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Abstract

High-voltage SiC devices offer an attractive combination of fast switching and low losses, giving application users unprece-
dented levels of flexibility in choice of topology and control strategy for medium- and high-voltage power conversion. How-
ever, the realisation of power modules that are optimised for the high electric fields, whilst maintaining compact commutation
loops and effective thermal management, presents significant challenges to accepted design norms. This paper describes the
design, fabrication and characterisation of a high-density, 10 kV, 60 A, wire-bond-less, planar SiC half-bridge module. Key
design considerations include: the mitigation of high electric fields in the substrates, interconnects and lead-out connections;
suppression of switching voltage overshoot and common-mode interference; high-performance thermal management. Details
of the fabrication of a planar module, employing stacked substrates, embedded decoupling capacitors and integrated thermal
management are presented. The resulting module has power- and gate-loop inductances of 4.4 nH and 3.8 nH and a power
density of 18.1 W/mm3. Results are presented detailing the electrical and thermal performance of an initial prototype.

1 Introduction

High-voltage SiC MOSFETs such as Wolfspeed’s 3rd-gener-
ation 10 kV, 350 mΩ devices are capable of switching high 
voltages faster and with lower losses, than Si IGBTs [1].
When combined, these features give the end-user greater
flexibility in choice of topology and control strategy for me-
dium-voltage systems, since simpler topologies with fewer
levels can be used. However, these unique qualities generate
new challenges for power module packaging and system in-
tegration.

The aim of this work is to develop a high-density, high-speed
power module package for 10 kV SiC MOSFETs. There are
several challenges associated with this objective. It is well-
known that careful electromagnetic design is essential in the
packaging of high-speed semiconductors in order to mini-
mize voltage overshoot, ringing, false turn-on, current imbal-
ance [2], and electromagnetic interference (EMI) [3]. There
also exists a trade-off between high-density and cooling per-
formance; effective heat extraction becomes more difficult as
the power density of the module increases. Furthermore, the
desire to create a high-density package for 10 kV devices
means that the electric fields within the module will be in-
creased. If these electric fields exceed the electrical break-
down strength of the dielectric materials, then partial dis-
charge (PD) can occur, potentially causing permanent dam-
age to the insulating materials, such as the insulating ceramic
substrate [4].

Through addressing the challenges described above, this pa-
per will report on the design, fabrication, and testing of a
high-density, high-speed 10 kV SiC MOSFET module pack-
age. It builds on work previously reported by the authors in
[5] and [6] with the addition of new material on the practical
realisation and characterisation of a prototype module.

2 Module Overview

Figure 1 shows the designed half-bridge module, which has
three 10 kV, 350 mΩ SiC MOSFET die in parallel per switch 
position, for a total current of approximately 60 A. The mod-
ule has a planar structure, using molybdenum (Mo) posts
(Figure 1b) and a direct bonded aluminium (DBA) substrate
(Figure 1c) as the die interconnection instead of wire bonds.
Mo is chosen because its coefficient of thermal expansion
(CTE), at 4.9 ppm/oC, is close to that of SiC (3.7 ppm/oC),
reducing the thermomechanical stresses on the MOSFET and
the plastic/creep strain accumulations within the joints used
to bond the posts to the die. The DBAs have vias (Figure 1d),
which form low-inductance electrical connections within the
power module. Each MOSFET switch pair in the half-bridge
has its own set of decoupling capacitors placed directly above
it (Figure 1c).

The module also features spring connectors for the termina-
tions (Figure 1d) and a custom-designed cooler that is inte-
grated into the housing (Figure 1f). Instead of mounting the
module onto a baseplate, a direct-substrate, jet impingement
cooling system was designed and fabricated. A jet impinge-
ment cell is located under each SiC MOSFET die. The cool-
ant is sprayed on the bottom side of the lower substrate to
extract the heat generated by the MOSFETs.

