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Abstract— Power modules are the core components of the
powertrain of hybrid and battery electric vehicle (EV) and has
a significant impact on system performance and reliability. Con-
ventional single-sided cooled (SSC) wire-bonded power modules
have limitation to utilize the benefits offered by new generations
of silicon carbide (SiC) devices due to higher parasitic inductance
and heat dissipation issues. Planar, low-profile, and double-sided
cooled (DSC) power modules are emerging in inverters of
EV powertrain to address the limitations of conventional SSC
modules. However, there is a reliability concern introduced by the
rigid interconnection between the device chips and two substrates
of the DSC power module. In this article, the design and
development of a DSC, 1200-V/150-A SiC half-bridge split-phase
power module have been presented, where flexible compressible
pins called “fuzz buttons” are used in a low-profile printed
circuit board (PCB) to realize die top-side connection. Our
simulation result shows a 45% reduction of thermomechanical
stress at the interposer–dies interface with a total power loss
of 1300 W (200-W/SiC MOSFET and 125-W/SiC Schottky diode).
The feature of double-sided cooling helps to reduce the maximum
junction temperature of the dies by 26%, compared to single-
sided cooling. Moreover, the vertical commutation loop and
utilization of copper layer in PCB-based fuzz button retainer
board help to achieve a power loop inductance as low as 1.51 nH.

Index Terms— Advanced packaging, GaN power module, high-
speed switching.

I. INTRODUCTION

IN THE fields of electrification of the transportation
sector and renewable energy management, there is a

growing demand for high-power-density energy conversion
stages that utilize efficient and reliable power semiconductor
devices [1], [2], [3], [4]. Wide bandgap devices, such as
silicon carbide (SiC) and GaN, have been widely adopted to
meet this demand as they can operate at higher switching
frequencies and device junction temperatures compared to
their Si counterparts [5], [6], [7]. To fully benefit from these
advanced semiconductor devices, improved and advanced
packaging structures and interconnect technologies are nec-
essary. Furthermore, the demanding operating conditions in
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certain applications, such as electric vehicles (EVs), which
involve vibration, humidity, and high temperatures, have pre-
sented notable obstacles in the packaging of power modules.
The design of packaging structures, materials used, and mis-
sion profiles play a crucial role in determining the thermal,
electrical, mechanical performance, and reliability of these
modules, as highlighted in previous studies [8], [9]. The
conventional power module packages are single-sided cooled
(SSC) and wire-bonded structure, where the top side of the
power semiconductor devices/dies is utilized for electrical con-
nections using wire bonds, while the bottom side is typically
attached to a metallized insulating substrate to conduct current
and facilitate heat dissipation.

The standard interconnection approach for power modules
has traditionally relied on wire bonding due to its ease of use,
established maturity, and cost-effectiveness. However, wire
bonding remains a weak point in terms of power module
reliability, with failure modes such as bond wire liftoff and
heel cracks resulting from thermomechanical stress during
operation and power/thermal cycling [10]. In addition, wire
bonding introduces challenges such as increased power loop
inductance (LStray) ranging from 15 to 20 nH [12], leading to
issues such as significant voltage overshoot [13], [14], high
switching loss under high-frequency switching operation, and
voltage oscillation resulting in electromagnetic interference
(EMI) [15]. It also limits heat dissipation from the top side
of power semiconductor devices, resulting in elevated thermal
resistance (Rth) commonly ranging from 0.1 to 0.8 K/W [11].
Since the semiconductor device is operated up to their thermal
limit by keeping the maximum junction temperature within a
safe range, reduced Rth of the package will help to improve
the power handling capacity of the dies, which will lead
to reduced semiconductor footprint, smaller packaging size,
and decreased material usage, thereby reducing overall costs.
In this context, the utilization of double-sided cooled (DSC)
modules, besides several other advantages, has been shown
to significantly enhance the power density of power convert-
ers [16], [17], [18]. Enhanced thermal performance achieved
through DSC can effectively reduce temperature fluctuations
and thermal stress within power modules. As a result, DSC
modules have demonstrated improved power cycling capa-
bility and reliability compared to SSC modules, leading to
increased operational lifetime [19], [54], [55]. Researchers
from both industry and academia have developed various DSC
modules [20], [21], [22], [23], [24], [25], [26], [27], [28],
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[29], [30], [31], [32]. In many of these module structures,
semiconductor dies are positioned between two metallized
ceramic substrates, with one serving as the die attach substrate
and the other for connections on the opposite side of the
die with help of various interposers and interconnects. The
resulting package offers improved thermal performance due to
double-sided cooling. Moreover, these DSC modules typically
have a smaller footprint and eliminate the need for wire
bonding, resulting in lower power loop inductance compared
to other designs. Nevertheless, it is worth noting that the
DSC package tends to be structurally stiffer compared to the
SSC wire-bonded package, which raises concerns regarding
its thermomechanical reliability.

To achieve electrical connection from the top side of
the dies, interconnects often come as metal brick, ball,
or tube [33], [34], [35], where copper (Cu) remains the
most used material. Studies [17], [36], [37], [38], [39], [40]
have identified that the mismatch in coefficient of thermal
expansion (CTE) between copper (Cu) and semiconductor
materials, such as silicon (Si) or SiC, can result in higher
levels of thermomechanical stresses at the interfaces between
the dies and the interposer in DSC modules compared to
wire-bonded ones. These increased stresses can potentially
reduce the fatigue life of the attachment layer [55]. To address
the thermomechanical reliability concerns of DSC modules,
researchers have investigated the use of interposers made of
molybdenum (Mo) [37], [38], [39] or Cu/Mo/Cu [40]. Mo has
a CTE closer to that of semiconductor materials such Si and
SiC compared to Cu, with CTE values of 4.8 ppm/K for
Mo, 2.6 ppm/K for Si, and 3.7 ppm/K for SiC. However,
Mo interposers require surface plating (e.g., Ti/Ni/Ag) to be
compatible with soldering or silver sintering and have lower
thermal conductivity compared to Cu. In a separate endeavor,
a porous interposer made of low-temperature, pressure-less
sintered silver was proposed, which requires pressure-assisted
sintering during fabrication [41]. In addition, all these inter-
posers necessitate a metallization layer to be attached from the
top side of the dies. However, Al metallization is commonly
used for SiC on the top side, which is not a good candidate
for soldering or sintering. As a result, surface remetallization
of the dies is required, adding additional steps and costs to the
manufacturing process.

