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Abstract—Cu clip-bonding is a promising packaging method
for lower resistance, lower inductance, and higher reliability than
wire-bonding. Previous studies only simply replace bond wires with
Cu clips on an individual die. However, current sharing and thermal
coupling issues among multichip modules are still big challenges in
the clip-bonded silicon carbide (SiC) MOSFET power module. In this
article, a novel source inductance optimization method is proposed.
Extra modification paths (MPs) on Cu clips are used in this method.
A clip-bonded half-bridge multichip SiC power module is designed
and fabricated to verify the superiority of the method. In a simple
straight layout, the distance between adjacent dies is large enough
to avoid heat concentration and junction temperature differences
resulting from the thermal coupling effect. The MPs structure on
the Cu clip is designed to optimize the power source inductances.
Parasitic circuit model and mathematical analysis are derived to
demonstrate the features of proposed MPs. Simulations and exper-
iments workbench are conducted to analyze drain current sharing
performance. Derivation and simulation show the highest branch’s
inductance is reduced. Test results show the current imbalance and
loss imbalance are relatively mitigated, which proves that the effect
of power inductances imbalance is suppressed by the proposed
optimization method.

Index Terms—Cu clip-bonding, current sharing, parasitic
inductance, power module, silicon carbide (SiC) MOSFET.

I. INTRODUCTION

OWER electronic applications have been used in a broad
P range, such as electric vehicles, naval vessels, aircraft, and
well drilling. Power semiconductor devices for electric energy
conversion are used in the form of power modules in high
power occasions. In recent years, wide bandgap semiconductor
power devices with superior performance in switching speed
and loss have attracted much attention [1]. Silicon carbide (SiC)
is one of the most potential candidates to replace silicon-based
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Fig. 1. Structure diagram of (a) wire-bonded power module and (b) Cu clip-
bonded power module.

power devices in medium/high power level converters. How-
ever, the achievement of SiC-based converters in high power
applications is still limited by the traditional packaging method,
especially wire-bonding [2]-[5]. The structure of a conven-
tional wire-bonded power module is shown in Fig. 1(a). Al
wire-bonding is widely used for the upper surface connection
since it is of low cost, high maturity, and high flexibility.
However, Al wires introduce excessive parasitic inductance and
therefore lead to voltage spike and switching loss increment,
especially in SiC applications [2], [6], [7]. What is more, ex-
panded operating temperature increases the thermal-mechanical
stress, which is likely to cause bond wires’ lift-off and
fracture [8]-[11].

To tackle the problems, researchers have developed several
methods for upper surface connection in recent years. Cu wire
and Cu-Al wire possess better electrical and thermal perfor-
mance than Al wire [12], [13]. However, the number of wires
is limited by SiC die’s smaller surface area in large current
applications. Moreover, the higher required bond power is more
likely to break the die [11], [14]. Al ribbon achieves bigger
cross-sectional but discards the horizontal layout flexibility [15],
[16].In[17], planar SKiN technology enables a high integration,
while the parasitic inductance and resistance do not alleviate too
much. In [18] and [19], the metal posts interconnected parallel
plate structure obtain a double-sided structure by using metal
posts on the upper face connection. However, the metal posts
cause high thermal-mechanical stress at solder. Cu clip-bonding,
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as shown in Fig. 1(b), is a remarkable method for SiC appli-
cations. Clip-bonding uses flat copper clips with a large cross
section and soldering area for connection. Since copper has
extremely high electrical conductivity, the Cu clip can obtain
relatively low resistance. The high thermal conductivity of Cu
provides an extra heat dissipation path, which can improve heat
dissipation capability and power cycling reliability of power
modules [14], [20]-[23].

Although Cu clip-bonding has a bright prospect on SiC power
devices’ interconnection, only a few modules with IGBTs or
single SiC MOSFET are reported. Therefore, a Cu clip-bonded
multichip SiC module is fabricated in this article. Due to the
current rating of commercial SiC MOSFET is still limited to a
lower level than Si IGBTs, paralleling dies is the most popular
solution to enhance current handling capability [2], [24]. In par-
allel operation, the current imbalance is likely to make devices
out of the safe operating area. Therefore current sharing plays
an essential role in paralleled dies. Under high-frequency condi-
tions, the dynamic loss is a big part of the total loss of dies, thus
dynamic current sharing is necessary for multichip power mod-
ules. As the statement in [25], dynamic current sharing is closely
related to power source inductances. Therefore, the source
inductances of paralleled MOSFETs need to be adjusted to be
identical. Some symmetric layouts are designed to get uniform
inductances on paralleled branches in [26] and [27], whereas
the design steps are hard to be expanded. To avoid complicated
symmetric layout design, some researchers establish equivalent
circuit models to describe dynamic current sharing behavior
and mitigate current imbalance. In [28] and [29], lengths and
directions of Al wires are optimized to adjust the inductances.
However, the adjustment range (i.e., the length of wires) is
also limited by DBC’s space and bonding process. It is worth
noting that the current paths of Cu clips are above the power
dies and the arrangement of inductances on Cu clips does not
occupy space on the DBC substrate. Moreover, the inductance
on the clip is relatively easy to control by changing the shape.
Owing to the above reasons, it is possible to modify parasitic
inductances distribution by adding and shaping new paths on
Cu clips.

In this article, anovel source inductances optimization method
for current balancing by adding modification paths (MPs) in
the Cu clip is proposed. To illustrate the optimization method,
a Cu clip-bonded half-bridge SiC multichip power module is
designed and fabricated. In the designed module, three SiC
MOSFETs are paralleled with a straight DBC layout design. The
distance of dies is determined under the consideration of thermal
decoupling. The conventional wire-bonding for upper surface
connection is replaced by Cu clip-bonding. MPs on Cu clips
are proposed and designed to reduce and adjust power source
branches’ inductances. Kelvin-source connection is employed
to eliminate the effect of common source inductance [30].

The rest of this article is organized as follows. Section II
shows the designed clip-bonded module and proposed opti-
mization method by shaping the MPs. Section III introduces
the fabrication of the prototype. Section IV presents the ex-
perimental results of the module. Finally, Section V concludes
this article.
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Fig. 2. (a) Schematic diagram of half-bridge module with three parallel
MOSFETs. (b) Overview and components of designed clip bonded module.
(c) Layout top view of module.

