parameters, and this issue will
be more serious at high drain bias.

3) The SCE of SiC MOSFETs is considered in this article, so
the design suggestions can accurately guide the selection
of driving circuit parameters and negative turn-OFF gate
voltage to mitigate the false turn-ON problem, without
exceeding the negative gate voltage limit.

Furthermore, the proposed crosstalk model is mainly appli-
cable to the SiC MOSFETs with Kelvin package, and the temper-
ature is not considered. Hence, the crosstalk model with more
parameters and wider applicability is the future work.

APPENDIX
By (20), the crosstalk peak of SiC MOSFETS is expressed as
Vass2_peak = Van+Icgda (—4L§2ﬁxt +Cys2Ry2(RyoRg2 ext Tmil
+ A) + (A1 /By sinh(CTyi) + Agy/By cosh
(CThit)) exp(—Rg2Tmit/2Lg2) — 4Lg2_ext
(Rg2_ext Tmit + Lg2_int + Les2_int) — Rg2,ext(cg252
R34+ 4(Lga_int + Ls2_int)Tmit)) / CesaRay et

+ 2Cg52Rg2_exth2_int + CgSQREQ_int - 4Lg2
(A1)

where
A= 5Lg27ext Rg27ext + Lg27ext Rg2fint + 4Lg27int Rg?fext
+ 4L52_int R 2_ext
g
3 2
Al = ngQ Rg2_ext + QCgSQ Rg2_ext RgZ_int
2
+ C’gs2 Rg2_ext RgQ_int
- 3Lg27ext Rg2fext - Lg27ext Rngint
- 2Lg27int Rg27ext
- 2LsQ_int RgQ_ext
2
A2 = Cgsg RgQ_cxt + Cng RgQ_cxt RgZ_int - Lg2_cxt
(2 2 2 . 2 2
B = Cng RgZ_ext + 2Cg52 RgZ_ext RgQ_mt + Cgs2 RgZ_int
—4Cs2 Ly
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By = B1/Cye2
C = B1/2LC40
Rgo = Ry ext + g2 int
Lgs = Lgo oxt + Lg2_int + Lsa_int-
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