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Abstract—The parasitic inductance and dynamic current shar-
ing performances of multichip silicon carbide power module pack-
aging limit the device’s performance. Moreover, high electrical
properties cannot be achieved in traditional 2-D packaging, and
the 3-D packaging manufacturing process is complicated with a ne-
cessity for further reliability verification. To solve these problems,
a novel 2.5-D wire-bonding packaging was designed in this article,
which combines the advantages of the simple structure of 2-D pack-
aging and the high electrical performance of 3-D packaging. With-
out introducing any additional substrates, a highly symmetrical
3-D commutation loop is formed solely through a distinctive layout
and terminal structure. The terminal structure was optimized to
achieve extremely low parasitic inductance and excellent dynamic
current sharing performance considering the mutual inductance
coupling. Due to the compact commutation loop, the proposed
power module with a 2.5-D packaging structure could attain a
parasitic inductance of 2.31 nH and balanced dynamic currents. A
1200 V/520 A 2.5-D power module was fabricated for verification.
The experimental results effectively validated the low parasitic
inductance and high dynamic current sharing performances.

Index Terms—2.5-D packaging structure, high dynamic current
sharing performance, low parasitic inductance, silicon carbide
(SiC) power module.

I. INTRODUCTION

ECENTLY, the transportation system has proposed higher
R requirements for the power capacity and power density of
power electronic systems. Semiconductor devices are the core of
power electronics systems [1], [2], [3], [4]. Wide bandgap power
devices, such as silicon carbide (SiC) devices have been widely
used in medium voltage applications in recent years. Due to the
high critical electric field strength, band gap energy, electron
velocity, melting point, and thermal conductivity of SiC mate-
rial, the SiC MOSFETs perform higher switching speed, voltage,
and operating temperature compared with Si-based IGBT [5].
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Fig. 1. Schematic of HybridPACK Drive SiC power module with double-loop.

Therefore, the application of SiC devices contributes to the trend
of high-power density in power electronic systems. However, the
performance of SiC MOSFETs brings serious challenges to the
parasitic inductance of power module packaging and dynamic
current sharing performance between multiple parallel chips
(61, [71.

The low output capacitance (Coss) and storage charge (Q,) of
SiC devices result in high dv/dt and di/dt during the switching
process. High di/dt results in high voltage overshoot and oscil-
lations, and high dv/dt leads to electromagnetic compatibility
issues, which make SiC power modules more sensitive to the
parasitic inductance value [8], [9]. Therefore, high-performance
SiC power modules require packaging with low parasitic induc-
tance. Aiming to reduce parasitic inductance, previous research
focused on traditional 2-D packaging and advanced 2.5-D and
3-D packaging.

2-D packaging structure establishes a planar commutation
loop through bonding wires. In industry, the dual-loop commu-
tation structure of the HybridPACK Drive SiC power module
forms two interleaved parallel loops to reduce parasitic induc-
tance, which was adopted by many other commercial power
modules [10], [11], as shown in Fig. 1. In academia, much
research has also been conducted on 2-D packaging with low
parasitic inductance [12], [13], [14], [15]. The P-cell and N-cell
layout was proposed in [12], and [13], which effectively de-
creased the parasitic inductance by reducing the commutation
path length. In [14], split damping capacitors were integrated
into the module to decouple the parasitic inductance. In [15], a
double-end sourced wire-bonding multichip power module was
proposed, which reduced parasitic inductance to 7.2 nH through
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paralleled commutation loops. A low parasitic inductance 2-D
packaging structure is easy to implement, but its effectiveness
is limited.

