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Abstract—For high-capacity applications, paralleling multiple
silicon carbide (SiC) metal oxide semiconductor field effect tran-
sistors (MOSFETs) is essential. However, it is challenging to achieve
complete symmetry in the gate circuits of parallel devices, resulting
in mismatched gate inductances, which may lead to the current
imbalance. This article focuses on investigating the evolution of
threshold voltage dispersity under mismatched gate inductances
and its impact on the current sharing evolution. It is found that
mismatched gate inductances cause the threshold voltage dispersity
to increase with gate stress time, thereby inducing a deterioration in
current sharing. A boost converter with two devices in parallel was
tested, demonstrating that the difference in the minimum turn-off
gate voltage including undershoot is the primary trigger for in-
creased threshold voltage dispersity. Besides, an off-state gate volt-
age optimization strategy was proposed to effectively mitigate the
increase in threshold voltage dispersity and improve the evolution
of current sharing under mismatched gate loop inductances. The
findings are intended to improve the performance of SiC MOSFETs
in parallel applications.

Index Terms—Asymmetric layout, current sharing, parallel
connection, silicon carbide (SiC) metal oxide semiconductor field
effect transistors (MOSFETs), stray inductance, threshold voltage.

I. INTRODUCTION

COMPARED to silicon-based insulated gate bipolar tran-
sistor, the silicon carbide (SiC)-based power metal oxide

semiconductor field effect transistor (MOSFET) excel in high
temperature, high voltage, and high frequency [1], [2], [3]. Ben-
efiting from these superior properties, SiC MOSFET can signifi-
cantly improve the power density and efficiency of converters.
Therefore, SiC MOSFETs are commonly used in high-capacity
applications such as electric vehicles (EVs) and photovoltaics
[4], [5], [6].

SiC MOSFETs face challenges related to long-term reliabil-
ity. Due to high-density traps in the SiC/SiO2 system of SiC
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MOSFETs, the threshold voltage drifts under dynamic gate stress,
which is positive and results in the increase of on-state resis-
tance [7], [8]. The increase in on-state resistance causes the
device to dissipate more power, subsequently raising the junc-
tion temperature [9]. Elevated junction temperatures accelerate
the aging process of the device by increasing thermal stress
and causing material degradation [10]. Over time, the increase
in threshold voltage reduces the long-term reliability of the
device.

However, the increase in on-state resistance is not the worst
case. The worst case is the diversity of drift in parallel devices,
which leads to current imbalance. Current imbalance is typically
divided into static and transient imbalance, whereby uneven tran-
sient current distribution can increase device current overshoot
[11], [12]. If the overcurrent exceeds the safe operating area,
the device may experience overcurrent failure [13]. Besides, the
current imbalance leads to thermal imbalance, shortening the
lifespan of devices with higher temperatures. It takes time for
the increase of threshold dispersity [14]. This explains why the
Tesla Model 3 failures occurred after being on the road rather
than during its laboratory testing phase [15].

For parallel applications, device packaging and printed circuit
board (PCB) routing inevitably introduce parasitic inductance,
and mismatched parasitic inductance may lead to unbalanced
current. It was reported that the mismatch of the parasitic
inductance in the gate driver loop leads to current imbalance
for the paralleled devices [16]. The gate driver loop parasitic
inductance is primarily composed of gate inductance, common
source inductance, and driving source inductance. Mismatched
common source parasitic inductance is the primary cause of tran-
sient current imbalance due to its influence on gate voltage, and
device with smaller source parasitic inductance suffers higher
transient current [17]. Besides, mismatched gate inductance is
believed to have a limited effect on the transient current sharing
[17]. Although a higher gate inductance results in a slower
charging process of gate voltage, the gate current and its di/dt
are usually small during switching. As a result, the influence
of gate inductance mismatch on gate voltage values is not as
pronounced as that of common source inductance.

Therefore, efforts were put on the matching of the common
source inductance by Kelvin source connection and symmet-
rical layout design to suppress the current imbalance, but the
consistency of the gate inductance in parallel devices may be
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sacrificed [18], [19]. The current studies mainly focus on the
influence of mismatched gate inductance on current sharing
characteristics, and the conclusion is that gate inductance has
a limited influence on parallel current sharing, while the effect
of threshold voltage drift has not yet been considered [16], [17].
So, there raise some basic questions: does the mismatch of
the parasitic inductance in the gate driver loop lead to current
imbalance by induce diversely threshold drift, and if yes, how?
Besides, the degradation of current sharing over time, caused by
the threshold voltage drift differences in parallel devices due to
gate loop inductance mismatching, requires additional research
for effective suppression.

The main contributions of this article are as follows.
1) Demonstrated that mismatched gate loop parasitic induc-

tance can cause the threshold dispersity to increase with
gate stress time, thereby inducing a deterioration of current
sharing over time, although the current sharing character-
istics are acceptable during the initial parallel operation.
This may provide new insights into the potential triggers
for the Tesla EVs recall incident.

2) Provided an explanation on why the evolution of current
sharing with mismatched gate loop parasitic inductance
deteriorates over time.

3) Proposed an OFF-state gate voltage optimization strategy
to effectively mitigate the increase in threshold voltage
dispersity and improve the evolution of current sharing
under mismatched gate loop inductances.

This article tries to answer the above-mentioned questions by
experiments based on a boost converter, which is trying to model
the real switching conditions.