Without the housing, the module footprint is 35.2 mm × 74.3
mm × 11.4 mm, which gives a power density of 18.1 W/mm3.
With the housing and integrated direct-substrate, jet-impinge-
ment cooler (Figure 1f), the power density is 3.8 W/mm3. For
reference, the power density of Wolfspeed’s 10 kV, 240 A
SiC MOSFET module is 4.2 W/mm3, not including the cool-
ing system [7]. Further details of all of the above features of
the module are described in the following sections.
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Figure 1 (a) Schematic (including parasitic capacitances),
(b) bottom stacked DBAs with six 10 kV SiC MOSFET die
and Mo posts, (c) top DBA stack and embedded decoupling
capacitors, (d), side view with the vias shown, (e) module
with spring terminals, (f) housing with integrated direct-sub-
strate jet-impingement cooler.

3 Mitigation of High Electric Fields

The wire-bond-less, planar structure applied in this module
permits compact commutation loops to be constructed while
retaining controlled levels of voltage isolation. Inside the
package, where gel and solid insulation are employed, features
including the substrate construction, substrate conductor pat-
tern spacing and interconnect post height must be optimised.

Outside the package, care must be taken to control electric
fields in any air spaces around the terminals and in the external
circuitry.

3.1 Substrates

In this work, DBA substrates with 1-mm-thick aluminium ni-
tride (AlN) and 0.3-mm-thick aluminium (Al) are used. DBA
was selected because it has higher thermal-cycling capability
compared to direct-bonded copper (DBC) [8]. AlN was cho-
sen due to its high thermal conductivity, and because it is
available in 1-mm thickness, which provides greater voltage
isolation. The AlN-DBA substrates used in this work were
supplied by DOWA.

In order to address the enhanced electric fields associated
with a high-voltage, high-density design, the DBA substrate
must be carefully designed, taking into account the effect of
field concentration at the triple points, namely where the
metal, ceramic, and encapsulation meet (Figure 2) [9]. If this
electric field exceeds the breakdown field strength of the in-
sulation materials (i.e. the AlN or encapsulation), then PD can
occur. Repetitive PD events can ultimately result in insulation
failure, thus destroying the module [4].

In [10], it was proposed to stack two ceramic substrates to-
gether in order to reduce the electric field at the triple points
and hence increase the partial discharge inception voltage
(PDIV). However, the ceramic substrates evaluated in [10]
were simple structures with no patterns. In a practical power
module, the top metal layer of the ceramic substrate is pat-
terned to form the circuit (e.g. half-bridge) and the various
traces are at different potentials during the module operation.
Thus, if the middle metal layer of the ceramic substrate stack
is left floating, then a meaningful reduction in the electric field
is not achieved due to the asymmetry.

Figure 2c and Figure 2d show the electric field distribution for
the case when the top metal substrate is patterned and has dif-
ferent potentials. It can be seen that, when the middle metal
layer is left floating, the peak electric field is not as notably
reduced (Figure 2c) compared to the case with the vertical
symmetry (Figure 2b). This is because the asymmetry and dif-
ferent potentials cause the middle metal to float to a potential
that is less than half of the applied voltage (2.4 kV for this
example). Accordingly, the reduction in the peak electric field
is not as significant (27 %, compared to 40 %). However, if
the middle metal is electrically connected to half of the applied
voltage (Figure 2d), then the electric field is again reduced by
40 % compared to the single-substrate case (Figure 2a). There-
fore, in this work, the middle metal layer is connected to half
of the dc bus voltage.

Preliminary PD tests of a patterned, 1-mm-thick AlN-DBA
substrate were performed with two types of excitation sources:
(1) line-frequency ac and (2) dc. The PD current was measured
using a high-frequency current transformer. Three cases were
tested: (1) a single DBA, (2) two stacked DBAs with the mid-
dle metal left floating, and (3) two stacked DBAs with the
middle metal connected to half of the applied voltage.

The PD inception voltages (PDIV) for the three cases are
shown in Figure 3. The tests were performed in air to increase
the signal-to-noise ratio; in the actual power module, the sub-
strates will be encapsulated, which will increase the PDIV. For
the ac excitation, the PDIV increased by 16 % when the two
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Figure 2 Electric field plots for (a) a single DBA with a single
potential on the top and bottom Al layers, (b) two stacked
DBAs with a single potential on the top and bottom Al layers,
(c) two stacked DBAs with two voltages on the top Al layer
and the middle metal left floating, and (d) two stacked DBAs
with two voltages on the top Al layer and the middle metal
connected to half of the applied voltage (5 kV).

