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Accurate S1IC MOSFET Chip V¢ Extraction Based
on Parasitic Parameter Impact Compensation

Yang Li
and Cheng Nie

Abstract—With the growing use of SiC MOSFET in power
electronic equipment, it is meaningful to extract precise typical
waveforms and characteristics for device manufacture, converter
design, and operating evaluation. Many solutions have been
proposed to improve measurement precision by equipment and
essential techniques. However, the measured object should also
be accurately identified as the existing measurement result
consisting of the expected gate-source voltage (vgs) and voltage
drops on parasitic parameters between measuring points.
This article, first, reveals the vgs measurement deviation of
TO-247-4 and TO-247-3 devices during the switching process and
crosstalk, based on the equivalent circuit model and simulation
waveforms. According to the clarification of the measured
object, an improved vgs extraction method is proposed to
eliminate this deviation. Voltage drops on parasitic parameters
are compensated, with the help of high-precision equipment and
the proven parasitic parameter extraction technique. Experiments
are constructed to verify the analysis of measurement deviation
and the availability of the proposed method. Comparison between
various operating conditions emphasizes its necessity, especially in
high-capacity and low-driving-resistor applications, contributing
to characterization, operating condition monitoring, protection
design, and measurement understanding of wide band-gap devices.

Index  Terms—Gate-source voltage (vgs) extraction,
measurement deviation, parasitic parameter, silicon carbide
(SiC) MOSFET, voltage drop compensation.

1. INTRODUCTION

OWER electronic converters are widely used in electrical
P systems, where one of the core components is the power
semiconductor device. To pursue higher efficiency and power
density, wide band-gap devices such as SiC MOSFETs are widely
used in power electronic equipment [1], [2], [3]. It is essential to
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acquire their switching characteristics for device manufacture,
converter design, and equipment operating condition evaluation.
It relies on accurate waveforms of ipg, vpg, and vgs on the
chip measured by a double pulse test (DPT). However, since
SiC MOSFETSs usually operate with a higher frequency than Si
devices, measuring results of SiC devices more severely deviate
from expected values on the chip. Test results not accurately
reflecting devices’ operating conditions have become a pending
problem in research and engineering, which challenges their
dynamic characterization.

Numerous studies have discussed methods to improve the
precision of measurement in traditional DPT, which mainly
focus on essential techniques and equipment selection [4], [5],
[6], [7]. Gao and Chen [5] and Tektronix [8] indicated that
the higher switching frequency requires a measuring system
consisting of probes and an oscilloscope with enough bandwidth
and a high sampling rate. Zhang et al. [4], Gao and Chen [5], and
Keysight Technologies [9] analyzed voltage probes meeting the
requirements of high bandwidth and sufficient dynamic range,
whereas, Zhang et al. [4], Gao and Chen [5], and Witcher [6]
gave a comprehensive comparison between different current
measurement solutions. There is also research about grounding
and propagation delays of probes. Techniques for ground lead
parasitic inductance elimination have been proposed [5], [6],
[8], [13], and a detailed V-I time alignment process has been
concluded [4], [7]. Zeng et al. [10], [11], [12] even modeled
measurement error induced by nonideal probes, providing theo-
retical support for probe selection. Based on the abovementioned
discussion, Gao and Chen [5] gave a systematic summary to
address improved techniques for measurement challenges by
combining the latest measuring equipment.

Besides the precision of measurement, the higher switch-
ing frequency also challenges the accuracy, which has not got
enough attention yet. As shown in Fig. 1, high precision means
the results of multiple measurements are concentrated. However,
a better measuring result also requires a low average deviation
from the truth, whose premise is the accurate identification
of the measuring object. Fig. 2 shows two common packages
including TO-247-3 and TO-247-4, which represent the tradi-
tional package with 3 pins and the developed package with the
kelvin source pin. According to equivalent circuits illustrated
in Fig. 3, Lg, Ls, Lks, and Lp represent the parasitic induc-
tance induced by corresponding bonding wires and pins, and
Ra(int) 1s the intrinsic gate resistance. The voltages on these
package-internal parasitic parameters are inevitably measured as
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Fig. 1. Two dimensions of measurement evaluation.
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Fig. 2. Internal structure of SiC MOSFET. (a) TO-247-3. (b) TO-247-4.
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Fig. 3. Equivalent circuit of SiC MOSFET. (a) TO-247-3. (b) TO-247-4.