Advanced 2.5-D and 3-D packaging structures establish 3-D
commutation loops by adding additional substrates [such as
printed circuit board (PCB), flexible printed circuit (FPC), or
DBC] [9], [16], [17], [18], [19], [20], [21], [22], which can
achieve low parasitic inductance through mutual inductance
cancellation. In industry, the SKiN technology from Semikron
replaces bond wires with sintered FPC to form 3-D loops, achiev-
ing low parasitic inductance [16], [17]. However, additional
FPCs are needed, and the sintering process between the FPC and
chips is challenging, which has prevented large-scale adoption.
In academia, 3-D commutation loops are formed by stacking
additional PCB, FPC, and DBC on the basic DBC substrate
[9], [18], [19], achieving a parasitic inductance below 3 nH.
In [20], [21], and [22], double-sided power modules with 3-D
commutation loops were designed with a parasitic inductance
below 3 nH, which uses DBC and spacers to replace bonding
wires. In [23], the 3-D prismatic packaging methodology was
proposed to achieve low parasitic inductance. However, the
above 3-D packaging structures, in addition to the basic DBC,
require the incorporation of extra substrates (such as PCB or
DBC) to establish the 3-D commutation loop. Therefore, the
fabrication process is complex. For instance, the metallization
of chip electrodes is necessary for the double-side soldering
process. In general, the 2-D packaging structures make it difficult
to achieve ultralow parasitic inductance while exiting 2.5-D and
3-D packaging requires more complex manufacturing processes
and higher costs.

On the other hand, limited by the manufacturability of SiC
dies, the effective area of a bare chip is limited [24]. To meet
the demand of current capacity, paralleled SiC MOSFETS are
frequently used in power modules [25], [26]. However, the
unbalanced parasitic inductances of paralleled chips could lead
to unbalanced dynamic currents during switch transients, which
brings unbalanced losses, and further causes uneven junction
temperature of parallel chips. For SiC devices, high junction
temperature can result in a low threshold voltage (Viy), and
increase the junction temperature further, which causes positive
feedback and may lead to thermal runaway. Therefore, it is
necessary to achieve balanced dynamic currents in multichip
SiC power modules.

The dynamic current sharing optimization methods could be
divided into active method, passive method, and optimization
layout method. The active method improves dynamic current
sharing performance by controlling the driving signals in real-
time. In [27], [28], [29], researchers measured each device’s
current with a current sensor and changed the driving signal
based on the real-time measured currents to achieve balanced
dynamic currents. The active compensation method can achieve
an excellent effect on current sharing performance, but the circuit
structure is relatively complex and costly.

The passive method improves the dynamic current sharing
performances by appending the additional passive components.
In [30] and [31], decoupling capacitors and RC snubber were
added to alleviate imbalanced currents. In [32], a different mode
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choke was used to suppress the current imbalance. The passive
compensation method has a low cost but requires the addition
of additional components in circuits, which still limits various
practical applications.

Optimizing the layout is the lowest cost and easiest method.
In industry, the symmetrical dual-loop commutation structure
shown in Fig. 1 is used widely, which enables excellent dy-
namic current sharing performances between the parallel chips
of symmetrical group 1 and group 4 (or group 2 and group 3).
However, group 1 and group 2 (or group 3 and group 4) located
on the same side cannot achieve balanced currents. In academia,
the connection points of bonding wires are adjusted to alleviate
imbalanced dynamic currents [33], [34]. However, the method
requires strict control over the length, shape, and connection
points of the actual bonding wires. In [15], a wire-bonding power
module with a double-bonded sourced layout was proposed to
improve dynamic current sharing performance. Li et al. [35] and
[36] alleviated nonuniform dynamic currents through a split-out
DBC layout. It similarly fails to improve the current sharing
performances of paralleled MOSFETs on the same side. Zhao et al.
[37] pointed out that the current imbalance is alleviated when the
drain confluence point and power source confluence point are on
one side rather than both sides. However, the layout optimization
effect of wire-bonding packaging for dynamic current sharing
performance still needs further improvement.

To address the above issues, this article presents a novel
2.5-D multichip wire-bonding SiC power module with a 3-D
commutation loop and a highly symmetrical layout. It can
achieve ultralow parasitic inductance and high dynamic current
performance while ensuring simple processing and low cost.
The innovation and contribution are as follows.

1) A wire-bonding 2.5-D packaging with a 3-D commutation
loop is proposed, requiring no additional components
(DBC, PCB, or FPC). It not only achieves ultralow par-
asitic inductance similar to advanced 3D packaging, but
also realizes simpler manufacturing processes and lower
costs.

2) The 2.5-D packaging also achieves high dynamic current
sharing performance. Based on a high-symmetrical layout
and terminal optimization considering all mutual induc-
tances, balanced dynamic currents are achieved.

The rest of this article is organized as follows. Section II
provides a detailed introduction to the structure of the proposed
2.5-D power module. In Section III, the proposed 2.5-D power
module is analyzed and optimized to achieve extremely low
parasitic inductance and balanced dynamic currents consid-
ering mutual inductance coupling. Section IV describes the
detailed manufacturing process and performs the dynamic test,
impedance test, and dynamic current sharing test to verify the
superior performance of the proposed 2.5-D power module.
Finally, Section V concludes this article.