The rest of this article is organized as follows. The influence
of gate inductance on the threshold voltage drift is discussed in
Section II. Besides, the influence of gate inductance on the gate
voltage waveform is also analyzed. After that, gate inductance
mismatch in the TPAK module and gate drive PCB is presented
in Section III. Section IV describes the evolution of threshold
voltage dispersity and current sharing in the parallel boost
converter. Section V investigates the reasons for the increased
threshold dispersity. Section VI proposes a method to suppress
current sharing degradation. Section VII concludes this article.

II. INFLUENCE OF THE GATE LOOP INDUCTANCE ON THE

THRESHOLD VOLTAGE DRIFT

Threshold voltage drift in SiC MOSFETs is a critical issue that
impacts device performance and reliability. Threshold voltage
drift is influenced by several factors, including the magnitude
and slope of the gate voltage. Generally, a higher gate volt-
age leads to a faster threshold voltage drift. The gate voltage
waveform is influenced by the parameters of the gate loop, with
higher gate loop inductance causing gate voltage overshoot and
undershoot.

To analyze the influence of gate loop inductance on the
threshold drift, a test rig based on a boost circuit is developed,
as shown in Fig. 1. The test conditions are as follows:
VDC = 100V, VOUT = 200V, iOUT = 2.5A, VG = 20/− 5V
and f = 150 kHz. Lge andLse represent the gate loop

Fig. 1. Test rig using boost circuit to measure threshold voltage drift under
different gate loop inductances.

TABLE I
SIC MOSFETS UNDER TESTS

inductances located external to the device package. Lgi andLsi

are the parasitic gate loop inductances located internal to
the device package. Rge andRgi are the external and internal
gate resistances, respectively. Four commercial SiC MOSFETs,
namely DUT.S and DUT.C, feature a planar gate structure,
while DUT.R and DUT.I are trench gate, as shown in Table I.

A. Influence of Gate Loop Inductance on Gate Voltage

During switching events, the energy stored in the gate loop
inductance may lead to gate voltage overshoots and ringing [20].
This overshoot may exceed the gate voltage rating of the device,
potentially leading to damage or failure of the gate oxide. Fig. 2
illustrates the gate voltage waveforms of DUT.R and DUT.S
under different gate inductances, and the parasitic inductance
of the turn-on gate loop Lgon (Lgon = Lgeon + Lgi + Lsi + Lse)
is approximately the same as the parasitic inductance of the
turn-off gate loop Lgoff (Lgoff = Lgeoff + Lgi + Lsi + Lse). Ad-
justable inductors Lgeon andLgeoff are integrated into both the
turn-on and turn-off gate loops, for changing the gate loop in-
ductance values.Lgi andLsi of devices with package of TO247-3
are 6.33 and 4.65 nH respectively.

The parasitic inductance of the gate loop was extracted us-
ing the ANSYS Q3D tool, with the extraction frequency set
at 10 MHz. The extraction frequency of parasitic inductance
typically corresponds to the equivalent frequency during the
switching process of power devices, defined as 0.8/(π × tr),
where tr is the current rise time [21]. The typical current rise
times for silicon-based and silicon carbide (SiC)-based power
devices range from 0.015 to 0.2 μs, with equivalent excitation
frequencies between 1.27 and 16.98 MHz, making 10 MHz a
suitable choice for the extraction frequency [22].
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Fig. 2. Turn-ON gate voltage waveform of (a) DUT.R and (c) DUT.S with
Lgon of 55, 137, and 187 nH. Turn-OFF gate voltage waveform of (b) DUT.R
and (d) DUT.S with Lgoff of 55, 137, and 187 nH. Lgon andLgoff are the same
and change simultaneously. The gate resistance remains constant as the gate
loop inductance varies.

Fig. 3. (a) Maximum turn-ON gate voltage including overshoot and (b)
minimum turn-OFF gate voltage including undershoot of four commercial
devices under different gate inductance. Lgon andLgoff are the same and change
simultaneously. The gate resistance remains constant as the gate loop inductance
varies.

With the increase of parasitic inductance in the gate loop, the
overshoot of gate voltage increases, as shown in Fig. 3. When
the parasitic inductance in the gate loop increases from 55 to
187 nH, the maximum turn-on gate voltage including overshoot
(VGSonmax) of DUT.R rises from 24.5 to 26.9 V, while the
minimum turn-off gate voltage including undershoot (VGSoffmin)
decreases from−6.7 to−10.7 V. The internal gate voltage (VGSI)
is the direct parameter controlling the device switching, andVGSI

is positively correlated with VGS. VGSI is given by

VGSI = VGS − (Lgi + Lsi)× diG
dt

−Rgi × iG (1)

where iG is the gate current, which is given by [23]

iG = Ciss × dVGSI

dt
(2)

where the input capacitance Ciss is given by Ciss = Cgs + Cgd.
In addition, based on TCAD simulations, the amplitudes of VGSI

overshoot and undershoot were confirmed to be lower than those
of the VGS.