a part of vpg or vgs. The measurement deviation is acceptable
and not obvious in vpg. However, vgg in normal operation is
usually as low as only —5-20 V, whose measurement deviation
cannot be neglected. It is widely acknowledged that vgg on
the chip (vas(3pin)/Vas(4pin)) is expected to reflect the dynamic
characteristics of devices. In most instances, vgg on the package
(vas(m)) is measured to represent it for convenience. However,
they are quite different when discussing the SiC MOSFET. Among
these package-internal parasitic parameters in Fig. 3, Lg, Lg
(or Lxs), and Rq(int) are between measuring points of vgs in
the TO-247-3 (or TO-247-4) package, inducing the deviation
between vas(m) and vas(3pin) (Vas(pin))- Although Lg and Lg
(or Lkg) between measuring points can be eliminated as much
as possible [14], these parasitic parameters between measuring
points of vgg still generate a considerable voltage drop.
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Many studies have modeled the parasitic parameter impact
on nonideal switching characteristics [15], [16], [17], [18], [19],
[20], but few of them pay attention to the deviation of the vgg
measuring object. Studies about the crosstalk focus on modeling
[21], [22], [23] and suppression [24], [25], [26], [27] methods,
where the vgg on the chip is analyzed. The confusion of vgg )
and vgs(3pin)/VGS(4pin) in experiments may mislead the analysis
and verification of models and suppression methods. To mini-
mize the test error, external driving resistance is selected as 5—-10
times the normal value in practice in [23], which is meaningless
for guiding practical applications. Li et al. [27] has been aware
of the severe deviation between measurement and analysis, but
have not given a detailed analysis and a complete correction
method. vgg measurement deviation induced by a common
source inductor (CSI) has been discussed in [28], and a potential
solution is to adopt packages decoupling the driving circuit and
the main circuit. Although CSI is eliminated, the effect of other
parasitic parameters between vgg measuring points still exists,
which means the problem is still not fundamentally solved. It
is essential to accurately identify the vgs measuring object,
otherwise, studies for improving the precision of measurement
equipment will be meaningless. Therefore, an extraction method
for exact vgg on the chip is urgent and meaningful for dynamic
characterization and driving circuit design.

This article aims to analyze the vgg measurement deviation
caused by parasitic parameters between measuring points, and
propose a method to extract the accurate vgg on the chip from
the measured one. Other parts are organized as follows. The
impact of parasitic parameters between measuring points on
vas measurement during the switching process and crosstalk
is illustrated in Sections II and III. Section IV proposes a
more accurate vgg extraction method with specific steps. In
Section V, a DPT experiment is constructed for verification, and
different operating conditions are tested and discussed. Finally,
Section VI concludes this article.

II. IMPACTS OF PARASITIC PARAMETERS ON Vg
MEASUREMENT DURING SWITCHING PROCESS

A. TO-247-4 Package

The typical switching process of SiC MOSFETs in common
applications can be simplified as the half-bridge circuit with an
inductive load. As shown in Fig. 4, L is the load inductor, Cps
is the bus capacitor, Ly, is the equivalent series inductance
in the commutation circuit, Qg and Qi are the upper and
lower SiC MOSFETs, and Dy and Dy, are body diodes of them.
Besides Lg, Lks, and Rgint), there are also parasitic parameters
including external driving resistor Rg (ext), and the PCB-induced
inductance Lpry (pcB)- The gate signal is connected to the active
device Qr,, whereas the complementary device Qy keeps OFF.
The load current /1, and the bus voltage Vp,s are considered
constant during the switching process.

According to the Oy, control circuit in Fig. 4, the relationship
between vas(v) and vasapin) always satisfies (1). The key is
to analyze the significant difference between them during the
switching process. Fig. 5(a) shows typical turn-ON waveforms
of Qy,. Before 1y, both O, and Qy are in the OFF state, thus,
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Switching process equivalent circuit of TO-247-4 SiC MOSFET.
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Fig. 5. Switching process of TO-247-4 SiC MOSFET (Simulation based on

IMZ120R045M1 devices, It, = 40 A, Vpyus = 800 V, Vprv(ox) = 15V,
VDRV (orr) = =5 V, and L = 100 pH). (a) Turn ON. (b) Turn OFF.

vas(4pin) = VDRV (orr), Vas_H = VDRv(orr)» iDs = 0A, and vpg
= Vpus. The turn-ON process is divided into three stages [28]

VGS(M) = VGS(4pin) T iG - Rant) + (La + Lgs) - dig/dt.
(1

Stage 1 [to<t<t)]: At ty, the driving voltage rapidly changes
from Vpry(orr) t© VbRrv(on), and Cigs consisting of Cgs and
Ccp is charged by ig. Since vas(4pin) does not reach the
threshold voltage Vgs(th), QO is still in the OFF state and
vps keeps as Vpyus, which makes Cigs constant and dvgg/dt
= dvgp/dr. This stage can be expressed by a second-order
differential equation system shown as (2) and (3), where Rg (1)
= Ra(int) TR (ext) and Loy = La+Lxs+Lprv(pcs). Since
Lg(n) is small enough [28], the quadratic differential term
L (1) Ciss 18 too smaller to be neglected when solving vas(4pin)»
and it can be expressed as (4)

VDRV(on) = VGS(4pin) T ic - Rgw) + Law) - dic/dt (2)
ic = Clss - dvgs(apin) /dt (3)
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Since L (r) is too small, iq sharply increases, generating a
significant voltage drop on Lg and Lks (vic). It is measured
as a part of vgs(m), making it dramatically rise almost to
Vas(th)- It deviates from vgs(4pin) and seriously misleads that
Oy, starts to turn ON in advance. After that, ig gradually drops,
and the voltage drop on Rg(int) (Vvra) dominates the measured
deviation between vgs(m) and vas(4pin), Whereas the negative
vLq relieves it a little. As shown in Fig. 5(a) and (5), vas(w) still
keeps larger than vgg(4pin) €ven when vasapin) reaches Vasin)
at

vGS(4pin) (t) = VDRvow — (VDRV(0n) — VDRV (0FF) )€

Ragny)  Lg + Lgs
RG(L) R%(L) - Cigs

VGS(M) = VGS(4pin) T

- (VbRv(on) — VGS(4pin))- (&)

Stage 2 [t <t<tz]: When vggpin) €xceeds Vas(n), OL
starts turning on and operates in the saturation region, and ipg
increases rapidly. Since vpg seldom reduces, Ciss keeps constant
and is still charged by ig, which means that vas(4pin) continues
increasing until 7o, and still satisfies (4). The relationship in (5)
still holds, and vgs(wy is still larger than vgs(apin), Which is
mainly affected by vrg.