Figure 3 Partial discharge inception voltage for single and
stacked DBAs with line-frequency ac (blue) and dc (orange)
excitation voltages. The tests were done in air.

DBAs were stacked together and the middle metal was left
floating compared to the single DBA case. When the middle
metal was connected to half of the applied voltage, the PDIV
increased by 63 % compared to the single DBA case. For the
dc excitation, the PDIV increased by 13 % when the two
DBAs were stacked together and the middle metal was left
floating. When the middle metal layer was connected to half
of the applied dc voltage, the PDIV increased by 87 %. It
should be noted that the tests were performed in air and thus
show a lower inception voltage than can be expected in an en-
capsulated module.

3.2 Interconnect Posts
Interconnect posts are needed as spacers to reduce the peak
electric field between the edge termination of the 10 kV
MOSFET die and the source potential on the upper DBA [11].
The optimal post height is a trade-off between the electromag-
netic and electrostatic performances; a shorter post height will
reduce the parasitic inductances and resistances, but will have
a higher peak electric field. To determine the optimal height
of the posts, 2D electrostatic simulations were performed us-

ing ANSYS Maxwell. Figure 4 shows the electric field distri-
butions in the module cross-section with post heights of 1 mm
and 2 mm. In this simulation, the voltage field was graded
along the top surface of the 10 kV SiC MOSFET in order to
mimic the guard rings of the die. It can be seen from Figure 4
that the electric field between the top surface of the die and the
bottom surface of the top DBA reduces when the post height
is increased. If the electric field between the die and the top
DBA exceeds the breakdown field strength of the encapsula-
tion material, then PD and even arching could occur, resulting
in a short circuit between the drain and source terminals of the
SiC MOSFET. Accordingly, a post height of 2 mm was se-
lected for this 10 kV SiC MOSFET module because of the
lower peak electric field.

Figure 4 Simulated electric field distributions for 1-mm Mo
post height (top) and 2-mm Mo post height (bottom). The
node labels correspond to those with the same name and
color in Figure 1a.

3.3 Terminal Design
Another challenge associated with the high-density design of
a 10 kV power module is the termination and system interface.
Typical power module connection systems employ screw-ter-
minals with through-hole connections into a busbar or circuit
board and feature extended regions where air is the primary
insulating material. In such cases, large creepage and clear-
ance distances are mandatory to prevent air breakdown or
tracking. To avoid the accompanying increase in module size,
a predominantly solid insulation system was proposed in
which the air spaces are minimised and the electric fields in
any remaining air spaces are carefully controlled. A multi-
layer PCB was proposed as the circuit substrate onto which
the module is surface mounted (i.e. without any through-hole
connections).

Several terminal geometries were considered: 1) busbar, 2)
pins, and 3) springs. These designs were evaluated based on
the trade-offs between peak electric field, current-carrying ca-
pability, parasitic inductance, ease of assembly, and reliabil-
ity. Rectangular busbars are common in high-power modules
due to their high current-carrying capability and lamination
options, which offer lower inductance. However, the sharp
edges result in high electric field concentration. Pin and spring
connectors, on the other hand, have a rounded geometry, re-
sulting in lower electric field concentration. In terms of me-
chanical reliability and ease of connecting and disconnecting
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the module, spring connectors are preferred compared to rigid
pins. Multiple springs can also be placed in parallel to reduce
the parasitic inductance. Further, the springs can be distributed
throughout the module to maintain impedance symmetry for
the paralleled die. The scattered terminals also create a more
even pressure distribution throughout the module, providing
uniform contact to the cooling system. The springs selected
for this module each have a current rating of 10 A and are ar-
ranged as shown in Figure 1e.