For the turn-ON process, i.e., the excitation source is as a step
signal, according to the Kirchhoff voltage laws, VGSI is also
given by

VGSI =
VGSonω

2
0

s (s2 + 2ζω0s+ ω2
0)
. (3)

By applying the inverse Laplace transform, (3) can be rewrit-
ten as

VGSI = VGSon

[
1− e−ζω0t

(
cos(ωdt)+

ζ√
1− ζ2

sin(ωdt)

)]

(4)

where the natural oscillation angular frequency ω0, the damping
ratio ζ, and the damped natural frequency ωd can be expressed
as follows: ⎧⎪⎪⎨

⎪⎪⎩
ω0 = 1√

LgonCiss

ζ =
Rgeon+Rgi

2

√
Ciss

Lgon

ωd = ω0

√
1− ζ2

. (5)

When ζ is less than 1, gate voltage exhibits oscillations.
As ζ decreases, the oscillations become more noticeable, and
the overshoot increases. According to (5), by keeping the gate
resistance unchanged and gradually increasing Lgon, the loop
time constant rises, ζ decreases, and the overshoot becomes more
noticeable. Similarly, the undershoot of VGSI decreases with the
increase of Lgoff.

B. Influence of Gate Loop Inductance on Threshold Drift

As mentioned above, the increase in parasitic inductance
within the gate loop results in an increase in the overshoot
voltages of VGS andVGSI. An increase in overshoot voltage
strengthens the gate oxide electric field, which promotes elec-
tron trapping and results in accelerated threshold voltage drift
(ΔVTH). As shown in Fig. 4, after 24 h of aging stress, ΔVTH of
DUT.R with Lgon = 187 nH increased by 1.68 V compared to
that with Lgon = 55 nH. The threshold drift of DUT.C, DUT.S,
and DUT.I increased by 0.21, 0.14, and 0.08 V, respectively.
This means that devices with larger gate loop inductances may
exhibit a quicker increase in losses as aging time extends. The
initial slower increase in threshold drift for DUT.C is due to the
smaller amount of undershoot change from 50 to 100 nH, as
shown in Fig. 3(b).

Besides, to avoid the influence of junction temperature on
the experimental results, the temperatures of the devices under
different gate loop inductances during aging are almost the same.
For DUT.I, the aging temperatures of the device under different
parasitic inductances are all around 80 °C. DUT.R and DUT.C
have aging temperatures near 100 °C, and DUT.S has an aging
temperature of roughly 110 °C.

The threshold voltages at the initial aging stage (ts = 0 h)
and after 24 h of aging are both tested at room temperature, and
the threshold voltage measurement circuit is shown in Fig. 5(a).
Short the drain and gate of the device to the positive terminal
of the threshold measurement power supply, gradually raising
the output voltage while measuring the corresponding output
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Fig. 4. Threshold voltage drift of (a) DUT.R (b) DUT.C (c) DUT.S, and
(d) DUT.I under different gate inductances with VGS = 20/− 5V and f of
150 kHz. Lgon andLgoff are the same and change simultaneously. ΔVTH =
VTH (24 h)− VTH (0 h).

Fig. 5. (a) Threshold voltage measurement circuit. (b) Threshold voltage
measurement waveform. The threshold voltages of all devices are measured
at room temperature.

current [24]. Due to the low gate leakage current of MOS
devices, approximately a few hundred nA, the current through
the device is almost equal to the drain current. In this study, the
output voltage of the power supply when IDS = 10mA is defined
as the threshold voltage of the device, as shown in Fig. 5(b).
This threshold measurement method has been experimentally
validated, demonstrating good consistency and ensuring the
reliability of subsequent experimental results.

III. GATE LOOP INDUCTANCE MISMATCH IN PARALLEL

APPLICATION

Gate loop inductance is composed of inductance from the
PCB, as well as from the terminals and bonding wires of the
device module. Typical power stage designs strive to position
the gate driver near the switch, creating a compact gate loop
to minimize gate loop inductance. However, in applications
where space for PCBs and power modules is tightly constrained,
designers have to give up on symmetrical layouts, which results
in mismatched parasitic inductances in the gate loops of parallel
devices.

Fig. 6. TPAK SiC MOSFET module of Tesla Model 3. (a) Configuration. (b)
Inner interconnection.

TABLE II
GENERAL PARAMETERS IN TPAK MODULE

A. Parasitic Gate Loop Inductance in the Module

To investigate the potential factors triggering the Tesla EVs
recall incident, i.e., there are no issues arose during initial usage
but malfunctions occurred later, an analysis of Tesla’s TPAK SiC
MOSFET module was undertaken. The TPAK module features
four electrical connection terminals, including Kelvin-source
connection, as shown in Fig. 6. Each module contains two SiC
chips, where the gate terminals of both chips are linked to a
common terminal using aluminum wires and copper layers,
and the source terminals of the chips are joined together via
copper lead frame. The general parameters in TPAK SiC MOSFET

module is shown in Table II.
The layout of the gate loop parasitic inductance of the TPAK

module is shown in Fig. 7. To simplify the circuit, the internal re-
sistances of the chips have not been shown. The gate loop induc-
tance consists of the gate inductance and the source inductance
[25]. For MOS1, the gate inductance includesLgi1 andLgi2, and
the source inductance consists of Lsi1 andLsi3. For MOS2, the
gate inductance includes Lgi1 andLgi3, and the source induc-
tance consists of Lsi2 andLsi3. Lsi1 andLsi2 are the common
source inductance, coupling the gate loop and the power loop.
Lsi3 is the drive source parasitic inductance. The gate loop of
MOS2 is longer than that of MOS1. Compared to Lgi2, Lgi3

contains an extra copper layer trace, and Lsi2 includes an addi-
tional portion of copper busbar compared to Lsi1. The parasitic
gate loop inductance of TPAK module was extracted using the
ANSYS Q3D tool, with the extraction frequency set at 10 MHz,
as shown in Table III. The total gate loop inductance of MOS1
is 39 nH, and that of MOS2 is 51.3 nH.