Alternatively, press-pack technologies have garnered interest
due to their ability to eliminate wire bonding and soldering
by utilizing pressure contact bonding for forming joints [42].
However, current press-pack approaches, such as direct pres-
sure contacts and spring contacts, necessitate a larger die
area and specialized die top-side metallization [43]. To over-
come the challenges related to the specific requirements of
press-packed SiC MOSFET, mentioned above, a feasible pres-
sure contact interconnection solution using flexible and minia-
ture press pins called “fuzz buttons” is proposed [44], [45].
These fuzz buttons are housed in a low-temperature co-fired
ceramic (LTCC) interposer. However, it should be noted that
LTCC has a relatively lower flexure strength (230 MPa) com-
pared to other commonly used substrate materials such as FR4
(345 MPa), Al2O3 (317–345 MPa), and AlN (360 MPa) [46],
making the reliability of the module a concern due to the

Fig. 1. Reconfigurable feature of the module as a half-bridge or split-phase
topology (shown for single phase).

fragility of LTCC material. Furthermore, due to the inclusion
of heatsink in the power loop, the overall resulting inductance
for this half-bridge module stack is 12 nH.

This article aims to propose feasible solutions for these chal-
lenges by leveraging the benefit of solderless pressure contact
using fuzz button pins on the top-side interface of the dies.
We have used printed circuit board (PCB) as interposer along
with computer numerical control (CNC) machined copper
block to house the fuzz buttons with necessary compression
to establish a reliable pressure contact, which eliminates the
requirement of external clamping block. Utilization of copper
layer in the interposer PCB helps to form a vertical commuta-
tion loop, resulting power loop inductance as low as 1.51 nH
through enhanced mutual inductance cancellation. The pro-
totyped module shows excellent switching performance with
less than 5% voltage overshoot during the turn-off at rated
conditions when the recorded turn-off speed was 35 V/ns. The
feature of double-sided cooling helps to reduce the maximum
junction temperature of the dies by 26%, compared to single-
sided cooling. The proposed module also reduces the stress at
the top side of the die by 45% due to the introduction of fuzz
button at dies–interposer interface. The module is laid out as
a p-cell and n-cell with a provision of access to the midpoint
of both the cells separately. It provides flexibility to the end
users to configure the module as a half-bridge or a split-phase
topology, as shown in Fig. 1. In addition to reducing switching
losses, split-phase topology solves the inherent problems of
traditional half-bridge-based voltage source inverter topolo-
gies, such as mistriggering and shoot-through due to crosstalk,
as well as increased loss and waveform distortion due to
required dead time [47], [48], [49]. In Sections II and III,
we have described in detail the layout design of the module
with electrical, thermal, and thermomechanical simulations
to show the advantages of the DSC module with solderless
pressure contact established by fuzz buttons. Then, we present
the processes for fabricating the module, followed by the
measurement results on the electrical performance of the
module. Future work includes evaluation of these modules in
applications and tests on their reliability.
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II. DSC MODULE LAYOUT WITH FUZZ BUTTON
INTERCONNECTS

A. Fuzz Buttons
The fuzz buttons are miniature interconnects made from

numbers of fine strands of Au-plated beryllium copper (BeCu)
wires that have been compressed into a cylindrical shape.
Fuzz buttons are better interconnects compared to alternative
contact technologies such as spring probes, pogo pins, hyper-
boloid contacts, and even soldering [61]. Fuzz button contacts
demonstrate excellent durability and spring characteristics
because of the high tensile strength of BeCu wire (1379 MPa).
Individual fuzz buttons can survive <500 000 mating cycles
when pressed with hardhat pins [51]. Fuzz buttons can retain
their shape when compressed to 15%–30% without perma-
nent deformation [52]. Due to the construction technique,
the skin effect also becomes minimal. The significance of
these factors becomes particularly apparent when considering
requirements such as minimal signal distortion, optimal fre-
quency response, effortless insertion, resilience to shock and
vibration, lightweight design, and long-term durability [50].

The fuzz buttons are available in very small dimensions
down to 10 mil in diameter and 40 mil in length. We have
chosen a 20 mil diameter and 50 mil length for our application.
Fuzz buttons are inserted into a grid of holes in a PCB
interposer that is slightly taller than the button’s length. Then,
they are compressed by 16% by a specially designed CNC
machined copper pillar with extrusion feature. It secures the
position of fuzz button and ensures good contact with the die
surface. The cross-sectional view of the interposer structure
and the fuzz button layout on the diode die is shown in
Fig. 2(b).

The value of self-inductance of individual fuzz button is
reported to be lower than 0.19 nH. Each of them can carry 5 A
of continuous current [53]. The resistance of the fuzz button
depends on the compression ratio. The resistance and force
versus deflection curve are shown in Fig. 3 [52]. Based on the
curve with 16% deflection, the resistance is around 35 m�.
We are using 15 fuzz buttons in each MOSFET, and hence,
an additional 2.33-m� resistance is introduced per MOSFET
dies. The SiC MOSFET die used in the prototype has an ON-
state resistance of 20 m� at 75-A drain current and 100 �C
junction temperature. The resistance introduced by the fuzz
button for each die is about 11.5% of the ON-state resistance
of the SiC MOSFET die.

B. Module Layout and Power Loop Optimization
Fig. 4 shows the layout design of the SiC split phase, half-

bridge, double-side cooled power module using fuzz button
as interconnect. The module consists of two 1.2-kV, 20-m�

SiC MOSFETs and two 1.2-kV, 50-A Schottky diodes at each
switching position. All the semiconductor chips and a 0.4-mm-
thin PCB (interposer PCB-1) with grooves for the dies are
directly attached to the bottom DBC. Then, the fuzz button
retainer PCB (interposer PCB-2) is attached on interposer
PCB-1. Fuzz buttons are placed in the plated through-hole
vias located exactly on the top sides of semiconductor chip
to access the contacts. Then, the fuzz buttons are pressed

Fig. 2. Use of fuzz button to establish pressure contact from the topside of
the die. (a) Fuzz button inserted in retainer PCB. (b) Fuzz button pressed and
secured using copper pillar.