II. MODULE DESIGN AND ANALYSIS
A. Clip-Bonded Module Overview

The overview of the designed SiC module is shown in Fig. 2.
Fig. 2(a) is the schematic diagram of the proposed module. The
half-bridge circuit is divided into the upper side and the lower
side. Three paralleled SiC MOSFETs are paralleled at each side,
that is, M1—M3 on the upper side and M4—Mg on the lower side.
As reported in [31], the body diode of SiC MOSFET has already
possessed quite close performance with SiC Schottky barrier
diode. In addition, with the use of synchronous modulation, the
body diode could be conducted only in relatively short dead
time in periods. As a consequence, the performance of body
diodes will not affect the module much. There is no external
anti-parallel diode in the designed module to reduce the cost of
the module and the complexity of the Cu clip’s structure. The
gate drive signals are given respectively by gate drive terminals
G1—Gg. To eliminate the effect of common source inductance,
the Kelvin source connection is utilized by extra auxiliary source
terminals K1—Kg.
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The overall appearance of the designed clip-bonded module
is shown in Fig. 2(b). Location of MOSFETs at different sides
are staggered arranged to ensure that Cu clips for power circuit
do not contact. Power dies’” upper surface electrical connection
is realized by Cu clip bonding. The width of the main current
path on power Cu clips is 4 mm. Decoupling capacitors are
integrated between input power terminals dc+ and dc- to im-
prove dynamic performance. The size of the DBC substrate is
55 mm x 47 mm X 1.6 mm. The materials of DBC layers are
Cu/Al;03/Cu with a thickness of 0.3 mm/1 mm/0.3 mm. The
type of SiC MOSFETs is QPM3-1200-0013D from CREE with a
small die size of 4.36 mm x 7.26 mm x 0.18 mm. The rated
voltage, current, and ON-state resistance of MOSFETs are 1200 V,
149 A, and 13 m{2, respectively. Metallization on the electrode
surface is Ni/Pd/Au with a thickness of 2 m/0.2 pm/0.05 pm.
The special metallization on the electrodes of dies makes it
suitable for soldering. Dies with soldering-suitable metallization
on both sides are available from manufacturers.

Fig. 2(c) shows the module’s layout design. Different colors
represent different electric circuit nodes in the schematic. The
power circuit layout of DBC is designed as simple straight
parallel routings. The middle three wider paths, D, SyDy, and
S1, belong to the power circuit where the main current goes
through. For purpose of easily integrating decoupling capacitors,
Dy and Sy, are arranged closely. The other paths belong to the
gate drive circuits, which are gate signals G; and corresponding
Kelvin source signals K; (i = 1, 2, ..., 6). The distance between
two dies AX affects the thermal coupling, which leads to the heat
concentration and uneven temperature distribution. Different
junction temperatures change the electrical characteristics of
dies and then lead to further current imbalance and loss imbal-
ance. The shorter the distance AX, the more serious the thermal
decoupling is. In [32] and [33], the relationship of distance AX
and thermal coupling is discussed. To clarify the relationship
between the thermal coupling effect and the distance AX, a
thermal simulation with three dies (M, M> and M) is built
in COMSOL Multiphysics. The losses of dies are set as 70 W.
The heat transfer coefficient is set as 3000 W/(m?-K). Fig. 4(a)
shows the highest temperature on the middle die Ms versus AX.
The rate of temperature decline decreases with the increase of
AX. Fig. 4(b) shows the drifting of the peak temperature point.
The peak temperature points of M; and M3 move from the edge
to the center of the dies. This means the thermal coupling effect
is gradually eliminated with the distance’s increase. Consider to
almost eliminate thermal coupling effect, the distance is reserved
high enough as AX = 15 mm. According to the simulation
data in [32], the thermal coupling degree at AX = 15 mm is
lower than 2%. Unfortunately, long-distance brings extremely
high and unbalanced parasitic inductances. Therefore, Cu clips
are shaped to adjust power source inductances. Details will be
discussed later.

Views of Cu clips are shown in Fig. 3. Fig. 3(a) shows the
structure of power clips for power source connection. Every
power clip is combined by several units. The number of clip
units is the same as paralleled dies. The separate unit realizes
the connection between power MOSFET source metallization and
copper path on DBC substrate by two kinds of joints, that
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Fig. 4. Thermal coupling effect simulation results. (a) Peak temperature on
the middle die M> versus distance AX. (b) Drifting of peak temperature points
on dies.

is, die joint (DJ) and copper joint (CJ). To adjust the source
inductances, separate units are connected by MPs. Since the
power clips have similar and almost symmetrical structures, the
cross-sectional side view in Fig. 3(b) only shows the upper power
clip. The current path of the power clip is 2 mm higher than
DBC. In Fig. 3(c), small gate clips and auxiliary source clips are
designed for gate connection and Kelvin source connection. The
widths of the gate clip and auxiliary clip are 0.7 and 1.1 mm.
All of the clips have a thickness of 0.2 mm. The structure for
the attached area is specially designed. As an illustration, a DJ
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Fig. 5. (a) Parasitic circuit model of two parallel MOSFETSs. (b) Equivalent
dynamic circuit model of two parallel MOSFETS.

TABLE I
PARAMETERS IN CIRCUIT MODEL OF TWO PARALLEL MOSFETSs

Symbols Parameters description
Upc DC bus voltage
U, Gate drive voltage
Lis DC bus parasitic inductance
Lai, Lo Drain parasitic inductance
Lq, Lo Power source parasitic inductance
Ly, Ly Gate parasitic inductance
Ly, Lo Kelvin source parasitic inductance
Ry1, Ry Gate resistance
Cisst, Cise2 Input capacitance
i1, it Current flowing through the controlled current source

for connection between power clip and power die is shown in
Fig. 3(d). An arch structure on the DJ is designed since the
source metallization of the die is divided into two parts. Slops
are hollowed out to reduce thermal-mechanical stress. Taking
into account some connection technologies need pressure, press
platforms on joints are designed to get better contact between
clips and power dies or DBC.

B. Modification Paths Design

The switching performance of power devices is notably
affected by parasitic inductances, so is the current sharing per-
formance. The dynamic current sharing behavior could be de-
scribed by the circuit model in Fig. 5. Considering the condition
of two parallel MOSFETS, the parasitic circuit model is shown in
Fig. 5(a). To describe the switching behavior, MOSFETSs in the
dynamic model are replaced by controlled current sources in
Fig. 5(b). Parameters in the circuit model are listed in Table I.
The current flowing through the controlled source at ON-state
could be described as

— Vin)? (1)

where i 7 is the current go through the controlled current source,
g is coefficient, V4 is the voltage between gate and source, and
Vin is the threshold voltage of MOSFETs.

Several factors can give rise to the current imbalance. The
current difference between two MOSFETs could be described as

Aip = GTgALg + Gri AL + Grs ALy + GrvAVin ()

i = Q(Vgs
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Fig. 6. (a) Parasitic source inductances distribution of lower side without
MPs. (b) Parasitic source inductances distribution of lower side with MPs.
(c) Distributed power source parasitic circuit model of lower side without MP
inductances. (d) Distributed power source parasitic circuit model of lower side
with MP inductances.

where Air is the current difference of two paralleled MOSFETS,
ALy, ALy, AL; are the difference of gate parasitic inductances,
Kelvin source parasitic inductances, and source inductances re-
spectively. G 1¢, G 11, Gs, and G 1y are the coefficients affected
by circuit parameters and MOSFETS’ characteristics.