Stage 3 [to<t<ts3]: Atto, ips reaches the peak value, Dy starts
turning OFF, and vpg starts decreasing rapidly. Cgp significantly
increases, causing almost the whole ig to charge Cop, even
discharging Cas. Thus, vgsapin) decreases, and ig increases at
first. After that, during the miller ramp stage [28], i¢ charges
both Cep and Cgs. Cep is significantly increasing during vpg
decrease, so |ig| declines much slower than during Stage 1.
The declining v is almost the whole reason for the measured
deviation since the small |diq/d¢| generates almost no vy, and
it makes vgs(m) increase slower than vas(4pin)-

After t3, ipg, and vpg keep almost constant, Qp, operates out
of the saturation region and the turn-ON process ends. vgs(4pin)
gradually increases to reach Vpry(on) and |ic| gradually de-
creases to 0. The relationship between vggs(apin) and vas(m) is
still expressed by (5), with the enhanced Cigg.

The typical waveforms of the turn-OFF process are shown in
Fig. 5(b). Before 79, vas(apin) of Q1 is equal to Vpry(on), and
Qr, conducts I1,. Dy is in the OFF state, withstanding Vp,s. The
turn-OFF process is divided into three stages, which is almost the
inverse of the turn-ON process.

Stage 1 [to<t<t1]: Atty, the driving voltage rapidly changes
from Vpry(ox) 0 VDrv(orr). Since Qr, operates in the ohm
region, ipg and vpg seldom change. Cigs is discharged by ig
and vgs(4pin) decrease, which can also be expressed by (3) and
(6), and vgs(4pin) 18 solved, as expressed in (7)

VDRV(0rr) = VGS(4pin) T+ PG - Raw) + Law) - dig/dt  (6)

_ t—tg
Ry -Cis |

(N

Since Lq(r) is too small, ig sharply decreases and then
gradually rises, corresponding that v ¢ and vgg dominate the

Va8 (pin) (1) = Vorvorm — (VDRv (0rp — VDRV (0n) )€
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Fig. 6. Switching process equivalent circuit of TO-247-3 SiC MOSFET.

vas(m) deviation from vas(apin)- As shown in Fig. 5(b) and (8),
this deviation is mainly expressed as the sharp drop at first, the
smaller value, and the slower decrease. It seriously misleads that
Oy, enters the saturation region in advance

Ragny  Lg + Lgs
Ré(L) . C'iss

VGS(M) = VGS(4pin) T Row)

- (VbRv(orr) — Vas(4pin))- ®)

Stage 2 [t1 <t<t5]: Q1, operates in the saturation region, and
ips charges Cpg and Cgp to increase vps. Both vas(apin)
and i¢;| decrease during the miller ramp stage, making vas ()
decrease slower and keep smaller than vgg(pin)- It seriously
misleads that Qr, starts to turn OFF in advance.

Stage 3 [to<t<ts3]: At t3, vpg reaches Vp,s, and ipg almost
drops to 0, which means Qy, is in the OFF state. Both vgs(apin)
and |ig| continue to decrease as iq discharges Cig, and the
relationship between vgs(4pin) and vasw is still expressed
by (8), with the reduced Cis. Until #3, vas(4pin) declines to
VDRv (orr), and the turn-OFF process ends.

As analyzed previously, vas(wv) dramatically deviates from
VGS(4pin) 10 Stages I and 2 of both the turn-ON and turn-OFF
process, severely misleads the judgment when Qy, starts to turn
ON/OFF and to operate in the separation/ohm region.

B. TO-247-3 Package

Compared with the equivalent circuit of TO-247-4 devices,
there is no Likg but Lg in that of TO-247-3 devices, as shown in
Fig. 6. The relationship between vasv) and vas(spin) always
satisfies (9), which shows that CSI induces voltage drop into
the control circuit caused by the power stage behavior dipg/dz,
deviating vgs measurement. Thus, the obvious difference be-
tween the vgg measurement of two kinds of packages during
the switching process is in the ipg-varying stages

VGS(M) = VGS(3pin) T G - Ba(int)
+ (Lg + Lg) - dig/dt + Ls - dips/dt.  (9)

During the turn-ON process, ipg increases in Stage 2 and
oscillates at the beginning of Stage 3, as waveforms in
Fig. 7(a) show. The rapidly rising ipg in Stage 2 generates a
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Fig. 7. Switching process of TO-247-3 SiC MOSFET (Simulation based on
IMZ120R045M1 devices, I, = 40 A, Veus = 800 V, Vprv(ox) = 15V,
VDRV (orr) = =5V, and L = 100 pH). (a) Turn ON. (b) Turn OFF.

dramatical voltage drop vis on Lg, which raises vgs ) to twice
of vas(3pin)» €ven larger than Vpry (o), and almost reaching the
vas limit. The oscillating ips in Stage 3 induces overestimated
oscillation into vgs(m). It seriously misleads not only turn-ON
characterization but also driving circuit design since vas(3pin)
is still safe enough in Stage 2 and seldom oscillates in Stage 3.