Fig. 3. Resistance and force versus deflection curve for fuzz button with
20 mil diameter [52].

using CNC machined copper pillars that have small, extruded
features to go into the fuzz button holding vias. The power
loop is completed by placing the top DBC and ac PCB from
the top side. The overall module dimensions were 2.4 ⇥ 1.8 ⇥
0.36 cm. All the power terminals are on one side, while the
gate connectors are placed on the other side. The top view,
isometric view, and exploded view of the module are shown
in Fig. 4.

The half-bridge module is laid out as p-cell and n-cell.
Under inductive load, current commutation happens between
the top device and the bottom diode and vice versa depending
on the current direction. Arrangement of power loop in p-cell
and n-cell reduces the loop inductance compared to con-
ventional antiparallel switching cell. Moreover, the midpoints
of p-cell and n-cell in the designed module are not shorted
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Fig. 4. Three-dimensional model of the designed DSC module. (a) Top view.
(b) Isometric view. (c) Exploded view.

together internally. Midpoints can be accessed separately from
outside and end user can configure the module as conventional
half-bridge or split-phase topology.

The primary commutation loop is vertically spaced between
the top and bottom DBCs. The power loop inductance was
extracted using Ansys Q3D and the result is 5.6 nH for both
p-cell and n-cell separately. The commutation loop is shown in
Fig. 5. The reduction of power loop inductance in the vertical
commutation loop is dependent on the mutual cancellation
of magnetic flux. The mutual cancellation of magnetic flux
between top and bottom DBCs is weak due to the added
distance by the copper pillars. To further improve the coupling,
04 copper layer of the fuzz button retainer PCB (interposer
PCB-2) is utilized. Current is flown in the opposite direction
in adjacent layers in that PCB, as shown in Fig. 6.

As the distance between copper layers inside PCBs is rela-
tively smaller, the coupling can be enhanced greatly. Moreover,
the placement of ceramic decoupling capacitor in the same
PCB reduces the size of the power loop. This arrangement
reduces the power loop inductance as low as 1.51 and 1.56 nH
for p-cell and n-cell, respectively. In the Q3D simulation, the

Fig. 5. Initial commutation loop in the designed module.

solution frequency was set to 100 MHz, and the source and
sink are assigned to the pads of decoupling capacitors. The
final power loop inductance network with self-inductances
and coupling coefficients is shown in Fig. 7. The process of
total power loop inductance for p-cell is deduced using the
following equations. Power loop inductance for n-cell can be
calculated in a similar way

Lpcell = (4.7+1.7+2.94)nH + 2
�
Mp�n + Mp�ac1 + Mac1�n

�

(1)

Mp�n = Kp�n
p

4.7 ⇥ 2.94 nH (2)

Mp�ac1 = Kp�ac1
p

4.7 ⇥ 1.7 nH (3)

Mac1�n = Kac1�n
p

1.7 ⇥ 2.94 nH. (4)

III. THERMOMECHANICAL SIMULATION AND
FABRICATION

A. Thermal Simulation
To evaluate the thermal performance of the designed mod-

ule, the finite element analysis (FEA) simulation is performed
using Solidworks. To compare the performance of DSC mod-
ule using fuzz button to regular DSC modules, two cases
have been simulated: 1) using the designed module with
fuzz button and 2) a DSC module where the extrusions of
copper pillars are considered directly attached to the top
surface of the die. During these case studies, each of the
semiconductor dies is considered as a heat source dissipating
power. A parametric sweep has been performed where power
loss per die is varied from 20 to 300 W with a step of 20 W,
at a bulk ambient temperature of 298.15 K. The convection
coefficient for forced liquid cooling ranges between 100 and
15 000 W/m2K [56]. Since all semiconductor dies are attached
to the bottom substrate, for single-sided cooling, we have
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Fig. 6. Improved commutation loop utilizing the copper layers in interposer
PCB.

applied a convection coefficient of 10 000 W/m2K at the
bottom substrate and 20 W/m2K to emulate natural airflow
at the top substrate.

Fig. 7. Distributed inductance network of power loop in the designed module.

Fig. 8. Maximum junction temperature versus power loss for DSC and SSC
solution with and without fuzz button.

For double-sided cooling, a convection coefficient of
10 000 W/m2K was assumed at both the top and bottom
substrates. It is worth mentioning that, in reality, it is tough to
get good convection on both sides. It would depend on cold
plate design and flow parameters. This simplified simulation
establishes a baseline to compare the benefit of DSC over the
SSC solution.

The simulated results of maximum device junction temper-
ature (Tj) versus power loss are plotted in Fig. 8. A general
trend of increasing Tj with power loss is visible in the plot.
Although the solid copper interposer has a higher thermal
conductivity (398 versus 130 W/mK) and mass density (8960
versus 2475 kg/m3) than fuzz button, the differences in their
Tj are small; less than 2% for single single-sided cooling and
less than 7% for the double-sided cooling. This is because
the major portion of the heat generated in the dies is dissi-
pated through the bottom DBC, not through the interposers.
However, the effect of double-side cooling is significant, and
approximately 33% reduction of the junction temperature
is achieved compared to the single-sided cooling solution,
at 120-W power loss per die.

In another separate simulation, configuring the module as
a 2-L voltage source inverter supplying 140-A rms current
while operating at 70-kHz switching frequency with 800-V
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Fig. 9. Temperature distribution for DSC and SSC solution in a designed
module using fuzz button. Temperature distribution in (a) SSC solution and
(b) DSC solution.

dc link, a 200- and 125-W loss per MOSFET and diode
die is calculated, respectively. Under this condition, Tj of
the module with the fuzz button interposer and double-sided
cooling shows a reduction of 25% (or 49.16 �C) compared
to the single-sided cooling. Besides lowering the maximum
junction temperature, the DSC module shows more uniform
temperature distributions over the SSC solution, as shown in
Fig. 9.