B. Parasitic Gate Loop Inductance in the Circuit

Four modules are connected in parallel to form a switch in
the Tesla Model 3, with each module consists of two chips, as
shown in Fig. 8. To accommodate the spatial layout requirements
of modules and other components, the gate circuits of the four
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Fig. 7. (a) Schematic showing the intrinsic parasitic inductances of the TPAK
module. The corresponding inductance layouts are (b) Lgi1, (c) Lgi2, (d) Lgi3,
(e) Lsi1, (f) Lsi2, and (g) Lsi3.

TABLE III
GATE INDUCTANCE OF TPAK MODULE

modules on the PCB are not symmetric. For gate driving in
the Model 3, push-pull output is used. As the driving voltage
support capacitor is positioned close to the push-pull MOSFETs,
the drain and source terminals of the push-pull MOSFETs are
selected as the starting and ending points of the gate loop for
PCB parasitic inductance extraction. The parasitic inductance
of the turn-ON gate loop in the circuit includes Lgeon andLse.
Lgeoff andLse constitute the inductance in the turn-OFF circuit.

The gate parasitic inductance in the PCB circuit of Tesla
Model 3 is extracted by ANSYS Q3D, as shown in Fig. 9. Mod-
ule 4 has the highest turn-on and turn-off gate loop inductance
in the circuit, while Module 2 and Module 1 have the lowest
inductance of the turn-on and turn-off gate loop. The difference
between the maximum and minimum parasitic inductance of the
gate in the turn-ON circuit is 35.7 nH, with the turn-off circuit
showing a difference of 41.3 nH, as shown in Table IV.

Fig. 8. (a) Printed circuit board of the phase A lower bridge arm drive circuit
in the Tesla Model 3. (b) Schematic of the Model 3 drive circuit including gate
inductance distribution. Subscript 1 denotes module 1.

Fig. 9. Simulation of the Tesla Model 3 drive circuit using ANSYS Q3D. The
front circuit is turn-ON gate drive circuit, and the back circuit is turn-OFF gate
drive circuit.

TABLE IV
GATE INDUCTANCE OF CIRCUIT

Compared to the mismatch of gate inductance, although com-
mon source parasitic inductance mismatch (Lsi1 andLsi2) has a
greater impact on parallel current sharing, the TPAK module
uses Kelvin connections to minimize the difference in common
source parasitic inductance between parallel chips. In the TPAK
module of the Tesla Model 3, the common source parasitic
inductance difference is minimal, around 2 nH, so its impact
on the threshold drift difference and current sharing evolution
of parallel devices is limited. Since the mismatch in common
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Fig. 10. (a) Boost circuit diagram. (b) Experimental setup of boost. (c)
DUT.R1 and DUT.R2 connected in parallel. The driver board and power board
are separated, and the common source inductance is small. (d) VGS is measured
by optical-fiber isolated probe.

source parasitic inductance is minimal in practical applications,
this article does not address its effect on the threshold drift
differences and the current sharing evolution of parallel devices.

Mismatched gate inductance is believed to have a limited
effect on the transient current sharing. Therefore, designers may
sacrifice gate inductance matching to achieve better alignment of
other parameters. In the Tesla Model 3, the gate loop inductance
mismatch is 53.6 nH, which is much greater than the mismatch
in common source parasitic inductance. The current studies
mainly focus on the influence of mismatched gate inductance
on current-sharing characteristics, with threshold voltage drift
not being taken into consideration. However, a mismatch in
the parasitic inductance of the gate loop may lead to electrical
stress differences between parallel devices, which can trigger an
increase in threshold voltage dispersity and subsequently worsen
parallel current sharing.

IV. INFLUENCE OF THE MISMATCHED GATE LOOP

INDUCTANCE ON PARALLEL APPLICATION

In parallel applications, it is difficult to achieve strict symme-
try in the gate circuits of power devices, which results in differ-
ences in the gate loop inductances among parallel devices. To ex-
plore the impact of mismatched gate parasitic inductances in par-
allel applications, a boost circuit test bench with two SiC MOS-
FETs paralleled was developed, as shown in Fig. 10. The test con-
ditions are as follows: VDC = 100V, VOUT = 200V, iOUT =
5A, VGS = 20 /− 5V, f = 150 kHz and duty cycle of 50%.

Fig. 11. Evolution of threshold dispersity, current sharing, and temperature im-
balance under varying stress time. (a)–(c) represent the current sharing evolution
waveforms of the parallel devices at three time points. (d) illustrates the evolution
of threshold dispersity over time. (e)–(g) represent the temperature difference
evolution at three time points. The total current of DUT.R1 and DUT.R2 is 10 A,
and VGS = 20/− 5V, f = 150 kHz and duty cycle of 50%.

The total current of paralleled devices is 10 A. Adjustable
inductors are connected in the gate circuit. To eliminate the
impact of device parameter mismatch, all parallel devices have
been screened using a short-time-scale gate stress screening and
matching method to ensure the same threshold drift rates under
the same gate stress [14].