During the turn-OFF process, ipg decreases in Stage 2 and
oscillates in Stage 3, as waveforms in Fig. 7(a) show. The rapidly
descending ipg in Stage 2 pulls vgs(v) down to close to 0 V.
The oscillating ipg in Stage 3 generates voltage oscillation on
Lg, amplifying vgs ) oscillation. It seriously misleads not only
turn-OFF characterization but also driving circuit design since
the device still operates in the saturation region with enough
V@s(3pin) in Stage 2 and seldom oscillates in Stage 3.

It is emphasized that there is also a significant deviation in
vas) from vas(3pin) induced by dig/d, which is almost the
same as the TO-247-4 package and not elaborated.

III. IMPACTS OF PARASITIC PARAMETERS ON V(g
MEASUREMENT DURING CROSSTALK

A. TO-247-4 Package

Parasitic parameters between measuring points also affect
vgs measuring results during the crosstalk, which is reflected
in vgg of the complementary device during the active device
commutation process. Fig. 8 shows the crosstalk equivalent
circuit of TO-247-4 devices. Compared with Fig. 4, the main
difference is that the driving signal is added on the gate of Oy,
and crosstalk occurs on Qy,, which is the device under test for
reliable grounding of measurement. Correspondingly, L is in
parallel with Qr,. Thus, the relationship between vgsw) and
VGS(4pin) Satisfies

Vas(M) = Vas(pin) 1 i * Rainy + (La + Lks) - dig/dt.
(10)
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Fig. 8.  Crosstalk equivalent circuit of TO-247-4 SiC MOSFET.

Fig. 9. Crosstalk of TO-247-4 SiC MOSFET (Simulation based on
IMZ120R045M1 devices, It, = 40 A, VByus = 800 V, Vpry(ox) = 15V,
VDRv (orr) = =5V, and L = 100 pH). (a) Turn ON. (b) Turn OFF.

Fig. 9(a) shows the typical crosstalk waveforms of Qr, during
the Qp turn-ON process. Dy, enters in reverse recovery,
and vpg increases from Vi to Vpgu. Since vggs of O
maintains Vpry(orr), Vpa increases from Vg-Vpry(orr)
t0 VBus-VDRv (orr), generating a displacement current through
Ccp. It generates a voltage drop on Rg(ry and Lg(r), and
charges Cgs. An upward spike of vgg appears, as described by
(11), which is turn-ON crosstalk occurring in Stage 2 and 3 of
the Oy turn-ON process

VGs(4pin) = VDRV(or + Ra) - ic + L) - dic/dt. (11)

Stage 2 [t1<t<t3]: At t1, ip decreases from I,, and vpg
increases from Vp. Although vpg growth is slow and small,
Vas(4pin) Still obviously increases due to the large Cap, and i
generates a voltage drop on Lq, Lks, and Rg(int) Opposite to
V@s(4pin)- Thus, vgsw) is always smaller than vagapin)-

Stage 3 [to<t<t3]: At ta, D1, starts withstanding the reverse
voltage, and vpg rapidly increases. Although Cqp is decreasing,
dvps/dt is large at first, SO vgs(4pin) first increases and then
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Fig. 10.  Crosstalk equivalent circuit of TO-247-3 SiC MOSFET.

decreases. After 3, the turn-ON process of Oy ends, Cgs is
discharged and vgs(4pin) gradually declines to Vpry (orr). Since
the voltage drop on Lg, Lks, and Rg (int) i Opposite t0 Vas(4pin)»
vas(m) has a smaller peak amplitude than vas(apin) -

As shown in Fig. 9(b), the turn-OFF crosstalk is almost the
inverse process of turn-ON crosstalk, which occurs in Stage 2 and
3 of the Qy turn-OFF process. Dy, starts freewheeling, and vpg
decreases from Vg to Vr. vpg decreases from Veus-VpRry (orr)
to Vp-Vbryv(orr), generating a displacement current through
Ccp. It generates a voltage drop on Rg(ry and Lg(r), and
discharges Cgg, causing a downward spike of vgg described
by (11).

Stage 2 [t1 <t<to]: At t1, ip starts increasing, and vpg starts
decreasing from Vp,s. Although Cgp is decreasing, dvpg/dt is
so large that vgs(4pin) decreases, and i generates a voltage drop
on La, Lxs, and R (int) Opposite to vas(4pin)- Thus, vas) is
always smaller than vas(pin)-

Stage 3 [to<t<t3]: At t5, Dy, starts withstanding I1,, and vpg
reaches Vp. Oy is in the OFF state, and Cgg is discharged with
Vas(4pin) gradually back to Vpry (orr), With oscillation induced
by vps. Since the voltage drop on Lg, Lks, and Rq(int) 18
Opposite to Vas(4pin)> Vas(m) has a smaller peak amplitude than
VGS(4pin)-

Since i is generated by vas(apin)-VDRV (0rr)» lic| first in-
creases and then decreases during both turn-ON and turn-OFF
crosstalk. The voltage drop on Lq, Lxs, and Rg(int) Opposite
to VGs(apin) makes [vasan| always smaller than |[vas(apinl,
which means the voltage peaks during both turn-ON and turn-OFF
crosstalk are measured conservatively, reducing the security of
the design.