Finally, a parametric analysis is done by varying the con-
vection coefficient from 4000 to 20 000 W/m2K with a step
of 2000 W/m2K and power loss per die from 20 to 300 W with
a step of 20 W. The parametric analysis compares 135 different
scenarios, as shown in Fig. 10. This analysis provides useful
information regarding the power handling capacity improve-
ment in the DSC solution. For example, with 10 000-W/m2K
convection and a maximum junction temperature of 154 �C,
the maximum power loss per die that can be supported by
the designed module is 127 W when cooled from single
side. On the other hand, the power handling capacity can be
raised to 200 W if cooled from double side. This indicates
a significant 57.5% increase of power handling capacity per
dies.

B. Stress Simulation

The temperature changes that power modules experience
during their operation (power cycling) result in stresses due
to the difference in CTEs between materials. The information
obtained from the steady-state thermal simulation for this DSC

Fig. 10. Parametric analysis showing benefits of DSC solution over SSC
solution. Parametric study for (a) SSC solution and (b) DSC solution.

module was applied as thermal load in a static structural sim-
ulation to identify areas where this effect causes an increased
likelihood of failure. The properties of different materials and
fuzz buttons [51], [52], [53], [57] are extracted from their
datasheet.

To predict the reliability of the power module, von Mises
stresses in different points, specifically at the venerable joint
locations, are widely used. It is reported that the number of
cycles to failure is inversely proportional to the maximum
von Mises stress [17]. To evaluate the performance of fuzz
button, stress at the top side of the dies is plotted for two
conditions in our designed DSC module. The first condition
is when the extrusions of copper pillar are directly attached to
the top side of the dies, while the second condition is when the
connection to the top side of the die is established by pressure
contact using fuzz buttons + copper pillars. The first condition
outputs a maximum stress of 126.5 MPa at the interposer top
side of die interface. The fuzz button shows a significant 45%
reduction, resulting in 70.01 MPa at the same interface. The
comparison is shown in Fig. 11.

The maximum stress was identified to be accumulated at
the top side of copper pillar to the top DBC interface in both
SSC and DSC conditions, as shown in Fig. 12.

C. Material Used in the Module
SiC MOSFET chips rated at 1.2 kV, 20 m� manufactured

by GeneSiC semiconductors and 1.2-kV, 50-A Schottky diodes
from CREE are used inside the module. The drain pad of
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Fig. 11. Von Mises stress distribution at the interface between the topside of
the die and interposer. Von Mises stress distribution at the top side of die for
(a) fuzz button interconnect and (b) regular interconnect (only copper block).

Fig. 12. Von Mises stress distribution at the interface between top DBC and
copper pillars.

the device was metalized with a nickel–silver (Ni/Ag) surface
finish, while the source and gate pads were aluminum (Al)
metalized. The device is directly soldered from the drain
terminal to the DBC substrate. The gate and Kevin-source pads
were wire bonded using 5-mil-diameter Al wire. The DBC
substrates are manufactured from AlN with electroless nickel
immersion gold (ENIG) surface finish. Three distinct PCBs are
used inside of the module. PCBs are used for retaining fuzz
buttons and establishing input and output terminals. The first
interposer PCB is 0.4 mm thick, while the second interposer
PCB and ac PCB both come with 1 mm thickness. All the
PCBs are made with FR4 material having a glass transition
temperature of 175 �C. The copper pillars are manufactured

using CNC machining. The fuzz button interposers each
having 20 mil diameter and 40 mil length are purchased from
custom interconnect. For attachment, SAC 305 and Pb37/Sn63
solder pastes are used. Table I shows a list of the materials
used for making the proposed DSC module.

D. Assembly of Module
To fabricate the module, the designed DBCs, PCBs, and

copper pillars are outsourced from suppliers. To assemble
different parts together, SAC 305 and Pb37/Sn63 solder pastes
are used. The fabrication process starts by applying SAC
305 solder paste on the bottom DBC with the help of stencil.
Now, PCB-1 and the dies are mounted on the bottom DBC.
Next, the assembly is heated up inside a reflow oven following
the reflow temperature profile of SAC 305 solder paste. The
gate and source Kelvin connection are established by 5-mil
ultrasonic aluminum wire bonding from dies to PCB-1 after
first reflow. Using the same SAC 305 solder paste, the top
DBC is attached separately with ac PCB. Now, again using
stencil, Pb37/Sn63 solder paste is applied on the dedicated
solder pad of PCB-1 and PCB-2 (fuzz button retainer PCB)
is placed on top of the previous assembly. Next, fuzz buttons
are inserted on the designated holes (vias). These vias are
placed exactly on top of the die locations. After inserting
the fuzz buttons, CNC machined copper pillars are placed
from top. These copper pillars have extrusion features from
bottom sides. These extrusions are designed to go inside fuzz
button holding vias and compress the fuzz buttons to establish
a pressure contact. Silver epoxy (8330D) is used to attach
the bottom sides of the copper pillars to PCB-2. The same
Pb37/Sn63 solder paste is used on the top surfaces of the
copper pillars and the combined top DBC and ac PCB is
stacked on top of it. Finally, everything is held together using
clamps and second reflow soldering is done. The casing for
the module is made of acrylonitrile butadiene styrene (ABS)
plastic and attached from the sides using RTV167 adhesive
from Momentive. The ABS material used for the housing
sidewalls has enough heat deflection temperature and glass
transition temperature to sustain the adhesive curing and the
subsequent encapsulant curing. Finally, silicone epoxy is filled
inside the module and cured in place. The encapsulation
material keeps oxygen and moisture away from the solder
joints and interposers. Moreover, it strengthens the insulation
and reduces the risk of partial discharge. A degassing of the
encapsulant to remove bubbles before curing is a must. The
gel curing takes place in a vacuum at 100 �C for 30 min.
Fig. 13 summarizes the entire assembly process.