4 Optimisation of Dynamic Perfor-
mance

To obtain the best dynamic performance it is necessary to
minimise the impact of unintended circuit parasitic compo-
nents such as the stray inductance in the commutation and
gate loops and the stray capacitance between the switching
node and the heatsink.

4.1 Embedded Decoupling Capacitors
Each MOSFET switch pair has its own set of decoupling ca-
pacitors placed directly above it (Figure 1c), providing a low-
impedance, high-frequency loop, which compensates for the
different distances to the terminals. This type of vertical ca-
pacitor loop was reported in [12] , which allowed for a para-
sitic loop inductance of less than 1 nH. However, [12] did not
report on the utilization of these capacitors for improving the
current balance among paralleled die. This is a key advantage
of this structure, especially for high-current modules with
multiple die in parallel.

In [13], each phase-leg switch pair has its own embedded de-
coupling capacitor. However, since the module in [13] uses
wire bonds for the interconnections, the capacitors must be
placed beside the die, thereby increasing the footprint of the
module. The vertical capacitor loop, on the other hand, does
not increase the module footprint/area. In fact, the planar
structure reduces the footprint of the module since no addi-
tional area is needed for the wire bond landing pads.

Since there are few high-voltage capacitors that are suitable
for embedding inside a power module, especially of such a
small size, a capacitor with 5 kV rating was selected, and thus
two must be connected in series. This means that, unlike in
[12] and [13], the dc bus midpoint potential is accessible
within the module. This allows for a low-impedance connec-
tion of the middle metal layer in the bottom DBA stack to the
dc bus midpoint, which reduces the peak electric field at the
Al-AlN-encapsulation triple points and the CM current flow-
ing through the system ground.

The chosen capacitor is a surface-mount, 680-pF, C0G, 5 kV
capacitor from AVX Corporation. This is the highest capaci-
tance value that could be found for the C0G material with 5
kV voltage rating in a small, surface-mount package. C0G was
selected because its capacitance is stable with temperature and
voltage [14], [15]. While X7R capacitors appear to have
higher capacitance, under high-temperature and high-voltage
conditions, the capacitance can decrease by 50 % or more
[14], [15] to the point where it becomes comparable to the ca-
pacitance of the C0G capacitors.

It has been shown in the literature that asymmetrical parasitic
elements among paralleled die can result in significant cur-
rent imbalance [16], [17]. In particular, during transients,
more current will flow to the die with the lower-impedance

paths due to unmatched power- and gate-loop inductances.
Those die will thus have higher losses, leading to greater
junction temperatures than the others [17] . As a result, these
die are likely to fail before their predicted lifetime, which re-
duces the overall module reliability. To address this issue,
care was taken to ensure that the gate- and power-loop induct-
ances are symmetrical for each of the paralleled die. For the
gate loop, this is achieved by having individual gate and
source connections for each die. This requires that the gate
drive connects to each MOSFET. The gate drive component
placement and PCB traces can be adjusted to achieve sym-
metrical impedances for optimal balancing. It should be noted
that this module design employs a Kelvin connection, which
separates the power source from the gate source. This decou-
pling prevents the negative feedback between the two loops,
thereby increasing the switching speed [18]. According to
ANSYS Q3D Extractor, the gate-loop inductance for each
MOSFET die is 1.6 nH without the terminals.

For the power loop, embedded decoupling capacitors are used
to help balance the parasitic elements within the proposed
module, as well as to minimize the impact of the busbar stray
inductances on the device switching (i.e. the voltage over-
shoot and ringing). Each MOSFET pair has its own set of de-
coupling capacitors placed directly above it (Figure 1c). This
gives symmetrical, low-impedance paths for each of the par-
alleled MOSFET pairs. Further, the vertical power loop
(awarded by the planar structure) is perpendicular to the gate
loop, minimizing the coupling between them. With the de-
coupling capacitors, the parasitic power-loop inductance de-
creases from 10.3 nH (including the terminals) to 4.4 nH. Er-
ror! Reference source not found. lists the simulated parasitic
inductances of the designed power module. Due to the em-
bedded decoupling capacitors, the power-loop inductance is
only 4.4 nH. This is more than 3.5 times lower than the
power-loop inductance of Wolfspeed’s third-generation 10
kV, 240 A SiC MOSFET module [7].