II. STRUCTURE OF PROPOSED 2.5-D POWER MODULE

The structure of the proposed 2.5-D power module is shown
in Fig. 2. The half-bridge power module includes eight SiC MOS-
FETs. Among them, four SiC MOSFETs are connected in parallel
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(b)

Fig. 2.  The structure of the proposed 2.5-D power module. (a) Power module.
(b) Internal view (the terminals are omitted).
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Fig. 3. Kelvin connection diagram of driving circuit.

as high-side switches (Q5-08), while the others are connected
in parallel as low-side switches (Q1-04). The SiC MOSFETs are
S4651 from ROHM with 1200 V rated voltage, 130 A rated
current, and 11 m2. The body diodes of the SiC MOSFETs are
directly used as the parallel antidiodes. Aluminum wires are
bonded to connect the gate and source of the MOSFETs to the
upper copper layer of the DBC substrate. The materials of DBC
layers are Cu/SizgN4/Cu with a thickness of 0.25/0.32/0.25 mm
and a size of 43.2 mm x 28.6 mm. A pair of symmetrical dc
terminals are utilized, extending from one side of the DBC.
The thickness of the copper terminal is 0.8 mm. The common
source inductance is eliminated through the Kelvin connection to
maximize the performance of SiC MOSFETSs, as shown in Fig. 3.
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As shown in Fig. 2(a), the dc+ and dc— terminals are tightly
stacked with a terminal gap of 0.15 mm, which is closer than
traditional stacked terminals [16]. A polyimide (PI) film with an
insulation strength of 200 kV/mm is filled between two termi-
nals, which fully meets the insulation requirements of 1200 V.
Each terminal has two solder joints symmetrically distributed
on both sides of the parallel SiC MOSFETs. The commutation
loop of the 2.5-D power module is shown in Fig. 2(b). No
additional substrates are required, and a compact 2.5-D power
module with 3-D commutation loops and a symmetrical layout
is realized by introducing the solder joints of the horizontally
stacked terminals into the power module. The drive terminals
are distributed in parallel on one side of the power terminals.
In practice, the drive terminals can be simply bent to reduce the
coupling between the drive and power loops, and this process
is convenient. Based on the module, the structure is further
analyzed and optimized in Section III to achieve extremely low
inductance and balanced dynamic currents.

III. ANALYSIS AND OPTIMIZATION OF INDUCTANCE AND
CURRENT SHARING OF THE PROPOSED 2.5-D MODULE

Mutual inductance coupling is an important factor affecting
parasitic inductance [9], [16], [17], [18], [19], [20], [21], [22]
and dynamic current sharing performance [20], [37], [38], [39],
[40]. Therefore, mutual inductance coupling cannot be ignored
in this compact 2.5-D power module. In this section, the parasitic
inductance is first analyzed considering the mutual inductances.
Then, to the completeness of the optimization process, the
dynamic current sharing performance of four chips in parallel is
analyzed in the 2.5-D power module. Finally, a comprehensive
optimization analysis is conducted on the parasitic inductance
and dynamic current sharing performance. Extremely low para-
sitic inductance and balanced dynamic currents can be achieved
after optimization.

A. Analysis of Parasitic Inductance

The two main aspects of reducing parasitic inductance in
power modules are: reducing the length of the commutation path
and realizing mutual inductance cancellation between different
current paths.

The first part is to reduce the power circuit self-inductance
of the 2.5-D module. As shown in Fig. 2(b), four parallel SiC
MOSFETs are arranged in two groups and the commutation loop
is shown in red and blue lines. The solder joints between the
terminals and DBC are introduced into the 2.5-D power module
as close as possible to the chips, which reduces the length of
the commutation path on the DBC through the 0.3 mm copper
layer. The reduced path transforms into the path on dc terminals
with a thickness of 0.8 mm, decreasing the self-inductance of the
commutation loop. There are two soldering points between each
terminal and substrate, which allows four parallel commutation
loops in the power module, further lowering the self-inductance
of the commutation loop.