IV. ELECTRICAL CHARACTERIZATION OF THE
FABRICATED MODULE

The functionality and switching performance of the fab-
ricated module are thoroughly evaluated after its successful
fabrication. Switching loss is a function of switching speed
and it is often dictated by the device characteristics, layout
parasitics, and gate driver configuration [60]. To assess these
aspects, a standard double pulse test (DPT) is conducted using
the test setup shown in Fig. 14. In this setup, an air core
inductor with a value of 53 µH serves as the load, which is
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TABLE I
LIST OF MATERIALS USED INSIDE THE MODULE

Fig. 13. Fabrication steps of DSC module using fuzz button. (a) DBC (both top and bottom DBC shares the same design). (b) DBC and interposer PCB-1
aligned for reflow. (c) Bottom DBC, PCB-1, and dies attached after the first reflow. (d) Top DBC and ac PCB attached during the first reflow. (e) Wire bonding
to establish gate connection. (f) PCB-2 is placed, and fuzz button is inserted. (g) Copper pillars are placed on top of fuzz button. (h) Top DBC and ac PCB
are placed on copper pillars and second reflow is done.

connected across the diode of the p-cell, while the MOSFET
is being switched. For gate voltage provision, a custom gate
driver is employed, which can provide +15/�5 V at the gate
terminal referenced to the source. The logic signal at the input
of the gate driver is provided using a DSP card from Texas
Instruments. The test is carried out with an 800-V dc bus
voltage and a load current of 150 A. To capture the high-speed

transient events during the switching action, measurement
devices are required to have enough frequency bandwidth. This
is accomplished using a 1.5-kV differential probe (THDP0200)
in conjunction with a six-channel oscilloscope (MSO56) from
Tektronix. The oscilloscope has a bandwidth of 1 GHz, while
the employed probe has a bandwidth of 200 MHz. The
combined bandwidth of the probe and oscilloscope enables the
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Fig. 14. Test setup for DPT test of designed module.

Fig. 15. Switching waveform obtained from the DPT test.

Fig. 16. Switching waveform during the turn-off event.

capture of switching speed and high-frequency oscillations that
occur during switching events, ensuring accurate waveform
analysis (see Figs. 15 and 16). The employed gate resistance
at turn-on and turn-off path was 5 and 2 �, respectively. The
maximum voltage slew rate (dV/dt) during the turn-off event
was recorded around 35 V/ns, as shown in Fig. 16. During
the test, no spurious mistriggering and insulation failure was
observed.

The recorded overshoot on switching voltage (VDS) during
turn off was 40 V, which is 5% of the applied dc link
voltage. The magnitude of this voltage overshoot is the product
of di/dt and power loop inductance. The loop inductance
can be verified by observing the ringing frequency in the
switching waveform during device turn off [55]. According to

the experimental waveform shown in Fig. 16, the equivalent
Lstray is around 2.1 nH. The deviation is related to the effect
of parasitic inductance from the decoupling capacitors and
additional parasitic capacitance contributed from the module
(mostly from the stacked PCB boards) that is coming parallel
to Coss of the dies. The captured switching waveforms indicate
that the module is functional and shows coherence to the
design analysis done by simulation studies in Section II.

V. CONCLUSION

This work provides the detailed design, analysis, and char-
acterization of DSC split-phase module with fuzz button as
interconnect. According to our analysis, the fuzz button shows
a significant 45% reduction in thermomechanical stress in crit-
ical interface over solid copper interposer. The double-sided
cooling feature shows around a 57.5% increase in power
handling capacity per die compared to single-sided cooling
for a fixed convection coefficient of 10 000 W/m2K. The
fabrication processes are described in detail and the assembled
module is switched at the rated voltage and current. The
module shows good switching performance with an overshoot
of less than 5% of the dc link voltage.

REFERENCES

[1] S. Tanimoto and K. Matsui, “High junction temperature and low parasitic
inductance power module technology for compact power conversion
systems,” IEEE Trans. Electron Devices, vol. 62, no. 2, pp. 258–269,
Feb. 2015.

[2] F. Yang, Z. Wang, Z. Liang, and F. Wang, “Electrical performance
advancement in SiC power module package design with Kelvin drain
connection and low parasitic inductance,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 7, no. 1, pp. 84–98, Mar. 2019.

[3] D. Kim et al., “Online thermal resistance and reliability characteristic
monitoring of power modules with Ag sinter joining and Pb, Pb-free
solders during power cycling test by SiC TEG chip,” IEEE Trans. Power
Electron., vol. 36, no. 5, pp. 4977–4990, May 2021.

[4] C. Yao et al., “Comparison study of common-mode noise and thermal
performance for lateral wire-bonded and vertically integrated high
power diode modules,” IEEE Trans. Power Electron., vol. 33, no. 12,
pp. 10572–10582, Dec. 2018.

[5] L. A. Navarro et al., “Thermomechanical assessment of die-attach
materials for wide bandgap semiconductor devices and harsh envi-
ronment applications,” IEEE Trans. Power Electron., vol. 29, no. 5,
pp. 2261–2271, May 2014.

[6] L. Coppola, D. Huff, F. Wang, R. Burgos, and D. Boroyevich, “Survey
on high-temperature packaging materials for SiC-based power electron-
ics modules,” in Proc. IEEE Power Electron. Spec. Conf., Jun. 2007,
pp. 2234–2240.

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

[8] R. Khazaka, L. Mendizabal, D. Henry, and R. Hanna, “Survey of high-
temperature reliability of power electronics packaging components,”
IEEE Trans. Power Electron., vol. 30, no. 5, pp. 2456–2464, May 2015.

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

[10] G. Bower, C. Rogan, J. Kozlowski, and M. Zugger, “SiC power elec-
tronics packaging prognostics,” in Proc. IEEE Aerosp. Conf., Mar. 2008,
pp. 1–12, doi: 10.1109/AERO.2008.4526605.

[11] M. März, A. Schletz, B. Eckardt, S. Egelkraut, and H. Rauh, “Power
electronics system integration for electric and hybrid vehicles,” in Proc.
6th Int. Conf. Integr. Power Electron. Syst., Mar. 2010, pp. 1–10.

[12] C. Chen, F. Luo, 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.

Authorized licensed use limited to: SUNY AT STONY BROOK. Downloaded on January 08,2025 at 01:34:20 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/AERO.2008.4526605


EMON et al.: DSC SPLIT-PHASE SiC POWER MODULE WITH FUZZ BUTTON INTERPOSER 4927

[13] B. Mouawad et al., “Application of the spark plasma sintering technique
to low-temperature copper bonding,” IEEE Trans. Compon., Packag.,
Manuf. Technol., vol. 2, no. 4, pp. 553–560, Apr. 2012.