B. TO-247-3 Package

Based on the crosstalk equivalent circuit of TO-247-3 de-
vices shown in Fig. 10, the relationship between vgs(w) and
Vas(4pin) satisfies (12). Compared with TO-247-4 devices, CSI
in TO-247-3 devices affects crosstalk waveforms, which satisfies
(13) and has been amply explained in [28]. The induced voltage
drop caused by dir/dt also has significant impacts on measure-
ment. As shown in Fig. 11, the obvious difference between
the vgg measurement of two packages during crosstalk is in
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Fig. 11. Crosstalk of TO-247-3 SiC MOSFET (Simulation based on

IMZ120R045M1 devices, I, = 40 A, Vus = 800 V, VDRv (ox) = 15V,
VDRv (orr) = —5 V, and L = 100 pH). (a) Turn ON. (b) Turn OFF.

the ip-varying stages, which dominates the impacts of parasitic
parameters on vgs measurement

VES(M) = Vas(3pin) T G Ba(ing)

+ (Lg + Lg) - dig/dt — Lg - dig/dt ~ (12)
v@s(3pin) = VDRv(orr) + Rau) * i
+ Law) - dig/dt — Lg - dip/dt. (13)

During the Oy turn-ON process, ir decreases in Stage 2 and
gradually increases with oscillation in Stage 3, as waveforms in
Fig. 11(a) show. The rapidly descending iy in Stage 2 generates
a dramatic voltage drop on Lg, which generates a downward
spike as high as 5V in vgs(w). In Stage 3, the rapidly rising vpg
generates a downward spike in ig, which generates a voltage
drop on Lg, Ls, and Rq(int) OPPOSite to vas(3pin)- Meanwhile,
the oscillating i generates a damping voltage drop with os-
cillation on Lg. The superposition of these two impacts causes
vas(m) quite different from vgs(3pin)» especially misjudgment
of the stage that the vgg peak exists. It misleads crosstalk
characterization and driving circuit design.

During the Qg turn-OFF process, there are two pieces of rapid
ir rose in Stage 2 and iy oscillation in Stage 3, which generates
voltage drop on Lg, Ls, and R (int)- Thus, two downward spikes
are superposed to vgs(m) in Stage 2, and in-phase oscillation
is superposed to vgs(w) in Stage 3. The overestimated peak
and oscillation in vas(v) mislead crosstalk characterization and
driving circuit design.

It is emphasized that there is also a significant deviation in
vas() from vas(spin) induced by dig/dz, which is almost the
same as the TO-247-4 package and not elaborated.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 3, MARCH 2023

IV. IMPROVED Vg EXTRACTION METHOD

According to the former analysis, i and ipg dramatically
affect the measured vgg of TO-247-4 and TO-247-3 devices,
respectively, by voltage drop on parasitic parameters. In this
part, an improved vgg extraction method is proposed, with the
main idea that the above voltage drop can be counteracted by
measuring ig and ipg. Thus, based on Fig. 3, the extracted
vas can be expressed by the measured vgs plus a correction
term, as described in (14) and (15), for TO-247-4 and TO-247-3
devices. Details of key technologies in the proposed method are
introduced in the following three parts:

VGS(dpin) = VasM) — ia - Raging — (La + Lks) - dig/dt
(14)

V@S (3pin) = Vas(M) — G * Ba(in)

—(Lg + Lg) - dig/dt — Lg - dips/dt.  (15)

A. iq and ips Measurement

The first step to implement the proposed method is to measure
ig and ipg by constructing DPT. As described in (14) and
(15), only ig affects the vgg measurement of TO-247-4 devices,
whereas both i and ipg affect that of TO-247-3 devices. ipg
measurement is commonplace and implemented well enough by
a shunt resistor with a passive probe. It is noted that this method
can only measure the ipg of the lower switch in the half-bridge
since the shunt resistor should keep connected common ground-
ing with the passive probe. It is also the reason that the higher
switch is driven and crosstalk on the lower one is measured.

However, it is not suitable to measure ig by shunt resistor with
a passive probe due to the grounding issue of probes. A sampling
resistor with a differential probe is preferred, with the benefit of
directly using the drive resistor as the sampling resistor, as long
as the voltage range is matched. To realize a high common-
mode rejection ratio in the high-frequency range [5], the low-
voltage optical isolation probe is selected as the substitution for
the differential probe.

B. dig/dt and dips/dt Calculation

Besides ig and ipg, their variation also induces measurement
deviation, and dig/dt and dipg/dt are extracted from measured
waveforms by the numerical differentiation method. Since wave-
forms are sampled at equal intervals, the numerical differentia-
tion result can be regarded as the derivative of an interpolating
polynomial. In other words, the derivative value corresponding
to the sample point can be expressed by a linear combination of
values of adjacent sample points. Here, the five-point method
is selected for better accuracy, and the derivative value on the
kth sample point DPj, is calculated by (16) with a truncation
error proportional to %, where Py, is the value of the kth sample
point and £ is the sample interval. When the sampling frequency
is high enough, the accuracy of the numerical differentiation
is guaranteed. In the case given in this article, the sampling
frequency is set as 12.5 GHz

_ —Ppyo+8Py1 — 8P, 1+ P o
12h '

DP, (16)
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Fig. 12.  Parasitic inductances with different frequencies.