Furthermore, mutual inductance coupling is considered to
reduce parasitic inductance. As shown in (1), to reduce the
total parasitic inductance (Ljo0p) of the loop composed of two
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Fig. 4. Schematic diagram of commutation loop. (a) Power loop of 2.5-D
power module. (b) Parasitic inductance distribution of 3-D commutation loop.

segments (L; and L), negative mutual inductance coupling
(M;5) is introduced inside the power circuit

Lioop = L1 + Lo + 2Mi2 (D

where M5 depends on the distance between segments [19].

Based on the design criteria, from the side view of the power
loop in Fig. 4(a), the parasitic inductance distribution can be
obtained as shown in Fig. 4(b). Due to the special terminal
structure, a 3-D commutation loop is formed between the ter-
minal and the upper copper layer of the DBC. The parasitic
inductance can be divided into three parts: the inductance L,
from the dc+ terminals to the high-side MOSFETs’ drain, the
inductance L, from the high-side MOSFETs’ power source to
the low-side MOSFETs’ drain, and the inductance L. from the
low-side MOSFETS’ power source to dc- terminals. Therefore, a
mutual inductance cancellation effect (M , and M, ) is formed
between L, and L,, L., which effectively reduces the module
parasitic inductance. According to the module structure, M,
and M. depend on the terminal height and gap, respectively,
which significantly affects the total parasitic inductance (L2 5p)
of the power module. However, considering the cost, the ter-
minals in this article are fabricated by machining, which has
a certain tolerance. Considering the tolerance, the gap of 0.15
mm is deemed sufficiently small. Therefore, the terminal gap is
fixed, and the ultralow parasitic inductance is achieved only by
optimizing the terminal height.

B. Analysis of Dynamic Current Sharing Performance

Due to the compact 3-D commutation loop of the 2.5-D
module, the impact of mutual inductance coupling on dynamic
current balancing needs to be considered. Based on the model in
[39] and [40], the dynamic current sharing performances of the
proposed 2.5-D power module are analyzed by considering the
mutual inductance coupling between power branches and power
branches on the driving branches.

Only the dynamic current balance of the low-side MOSFETS
is analyzed due to symmetry. When low-side MOSFETs are used
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Fig. 6. Parasitic equivalent circuit of parallel Q1 and Q2 considers mutual
inductance coupling.

as the main switches and high-side MOSFETs are used as the
freewheeling diodes, the parasitic inductance model considering
mutual inductance coupling between the power branches and the
power branches to the drive branches is shown in Fig. 5. Mutual
inductance coupling exists between any two inductances with
red dots.

The dynamic current sharing performances between Q1 and
Q2 are analyzed, which is applicable to any two parallel MOS-
FETs. Considering the mutual inductance coupling, the parasitic
equivalent circuits of Q1 and Q2 are shown in Fig. 6. The
mutual inductance coupling between the two conductors can
be equivalent to a voltage source on the conductor according to
(A1) in Appendix. Since the driving-loop currents are far smaller
than the power-loop currents, the influences of the magnetic
coupling from the driving-loop to the power loop are ignored.
Only the mutual inductance couplings between the power loops
and the couplings form the power loops to the driving loops are
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considered, which are equivalent to the voltage sources Vg1,
Vg2, Ve, Vakz, Vs, and Viggo.

During switching transients, MOSFETSs operated in the satura-
tion region. They can be equivalent to current sources controlled
by the gate-source voltages, which are expressed by

{idl = g(vgsl - V;:h)z
id2 - g('Ugs2 - Vvth)

@)

where g is the transconductance and Vi, is the threshold voltage.
They depend on the performances of the SiC MOSFETs. Only
layout-dominant dynamic current imbalances are considered,
assuming the performances of parallel-connected chips are con-
sistent. It can be inferred that

Aid = idl - Z‘d2 = g(vgsl - vgs2)(vgsl + Vgs2 — 2Vvth)
3)

which indicates that balanced dynamic currents are achieved
when the difference in gate-source voltage (Avggi2) between
Q1 and Q2 is zero. Since gate currents (iy) are very small, the
KVL equations for drive loops 1 and 2 of Q1 and Q2 are obtained
as follows:

= gAUgle(Ugsl + Vgs2 — 2‘/th)