[14] W. Zhang et al., “A new package of high-voltage cascode gallium nitride
device for megahertz operation,” IEEE Trans. Power Electron., vol. 31,
no. 2, pp. 1344–1353, Feb. 2016.

[15] C. Yu, C. Buttay, É. Labouré, V. Bley, C. Combettes, and G. Brillat,
“Comparison of topside contact layouts for power dies embedded
in PCB,” in Proc. 6th Electron. Syst.-Integr. Technol. Conf. (ESTC),
Sep. 2016, pp. 1–6.

[16] C.-K. Liu et al., “Double-sided cooling SiC power module packaging for
industrial motor driving system,” in Proc. 15th Int. Microsyst., Packag.,
Assem. Circuits Technol. Conf. (IMPACT), Oct. 2020, pp. 105–108.

[17] J. Jeon, J. Seong, J. Lim, M. K. Kim, T. Kim, and S. W. Yoon, “Finite
element and experimental analysis of spacer designs for reducing the
thermomechanical stress in double-sided cooling power modules,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 9, no. 4, pp. 3883–3891,
Aug. 2021.

[18] B. Li, X. Yang, K. Wang, H. Zhu, L. Wang, and W. Chen, “A compact
double-sided cooling 650 V/30A GaN power module with low parasitic
parameters,” IEEE Trans. Power Electron., vol. 37, no. 1, pp. 426–439,
Jan. 2022.

[19] J. Marcinkowski, Innovative CooliR 2 TM Packaging Platform with
Dual-Side Cooling Advances HEVs and EVs. London, U.K.: IntechOpen,
2014.

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

[21] X. Liu, S. Haque, and G.-Q. Lu, “Three-dimensional flip-chip on flex
packaging for power electronics applications,” IEEE Trans. Adv. Packag.,
vol. 24, no. 1, pp. 1–9, Feb. 2001.

[22] S. S. Wen, D. Huff, and G.-Q. Lu, “Dimple-array interconnect technique
for packaging power semiconductor devices and modules,” in Proc.
13th Int. Symp. Power Semiconductor Devices (ICs. IPSD), Jun. 2001,
pp. 69–74.

[23] J. Yin, Z. Liang, and J. D. van Wyk, “High temperature embedded SiC
chip module (ECM) for power electronics applications,” IEEE Trans.
Power Electron., vol. 22, no. 2, pp. 392–398, Mar. 2007.

[24] Z. Liang, B. Lu, J. D. van Wyk, and F. C. Lee, “Integrated CoolMOS
FET/SiC-diode module for high performance power switching,” IEEE
Trans. Power Electron., vol. 20, no. 3, pp. 679–686, May 2005.

[25] N. Khan et al., “Development of 3-D stack package using silicon inter-
poser for high-power application,” IEEE Trans. Adv. Packag., vol. 31,
no. 1, pp. 44–50, Feb. 2008.

[26] J. N. Calata, J. G. Bai, X. Liu, S. Wen, and G.-Q. Lu, “Three-
dimensional packaging for power semiconductor devices and modules,”
IEEE Trans. Adv. Packag., vol. 28, no. 3, pp. 404–412, Aug. 2005.

[27] M. Mermet-Guyennet, A. Castellazzi, P. Lasserre, and J. Saiz, “3D inte-
gration of power semiconductor devices based on surface bump tech-
nology,” in Proc. 5th Int. Conf. Integr. Power Electron. Syst., Mar. 2008,
pp. 1–6.

[28] L. Ménager, M. Soueidan, B. Allard, V. Bley, and B. Schlegel,
“A lab-scale alternative interconnection solution of semiconductor dice
compatible with power modules 3-D integration,” IEEE Trans. Power
Electron., vol. 25, no. 7, pp. 1667–1670, Jul. 2010.

[29] J. Lee, D. M. Fernandez, M. Paing, Y. C. Yeo, and S. Gao, “Electroless
Ni plating to compensate for bump height variation in Cu–Cu 3-D
packaging,” IEEE Trans. Compon., Packag., Manuf. Technol., vol. 2,
no. 6, pp. 964–970, Jun. 2012.

[30] E. Hoene, A. Ostmann, and C. Marczok, “Packaging very fast switching
semiconductors,” in Proc. CIPS 8th Int. Conf. Integr. Power Electron.
Syst., Feb. 2014, pp. 1–7.

[31] S. Seal, M. D. Glover, and H. A. Mantooth, “3-D wire bondless
switching cell using flip-chip-bonded silicon carbide power devices,”
IEEE Trans. Power Electron., vol. 33, no. 10, pp. 8553–8564, Oct. 2018.

[32] R. A. Beaupre, A. V. Gowda, L. D. J. Stevanovic, and S. A. Solovitz,
“Double side cooled power module with power overlay,” U.S. Patent
8 358 000 B2, Jan. 22, 2013.

[33] D. W. Berry, “Design, analysis, and experimental verification of a
mechanically compliant interface for fabricating reliable, double-side
cooled, high temperature, sintered silver interconnected power modules,”
Ph.D. dissertation, Dept. Mater. Sci. Eng., Virginia Tech, Blacksburg,
VA, USA, 2014.

[34] J. M. Yannou and A. Avron, “Analysis of innovation trends in pack-
aging for power modules,” in Proc. 7th Eur. Adv. Technol. Workshop
Micropackag. Thermal Manage. (IMAPS), Feb. 2012, pp. 1–2.

[35] J. Schulz-Harder, “Review on highly integrated solutions for power
electronic devices,” in Proc. 5th Int. Conf. Integr. Power Electron. Syst.,
Mar. 2008, pp. 1–7.

[36] X. Cao, G.-Q. Lu, and K. D. T. Ngo, “Planar power module with
low thermal impedance and low thermomechanical stress,” IEEE Trans.
Compon., Packag., Manuf. Technol., vol. 2, no. 8, pp. 1247–1259,
Aug. 2012.