Table 1 Module inductances simulated in Q3D Extractor

Parameter Value Condition

Gate-loop

inductance

1.6 nH Without spring terminals.

3.8 nH With spring terminals.

Power-loop
inductance

10.3 nH
With terminals,

without decoupling capacitors.

4.4 nH
With terminals,

with decoupling capacitors.

4.2 Common-mode Screen
The parasitic capacitance between the SiC die and the cooling
system is a path for CM current under high-dv/dt switching.
Specifically, the parasitic capacitance between the output
trace in the top Al layer (“Out”) and the bottom Al layer (con-
nected to the cooling system) are of interest since the output
node (i.e. the source of the top switch and drain of the bottom
switch) experiences high dv/dt as the top and bottom switches
in the half-bridge alternately conduct. By stacking two DBAs,
this capacitance is reduced by 22 % since there are now effec-
tively two parasitic capacitors in series (Figure 1a and Figure
1d). For a single DBA, the parasitic capacitance between the
Out trace and the bottom Al layer is 45 pF (CP1). When two
DBAs are stacked together, the effective capacitance becomes

606

CIPS 2018 – 10th International Conference on Integrated Power Electronics Systems

ISBN 978-3-8007-4540-1 © 2018 VDE VERLAG GMBH ∙ Berlin ∙ Offenbach



35 pF due to the series connection of a 160-pF parasitic capac-
itor across the second DBA substrate (CP2). These values,
which were simulated using ANSYS Q3D Extractor, are in
good agreement with the calculated capacitances. With this
proposed design, the parasitic capacitance to the cooling sys-
tem is more than fifteen times lower than that for the module
evaluated in [2].

Additionally, it can be seen from Figure 1d that when the
middle metal layer in the DBA stack is connected to the dc
bus midpoint (to reduce the peak electric field), then part of
the CM current that flows through CP1 will be diverted back
to the dc bus (i.e. the midpoint of the two series decoupling
capacitors) rather than going through CP2 to the cooling sys-
tem. This will hence reduce the amount of CM current that
flows through the system ground. The amount of CM current
that is diverted will depend on the high-frequency impedance
of the connection path between the middle metal layer and the
dc bus. Due to the embedded decoupling capacitors and usage
of Mo posts and vias in the DBA substrate, the parasitic in-
ductance of this loop is less than 2 nH allowing for a high pro-
portion of the CM current to be diverted back to the dc bus. A
similar screen was proposed in [19]; however, wire bonds and
connection lugs were used to make the connection to the ex-
ternal dc bus, resulting in higher parasitic inductance and
hence a less-effective screen.

5 Thermal Management

Instead of mounting the module onto a baseplate, a direct-
substrate jet impingement cooling system was designed and
fabricated. Each jet impingement cell is located under one
MOSFET where the coolant is sprayed on the bottom side of
the stacked DBAs to extract the heat generated by the
MOSFETs, as illustrated in Figure 5.

Figure 5 3D model of the assembly with its integrated
cooler. A cross-section of the 3D model shows the jet im-
pingement cells cooling directly each SiC MOSFET at the
back of the stacked DBA substrates.

6 Module Fabrication

Table 2 lists the materials and processes used to fabricate the
designed power module. Silver (Ag) sintering was chosen for
the DBA-DBA, die, and Mo post attach because it has higher
thermal conductivity and improved reliability than solder
[20]. Furthermore, since the melting temperature after sinter-
ing (960 °C) is higher than the sintering temperature (≤ 260 
°C), multiple sintering processes can be done without affect-
ing the previously-sintered joints.