C. Parasitic Parameter Extraction

After waveform measuring, parasitic parameters causing vgs
measurement deviation should be extracted. To eliminate the
impact of parasitic parameters on vgg measurement, probes are
as close to the root of pins as they can be, and parasitic parameters
caused by the package are mainly considered [5], [28]. As shown
in Fig. 3, they are Lg and Lkg in TO-247-4 devices, and Lg and
Lg in TO-247-3 devices. One commonly used solution is finite
element analysis by software such as ANSYS Q3D. Packages are
modeled according to the datasheet and the parasitic inductances
are obtained by setting imaginary sources and sinks. It is noted
that these inductances are strongly affected by the lead length
[7], [29] and should be extracted at the root of the leads.

According to the frequency sweeping results shown in Fig. 12,
these inductances are frequency sensitive, making the calcu-
lation of voltage drops complicated. A general solution is to
consider these inductances as linear systems. Based on the
analysis in the frequency domain, the voltage drops equal the
product of their transfer functions L,(s) and the corresponding
current differentiations DI,(s), as shown in (17). And then, the
time-domain representation of the voltage drops is obtained
by the inverse Fourier transform. Moreover, in this way, it is
convenient to calculate current differentiation in the frequency
domain as (18), where 1,(s) is the corresponding current

Ve(s) = Ly(s) - DI, (s)
Vi (s) = sLy(s) - Ix(s).

7)
(18)

However, the former general solution is complicated and
can be further simplified, since these inductances vary slightly
with frequency. Some studies have eliminated these parasitic
parameters with acceptable accuracy by waveforms [30], where
the rising and falling durations of ipg are utilized. According to
the effective bandwidth of rising and falling ipg slopes expressed
based on the signal theory [31], the equivalent frequency of the
switching process (foq = 26.9 MHz) is calculated by (19), where
t, and t; are the rising and falling time. Thus, parasitic parameters
when Rg(ext) is 5 €2 are pointed out in Fig. 12. Based on the
simplified solution, the frequency-domain analysis is canceled,
and the numerical differentiation method is preferred for dig/d¢
and dipg/dt calculation

feq = max (

0.35 @) (19)

[
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Fig. 14.  FFTresults of i and ips (/L =40 A, RG(ext) =5 ). (a) Switching

process. (b) Crosstalk.

The intrinsic gate resistance Rgint) also strongly affects vas
measurement, which is an equivalent resistance due to device
structure contributions such as oxide and P-body [32]. It can be
easily measured by power device analyzers such as B1506A.
Usually, the SiC MOSFET datasheet also gives it for reference. It
is noted that the parasitic resistance induced by packages is too
much less than Rqiny) to be ignored.

V. EXPERIMENTAL VERIFICATION AND DISCUSSION

The DPT experiment is constructed to verify the measuring
vgs deviation analysis and the proposed vgg extraction method.
As shown in Fig. 13, the testbed operates under Vg, = 800V,
VDRV(ON) =18V, VDRV(OFF) = —5V,and L =500 pH. The type
of MOSFETs is IMZ120R045M1. To eliminate errors induced by
the test equipment, TPP1000, a 10x passive probe with 1 GHz
bandwidth, is adopted for vgg measurement; TPP0850, a 50x
passive probe with 800 MHz bandwidth, is adopted for vpg
measurement; and TIVP1L, a 10x optical isolation probe with
1 GHz bandwidth, is adopted for i measurement by measuring
the voltage on the external driving resistance Rq(ext). Further
analysis reveals the relationship between designed parameters,
such as I, and Rq(ext), and the measurement deviation.

A. Voltage Drop Extraction Verification

The simplified solution for extracting voltage drops (Vprop)
on parasitic parameters is firstly verified. According to the fast
Fourier transform (FFT) shown in Fig. 14, the main component
of i¢ and ipg is less than 40 MHz. Since parasitic inductances
are frequency-sensitive in this range, the frequency domain
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Fig. 16.  Switching process experimental results of the TO-247-4 device (I7,

=40 A, RG(ext) = 5 ). (a) Turn ON. (b) Turn OFF.

solution for parasitic inductance extraction is compared with
the simplified one. As shown in Fig. 15, the simplified solution
guarantees accurate vp,op, calculation without complicated fre-
quency domain calculation. dig/df and dipg/df are obtained by
the numerical differentiation in the simplified solution.

B. Switching Process Verification and Discussion

Switching process waveforms with It, = 40 A are measured,
as shown in Figs. 16 and 17. The measured vas (vas(w)) varies
faster than the extracted vas (Vas(4pin)/Vas(3pin)) during stages
of rapid changing, which is the common feature for both the
TO-247-4 and TO-247-3 devices. Comparing vrg and vi,g, the
main effect caused by driving circuit behavior is reflected in
ig rather than dig/dr. Besides, the TO-247-3 package induces
a dramatic vi,g caused by the power circuit behavior dipg/dz.
Thus, a larger vas vy peak during the turn-ON process and larger
vasm) oscillations are measured. The experimental results are
consistent with the analysis and simulation.

The threshold voltage (Vgs(tn)) is selected to quantify the
measurement deviation and the validity of the improved method.
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Fig. 17.  Switching process experimental results of the TO-247-3 device (I7,

=40 A, RG(ext) = 5 ). (a) Turn ON. (b) Turn OFF.