[37] C. DiMarino et al., “Design and experimental validation of a wire-bond-
less 10-kV SiC MOSFET power module,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 8, no. 1, pp. 381–394, Mar. 2020.

[38] M. Wang et al., “Reliability improvement of a double-sided IGBT
module by lowering stress gradient using molybdenum buffers,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 7, no. 3, pp. 1637–1648,
Sep. 2019.

[39] X. Zhao et al., “Flexible epoxy-resin substrate based 1.2 kV SiC half
bridge module with ultra-low parasitics and high functionality,” in Proc.
IEEE Energy Convers. Congr. Expo. (ECCE), Oct. 2017, pp. 4011–4018.

[40] J. Li, A. Castellazzi, T. Dai, M. Corfield, A. K. Solomon, and
C. M. Johnson, “Built-in reliability design of highly integrated solid-
state power switches with metal bump interconnects,” IEEE Trans.
Power Electron., vol. 30, no. 5, pp. 2587–2600, May 2015.

[41] C. Ding, H. Liu, K. D. T. Ngo, R. Burgos, and G.-Q. Lu, “A double-side
cooled SiC MOSFET power module with sintered-silver interposers: I-
design, simulation, fabrication, and performance characterization,” IEEE
Trans. Power Electron., vol. 36, no. 10, pp. 11672–11680, Oct. 2021.

[42] L. Tinschert, A. R. Årdal, T. Poller, M. Bohlländer, M. Hernes, and
J. Lutz, “Possible failure modes in press-pack IGBTs,” Microelectron.
Rel., vol. 55, no. 6, pp. 903–911, May 2015.

[43] J. A. O. Gonzalez, O. Alatise, L. Ran, P. Mawby, P. Rajaguru, and
C. Bailey, “An initial consideration of silicon carbide devices in pressure
packages,” in Proc. IEEE Energy Convers. Congr. Expo., Sep. 2016,
pp. 1426–1432.

[44] N. Zhu, M. Chen, D. Xu, H. A. Mantooth, and M. D. Glover,
“Design and evaluation of press-pack SiC MOSFET,” in Proc. IEEE
4th Workshop Wide Bandgap Power Devices Appl. (WiPDA), Nov. 2016,
pp. 5–10.

[45] N. Zhu, H. A. Mantooth, D. Xu, M. Chen, and M. D. Glover, “A solution
to press-pack packaging of SiC MOSFETs,” IEEE Trans. Ind. Electron.,
vol. 64, no. 10, pp. 8224–8234, Oct. 2017.

[46] W. W. Sheng and R. P. Colino, Power Electronic Modules: Design and
Manufacture. Boca Raton, FL, USA: CRC Press, 2004.

[47] Q. Yan, X. Yuan, Y. Geng, A. Charalambous, and X. Wu, “Performance
evaluation of split output converters with SiC MOSFETs and SiC Schot-
tky diodes,” IEEE Trans. Power Electron., vol. 32, no. 1, pp. 406–422,
Jan. 2017.

[48] S. Beczkowski, H. Li, C. Uhrenfeldt, E.-P. Eni, and S. Munk-Nielsen,
“10kV SiC MOSFET split output power module,” in Proc. 17th Eur.
Conf. Power Electron. Appl. (EPE ECCE-Europe), Sep. 2015, pp. 1–7.

[49] A. B. Mirza, A. I. Emon, S. S. Vala, and F. Luo, “A comprehensive
analysis of current spikes in a split-phase inverter,” in Proc. IEEE Appl.
Power Electron. Conf. Expo. (APEC), Mar. 2022, pp. 1580–1585.

[50] P. J. Boudreaux and R. C. Eden, “Thermal analysis of spray cooled
3-D interconnected diamond substrate MCMs: Comparison with exper-
imental measurements,” IEEE Trans. Device Mater. Rel., vol. 4, no. 4,
pp. 594–604, Dec. 2004.

[51] D. Carter, “‘Fuzz button’ interconnects at microwave and mm-wave
frequencies,” in Proc. IEE Seminar Packag. Interconnects Microw. mm-
Wave Frequencies), Jun. 2000, pp. 3-1–3-6.

[52] Resistance & Force vs Deflection AuBeCu .020" Diameter Average
Curve. Accessed: Jul. 27, 2023. [Online]. Available: https://d2f6h2
rm95zg9t.cloudfront.net/70273881/Resistance_Force_vs_Deflection_
AuBeCu_020_98503256.pdf

[53] Custominterconnects.com. Technical Data. Accessed: Jul. 27, 2023.
[Online]. Available: https://d2f6h2rm95zg9t.cloudfront.net/23403939/
Fuzz_Button_Datasheet_050720_8899370.pdf

[54] M. Liu, A. Coppola, M. Alvi, and M. Anwar, “Comprehensive review
and state of development of double-sided cooled package technology
for automotive power modules,” IEEE Open J. Power Electron., vol. 3,
pp. 271–289, 2022.

[55] A. I. Emon et al., “Design and optimization of gate driver integrated
multichip 3-D GaN power module,” IEEE Trans. Transport. Electrific.,
vol. 8, no. 4, pp. 4391–4407, Dec. 2022.

Authorized licensed use limited to: SUNY AT STONY BROOK. Downloaded on January 08,2025 at 01:34:20 UTC from IEEE Xplore.  Restrictions apply. 



4928 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 11, NO. 5, OCTOBER 2023

[56] Q. P. Kosky, R. Balmer, W. Keat, G. Wise, “Mechanical engineering,”
in Exploring Engineering, 3rd ed., P. Kosky, R. Balmer, W. Keat, and
G. Wise, Eds. New York, NY, USA: Academic, 2013, pp. 259–281, doi:
10.1016/B978-0-12-415891-7.00012-1.

[57] Matweb.com. MatWeb—The Online Materials Information Resource.
Accessed: Jul. 27, 2023. [Online]. Available: https://www.matweb.com/
search/datasheet.aspx?matguid=ae0103ab776344b9bf4b6b4bd6eb6f8b&
ckck=1

[58] R. Whitt, D. Huitink, A. Emon, A. Deshpande, and F. Luo, “Thermal and
electrical performance in high-voltage power modules with nonmetallic
additively manufactured impingement coolers,” IEEE Trans. Power
Electron., vol. 36, no. 3, pp. 3192–3199, Mar. 2021, doi: 10.1109/TPEL.
2020.3015226.