Equation (2) shows that all of AL,, ALy, AL, and AVy,
could lead to dynamic current imbalance. Corresponding coeffi-
cients Gy, Gk, G715, and G 7y indicate the effect of inductance
difference on current imbalance. According to the derivation in
[25], the effect of ALg is dominant in dynamic current sharing.
As above-mentioned, the designed module has extremely asym-
metric power source parasitic inductances before optimization.
Since it is easy to adjust inductances by changing the shape of
Cu clips, the inductances distribution is changed by introducing
extra MPs on power Cu clips. Power source copper paths of
the lower half-bridge side without and with MPs are separated
as Fig. 6(a) and (b), which are expressed in different colors.
Two MPs are used to adjust the parasitic inductances in the
forms of Lcyossa Mss and Loyosss Mes- The values of parasitic
inductances are extracted by Ansys Q3D Extractor and given in
Table II except for MPs. To describe the effect of MPs, parasitic
models without and with added paths are shown in Fig. 6(c) and
(d), respectively. It should be pointed out that some inductances
in Fig. 6(d) are combined in Fig. 6(c)

Lnias Maso = Laias_cCrossa + Lcrossa M4aso
Lniss_Ms30 = Lss_Crosss + Lcrosss_ M550 3)
Lnes_M6s0 = Laes_Crossé + Lcross6_M6sO-
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TABLE II
INDUCTANCES VALUES OF DISTRIBUTED POWER SOURCE PARASITIC CIRCUIT
MODEL FOR LOWER SIDE

Symbols Inductance value (nH)
Las_crossa 1.31
Ltss_crosss 1.36
Ltes_cross 1.38
Lcrossa maso 3.87
Lcrosss msso 3.89
Lcrosss M6so 3.98
Leso_msso 1.31
Lwisso_maso 1.17

The distributed parasitic inductance circuit model is built by
separating the copper paths into segments as Fig. 6. However, the
model could not show the paralleled power source inductances
clearly. Thus, further approximation and transformations are
necessary. According to (1), the current distribution on paral-
leled dies is affected by V. Different voltage drops on power
source inductances lead to a difference of V.. By using the
superposition theorem, the source voltage drops in the circuit
without MPs in Fig. 6(c) could be calculated as (4) (the detailed
derivation and expression can be found in Appendix A)

d .
—1
dt
h = T i =Tiyi5ig]T, and Lg =
where vr.g = [vrs4 Vg5 Urse] . § = [44 45 i6]", and Lg =

dia’g(LS47 LSSv LSG)'
The equivalent source inductances are

“

vrs = (Ls + Lyaso pe-) -

Lssy = Laas_M4s0
Lss = Lass Mss0 + 2LM580 M4s0 ©)
Lss = Lmes Meso + Lvisso Msso+2Lmss0 M4SO-

From equations (4) and (5), the imbalance of equivalent source
inductances is caused by the parasitic inductances between
branches, that is, Lyigso_msso and Lysso maso- In the same
way, the superposition theorem is used for the circuit with MPs
in Fig. 6(d) to illustrate the effect of new paths Lcyossa M5S
and Lcyrosss_Mmes- The result is shown in (6) and (7). Detailed
derivation and expression are listed in Appendix B

4,
dt

R ’L:[’L4 i5 iﬁ]T, and

(6)

i /!
vrs = (Ls' + Lmvaso_pc-) -
/ / T
where vrs' = [vrss’ viss' vise']
/ .
Ls = dlag(Ls4,, Lsg,/7 LSﬁ/).
The equivalent source inductances are

Lgy = Lay + Lyo + Lys
Lss' = L5y + Lsa + Lss (N
Lge' = Le1 + Lo + Les.

To illustrate the effect of MPs, the surface diagrams of Lg,’,
Lss', Lse' and inductance imbalance AL versus Lcrossa M5S
and Lcyosss_Mes are shown in Fig. 7. The inductance imbalance
AL is the difference value between maximum inductance and
minimum inductance (max{Ls4, Lss’, Lsg'}—min{Lg4’, Lss’,
Lsg'}). In Fig. 7(a)—(c), it is shown that the equivalent power
source inductances Lg4’, Lgs’, Lgg’ are calculated as 7.2, 6.0, and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

2
3
4

Croggy 5 6 2
ERTAR I s
aly 8 g

Lg(nH)

o ==
AL(nH)

|

|

<<

S0 i 6% 1 N
2
2037 7a5e® 2257 e
oty gy 6 5] 27 W Crumgg 5 6527 o
~Msg ("11) 3 ‘)vﬁ»/ Lisg ("1) 3 “c(ogss,
(©) (d

Fig. 7. (a) Surface diagram of Lgs’ versus Lcrossa M5S and LCrosss M6S-
(b) Surface diagram of Lgs’ versus Lcrossa Mss and Lorosss Mes- (€) Surface
diagram of Lgg’ versus Lcrossa M5S and Lerosss Mes- (d) Surface diagram of
AL versus LCross471VISS and LCr05557M6S-

TABLE III
EQUIVALENT POWER SOURCE INDUCTANCES VALUE OF SIMPLIFIED MODEL
FOR LOWER SIDE

Condition Symbols Inductance value (nH)
Without Lsa >-18
modification paths Lss 7.59
P Lso 9.01
With Ls4' 6.54
modification path Lss 6.53
odification paths La 6.54

5.4 nH when MPs inductances are only 0.1 nH. As Lcyossa Mss
and Lcyosss Mes increase, Lgy' decreases and Lgg’ increases,
while the change of Lgs’ is irregular and the range is not
large. It means, there is a balance point for this design. At this
point, the paralleled branches have almost uniform equivalent
power source inductances. Before reaching the balance point, as
the MPs’ inductances increase the source inductances become
more even. To find the balance point, inductance imbalance
AL versus Lcrossa Mss and Lorosss_Mes 18 plotted in Fig. 7(d).
There is a balance point getting the minimum inductance im-
balance near 0 nH. Inductances of MPs are selected around
the balance point as Lcyossa Mss = 3.7 nH and Lcyosss Mes
= 2.9 nH. Equivalent power source inductances of paralleled
branches are listed in Table III. According to the results in
Table III, the maximum source branch inductance is reduced
by 27.4%. Moreover, the inductances of paralleled branches
are adjusted to uniform, which could improve dynamic current
sharing performance.

C. Circuit Simulation

To certify the advantage of modification paths, the distributed
parasitic circuit models with and without modification paths are
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Fig. 8. (a) Simulation model of DPT without modification paths. (b) Simu-

lation model of DPT with modification paths. (¢) Current waveform without
modification paths at turn-ON. (d) Current waveform without modification paths
at turn-OFF. (e) Current waveform with modification paths at turn-ON. (f) Current
waveform with modification paths at turn-OFF.

simulated in LTspice. The device model used in the simulation is
CPM3-1200-0013A from the manufacturer, which has the same
parameters as the used die. The current imbalance degree § is
used to describe the imbalanced parallel currents. The current
imbalance degree ¢ is expressed as

5= ﬁ x 100% (8)
1

where Ai is the difference between the maximum and minimum
branch currents, and i is the average value of currents through
paralleled dies.