TABLE I
COMPARISON BETWEEN MEASURED Vs (rrr) WITH REFERENCE

Package Reference  Conventional Method Improved Method
g VGQ[IhO) (V) VGS(th] (V) AVGS([hC] (V) VGS(lh] (V) AVGﬁ[KhI) (V)
TO-247-4 4.50 8.83 433 4.58 0.08
TO-247-3 4.50 10.44 5.94 4.70 0.20
TABLE II
COMPARISON BETWEEN MEASURED AND REAL VGs(um)
Package Vastumm (V) Vasum (V) AVaswm) (V)
TO-247-4 424 9.64 -5.40
TO-247-3 3.29 9.99 -6.70

Here, Vgs(tn) observed in the turn-ON waveforms is defined as
vas at which ipg starts rising from zero. The reference Vg tno)
is obtained by static characterization, which is in brown dash
lines in Figs. 16 and 17. Table L illustrates that Vgs(tn) measured
by the proposed method is close to the reference, whereas
Vas(thm) measured by the conventional method obviously de-
viates from it. Besides, the deviation between Vggs(tn) and
Vasenm) (AVags(en)) is used to quantify the vagg measurement
deviation during the turn-ON process.

The maximum underestimation (AVgg(um)) is observed to
quantify the vgs measurement deviation during the turn-OFF
process. Vas(um) and Vgs(um) are the measured vgg and the
extracted vgg values where the deviation is greatest. The result
in Table II shows that AVgg(um) is 5.40 V for the TO-247-4
device, whereas 6.70 V for the TO-247-3 device.

Furthermore, both the driving circuit design and the operating
condition affect the measurement deviation. As analyzed in
Section II, Rg(ext) affects the deviation by switching speed,
whereas [y, affects it by the duration of the ipg-varying pro-
cess. Table III shows the effect of Rg(ext) during the switching
process with It, = 40 A. The result shows that the reduction
of R (ext) aggravates AVgs(zn) and AVGS(um), consistent with
the analysis and simulation in Section II. Thus, it is indicated
that besides the EMI deterioration, blindly reducing Rq ext) also
aggravates measurement deviation. This is another reason why
reducing R (ext) of TO-247-3 devices is not suitable to obtain
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TABLE IIT
EFFECT OF R(;(rxt) ON Vs MEASUREMENT DURING SWITCHING PROCESS

Roer (Q) TO-247-4 TO-247-3
e AVasan (V) AVssum (V) AVasim (V) AVssum (V)
2 6.55 -8.44 8.35 -9.56
5 4.25 -5.40 5.74 -6.70
10 2.61 -3.37 3.65 -3.86
TABLE IV

EFFECT OF [1, ON Vs MEASUREMENT DURING SWITCHING PROCESS

I (A) TO-247-4 TO-247-3

- AVgsan (V) AVgsum (V) AVgsan (V) AVgsum (V)
10 424 -4.68 5.67 -5.33
20 4.24 -4.97 5.54 -5.90
30 4.28 -5.24 5.64 -6.28
40 4.25 -5.40 5.74 -6.70
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Fig. 18 Effect of /1, on deviation duration of TO-247-3 switching process.
(a) I1, = 10 A, turn ON and OFF. (b) I1, = 20 A, turn ON and OFF. (c) I1, = 30 A,
turn ON and OFF. (d) I, = 40 A, turn ON and OFF.

as high switching speed and low switching energy as TO-247-4
devices, as a supplement of [28].

The effect of I, on deviations during the switching process
with Rg(ext) = 5 € is shown in Table IV. [AViy,(ox)| is hardly
affected since no matter what the value of I1, is, ipg is always 0 A
when vgg reaches Vas(en). [AVasum)| slightly increases when
I1, increases, since the maximum measured deviation occurs
with a large ipg determined by I1,. For the TO-247-3 device,
the increased /1, extends the duration with an obvious deviation
during the turn-ON process, and amplifies oscillation amplitude
deviation during the turn-OFF process, as shown in Fig. 18.

The switching speed requirement limits the utility of large
R (ext), and I, is determined by converter operating conditions.
The restricted parameter selection makes it necessary to suppress
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Fig. 19. Crosstalk experimental results of the TO-247-4 device (I1, = 40A,
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TABLE V
COMPARISON BETWEEN MEASURED AND REAL VpEAK(O]\‘)

Package V, V) Vpeakion (V) AVpon (V)
TO-247-4 -1.16 0.53 -1.69
TO-247-3 -1.85 -2.67 0.82

the measurement deviation by the proposed method, especially
for TO-247-3 package devices operating in high-capacity con-
verters.

C. Crosstalk Verification and Discussion

Crosstalk waveforms with /1, = 40 A are measured, as shown
in Figs. 19 and 20. The experimental results are consistent
with the analysis and simulation. For the TO-247-4 device, the
amplitude of vgsv) peak during both turn-ON and turn-OFF
crosstalk (Vpeak(on) and Vpeak(orr)) are obviously underesti-
mated. Comparing vrg and vig, the main effect caused by driv-
ing circuit behavior is reflected in i rather than dig/dz. It causes
1.69 V and 2.28 V underestimation of V,cak(ox) and Vieak(orr)»
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TABLE VI
COMPARISON BETWEEN MEASURED AND REAL VP]:AK(OFF)

Package Voeakcotiv (V) Vpeaktofy (V) AVt (V)
TO-247-4 -10.52 -12.80 2.28
TO-247-3 -12.41 -10.66 -1.75