[59] R. Whitt, Z. Yuan, A. I. Emon, F. Luo, and D. Huitink, “Electrothermal
system design and evaluation of low EMI and thermally balanced 150
kW T-Type traction inverter,” IEEE Trans. Power Electron., vol. 38,
no. 1, pp. 538–547, Jan. 2023, doi: 10.1109/TPEL.2022.3200402.

[60] Z. Zhang, “Characterization and realization of high switching-
speed capability of SiC power devices in voltage source Con-
verter,” Ph.D. dissertation, Dept. Elect. Eng. Comput. Sci., Univ.
Tennessee, Knoxville, TN, USA, 2015. [Online]. Available: https://trace.
tennessee.edu/utk_graddiss/3524

[61] Custominterconnects.com. Fuzz Buttons. Accessed: Jul. 27, 2023.
[Online]. Available: https://www.custominterconnects.com/categories/
fuzz-buttons

Asif Imran Emon (Member, IEEE) received the
B.Sc. degree in electrical and electronic engineer-
ing from the Chittagong University of Engineering
and Technology (CUET), Chittagong, Bangladesh,
in 2015, the M.S. degree from the University of
Arkansas, Fayetteville, AR, USA, in 2020, and the
Ph.D. degree from Stony Brook University (SUNY
Stony Brook), Stony Brook, NY, USA, in 2023, with
a concentration in high-density power electronics
packaging.

He was an Intern with GE Global Research,
Niskayuna, NY, USA, during the summer of 2021. In 2022, he was an
Intern with the EMC Design Engineering Team, Apple Inc., Cupertino, CA,
USA. His research interests include system- and module-level packaging of
converters using wide bandgap devices, and electromagnetic interference and
compatibility analysis in motor drives.

Yuxuan Wu (Student Member, IEEE) received the
B.E. degree in electrical engineering from Stony
Brook University (SUNY Stony Brook), Stony
Brook, NY, USA, in 2020, where he is currently
pursuing the Ph.D. degree specializing in power
electronics.

As a Graduate Research Assistant, he is actively
involved in a project funded by the Office of Naval
Research (ONR). Additionally, he gained industry
experience as an Intern with GE Global Research
(Aerospace), Niskayuna, NY, USA, during the sum-

mer of 2023. His internship focused on conducting an electromagnetic
interference and compatibility (EMI/EMC) study for more electric aircraft.
His research focuses on designing and applying high-power-density power
modules using wide bandgap devices, low- and medium-voltage power
conversion systems, cable and converter modeling, and EMI/EMC analysis.

Yang Li (Graduate Student Member, IEEE) received
the M.S. degree in material science and engineering
from Washington State University, Pullman, WA,
USA, in 2014. She is currently pursuing the Ph.D.
degree with the ECE Department, Stony Brook
University (SUNY Stony Brook), Stony Brook, NY,
USA, with a focus on power electronics packaging.

Before returning to academia, she had been a
Reliability Engineer and then a Supervisor of the
Package Development and Simulation Team, Mono-
lithic Power Systems, Chengdu, China.

Abdul Basit Mirza (Graduate Student Member,
IEEE) received the bachelor’s degree (Hons.) in
electrical engineering (power) from the University
of Engineering and Technology, Lahore, Pakistan,
in 2018, and the master’s degree from Stony Brook
University (SUNY Stony Brook), Stony Brook, NY,
USA, in 2022, with a concentration in medium
voltage direct current (MVDC) breakers using wide
bandgap (WBG)-based power electronics, where he
is currently pursuing the Ph.D. degree in electrical
engineering.

In 2022, he was a Research Intern with GE Global Research, Niskayuna,
NY, USA. He is currently a Graduate Research Assistant and is involved
in research projects with the Oak Ridge National Laboratory (ORNL),
Oak Ridge, TN, USA, and the Federal Aviation Administration (FAA),
Washington, DC, USA. His research interests include system-level design of
high-density WBG-based power converters and electromagnetic interference
and compatibility (EMI/EMC) characterization.

Shiyue Deng received the B.S. degree in electri-
cal engineering from Jiangsu University, Zhenjiang,
Jiangsu, China, in 2020, and the M.S. degree in
electrical engineering from Stony Brook University
(SUNY Stony Brook), Stony Brook, NY, USA,
in 2022, where he is currently pursuing the Ph.D.
degree in electrical engineering.

His current research interests include high-voltage
power module packaging and high-power-density
converter design.

Fang Luo (Senior Member, IEEE) received the
bachelor’s and Ph.D. degrees from the Huazhong
University of Science and Technology, Wuhan,
China, and jointly from Virginia Tech, Blacksburg,
VA, USA, in 2003 and 2010, respectively.

He was a Visiting Ph.D. Student from 2007 to
2010 and then a Post-Doctoral Researcher
from 2010 to 2014 with Virginia Tech.
He was a Research Assistant Professor with
The Ohio State University, Columbus, OH,
USA, from 2014 to 2017. He was an Assistant

Professor with the Electrical Engineering Department, University of
Arkansas, Fayetteville, AR, USA, from 2017 to 2020. He is currently an
Empire Innovation Associate Professor and the Director of the Spellman
High Voltage Laboratory, Stony Brook University (SUNY Stony Brook),
Stony Brook, NY, USA, with his background in power electronics. His
research interests include high-power-density converter design, high-density
electromagnetic interference (EMI) filter design and integration, and power
module packaging/integration for wide bandgap devices.

Dr. Luo is a member of the American Institute of Aeronautics and
Astronautics (AIAA) and the American Society of Mechanical Engineers
(ASME). He was a recipient of the NSF CAREER Award.

Authorized licensed use limited to: SUNY AT STONY BROOK. Downloaded on January 08,2025 at 01:34:20 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1016/B978-0-12-415891-7.00012-1
http://dx.doi.org/10.1109/TPEL.2020.3015226
http://dx.doi.org/10.1109/TPEL.2020.3015226
http://dx.doi.org/10.1109/TPEL.2022.3200402