Two double pulse test (DPT) circuits without and with modi-
fication paths are built and simulated as Fig. 8(a) and (b). In the
simulation setting, the dc bus voltage V. is 400 V. Decoupling
capacitance Cp,s is 600 nF. The external gate resistor is set
as 10 Q. Load inductance is set as 300 pH. The first pulse is
60 ps. The current on the load inductor at the second pulse
is over 80 A. The simulation current waveforms are shown
in Fig. 8(c)—(f). Fig. 8(c) and (d) are waveforms at turn-ON
and turn-OFF without modification paths. Fig. 8(e) and (f) are
waveforms with modification paths. In Fig. 8(c), because of the
large source inductance difference, the maximum peak current
difference Aiis 8.3 A with a high imbalance degree of 25.5%.
After adding modification paths, the peak current of turn-ON in
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Fabrication procedure of designed Cu clip-bonded SiC module

TABLE IV
MATERIAL LIST IN FABRICATION PROCESS

Component/Step Material
DBC Substrate Cu/ ALOs/ Cu
Power die SiC MOSFET(QPM3-1200-0013D)
Clips and power terminals Copper
Gate drive terminals Copper (silver plated)
Die attach Nanosilver paste
Power interconnection Sngs.sAg;Cugs
Drive, terminals and decoupling .
capacitors assembling SnaBis sAgos
Jigs Graphite

Fig. 8(e) only has a difference of 0.2 A (<1%). Similarly, the
current difference at turn-OFF also decreases. Although some
factors are neglected in simulation, it is still certified that spe-
cially modified paths exceedingly improve the current sharing
performance of paralleled SiC power dies.

III. MODULE FABRICATION

A prototype of the designed Cu clip-bonded SiC multichip
power module is fabricated. The fabrication procedure is shown
in Fig. 9 and materials are given in Table IV. Fabrication of the
designed module could be divided into four main connections,
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which are die-attach, power interconnection, gate drive intercon-
nection, and assembling of terminals and decoupling capacitors.
To prevent the later process from affecting the former process,
the former process’s melting point is higher. Specifically, silver
sintering is used for die-attach. Solder Sngg 5 Ag3Cug 5 is used
for power interconnection. Solder SnysBis7 6Agg. 4 is used for
gate drive interconnection and later assembling of terminal
and capacitors. On account of the requirements for positioning
accuracy, extra jigs for positioning and fixing are required.
A set of customized graphite jigs are used due to graphite’s
heat transfer capacity, high temperature bearing capacity, solder
incompatibility, and easy processing. The set of jigs includes
three parts, which are the base jig, the die jig, and the clip jig.
The base jig and the die jig are used in combination at die-attach.
The combination of the base jig and the clip jig is used in power
interconnection.

Locations of six power dies are indicated by thin plated
silver on DBC. The silver coating also makes it more suitable
for nanosilver sintering. At the beginning of the die-attach,
nanosilver paste is printed through a customized stencil with
a thickness of 80 pm. Then, the base jig and the die jig are used
in combination for die positioning and placement. Six power
dies with a size of 4.36 mm x 7.26 mm x 0.018 mm are placed
on DBC through the holes of the die jig. Afterward, die-attach
is achieved by pressure-less nanosilver sintering at over 200 °C
for 30 min. After die-attach, solder Sngg.5Ag3Cug 5 is printed
on the solder area at the upper surface of power devices and
DBC. The combination of the base jig and the clip jig is used for
fixing power Cu clips. There are screw holes (® = 4 mm) and
vias (¢ = 2 mm) on the clip jig. Graphite screw bolts are used
to fix power Cu clips by gently pressing the press platforms.
Graphite bars go through the vias to prevent the Cu clips from
drifting. Gate drive interconnection is achieved without graphite
jig. After printing solder SnysBis7 6Ago 4, the gate drive clips
are placed and soldered. Finally, the terminals and decoupling
capacitors are assembled. The decoupling capacitance value
is 600 nF, combined by six 100 nF ceramic capacitors. No
baseplate is connected below the module so that no extra thermal
resistance is introduced. The heat dissipation is accomplished by
the lower surface of DBC. Also, no encapsulation is used for the
convenience experimental measurement.

IV. EXPERIMENTAL VERIFICATION
A. Experimental Setup

The experimental DPT platform is fabricated as Fig. 10. The
schematic diagram is the same as Fig. 8(a) and (b). The lower
side MOSFETs are tested as devices under test (DUTs). The upper
side dies are used as diodes. For comparison, the modification
paths on the prototype are subsequently removed and measured.
The Rogowski coil (120 A, 30 MHz) is employed to detect the
currents going through the power MOSFETs. According to the
discussion in [34], the measurement error of the Rogowski coil
is low enough. The fabricated module is tested under 400 V for
safety consideration. Since the output capacitance almost does
not change after 400 V, the test under 400 V is enough to show
the performance of the die under higher voltage conditions. The
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e—r

Fig. 10. Experimental setup of DPT platform. (a) Overall test platform.
(b) Capacitor pack. (c) Prototype with modification paths. (d) Prototype without
modification paths. (e) Gate drive circuit.

voltage of DUTs is measured by the high voltage differential
probe (600 V/ 6000 V, 200 MHz). Waveforms are observed
by oscilloscope Tektronix MDO4104C (1 GHz, 5 Gs/s). To get
certain insulation, DUTSs are immersed in 45# transformer oil in
an acrylic container with a size of 650 mm x 450 mm x 200 mm.
DC bus voltage V4. and gate drive voltage V, are provided
by high voltage dc source and auxiliary source respectively.
The double pulse signal is generated by a signal generator.
The first pulse time and the second pulse time are 60 and
5 us, respectively. The bus capacitance Cy,s achieves 940 uF,
which includes two in series and four in parallel electrolytic
capacitors (470 pF/450 V). The decoupling capacitance Cgc
is divided into two parts for different frequencies, that is, two
film capacitors (2 x 12 pF/1000 V) and six ceramic capacitors
(6 x 100 nF/1000 V). The film capacitors are assembled on an
external PCB, while the ceramic capacitors are integrated into
the module. Load inductor L;,,q is an air-core inductor with an
inductance of 300 pH. The gate resistance R, is 9.1 €. There
are also individual small gate resistors and source resistors with
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TABLE V
DPT TEST CONDITION
Parameter Value
Ve 400 V
V, +15V/ -3V
R, 9.10
Crus 940 pF
Cye 24 yF
Licad 300 uH
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Fig. 11.  Experimental waveforms of prototype test. (a) Drain—source voltage,
gate—source voltage, and total current of prototype at turn-ON. (b) Drain—source
voltage, gate—source voltage, and total current of prototype at turn-OFF. (c) Cur-
rent of paralleled dies at turn-ON before optimization. (d) Current of paralleled
dies at turn-OFF before optimization. (e) Current of paralleled dies at turn-ON
after optimization. (f) Current of paralleled dies at turn-OFF after optimization.

a resistance of 1€ for every die. In the test, +15 V/ —3 V gate
drive voltage is given to the lower side by the gate drive circuit.
The upper side’s gate terminal and Kelvin source terminal are di-
rectly connected to turn MOSFETs OFF. Test conditions are given
in Table V.