{vgsl =Ve — Vgt — Virkr — Lia d;’f “)
Vgs2 = Vo — Virgz — Varkz — Lo %2,
Equation (4) is further derived as follows:
Avgsi2 = Virgz — Vargr + Varkz — Virka
digz digy
Lio—— — Lj1——. 5
+ Lz, m Q)]

The KVL equation for loop 3 consisting of the power source
and driving source of Q1 and Q2 is as follows:

digy diga dij2
L. L2 Vi — Viges + Lig 22
1 2dt+M1 Ms2 + K27
digy
- Lkl? + Varkz — Vargr = 0. (6)
From (5) and (6), Avg,12 can be derived as
Avge12 = Vrge — Vgt + Vrsz — Viusa
digo dig1
Lo2s2 2t 7
+ s2 dt 1 dt ( )

When dynamic current balancing is achieved in Q1-Q4, it can
be considered that

®)

1g1 = 142 = 143 = lda = iLd
161 = 1s2 = 143 = ls4 = ULs-

To simplify the analysis, the currents of O5-08 on the high
side are assumed to be equal

€))

{ids =146 = ldr = ld8 = iHd
i55 = isﬁ = 2.87 = Z.58 = Z'Hs-

The specific expressions for Vasg1, Vg2, Vs, and Vg
can be derived in Appendix (A2) and (A5). The gate current (i)
and driving-source current (i) are much lower than the drain
current (i4) and power-source current (i;). Therefore, it can be
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considered that

{Z.Hd s (10)
ULd = 1Ls-

The KCL equation for the half-bridge midpoint ac is expressed
as

Iload
—_— 11
; an

By substituting (A2), (A3), and (8), (9), (10), (11) into (7), it
can be derived that

I1Hs = iLd —

difrq
Avgs12 = Mio——.
Vgs12 12 di

The specific expression for the dynamic current sharing coeffi-
cient M2 is shown in Appendix (A4). It indicates that M5 could
evaluate the dynamic current sharing performances between Q1
and Q2 when considering mutual inductance coupling. When
M, equals zero, Q1 and Q2 can achieve dynamic current bal-
ancing. Similarly, M35 and M4 could also be derived to evaluate
the dynamic current sharing performances between Q1, 03, and
Q4. Meanwhile, according to (A4) and (AS), M 412 represents
the influence level of high-side drains on the dynamic current
sharing performance between Q1 and Q2 through the magnetic
coupling of the high-side drains to the power sources and gates.
Similarly, M pg12, Mrq12, and Mo represent the influence
level of high-side power sources, low-side drains, and power
sources on dynamic current sharing performances, respectively.

Due to the influence of terminal height H on the self-
inductance and mutual inductance coupling of the power mod-
ule, the dynamic current sharing performances can be optimized
by adjusting the terminal height to make M2, M;3, and M4
close to 0.

12)

C. Comprehensive Optimization of Parasitic Inductance and
Current Sharing Performances

Based on the analysis of the above two parts, the terminal
height H needs to be optimized to achieve extremely low par-
asitic inductance and high current sharing performances of the
2.5-D power module.

ANSYS Q3D was used to extract the parasitic inductance
of the module with a frequency of 20 MHz at different terminal
heights (from 2.1 to 6.5 mm), as shown by the blue line in Fig. 7,
which indicates that the parasitic inductance of the module
decreases with the decreasing terminal height. Considering the
simple processing conditions in the laboratory and the insulation
requirements, 2.5 mm is selected. At this time, the whole para-
sitic inductance is only 1.9 nH. The ultralow parasitic inductance
is mainly attributed to two parts: a decrease in terminal height
leads to a decrease in the self-inductance introduced by the
terminals; and the reduction of terminal height significantly
increases the mutual inductance cancellation effect of M, on
the parasitic inductance of the commutation loop. When H is
2.5 mm, the parasitic inductance matrix of Ly, L, and M,
is given in Table I. The total self-inductance of L, and L, is
8.73 nH. The contribution of M, to the total loop inductance
is twice that of M ,, equal to —4.62 nH. Clearly, M , offsets
52.9% of L and L,, which is significant.
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Fig.7. Parasitic inductance (L2 5p) and current sharing judgment coefficients
(M12, M13, M14) at different terminal heights (H).

TABLE I
PARASITIC INDUCTANCE MATRIX BETWEEN L AND L,

Ly L,
7.16 1.57

M.,
-2.31

Inductance (nH)

AC Net

1
i -

- woares
j /| DC-Net

Hi Net LyNet ||

it il i [F .y

Fig. 8. ANSYS Q3D simulation nets.