As mentioned above, the difference between the maximum
(105.9 nH) and minimum (52.3 nH) gate loop inductances of the
parallel SiC MOSFETs is 53.6 nH in Tesla Model 3. The main fac-
tors leading to the parasitic inductance difference in the Model 3
gate loop are the gate parasitic inductance (Lge andLgi) and the
driver source parasitic inductance (Lse). Since the gate parasitic
inductance and driver source parasitic inductance are connected
in series in the gate drive circuit, their mismatches have a similar
influence on gate voltage and current sharing [16]. Inductance
mismatch is mimicked by connecting additional inductors in
series within the gate loop, as shown in Fig. 10(c). Adjusting
Lgeon andLgeoff to set the gate loop inductance to 109 nH for
DUT.R1 and 55 nH for DUT.R2, which is used for simulat-
ing the most severe condition of gate loop mismatch in Tesla
Model 3.

As shown in Fig. 11(d), mismatched parasitic inductance
in the gate loop leads to differences in threshold drift among
paralleled devices. VTH1 and VTH2 are the threshold voltages
for DUT.R1 and DUT.R2, respectively. After a stress time of
about 24 h, the ΔVTH of DUT.R1 is 4.1 V, and ΔVTH of DUT.R2
is 2.1 V. To investigate the evolution of threshold voltage disper-
sity under mismatched gate loop inductance, the relative range
is used in this paper as a representation of threshold voltage
dispersity δVTH which is given by [14]

δVTH =
VTHmax − VTHmin

VTHavg
(6)

where VTHmax, VTHmin, andVTHavg are the maximum, minimum,
and average threshold voltage of the paralleled devices, respec-
tively. After nearly 24 h, δVTH exhibited a 23.3% increment.

Fig. 11(a)–(c) represent the current sharing evolution wave-
forms of the parallel devices at three time points (t1, t2, t3)
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Fig. 12. Influence of (a) gate inductance differences and (b) gate resistance on
δVTH. δVTH is obtained after 24 h aging stress. ΔLgon andΔLgoff are the same
and change simultaneously. Rgeon is the same to Rgeoff, and the gate resistance
of DUT.R1 and DUT.R2 are the same.

with a gate parasitic inductance difference of 54 nH. At t1,
although the gate parasitic inductance difference between the
parallel devices is 54 nH, the current sharing performance is
still acceptable, with Δit = 0.48A andΔis = 0A. Δit is the
difference of transient current, and Δis is the difference of static
current. However, as the stress time increases, Δit increases
to 1.44 A and Δis to 0.16 A at time t3 due to the increase in
threshold voltage dispersity. Current sharing degradation causes
temperature differences, and Fig. 11(e)–(g) shows the evolution
of temperature difference between parallel devices as stress time
increases. The temperature difference increases from 4.5 °C at
t1 to 17.5 °C at t3, which reduces the stability of the system.

Common source parasitic inductance mismatch also leads to
worsening parallel current sharing over time. This is because
the difference in common source parasitic inductance causes
a mismatch in the gate voltage waveforms of parallel devices,
thereby leading to the difference in threshold voltage drift and
ultimately worsening current sharing over time. Besides, com-
pared to gate parasitic inductance mismatch, the mismatch of
common source parasitic inductance has a greater impact on the
deterioration of current sharing evolution caused by threshold
voltage drift differences. This is because the common source
parasitic inductance is also coupled with the power loop. Given
that typical modules such as TPAK and HybridPACK Drive use
Kelvin source connections, which minimize common source
parasitic inductance differences between parallel devices, this
study focuses on the effect of gate inductance mismatch on the
evolution of current sharing.

A. Evolution of Threshold Dispersity

The mismatched parasitic gate loop inductances may cause
differences in gate voltage waveforms of the paralleled devices.
Differences in gate waveforms result in different gate oxide
fields in paralleled devices, which induces different threshold
drifts. Fig. 12(a) illustrates that with a growing difference in gate
loop parasitic inductances (ΔLgon = ΔLgoff) between DUT.R1
and DUT.R2, there is an increase in δVTH. Since δVTH is very
small at ts = 0 h, approaching zero, ΔδVTH = δVTH (24 h)−
δVTH (0 h) curve is almost identical to δVTH. The key data points
in Fig. 12 are shown in Table V. This is because the differences
in gate voltage waveforms of parallel devices are increasing, as

TABLE V
INFLUENCE OF GATE INDUCTANCE AND GATE RESISTANCE DIFFERENCES ON

THRESHOLD DISPERSITY

Fig. 13. Influence of mismatched parasitic inductances on (a) gate voltage
overshoot, (b) undershoot, (c) turn-ON slope and (d) turn-OFF slope. Subscripts
1 and 2 denote DUT.R1 and DUT.R2, respectively. ΔLgon andΔLgoff are the
same and change simultaneously.

Fig. 14. (a) Turn-ON gate voltage waveform and (b) turn-OFF gate voltage
waveform of parallel devices when ΔLgon = ΔLgoff = 115 nH.

shown in Fig. 13. Fig. 14 illustrates the gate voltage waveforms
for the parallel devices when ΔLgon = ΔLgoff = 115 nH. Both
the difference in the overshoot of gate voltage and the difference
in gate slope increase asΔLgon andΔLgoff increase. Differences
in voltage and slope lead to differences in the gate oxide elec-
tric field of the parallel devices, i.e., carriers are captured and
released by traps at different rates, which means that the parallel
devices have different threshold drifts.