B. Result Analysis

DPT was conducted to evaluate the proposed optimization
method on the designed module. Fig. 11 shows the experimental
waveforms. The total waveform of the fabricated prototype at the
second pulse time is shown in Fig. 11(a) and (b). Drain—source
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voltage, gate—source voltage, and total current of three MOSFETS
are displayed. At turn-ON, the drain—source voltage starts to fall
after gate—source voltage rises over the threshold voltage Viy,.
The total current of three MOSFETs quickly rises to about 75 A
with an overshoot current of 93.9 A. High frequency resonant
(27.01 MHz) could be detected on total current. This frequency
is caused by the MOSFET output capacitance C,ss and the inner
parasitic inductance of the module. The resonant frequency
could be expressed by

Fo 1
B 27r\/LiC’

where f'is the resonance frequency, L and C are the inductance
and capacitance participating in the resonance.

Drain—source voltage goes down to 0 V subsequently at
turn-ON. Voltage fall time at turn-ON is 79.6 ns. The highest dv/dt
is 17.14 V/ns and the highest di/dt is 1.87 A/ns. At turn-OFF, the
drain—source voltage rises to 400 V with an overshoot of 28 V
(7.0%). A low frequency resonant (2.86 MHz) after voltage ris-
ing is detected. This resonant frequency could also be described
by (9). It is caused by the resonant of decoupling capacitance
and bus parasitic inductance. The total current falls to 0 A and
remains a small oscillating trailing current. Voltage rise time
at turn-OFF is 66.4 ns. The highest dv/dt is 14.29 V/ns and
the highest di/dt is 2.89 A/ns. The parasitic inductance of
the module could be calculated as 9.7 nH from waveform in
Fig. 11(b)

(C))

di

AV =1L 7

where AV is the drain—source voltage overshoot caused by

parasitic inductance and L is the total parasitic inductance of
the module.

To confirm the result of current sharing, the drain current
waveforms of three paralleled MOSFETs before and after op-
timization are shown in Fig. 11. In Fig. 11(c) and (d), the
waveforms of the prototype with removed modification paths
(before optimization) are displayed. The peak currents at turn-ON
are 37.8, 33.0, and 27.6A. The imbalance degree of current
is relatively high at 31.1%. While after optimization, the peak
currents of three MOSFETS in Fig. 11(e) are 33.0, 31.2, and 30.4
A. The current difference Aiis 2.6 A with an imbalance degree
low at 8.3%. It is detected that the currents are not balanced at a
short time after the peak at turn-ON. This could be attributed to
the differences in gate—source voltages of paralleled dies after
the drain—source voltage drops to 0 V, which is likely caused
by uneven internal gate resistances (external gate resistances
have been controlled to be the same in the experiment). After
the Miller plateau, the drain—source voltages drop to 0 V, while
the gate—source voltages continue to rise and still not reach the
maximum value. The dies could be considered as resistors at
this time and the resistances are stilled related to gate—source
voltage. Imbalance gate—source voltages at this time could cause
different drain—source ON-state resistances and therefore lead to
current imbalance in a short time as Fig. 11(e) until gate—source
voltages reach +15 V. Even so, this imbalance does not make a

(10)
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Fig. 12. Experimental total switching losses before optimization (without
modification paths) and after optimization (with modification paths).

TABLE VI
SWITCHING CURRENT AND LOSSES SUMMARIZATION

Imbalance
Parameter M, Ms Mg degree
Peak current at turn-oN o
before optimization (A) 378 330 276 311%
Total switching losses 1636 ) 14485 14142 148%
before optimization(uJ)
Peak current at turn-on o
after optimization (A) 330 312 304 8.3%
Total switching losses after 14529 14582 14335 1.7%

optimization(uJ)

big difference in losses since the drain—source voltage is almost
0 V at this time. The total switching losses before and after
optimization is shown in Fig. 12. The imbalance degree of
peak current at turn ON and total switching losses are given
in Table VI. Losses rely on the peak currents in switching
time therefore the optimization for peak current sharing is
of great significance. After using the proposed optimization
method, the paralleled dies’ loss imbalance degree decreases
much from 14.8% to 1.7%. The designed module used the
proposed optimization method the have balanced currents and
switching losses, which helps to increase the capacity of the
SiC converter.

V. CONCLUSION

This article presents a novel power source inductance opti-
mization method using modification paths in a clip-bonded SiC
multichip power module with the capability of current and loss
sharing, thermal decoupling, and extensibility. In the designed
module, the interconnection of the upper surface of dies is
accomplished by Cu clip-bonding. The source inductances of
branches are optimized by introducing extra paths on Cu clips.
The simulation indicates that the specially modified paths get
the same equivalent source inductances and reduce inductance
by 27.4%. The test results of the prototype demonstrate that
the designed module with modification paths has a balanced
switching current with a maximum imbalance degree of 8.3%
at turn-ON (compared with 31.1% without modification paths)
and balanced loss with an imbalance degree of 1.7% (compared
with 14.8% without modification paths) at a switching period.
It means the power source inductances and losses of paral-
leled dies are balanced well by proposed modification paths.
The proposed clip-bonded multichip module and optimization
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Fig. 13. Transformation of parasitic circuits without modification paths. (a)

Parasitic circuit before transformation. (b) Parasitic circuit after transformation.

TABLE VII
EXPRESSIONS OF INTERMEDIATE PARAMETERS

Symbols Expression
L LCmssLMss + Lmss,(:rosss + I:LCmsss,Msso 1 (Lkz )] + Lmsso,lvmso
Ly L('mssSiMGS + LMﬁSf(‘mssﬁ + LCroes@Msso + LM()S()?MSSO
Lk3 LMSSmessS + I:LCro>>57MSSO / /(LkZ )] + LMSSOfMASO
Lys LM637Cmss6 + L(TrossﬁfMéSO + LMéS(JiMSSO
Lys Lytss. crosss * Lerossa wss + Leross waso
I Lks 'LCmss;MSSO
k6
Lks + LCmssSiMSSO + LMSSQMASO
L LCrossSfMSSO 'LM5507M4SO
k7
L+ LCrossSfMSSO + LMSSOfM4SO
I LkS ) LMSSOﬁMAS()
k8
Lks + LCmssSfMSS{) + LM5507M4SU
L Lm 'L(?rnssiM(JS
k9
Ly + Lgosss msso T Lerosss wiss
L LCrossSfMSSO 'LCr05557M65
k10
Ly, + LCrossSfMSSO + LCrossSfMGS
Ly - LMsso M4SO
Ly

+L

‘Cross5_M6S

L, +L

Cross5_MS5S0

method is a promising solution to improve both electrical and
thermal performances. Due to the simple routing design and
optimization method, this Cu clip-bonded module and optimiza-
tion method could be expanded to cases that more paralleled
devices are needed.