Based on the analysis of Section III-B, as shown in Fig. 8,
the parasitic inductance matrix was extracted by ANSYS Q3D
to calculate the dynamic current sharing coefficients. First, the
relationship between each part of the dynamic current sharing
coefficient (M rrazy, M Hsoy M Ldzys M Lszy) and H is shown in
Fig. 9. Take Q1 and Q2 as examples. As H increases, M 412 and
M 12 increase, while M 7412 and M 412 change little. It shows
that low-side drains and power sources have a non-negligible
influence on dynamic current sharing performances, while the
influence of high-side drains and power sources can be ignored.
Before analysis, the influence level of each part is unknown.
Therefore, it is necessary to consider all mutual inductances and
analyze them.

Furthermore, according to (A4), under different terminal
heights, M2, M3, and M;4 exhibit variations as illustrated by
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the red lines in Fig. 7. To achieve absolutely balanced dynamic
currents, it is necessary that M2, M13, and M14 concurrently
are close to 0. Due to the symmetrical layout, M4 always
approaches zero, which means that Q1 and Q4 always maintain
balanced currents. When the terminal height H is 2.5 mm, M2
and M3 are close to zero, which means the dynamic currents
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are balanced among Q1, 02, and Q3. As the terminal height
increases, M12 and M3 gradually increase, and the dynamic
current sharing performances of Q1-03 gradually deteriorate.

In conclusion, the value of H is selected as 2.5 mm, con-
sidering the parasitic inductance and dynamic current sharing
performances. The parasitic inductance of the 2.5-D power
module is only 1.9 nH, and the dynamic currents between Q1 and
Q4 can be balanced. In the future, as experimental conditions
improve, it is expected that the terminal height can be further
reduced to achieve lower parasitic inductance while ensuring
balanced dynamic currents.

In order to verify the analysis and optimization of the dynamic
current sharing performances of Q1-04, the parasitic inductance
matrix extracted by ANSYS Q3D was imported into LTSPICE
to build a double pulse testing circuit. The schematic diagram
for the electromagnetic co-simulation is shown in Fig. 10. The
bus voltage is 600 V and the load current is 180 A. When H is
6.5 mm the dynamic current waveforms of Q1-0Q4 are shown
in Fig. 11(a), where the maximum current difference among
Q1-04 is 4.3 A. Under the optimized terminal height H = 2.5
mm, the maximum current peak-to-peak difference was reduced
toonly 1.1 A, as shown in Fig. 11(b).

IV. FABRICATION AND TEST

In this section, the 2.5-D power module is fabricated and
tested to verify the low parasitic inductance and high dynamic
current sharing performance. Three different experiments are
performed. On the one hand, the dynamic test is performed
to verify the low parasitic inductance. However, limited to
the inductance introduced by PCB, the low parasitic induc-
tance can only be verified indirectly [18], [19], [20]. Therefore,
the impedance test is additionally performed to directly demon-
strate the ultralow parasitic inductance. On the other hand, to
verify balanced dynamic currents directly, a dynamic current
sharing test is conducted.

A. 2.5-D Power Module Fabrication

The fabrication process of the prototype of a multichip 2.5-D
power module is shown in Fig. 12, and the materials used are
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Fig. 11. Comparison of turn-on currents with different terminal heights.
(a) H= 6.5 mm. (b) H=2.5 mm.

TABLE II
MATERIAL LIST IN FABRICATION PROCESS

Material Specifications
SiC MOSFET S4651 1200 V/130 A (25 °C)
Cu/ Si3N4/Cu thickness:
DBC Si3N4 0.25 mm/0.32 mm/0.25 mm
DBC Dimension:43.2 mmx28.6
mm
. . . Diameter for power: 15 mil
Bonding wires Aluminum Diameter for drive: 8 mil
Terminals Copper Thickness: 0.8 mm
Dietoattach ¢ 546410 Melting point: 240 °C
solder
Terminals attach g\ 3 Melting point: 217 °C
solder

given in Table II. In the first step, eight SiC MOSFETs were sol-
dered using Sn90Sb10 with a melting point of 240 °C. Then, the
bonding wires of the power circuit and the driving circuit were
bonded to connect the chip electrodes to the DBC Subsequently,
the power terminals with PI film and the driving terminals were
soldered using SAC305 with a melting point of 217 °C, whose
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Fig. 12.  Proposed 2.5-D power module fabrication progress.
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Fig. 13.  Double pulse test for designed modules. (a) Circuit schematic of the
power circuit. (b) Dynamic test PCB and measured 2.5-D power module.

melting point is lower than that of Sn90Sb10. Finally, epoxy
resin was used to insulate during the molding process.