Table 2 Materials and processes used in the power module

Material/

Process
Advantages Image

Substrate

Two
stacked

1-mm-thick
AlN-DBAs

High thermal
conductivity,

voltage
isolation, and

reliability

Substrate
attach

Ag
sintering

Low voiding
and high

Thermal

conductivity

Die attach
Ag

sintering

Low voiding,
and high

temperature,
thermal

conductivity,
and reliability

Intercon-
nect

Mo alloy
posts

Low

inductance,

low CTE

A pressure-assisted Ag-sintering process was developed for
bonding the 50.3 mm × 49.2 mm DBA1 and DBA2 substrates
and the 35.2 mm × 74.3 mm DBA3 and DBA4 substrates.
Each sample was sintered using a hydraulic press at 250 °C
for 10 minutes with 10 kN of applied force. XCT scans of the
bonded DBAs did not show any large voids. The thermal re-
sistance of the sintered-Ag bondline was measured at the six
locations where the die would be placed on the bonded sub-
strate. The measured thermal resistances ranged from 0.11–
0.14 K/W. These values indicate good quality and uniformity
of the bond, and suggests that no significant voids exist in
these locations.

The Al top metal of the as-received dies was first coated with
Nb and Au, using e-beam evaporation through a shadow
mask, to provide a suitable surface for sintering. Die attach to
the lower DBA stack was accomplished with nano-particle
Ag, using a die bonder for accurate positioning, followed by
pressure-assisted sintering.

The Mo posts were sputtered with 0.2 µm titanium (Ti), 1 µm
nickel (Ni), and 0.1 µm Ag and sintered with nano-Ag paste
to the Ag-plated DBAs and MOSFET die. Shear tests re-
vealed bonding strengths between 31.3 MPa and 67.0 MPa
(depending on the area of the Mo post) when sintering to the
DBAs, and 20.2 MPa and 48.3 MPa when sintering to the die.

The top DBA stack (DBA3 and DBA4 in Figure 1) is sol-
dered to the top of the Mo posts. Solder is chosen instead of
Ag because a thicker layer can be achieved to accommodate
height variations and it is more compliant so that it can absorb
more of the thermomechanical stresses than a rigid Ag layer.
Figure 6 shows the full 10 kV power module with and with-
out the top DBA stack. This module employs mechanical die
and was used to evaluate the fabrication processes for the full
module.
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Figure 6 View of the full 10 kV power module (a) without
and (b) with the top DBA stack.

Figure 7 Images of the test module (a) after the top DBA
stack was soldered to the bottom assembly, (b) with the sol-
dered spring terminals and embedded decoupling capacitors,
and (c) with housing and integrated direct-substrate, jet-im-
pingement cooler.

Figure 8 X-ray images showing the alignment between the
Mo posts (dark objects) and the Al traces of DBA3 (lighter
objects). The right insets are the zoomed-in views of the high-
side (top) and low-side (bottom) MOSFETs.

To provide a convenient test vehicle for electrical and thermal
evaluation, a one-third size version of the designed module
was fabricated (Figure 7). This version employed two “semi-
functional” 10 kV SiC MOSFET die which were electrically
functional but displayed high leakage currents. The critical
aspects of the assembly, namely the alignment and attach-
ment of the top DBA stack to the Mo posts, were evaluated

with X-ray imaging, as shown in Figure 8. Good alignment
between the Mo posts (dark in the image) and the Al traces
on the top DBA stack (mid-grey in the image) is confirmed.

7 Experimental Results

7.1 Static Characterisation
The breakdown voltages for the semi-functional SiC
MOSFET die before and after module fabrication are shown
in Figure 9. Prior to encapsulation, the bare die could not be
tested beyond 2 kV in air because partial discharge could oc-
cur. Consequently, the breakdown voltage tests of the bare die
prior to encapsulation were stopped around 1.5 kV for safety.
As can be seen from the figure, the leakage characteristics up
to 1.5 kV did not change after module fabrication. This indi-
cates that the processes and technologies used to assemble the
module do not negatively impact the performance of the de-
vices. The breakdown voltage of the module is greater than 10
kV, though the leakage current of the high-side MOSFET is
580 µA at 10 kV, which is higher than the fully-functional 10
kV SiC MOSFETs.

Figure 9 Breakdown voltages for the semi-functional high-
side (red) and low-side (blue) MOSFETs before (solid
curves) and after (dashed curves) module fabrication.