APPENDIX
A. Equivalent Source Inductances Without Modification Paths

The parasitic circuit without modification paths before trans-
formation is shown in Fig. 13(a). Define vys4, V55, and vig
as the voltage drops on parasitic source inductances of the
corresponding branches. The voltage drops on three power
source branches could be derived as (Al). Writing (Al) in
matrix form as (A2). Making an approximation iy =
ig, which means the current flowing through every branch is
the same. Then, the matrix in (A2) could be simplified as
(A3). The equivalent source inductances in (A3) are listed

i5 =
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Transformation of parasitic circuits with modification paths. (a) Parasitic circuit before transformation. (b) Subcircuit of M4. (c) Subcircuit of MS.

(d) Subcircuit of M6. (e) Inductances combination of (d). (f)A — Y transformation of (e). (g) Y — A transformation of (f). (h) Simplified circuit model with MPs.

in (A4) where

vLs = (Ls + Lmaso po-) - (A2)

al

where vrs = [vLss vLss Vise ]l si = [i4 5 i6]T

B. Equivalent Source Inductances With Modification Paths

The parasitic circuit with modification paths before transfor-
mation is shown in Fig. 14(a). Three MOSFETS are considered as
current sources. Subcircuits with individual current sources are
shown in Fig. 14(b)—(d). The currents flowing through the circuit
in subcircuit with M, (Fig. 14(b)) are derived according to the
series and parallel relationship in (B1). Currents flowing through

subcircuits in Fig. 14(c) and (d) could be derived in the same way.
Therefore similar formulas are omitted. Additionally, A-Y and
Y-A transformations are needed in the derivation of Fig. 14(d).
The inductances combination, A-Y transformation, and Y-A
transformation are shown in Fig. 14(e)—(g). After calculation
of currents on three subcircuits, the voltage drops on source
inductances could be expressed by adding currents of subcircuits
as (B3). The parameters in the matrix of (B3) are shown in (B6).
The intermediate parameters Lyq-Li11, are given in Table VII.
Using the same approximation iy = i5 = ig, (B3) could be
simplified as (B4). The equivalent source inductances in (B4) are
listed in (B5) where

di d(ia+i5+1ie
vrsa = Lvas_wmaso - ‘gt + Lvaso_pe- - %
dis d(is+i d(ig+is+i
vrss = Lmss_mss0 -+ ‘g + Lmsso_maso - % + Lyaso_po- - % (A1)
. L dis L dig L d(i5+7;6)
vrse = Lmes M6s0O - g T Lmeso msso g+ LMsso M4s0 g
L d(ia+is+is)
+LMaso DC- - =g
Lnias_maso 0 0
Ls= 0 Lyss msso + Lvsso maso Lnsso_Maso
0 Laisso_m4aso Lnies_Meso + Lveso_Msso + Lvisso_maso
. d .
vrg = diag (Lsa+3Lmaso_pc—, Lss+3Lmaso_po—, Lse+3Lmaso_pe-) - TR (A3)
Lss = Laas Maso
Lgss = Lass msso + 2Lvsso_M4s0 (A4)

Lse = Lnves Meso + Lvisso_Msso+2Lmss0_ M4sO



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

7962
i =ig,i =—Lm .
M4S_Cross4_4 45 Cross4_M4S0O_4 Lcrossa maso+Lr1 4
i — __ Leresamsso ;- — _ Lcresamaso 4
Crossd_M5S_4 LCrossamaso+ Ly 41 "MBS_Crossb 4 = T o vuso+ L 4
i _ Cross4 M4SO | Lyo Q
Cross5_M550_4 LcrossaMasot it Lcrgsssmsso+Lie 4
i _ __ Lcrossavuso | Crosss M5S0 4
Cross5_M65_4 Lcrossamaso+t et Lcrosssmsso+Lez 4 (B1)
i _ _ Lcrossanaso | Crosss M5S0 4
M6S_Cross6_4 LcrossaMaso+Lrt  Lcrossmsso+Lre 4
i _ Crossd M4SO | Cross3 M5S0, 4
Cross6_M650_4 LcrossamasotLier  Lcrosssmsso+Lez 4
. _ Crossa M4SO | Crosss M5S0 . ;
IM6SO_MBSO_4 = To oo+ Tr1  LorosssMssotlra V4
i _ Crossd MASO__ ;4 —
M5SO_M4SO_4 = T~ vaso+ L~ 14 IM4SO_DC— 4 = 4
1= ross4_M5 5S_Crossb rossb_M5 2 5S0_
Ly, Lcrossamss + Lavss_c + [LC M SO// (Lk )] + Lmsso_M4so (B2)
L2 = Lcrosss_Mes + Lnmes_Crossé + Lcross6_Meso + LMeso_msso
, .
VLS4 Ly1 Lyo Ly d |
, .
vrss | = | | Ls1 Ls2 Lss | + Lmaso_pe- | - 7| (B3)
/ Let Leo L t .
VLS6 61 62 163 16
"= di Lgi + 3L Lgs' +3L Lgg' +3L d B4
vrs' = diag (Lsa’ + 3Lamaso po-, Liss' + 3Lmaso pe—s Lse' + 3Lmaso pe-) - Tk (B4)
Lsy' = Lyy + Lyo + Ly3
/
Lgs" = Ls1 + Lsa + Ls3 (B5)
/
Lse' = Le1 + Le2 + L3
_ L .
Ly = LM4S_Cross4j L Crossa Maso+ Lkt LCross4_M4SO
_ k3 .
Ly = Lcmss4,M4s_~E)L+Lcmss4,M5s+Lk3 Lerossa_maso
_ k11+LM550 MasO .
Ly = Lki+Lk10+Lkll+LM5SO_M4SO LcrOSS4iM4SO .
_ Crossd M4SO | ) Crossd M4SO | K2 . -
L1 ; Lcrossa Maso+Li1 Liss_crosss + Lcrossa Maso+Lk1  Lcrosss Msso+Lika Lerosss_msso
Cross4_M4S0O .
+LCross4_M4SO+Lk1 LM5807M4SO
Lo — Crossa MasO+Lcrossa M5S + Lcrossa Maso+Lcrossa Mss Lyo L
52 Lcrossa Maso+Lcrossa Mss+Liks M5S_Crossd T T oos Maso+Lcrossa M5S+Lks  Lrosss M550 + Lz Cross5_M550
+ Lcrossa Masot+Lorossa Mss | T
Lcrossa Maso+Lcrossa mss+Lik3 M550_M4S0
Lrn — — Ly11+Lmsso maso L + Lys+Lgio _ Lie+Lcrosss Mes
53 Lis+Likio+Lri1+Lmsso maso M58 _Crossb Lys+Lxio+Lki1+Lmssomaso Lya+Lir+Lie+Lcrosss_Mes (B6)
'LCross5_MSSO
Lys+Lgio .
+Lk5+Lk1o+Lk11+LMsso,M4soL Lmsso_maso
— Cross4_M4SO . Cross5_M5S0O .
Loy = g ot - oo g — - (LMeS_Crosss + Lerosss_Meso + Lueso_msso)