B. Dynamic Test and Results

First, dynamic testing is performed to verify the parasitic
inductance of the 2.5-D power module, and the testing platform
is shown in Fig. 13. The schematic diagram of the connection
between the dc+ and dc- terminals and the PCB is shown in
Fig. 14. The busbar dc+ of PCB is connected to the dc+ terminal
through screws, and the busbar dc- and dc- terminals are directly
connected in contact. The middle part of the screw was wrapped
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Fig. 15.  Drain-source voltage (vqs) and total current(ig) of the 2.5-D power
module.

with PI film to ensure the insulation between the screw and
the dc- terminal. High-side MOSFETs were used as diodes and
the low-side MOSFETs were switched. T&M SSDN-10 (0.1 €2,
2 GHz) shunt resistor was utilized to measure the load current.
Decoupling capacitors were used to decouple the parasitic in-
ductance introduced by the PCB and capacitors. Drain-source
voltage was measured by a P5100A 1000 V/500 MHz voltage
probe. The dc voltage is set to 600 V and the driving resistance is
1 Q. +18/-2 V driving voltage was supplied to low-side MOSFETS
through the drive board, and the load inductance was 77.6 pH.

The drain-source voltage (v4s) and total current (i) of low-
side MOSFETs during turn-OFF are shown in Fig. 15. The turn-
OFF spike voltage is 842.1 V. The voltage oscillation frequency
is 60.98 MHz. The parasitic inductance calculation formula is
expressed as

13)

In (13), fis the voltage oscillation frequency, which is equal
to 60.98 MHz, and C is the parasitic capacitance, composed of
the output capacitance of the four MOSFETSs and the parasitic
capacitance of the electrode copper layer. Static testing was
performed to measure the output capacitance of the processed
module using the Keysight Power Device Analyzer BI505A.
When the drain-source voltage is 600 V, the output capacitance
is equal to 930 pF. Substituting C and f into (13), the parasitic
inductance value calculated from the oscillation frequency is
7.32 nH. This parasitic inductance is higher than that obtained
from the simulation, which is mainly caused by the additional
parasitic inductance (Ltyaces + Lpspe + Ls) introduced by
the PCB, final decoupling capacitor, and shunt, as shown in
Fig. 13(a). The geometry containing both the PCB test board and
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Fig. 17.  Experimental results of 2.5-D module parasitic inductance.

power module was established in Q3D, and the overall parasitic
inductance (Lo 5p + Liraces + Lusr2 + Ls) was extracted. The
result is 6.95 nH, which is close to the experimental results.
Therefore, the parasitic inductance of the proposed 2.5-D mod-
ule is validated indirectly.

C. Impedance Test and Results

Furthermore, to directly validate the low parasitic inductance
of the proposed 2.5-D power module, an impedance test was
conducted on the fabricated module, as shown in Fig. 16. The
Keysight 4294 A impedance analyzer, operating in the frequency
range from 40 to 110 MHz, was utilized for measuring the
module’s parasitic inductance (L 5p). The impedance analyzer
injects high-frequency current into the conductors and obtains
the parasitic inductance by measuring the voltage across the
conductors. A probe and fixture were employed to connect
the power module to the impedance analyzer. Due to the low
parasitic inductance of the power module, the probe and fixture
are carefully calibrated before testing to compensate for their
introduced parasitic inductances.

During the measurement, +18 V driving voltages are applied
to both the high-side and low-side driving terminals to turn
on the internal MOSFETs. Fig. 17 illustrates the experimental
results of the parasitic inductance. The frequency scan range is
from 10 to 30 MHz. Consistent with the simulated frequency,
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Dynamic current sharing waveforms of fabricated 2.5-D power

at 20 MHz, the parasitic inductance of the module is mea-
sured as 2.31 nH. There is a certain discrepancy between the
results and simulations. It may be due to incomplete calibration
of the fixture’s parasitic inductance and some differences be-
tween the fabricated module and the simulation model. For
instance, the terminal height and gap are not strictly controlled
due to the tolerances of terminals. However, the experimental
result is enough to validate the low parasitic inductance of the
proposed module.