B. Evolution of Current Sharing

As mentioned above, mismatched gate parasitic inductances
result in different threshold drift between DUT.R1 and DUT.R2,



6928 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

Fig. 15. Influence of mismatched parasitic inductances on current sharing
with (a) ΔLgon = ΔLgoff = 15 nH, (b) 54 nH, (c) 70 nH, and (d) 115 nH.
The total current of DUT.R1 and DUT.R2 is 10 A, and VGS = 20/− 5V,
f = 150 kHz and duty cycle of 50%. Lgon and Lgoff are the same and change
simultaneously.

thereby inducing an increase in threshold dispersity. Threshold
dispersity between parallel devices can lead to current mismatch,
especially in transient current. After 24 h of aging stress, parallel
devices with larger differences in gate loop parasitic inductance
demonstrate poor current sharing characteristics, regardless of
dynamic or static characteristics, as shown in Fig. 15. In this
research, all current waveforms were measured under stable
current conditions, where the current does not exhibit significant
short-term fluctuations. With a gate loop parasitic inductance
difference of 115 nH, the parallel devices exhibit a transient
imbalance current of 2.96 A, which is larger than that observed at
15 nH. Δit caused by the threshold difference between DUT.R1
and DUT.R2 can be obtained by [26]

� it =
μchCOXZ

Lch
(VGS − VTH2) (VTH1 − VTH2) (7)

where μch is the channel mobility, COX is the gate oxide ca-
pacitance per unit area, Z is the channel width, and Lch is
the channel length. According to (7), a mismatched gate loop
parasitic inductance results in an increase in VTH1–VTH2 with
prolonged stress time, consequently leading to an increase in
Δit, i.e., the current sharing characteristics deteriorate.

For the boost circuit shown in Fig. 10, the static and transient
current imbalances are given by δis = 2Δis / (is1 + is2) and
δit = 2Δit / (it1 + it2), respectively, as shown in Fig. 16(a).
is1 and it1 denote the static and transient currents of DUT.R1,
while is2 and it2 denote the static and transient currents of
DUT.R2. After operating for 24 h on a boost converter plat-
form with different inductance mismatches, as the difference
in gate parasitic inductance increases from 15 to 115 nH, the
corresponding δit increases from 5.7% to 30.7%, and the corre-
sponding δis increases from 1.5% to 4.7%. Besides, the increase
in threshold voltage dispersity caused by mismatched parasitic

Fig. 16. Influence of (a) mismatched parasitic inductances and (b) gate resis-
tance on current sharing. δi is obtained after 24 h aging stress.ΔLgon andΔLgoff
are the same and change simultaneously. Rgeon is the same to Rgeoff, and the
gate resistance of DUT.R1 and DUT.R2 are the same.

Fig. 17. Changes in current dispersity under different mismatched parasitic
inductances. Δδis = δis (24 h)− δis (0 h) and Δδit = δit (24 h)− δit (0 h).

inductance can be suppressed by increasing the gate resistance of
parallel devices. As the gate resistance increases, the static and
transient current imbalances decrease, as shown in Fig. 16(b).

The degradation in current sharing due to the increase in gate
parasitic inductance mismatch shown in Fig. 15 may be caused
by the inductance difference itself, rather than by an increase
in threshold dispersity over time resulting from inductance
mismatch. To verify that the increase in threshold dispersity
leads to the degradation of current sharing over time, Fig. 17
compares the current sharing characteristics of parallel devices
before and after aging. Fig. 17 illustrates the change in current
imbalances Δδi = δi (24 h)–δi (0 h) under different inductance
mismatches, Δδi is greater than 0 and Δδi increases with
ΔLgon andΔLgoff. Since the loop parasitic inductance remains
constant over stress time, the degradation of current sharing over
time is caused by the increased threshold voltage dispersity, as
shown in Fig. 12.

C. Evolution of Temperature Dispersity

Mismatched gate inductances in parallel applications result
in different threshold voltage drifts, thereby degrading current
sharing characteristics. A current mismatch results in uneven
heating of the devices, leading to temperature disparities be-
tween DUT R1 and DUT R2. The temperature of the devices is
measured using a thermal imager, and measurements are taken
when the device temperature has stabilized. With the increasing
difference in gate inductance of parallel devices, temperature
dispersity δTj increases, and so does the change in temperature
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Fig. 18. Influence of (a) mismatched parasitic inductances and (b) gate
resistance on temperature dispersity. δTj is obtained after 24 h aging stress,
and ΔδTj = δTj (24 h)− δTj (0 h). Rgeon is the same to Rgeoff, and the gate
resistances of DUT.R1 and DUT.R2 are the same.

dispersity ΔδTj = δTj (24 h)− δTj (0 h), as shown in Fig. 18(a).
δTj in Fig. 18(a) is obtained after 24 h aging stress. The root cause
of the increase of δTj stems from the mismatch in gate inductance,
which leads to disparate threshold voltage drifts between parallel
devices.

As mentioned above, when the gate resistance increases, the
increased threshold dispersity induced by mismatched gate in-
ductance is suppressed. Besides, both static and transient current
imbalances are improved. When the external gate resistance
increased from 2 to 20 Ω, at ts = 24 h, the static current differ-
ence decreases from 0.24 to 0.16 A, and the transient current
difference decreases from 2.96 to 1.04 A. However, as the
gate resistance increases, the temperature dispersity of parallel
devices increases, as shown in Fig. 18(b). Due to the switching
frequency of boost circuit is 150 kHz, the main factor causing
temperature disparity between parallel devices is the difference
in switching losses. The difference of switch lossΔESW between
DUT.R1 and DUT.R2 is given by

� ESW =

∫ tsw

0

VDS (id2 − id1) dt (8)

where tsw is the switching time which includes both turn-on and
turn-off times, VDS is the drain-to-source voltage, id1 and id2
are the drain current of DUT.R1 and DUT.R2 respectively.
According to (8), id2–id1 decreases with gate resistance, while
tsw increases. When the gate resistance is 2 Ω, tsw of devices
is 40.8 ns, while it reaches 73.6 ns with a resistance of 20 Ω.
Therefore, when the gate inductances of devices are mismatched,
increasing the gate resistance may mitigate the increase in
threshold dispersity. However, this can lead to a faster rise in the
switching loss dispersity δloss, resulting in increased temperature
disparities, as shown in Fig. 19.