Lcrossa Maso | [
Lcrossa Maso+Li1 M550_M480
Leo — Crossa M4sO+LcCrossa Mss | Lcrosss Msso
62 Lcrossa Maso+Lcrossa Mss+Lks  Lorosss_ Msso+Lk2
Lcrossa Masot+Lorossa Mss | T
Lcrossa Maso+Lcrossa Mss+Liks M550_M450
Lz — Ly +Lcrosss Mes
63 Lya+Lg7+Lie+Lcrosss_Mes

- Lvisso_Maso

+ ks +Lrio
Ligs+Lkio+Lkii+Lmsso Maso

- (Lmes_crosse + Lcrosss_Mes0 + Lveso_Ms80)

- (Lm6s_crosss + Lcrosse_Mes0 + Lvieso_Ms80)

REFERENCES

[1] W.J. Millén, P. Godignon, X. Perpiiia, A. Pérez-Tomds, and J. Rebollo,
“A survey of wide bandgap power semiconductor devices,” IEEE Trans.
Power Electron., vol. 29, no. 5, pp. 2155-2163, May 2014.

[2] M. Wang, F. Luo, and L. Xu, “A double-end sourced multi-chip improved
wire-bonded SiC MOSFET power module design,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., Mar. 2016, pp. 709-714.

[3] F. L. Chen and Y. Kang, “A review of SiC power module packaging:
Layout, material system and integration,” CPSS Trans. Power Electron.
Appl., vol. 2, no. 3, pp. 170-186, Sep. 2017.

[4] H.Lee, V. Smet, and R. Tummala, “A review of SiC power module pack-
aging technologies: Challenges, advances, and emerging issues,” [EEE J.
Emerg. Sel. Topics Power Electron., vol. 8, no. 1, pp. 239-255, Mar. 2020.

[5] F. Hou et al., “Review of packaging schemes for power module,” /[EEE
J. Emerg. Sel. Topics Power Electron., vol. 8, no. 1, pp.223-238,
Mar. 2020.

[6] R.Bayerer and D. Domes, “Power circuit design for clean switching,” in
Proc. 6th Int. Conf. Integr. Power Electron. Syst., 2010, pp. 1-6.

[7]1 G. Miller, “New semiconductor technologies challenge package and sys-
tem setups,” in Proc. 6th Int. Conf. Integr. Power Electron. Syst., 2010,
pp. 1-6.

[8] C. Durand, M. Klingler, D. Coutellier, and H. Naceur, “Power cycling
reliability of power module: A survey,” IEEE Trans. Device Mater. Rel.,
vol. 16, no. 1, pp. 80-97, Mar. 2016.

[9] M. Ciappa and P. Malberti, “Plastic-strain of aluminium interconnections
during pulsed operation of IGBT multichip modules,” Qual. Rel. Eng. Int.,
vol. 12, no. 4, pp. 297-303, 1996.



WANG et al.: CU CLIP-BONDING METHOD WITH OPTIMIZED SOURCE INDUCTANCE FOR CURRENT BALANCING

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

K. B. Pedersen and K. Pedersen, “Bond wire lift-off in IGBT modules due
to thermomechanical induced stress,” in Proc. 3rd IEEE Int. Symp. Power
Electron. Distrib. Gener. Syst., Jun. 2012, pp. 519-526.

J. Goehre, M. Schneider-Ramelow, U. Geifler, and K. Lang, “Interface
degradation of Al heavy wire bonds on power semiconductors during
active power cycling measured by the shear test,” in Proc. 6th Int. Conf.
Integr. Power Electron. Syst., 2010, pp. 1-6.

J. Ling, T. Xu, and C. Luechinger, “Large Cu wire wedge bonding process
for power devices,” in Proc. IEEE 13th Electron. Packag. Technol. Conf.,
Dec. 2011, pp. 1-5.

R. Schmidt, C. Konig, and P. Prenosil, “Novel wire bond material for
advanced power module packages,” Microelectron. Rel., vol. 52, no. 9,
pp. 2283-2288, 2012.

W. Chi, H. Chen, and H. Liao, “High reliability wire-less power module
structure,” in Proc. 13th Int. Microsyst. Packag., Assem. Circuits Technol.
Conf., 2018, pp. 71-74.

L. Fy, L. Wo, L. Cc, and B. Rizal, “Process characterization of aluminum
ribbon bond,” in Proc. Int. Conf. Electron. Mater. Packag., 2007, pp. 1-5.
N. Marenco, M. Kontek, W. Reinert, J. Lingner, and M. Poech, “Copper
ribbon bonding for power electronics applications,” in Proc. Eur. Micro-
electron. Packag. Conf., 2013, pp. 1-4.

U. Scheuermann, “Reliability of planar SKiN interconnect technology,”
in Proc. 7th Int. Conf. Integr. Power Electron. Syst., 2012, pp. 1-8,.

S. Haque et al., “An innovative technique for packaging power electronic
building blocks using metal posts interconnected parallel plate structures,”
IEEE Trans. Adv. Packag., vol. 22, no. 2, pp. 136—144, May 1999.

F. Yang et al., “Interleaved planar packaging method of multichip SiC
power module for thermal and electrical performance improvement,” [EEE
Trans. Power Electron., vol. 37, no. 2, pp. 1615-1629, Feb. 2022.

H. Chang, J. Bu, G. Kong, and R. Labayen, “300A 650V 70 um thin
IGBTs with double-sided cooling,” in Proc. IEEE 23rd Int. Symp. Power
Semicond. Devices ICs, May 2011, pp. 320-323.

T. Abdoulahad, S. Emmanuel, S. William, R. Frédéric, and D. Maél, “3D-
FE electro-thermo-magnetic modeling of automotive power electronic
modules - wire-bonding and copper clip technologies comparison,” in
Proc. IEEE Int. Workshop Integr. Power Packag., Apr. 2019, pp. 78-82,.
Q. Zhu, A. Forsyth, R. Todd, and L. Mills, “Thermal characterisation of
a copper-clip-bonded IGBT module with double-sided cooling,” in Proc.
23rd Int. Workshop Thermal Investig. ICs Syst., 2017, pp. 1-6.

Y. Zhu, H. Chen, K. Xue, M. Li, and J. Wu, “Thermal and reliability
analysis of clip bonding package using high thermal conductivity adhe-
sive,” in Proc. IEEE 15th Electron. Packag. Technol. Conf., Dec. 2013,
pp. 259-263.

0. Sivkov, M. Novak, and J. Novak, “Comparison between Si IGBT and
SiC MOSFET inverters for AC motor drive,” in Proc. 18th Int. Conf.
Mechatronics Mechatronika, 2018, pp. 1-5.