D. Dynamic Current Sharing Test and Results

Finally, the dynamic currents of each MOSFET are measured to
verify the dynamic current sharing performance of the designed
power module. Before the experiment, the static performances
of SiC MOSFETs were measured. MOSFETs with similar param-
eters are used to ensure consistent static parameters between
parallel chips. Rogowski coils were mounted on the power
source bonding wires of each MOSFET to measure the dynamic
current of each chip. Due to terminal height limitations, only two
bonding wires are bonded on each chip to allow enough space
for current measurement. Due to symmetry, it has little effect on
the current sharing performances of parallel chips. Meanwhile,
for the measurement requirements, the module cannot be sealed,
as shown in Fig. 13(b). Therefore, the power module was tested
under 150 V for safety, which can already demonstrate the dy-
namic current sharing performances of the module. The dynamic
current measured is shown in Fig. 18. i;1—i44, respectively,
represent the currents flowing through MOSFETs Q1-Q4. The
maximum peak dynamic current difference of low-side MOSFETS
in parallel is only 1.7 A, indicating that the dynamic current
balancing performances of the four SiC MOSFETs in parallel in
the designed 2.5-D power module were fully verified.

V. CONCLUSION

This article proposed a novel 2.5-D wire-bonding multi-
chip SiC power module with low parasitic inductance and
high dynamic current sharing performance. A compact, highly
symmetrical 3-D commutation loop was formed through a spe-
cial structure without any additional substrates. Parasitic induc-
tance and dynamic current-sharing performances are analyzed
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and optimized considering mutual inductance coupling. A 1200
V/520 A half-bridge power module was fabricated after opti-
mizing the terminal structure. The ultralow parasitic inductance
and high dynamic current sharing performance of the 2.5-D
power module were experimentally verified via dynamic test,
impedance test, and dynamic current sharing test. Due to the
outstanding mutual inductance cancellation of the 3-D commu-
tation loop, the parasitic inductance of the fabricated module
is only 2.31 nH from impedance testing, which leads to good
dynamic performances during the transient process. Based on
the high symmetry of the power module layout, the maximum
dynamic current difference of parallel SiC MOSFETs is only 1.7
A, which achieves balanced dynamic currents. Therefore, the
proposed power module not only retains the simple and low-cost
performances of 2-D packaging structure but also achieves the
high electrical performance of 3-D packaging, which promotes
widespread application in the packaging industry.

APPENDIX
A. Equivalent Voltage Sources of Mutual Inductance Coupling

The mutual inductance coupling between two conductors can
be regarded as additional voltage sources determined by the
other party’s current and mutual inductance value. The expres-
sions of the extra voltages generated are shown as

_ g diz
Varn = M2

g (A1)
M2 — dt

where V1 and Vo are the equivalent voltage drops of the two
conductors due to mutual inductance coupling. M is the mutual
inductance value between conductors. i1 and i are the currents
flowing through the two conductors, respectively,

In theory, mutual inductance exists between any two para-
sitic inductances. However, both the gate current i, and the
driving source current iy of the drive loop are much smaller
than the power-loop current. According to expression (A1), the
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equivalent voltage drops in the power branches caused by the
drive currents can be ignored. Therefore, the parasitic circuit
model only considers the magnetic coupling between the power
loops and the coupling from the power loop to the driving loop.
Therefore, combining (8) and (9), the specific expressions of
Vmgt> Viage, Viusi, and Ve can be written as shown in (A2)
and (A3) shown at the bottom of this page.

B. Dynamic Current Sharing Judgment Coefficients

The specific expression of the dynamic current sharing judg-
ment coefficient M7, between Q1 and Q2 is as follows:

My = Mpai2 + Mps12 + Mraiz + Mrsi2 (A4)

where the specific expressions of M 7412, Mps12, M1412, and
M2 are shown in (AS) shown at the bottom of this page.
Similar judgment coefficients M3 and My, between Q1, 02,
and Q3 can be derived. Only the subscripts are different. So,
they are not shown here
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