V. ANALYSIS OF THE INCREASED THRESHOLD DISPERSITY

Mismatched gate inductance leads to discrepancies in the gate
voltage and slope between DUT.R1 and DUT.R2, as shown in
Fig. 13. With the increasing disparity in gate inductance, the
differences in the overshoot of gate voltage and slope between
parallel devices also increase. These differences lead to an
increase in threshold voltage dispersity, resulting in different
currents and temperatures between parallel devices. However,

Fig. 19. Influence of gate resistance on switching loss dispersity. δloss is
obtained after 24 h aging stress. Rgeon is the same to Rgeoff, and the gate
resistances of DUT.R1 and DUT.R2 are the same.

Fig. 20. (a) Turn-ON gate voltage waveform and (b) turn-OFF gate voltage
waveform of parallel devices with different slope. VGSonmax of DUT.R1 and
DUT.R2 is about 23 V, andVGSoffmin is about−9 V.VGS = 20 /− 5V.ΔVTH =
VTH (24 h)− VTH (0 h).

it remains unclear whether the increase in threshold voltage
dispersity is primarily attributed to the difference in the gate
voltage overshoot, undershoot, or slope.

By adjusting the gate resistance and inductance, the over-
shoot, undershoot of gate voltage, and slope are decoupled. The
effect of individual variable mismatches on the threshold drift
of parallel devices is analyzed. An increase in the undershoot
and overshoot amplitudes can accelerate the threshold voltage
drift, to shorten the experimental time and study the threshold
voltage dispersity under the most severe conditions, the mis-
matched condition of ΔLgon = ΔLgoff = 115 nH is selected for
analysis. The gate voltage overshoot and undershoot of parallel
devices are essentially the same, as shown in Fig. 20. Besides,
the gate voltage slope differences in Fig. 20 are close to the
slope differences in Fig. 13 when ΔLgon = ΔLgoff = 115 nH.
When parallel devices gate voltage exhibits only differences in
gate voltage slopes, there is no noticeable increase in threshold
voltage following 24 h of stress. Fig. 13 shows δVTH at 29%
when ΔLgon = ΔLgoff = 115 nH, but only 3.8% in Fig. 20.
This means that differences in slope are not the primary factor
contributing to increased threshold dispersity.

As shown in Fig. 13(a) and (b), when ΔLGon = ΔLGoff =
115 nH, the differences in VGSonmax andVGSoffmin are approxi-
mately 4 and −4 V, respectively. When parallel devices exhibit
the same gate voltage slope and VGSoffmin, with a maximum
turn-on gate voltage including overshoot difference of 4 V, the
threshold dispersity is 1.6%, as shown in Fig. 21(a) and (b). This
means that differences in VGSonmax are not the primary reason
for the increase in threshold dispersity. When the difference in
VGSoffmin is−4 V, with the same slope andVGSonmax, the threshold
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Fig. 21. Gate voltage waveform of DUT.R1 and DUT.R2 with different
overshoot and undershoot. (a) and (b) represent the gate voltage waveforms for
turn-ON and turn-OFF with different overshoot. (c) and (d) represent the gate
voltage waveforms for turn-ON and turn-OFF with different undershoot. kVGSon
of DUT.R1 and DUT.R2 is about 437 V/μs, and kVGSoff is about −514 V/μs.
VGS = 20 /− 5V. ΔVTH = VTH (24 h)− VTH (0 h).

Fig. 22. Threshold voltage drifts under different VGSoffmin. VGSonmax and the
slope are maintained nearly constant as VGSoffmin decreases from 0 to −15 V.
ΔVTH is defined as VTH (24 h)− VTH (0 h).

dispersity is 27.1%, as shown in Fig. 21(c) and (d). Thus, the
main factor leading to increased threshold voltage dispersity is
the difference in the minimum turn-OFF gate voltage including
undershoot.

There is a critical voltage (VCR) for the minimum turn-off
gate voltage including undershoot, as shown in Fig. 22. When
VGSoffmin > VCR, the threshold drift rate is slow, marking this
area as the safe area. Conversely, when VGSoffmin < VCR, the
threshold drift rate increases, designating this as the unsafe area.
VCR is given byVCR = φms −QOX/COX −Qit/COX. Whereφms

is the work-function difference between metal and semiconduc-
tor, QOX is the charge density that lie within the gate oxide, and
Qit is the interface-trap-charge density.

Because ac bias temperature instability is introduced by the
bipolar electric field across the gate interface instead of the bipo-
lar gate stress. Threshold drift becomes significant only when the
electric field is bipolar. When VGS switches to positive voltage,
the electric field near the SiC/SiO2 interface (FNIT) is positive.
This is becauseVGSon is typically 15–20 V, which is much greater
than VCR. However, when VGS switches to negative voltage,FNIT

Fig. 23. Electric field across the gate interface. FNIT is the electric field near
the SiC/SiO2 interface. F is the electric field,EC is the conduction band andEV

is the valence band. (a)VGSoffmin < VCR. (b)VGSoffmin = VCR. (c)VGSoffmin <
VCR < 0.

may not be negative. When VCR < VGSoffmin < 0V, although
VGSoffmin is less than 0 V, FNIT remains positive, resulting in a
unipolar electric field, as shown in Fig. 23(c). FNIT becomes
negative only when VGSoffmin < VCR, and the bipolar electric
field is introduced, as shown in Fig. 23(a).