C.Zhao, L. Wang, and F. Zhang, “Effect of asymmetric layout and unequal
junction temperature on current sharing of paralleled SiC MOSFETSs with
kelvin-source connection,” IEEE Trans. Power Electron., vol. 35, no. 7,
pp- 7392-7404, Jul. 2020.

H. Li, S. Munk-Nielsen, S. Beczkowski, and X. Wang, “A novel DBC
layout for current imbalance mitigation in SiC MOSFET multichip power
modules,” IEEE Trans. Power Electron., vol. 31, no. 12, pp. 8042-8045,
Dec. 2016.

B. Zhang and S. Wang, “Parasitic inductance modeling and reduction
for wire-bonded half-bridge SiC multichip power modules,” IEEE Trans.
Power Electron., vol. 36, no. 5, pp. 5892-5903, May 2021.

S. Beczkowski, A. B. Jgrgensen, H. Li, C. Uhrenfeldt, X. Dai, and S.
Munk-Nielsen, “Switching current imbalance mitigation in power modules
with parallel connected SiC MOSFETS,” in Proc. 19th Eur. Conf. Power
Electron. Appl., 2017, pp. P.1-P.8.

C. Zhao, L. Wang, F. Zhang, and F. Yang, “A method to balance dynamic
current of paralleled SiC MOSFETs with kelvin connection based on
response surface model and nonlinear optimization,” IEEE Trans. Power
Electron., vol. 36, no. 2, pp. 2068-2079, Feb. 2021.

Z. Zeng, X. Zhang, and X. Li, “Layout-dominated dynamic current
imbalance in multichip power module: Mechanism modeling and com-
parative evaluation,” IEEE Trans. Power Electron., vol. 34, no. 11,
pp. 11199-11214, Nov. 2019.

X. Jiang et al., “Comparison study of surge current capability of body
diode of SiC MOSFET and SiC Schottky diode,” in Proc. IEEE Energy
Convers. Congr. Expo., Sep. 2018, pp. 845-849.

F. Yang et al., “The study on thermal coupling effect for SiC power module
design guidelines,” in Proc. IEEE Workshop Wide Bandgap Power Devices
Appl. Asia, Sep. 2020, pp. 1-7.

[33]

[34]

=

7963

W.Mu et al., “Direct integration of optimized phase-change heat spreaders
into SiC power module for thermal performance improvements under high
heat flux,” IEEE Trans. Power Electron., vol. 37, no. 5, pp. 5398-5410,
May 2022, doi: 10.1109/TPEL.2021.3125329.

Z. Zeng, J. Wang, L. Wang, Y. Yu, and K. Ou, “Inaccurate switching
loss measurement of SiC MOSFET caused by probes: Modelization,
characterization, and validation,” IEEE Trans. Instrum. Meas., vol. 70,
Sep. 2021, Art. no. 1002014.

Laili Wang (Senior Member, IEEE) received the
B.S., M.S., and Ph.D. degrees from the School of
Electrical Engineering, Xi’an Jiaotong University,
Xi’an, China, in 2004, 2007, and 2011, respectively.

Since 2011, he has been a Postdoctoral Research
Fellow with the Department of Electrical Engineer-
ing, Queen’s University, Kingston, ON, Canada.
From 2014 to 2017, he was an Electrical Engineer
with Sumida, Kingston, ON, Canada. In 2017, he
was a Full Professor with Xi’an Jiaotong University.
His research interests include wide bandgap power

P

devices, package and integration, high density power conversion, wireless power
transfer, and energy harvesting.

Dr. Wang is the recipient of Outstanding Young Scholar Award from China
Power Supply Society, China Electric Power Excellent Young Technological
Talent Award from Chinese Society of Electrical Engineering. He is currently
an Associate Editor for the IEEE TRANSACTIONS ON POWER ELECTRONICS and
IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS.
He is the Co-Chair of System Integration and Application in International
Technology Roadmap for Wide Band-Gap Power Semiconductor, and the Chair
of CPSS and IEEE PELS Joint Chapter in Xi’an, China.

Tongyu Zhang was born in Shaanxi, China, in 1997.
He received the B.S. degree in electrical engineering
in 2019 from Xi’an Jiaotong University, Xi’an, China,
where he is currently working toward the Ph.D. degree
in electronic and electrical engineering.

His research interests include the packaging and
connection method of SiC power semiconductor de-
vices and modules.

Fengtao Yang (Student Member, IEEE) was born in
Shandong, China, in 1994. He received the B.S. de-
gree in electronic and electrical engineering from the
China University of Mining and Technology, Xuzhou,
China, in 2016. He is currently working toward the
Ph.D. degree in electronic and electrical engineering
with Xi’an Jiaotong University, Xi’an, China.,

His current interests include advancement in elec-
trical performance, thermal management, operation
temperature, power density and integration of power
modules, especially applied in wide-bandgap semi-

i

conductor device-based, high-current, high-temperature, and high-frequency
power conversion systems.

Dingkun Ma was born in Shaanxi, China, in 1996.
He received the B.S. degree in electrical engineering
in 2018 from Xi’an Jiaotong University, Xi’an, China,
where he is currently working toward the Ph.D. degree
in electronic and electrical engineering.

His research interests include packaging and relia-
bility of power semiconductor modules.


https://dx.doi.org/10.1109/TPEL.2021.3125329

7964

Cheng Zhao (Student Member, IEEE) was born in
Shanxi, China, in 1996. He received the B.S. de-
gree in electrical engineering from Jilin University,
Changchun, China, in 2017. He is currently working
toward the Ph.D. degree in electronic and electrical
engineering with Xi’an Jiaotong University, Xi’an,
China.

His research interests include packaging and appli-
cations of power semiconductor devices and parallel
operation of SiC MOSFETs.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

Yongmei Gan (Member, IEEE) was born in 1971.
She received the B.S. and M.S. degrees in control
engineering from the Xi’an University of Technology,
Xi’an, China, in 1993 and 1996, respectively, and
the Ph.D. degree in control theory and control engi-
neering from Northwestern Polytechnical University,
Xi’an, China, in 1999.

Since 2000, she has been with the School of Electri-
cal Engineering, Xi’an Jiaotong University, where she
is currently an Associate Professor. From February
2008 to February 2009, she was a Visiting Scholar

of Electrical and Computer Engineering, University of Toronto. Her research

Yunqing Pei (Member, IEEE) was born in 1969. interests include package and integration, energy harvesting, and supervisory
He received the B.S. and M.S. degrees in electrical ~ control of discrete-event systems.
engineering and the Ph.D. degree in power electron-
ics from Xi’an Jiaotong University, Xi’an, China, in
1991,1994, and 1999, respectively.

He was a Faculty Member with Xi’an Jiaotong
University, where he is currently a Professor. From
February 2006 to February 2007, he was a Visiting
Scholar of the Center of Power Electronics Systems,
Virginia Polytechnic Institute and State University.
His research interests include high-power inverters,
switch mode power supply, and converters in distributed generation systems.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