7.2 Dynamic Characterisation

Double-pulse tests (DPT) were performed on the fabricated
module to evaluate its switching performance. The tests were
conducted up to 2.5 kV and 12.5 A with no external gate re-
sistance. The voltage was limited to 2.5 kV due to the voltage
rating of the test-rig bulk capacitors (2.7 kV). The module
DPT hardware setup is shown in Figure 10. A 420-µH induc-
tor with high-voltage wire for the winding was connected
across the high-side switch of the half-bridge module (Figure
10a). The gate and source terminals of the high-side SiC
MOSFET were shorted together such that its body diode
would freewheel the current in the inductor when the low-
side switch was off.

A commercial 1.2 kV gate driver from Wolfspeed was used
to drive the low-side SiC MOSFET from -5 V in the off-state
to +20 V in the on-state. The gate driver received the double-
pulse signal from a function generator. The gate-source and
drain-source voltages of the low-side SiC MOSFET were
monitored using a 300 V passive probe with a bandwidth of
500 MHz, and a 4 kV passive probe with a bandwidth of 400
MHz, respectively. Due to the embedded decoupling capaci-
tors, the drain current of the SiC MOSFETs could not be
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measured. A 10 kV, 600 W power supply was used to charge
the bulk capacitors.

Figure 11 shows the gate-source and drain-source voltage
waveforms for the turn-on and turn-off transients at 2.5 kV
and 12.5 A with 0 Ω gate resistance. The oscillation, which is 
particularly prominent during turn-on, is due to the long,
wired connection between the gate driver and the module. At
turn-off, the voltage rise time is 47 ns, representing a dv/dt of
53 V/ns, a value that is controlled by the output capacitance
and load current. The voltage overshoot is less than 2 % at
turn-off, indicating a low power-loop inductance. During
turn-on, the 90 % to 10 % fall time is just 10 ns, representing
a dv/dt of 200 V/ns. This exceptionally rapid voltage fall in-
dicates that a current of around 50 A is flowing in the
MOSFET channel as the output capacitances of the two
switches in the half bridge change state.

(a)

(b)

(c)

Figure 10 Double-pulse test (a) schematic, (b) hardware
setup, and (c) module connection.

Figure 11 (a) Turn-on and (b) turn-off gate-source (blue,
right axis) and drain-source (red, left axis) voltages at 2.5 kV,
12.5 A, and 0 Ω gate resistance. 

7.3 Thermal Characterisation

To evaluate the performance of the integrated direct-sub-
strate, jet-impingement cooler, thermal impedance measure-
ments were carried out on a Mentor Graphics Power Tester
[21]. The measured specific thermal resistance at different
flow rates is shown in Figure 12. The lowest junction-to-am-
bient specific thermal resistance of the module was measured
to be 26 mm2•K/W (0.38 K/W) for a flowrate of 0.47 l/min.
This value is lower than the results using a stacked substrate
structure reported in the literature [22].

Figure 12 Specific thermal resistance versus flow rate for
the high-side (red) and low-side (blue) SiC MOSFETs.
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8 Conclusion

The design, fabrication, and testing of a wire-bond-less, pla-
nar 10 kV SiC MOSFET module has been presented. The pla-
nar structure, along with the embedded decoupling capaci-
tors, yields power- and gate-loop inductances of 4.4 nH and
3.8 nH, respectively. The PDIV is increased by 87 % by
stacking two DBAs and connecting the middle metal layer to
half the dc bus voltage. This arrangement also has the benefit
of providing a screen to attenuate capacitively-coupled com-
mon mode interference. Static electrical testing of a prototype
module has confirmed an isolation capability in excess of 10
kV while switching tests performed at 2.5 kV yielded voltage
fall and rise times of 10 ns and 47 ns, respectively. The junc-
tion-to-ambient specific thermal resistance of the power mod-
ule with an integrated direct-substrate, jet-impingement
cooler is 26 mm2•K/W at a flow rate of 0.47 l/min. With the
housing and integrated cooler, the power density is 3.8
W/mm3.
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