VI. OFF-STATE GATE VOLTAGE OPTIMIZATION STRATEGY

In a parallel SiC MOSFET drive circuit, differences in parasitic
inductance cause the threshold voltage dispersity between par-
allel devices to increase over time, leading to worsening current
sharing. By optimizing the drive circuit, the time-dependent
degradation of current sharing in parallel SiC MOSFETs can
be improved. This optimization can be approached from two
directions: first, by improving the layout of the drive circuits
for parallel devices to ensure strict symmetry, identical parasitic
inductance, and synchronized gate voltage signals. However,
this method is challenging in practical applications due to limited
layout space and the need to accommodate other components and
thermal management. The second method is to suppress the rate
of threshold voltage drift by optimizing the gate drive, thereby
reducing the increase in threshold voltage dispersity caused by
mismatches in the drive circuit.

It can be observed from Fig. 22 that there is critical voltage
for the minimum turn-off gate voltage including undershoot in
SiC MOSFETs, which is close to −5 V. When VGSoffmin > VCR,
the threshold drift rate is limited, but when VGSoffmin < VCR,
the magnitude of dynamic threshold voltage drift increases
significantly. Based on the experimental results, by adjusting
the off-state gate voltage VGSoff and gate resistance RGS of
the devices, current sharing degradation caused by mismatched
gate inductance can be suppressed when VGSoffmin of all parallel
devices is larger than VCR.

Fig. 24(b) shows the effect of off-state gate voltage optimiza-
tion strategy based on a parallel boost converter. When VGSoffmin

of DUT.R1 is −4.5 V and that of DUT.R2 is −0.5V, after
24 h of aging stress, the threshold voltage difference between
DUT.R1 and DUT.R2 is 0.09 V, with a threshold dispersity of
1.5%, lower than the 29% observed in Fig. 24(a). The transient
current difference between the parallel devices is 1.18 A, and
the static current difference is 0.12 A. The increase in transient
current imbalance Δδit is 3%, lower than the 13.8% observed
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Fig. 24. Effectiveness of OFF-state voltage optimization strategy. (a)VGSoffmin
of the parallel devices is in the unsafe region. (b)VGSoffmin of the parallel devices
is in the safe region. The total current of DUT.R1 and DUT.R2 is 10 A, and
VDS = 200V, f = 150 kHz and duty cycle of 50%.

Fig. 25. Flowchart for reducing the time-dependent degradation of current
sharing due to gate inductance mismatch.

in Fig. 24(a). The increase in static current imbalance Δδis is
0.9%, lower than 3.2% in Fig. 24(a).

To better apply this method to practical circuits, Fig. 25
provides a flowchart that offers a systematic approach. The
general process for reducing the time-dependent degradation of
current sharing due to gate inductance mismatch consists of six
main steps.

1) Select SiC MOSFETs with matching device parameters. In
parallel applications, it is necessary to ensure that the
initial parameters of parallel devices are well matched.
These parameters include threshold voltage, conduction
resistance, and threshold drift rate under the same stress.

2) Extract the critical voltage VCR of devices through exper-
imentation. There are differences in the critical voltage
across different type of devices.

3) Adjust VGSoff and RGS of parallel devices. Adjust
VGSoff andRGS in the parallel application based on the
critical voltage determined in Step 2.

4) Test VGSoffmin of parallel devices.
5) Confirm whether VGSoffmin of all parallel devices are larger

than VCR. If all VGSoffmin are larger than VCR, proceed to the
next step. Otherwise, VGSoff andRGS need to be calibrated.

6) Output VGSoff andRGS.
As mentioned above, the degradation in current sharing in-

duced by mismatched gate inductances can be suppressed when
the undershoots of all parallel devices are higher than the crit-
ical voltage. This study provides guidance for the gate driving
strategies of paralleled SiC MOSFETs [27].

VII. CONCLUSION

This article investigated the evolution of threshold voltage
dispersity in parallel SiC MOSFETs under mismatched gate in-
ductance, and its effects on the current sharing in parallel appli-
cations were analyzed. It was found that mismatched gate driver
loops indeed lead to deteriorated current-sharing characteris-
tics due to increased threshold voltage dispersity, particularly
in the transient current. Mismatched gate inductance leads to
differences in the gate voltage of parallel devices, such as the
maximum turn-on gate voltage including overshoot, minimum
turn-off gate voltage including undershoot and slope. These
differences increase the threshold dispersity, which, in turn,
deteriorates current sharing. Among the three differences, the
main cause of degraded current sharing is the difference in un-
dershoot between parallel devices. There is a critical voltage for
the undershoot, and the degradation in current sharing induced
by mismatched gate inductances can be suppressed when the
undershoots of all parallel devices are higher than the critical
voltage, which can be achieved by adjusting the off-state gate
voltage and gate resistance of the parallel devices. Besides,
although the increase in threshold voltage dispersity can be
slowed by increasing the gate resistance of parallel devices, it
may lead to a faster rise in the temperature dispersity. It is hoped
that these findings will be useful for the parallel application of
SiC MOSFETs.
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