TABLE VII

EFFECT OF RG(rxt) ON Va3 MEASUREMENT DURING CROSSTALK

R @ TO-247-4 TO-247-3
oo Moo V) Mooty V) AViony (V) Ay (V) AV (V)
2 -3.12 -2.96 2.79 0.42 4.99
5 -1.69 -2.28 0.82 -1.75 3.73
10 -1.11 -1.43 0.10 -2.26 2.67
TABLE VIII

EFFECT OF I}, ON Vgs MEASUREMENT DURING CROSSTALK

I (A) TO-247-4 TO-247-3
AV V) AViotn (V) AVpeny (V) AVpory (V) AV (V)
10 -1.71 -0.99 0.62 0.13 1.10
20 -1.67 -1.72 0.34 0.47 1.59
30 -1.63 -2.07 0.76 -0.80 2.96
40 -1.69 -2.28 0.82 -1.75 3.73

respectively, as illustrated in Tables V and VI. AV, y) and
AV (orr) are the deviation of vgg peak amplitude.

Besides vrg and vi,g, the TO-247-3 package induces a dra-
matic dipg/dt effect reflected in the oscillating v,g. It changes
the shape of the vgs(nv) waveform during the turn-ON crosstalk.
Although the vgg) peak amplitude is overestimated by only
0.82 'V, an obvious vgs(n) peak advance of about 38.36 ns is
measured. During the turn-OFF crosstalk, although vy g counter-
acts the measurement deviation caused by ig, it still overesti-
mates the vgsv) peak amplitude by 1.75 V.

The measurement deviation of crosstalk is also affected
by Rq(ext)y and Ir,. Table VII shows the effect of Rq(ext)
during the crosstalk with I, = 40 A. In particular, AV, is
extracted as the deviation of the maximum vgg oscillation peak
value during the turn-OFF crosstalk. The result shows that the
reduction of R (ext) aggravates AV ox) and AV, oy for the
TO-247-4 device and AV,(oy) for the TO-247-3 device, but
suppresses AV, orr) for the TO-247-3 device, which is caused
by the growing vrg who counteracts viq. vasr) oscillation
is also amplified, consistent with the analysis and simulation in
Section III. Thus, it is indicated that Rg (ext) cannot be too small
to eliminate the error of crosstalk evaluation, guiding crosstalk
suppression methods such as the active miller clamp [28].

The effect of /1, ON deviations during the crosstalk with
RG (ext) = 5 € is shown in Table VIII. For the TO-247-4 device,
AV oy is hardly affected since the device is in the reverse
recovery process at that moment, which is not determined by
I,. AVy(orr) is slightly aggravated when Ij, increases, since
a large I1, corresponds to a high ig to guarantee the charging
of Ciss. However, for the TO-247-3 device, the increase of I,
corresponds to an increasing ir oscillation, which makes the
AVpon) and AV oy irregularly vary. The main effect of a
larger I1, can be summarized as a longer vgg peak advance during
the turn-ON crosstalk, and a larger oscillation amplitude during
the turn-OFF crosstalk, as illustrated in Fig. 21.
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Fig. 21.  Effect of I1, on deviation duration of TO-247-3 crosstalk. (a) I1, =

10 A, turn ON and OFF. (b) I1, = 20 A, turn ON and OFF. (¢) I1, = 30 A, turn ON
and OFF. (d) I1, = 40 A, turn ON and OFF.

In the commonly used half-bridge circuit, the upper and lower
devices alternately play the role of the active device and its
complementary device, and Iy, is also determined by converter
operating conditions. It means that the measurement deviation
during the crosstalk also needs to be suppressed by the proposed
method, especially for TO-247-3 package devices operating in
high-capacity converters.

VI. CONCLUSION

In this article, the vgg measurement deviation of the SiC
MOSFET during the switching process and crosstalk is revealed.
The vgg on the chip is identified as the measuring object based
on the equivalent circuit model. Simulation waveforms illustrate
the vgs measurement deviation caused by parasitic parameters
between measuring points. For the switching process, the
measuring result overestimates the vgg change rate during
the turn-ON and turn-OFF process, which is more severe for
TO-247-3 devices. For the crosstalk, the measuring result
underestimates the vgs peak amplitude of TO-247-4 devices
and misjudges both peak amplitude and emerging stage of
TO-247-3 devices. These inaccurate vgg measuring waveforms
mislead devices’ characterization and evaluation, incurring
additional costs of the driving circuit and possible invalidation
of crosstalk suppression in practice.

An accurate vgg on the chip extraction method is proposed.
The parasitic parameter impact is compensated with the
help of high-precision measurement equipment and the
proven parasitic parameter extraction technique. The DPT
experiment validates the deviation elimination effectiveness of
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this method. Furthermore, exploration of different operating
conditions including Rq(ext) and [1, quantifies their effect on
the measurement deviation and the necessity of this method.
The restricted Rg(ext) and I, selection make it necessary to
eliminate the measurement deviation, especially for TO-247-3
devices operating in high-capacity converters and devices with
a small external driving resistance. The proposed method and
conclusion are applicable to other types of packages.

This article contributes to the understanding of measurement
for power semiconductor devices, especially wide band-gap
devices. Besides the precision improved by equipment and
techniques, accurate measurement requires a clear measuring
object. The proposed vgg measurement deviation model and
elimination method complement previous studies and deserve to
be applied in device research and development for more rigorous
verification and evaluation.
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