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Abstract: As the demand for efficient and high-performance power electronic devices continues to grow, wide bandgap (WBG)
semiconductors have emerged as a promising solution due to their superior characteristics. However, realizing their full potential
requires not only the development of advanced semiconductor materials but also the optimization of packaging techniques. This
paper examines the crucial role of packaging in leveraging the benefits of WBG devices, with a particular focus on mitigating in-
ductance and addressing other critical concerns. Drawing from previous research and discussions, we explore various strategies
to minimize inductance effects, enhance thermal management, ensure reliability, and optimize electrical performance. Through
an interdisciplinary approach that encompasses electrical engineering, materials science, and mechanical engineering principles,
this paper highlights the latest advancements in WBG device packaging, providing valuable insights for researchers and engineers
working towards more efficient and reliable power electronic systems.
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Polprevodniki s sirokim prepovedanim pasom v
pretvornikih mocnostne elektronike

Izvle¢ek: Ob nenehno naras¢ajo¢em povprasevanju po ucinkovitih in visokozmogljivih napravah mo¢nostne elektronike, se pol-
prevodniki s Sirokim prepovedanim pasom (WBG) zaradi svojih iziemnih karakteristik kazejo kot obetavna resitev. Uresnicitev nji-
hovega polnega potenciala poleg razvoja naprednih polprevodniskih materialov zahteva tudi optimizacijo tehnik nac¢rtovanja in
pakiranja. Clanek predstavi klju¢no vlogo naértovanja pri izkoris¢anju prednosti WBG naprav, s posebnim poudarkom na zmanjse-
vanju induktivnosti in obravnavanju drugih klju¢nih vprasanj. Na podlagi prejsnjih raziskav in razprav raziskuje razlicne strategije
za zmanjsanje ucinkov parazitnih parametroy, izboljSanje odvoda toplote izgubnih moci, zagotavljanje zanesljivosti in optimizacijo
elektri¢nih zmogljivosti. S pomogjo interdisciplinarnega pristopa, ki zajema nacela elektrotehnike, materialov in strojnistva, ¢lanek
poudarja najnovejsi napredek pri nac¢rtovanju WBG naprav ter ponuja dragocen vpogled raziskovalcem in inzenirjem, ki si priza-
devajo za bolj u¢inkovite in zanesljive sisteme mocnostne elektronike.

Klju¢ne besede: irok prepovedan pas; polprevodniki; mo¢nostna elektronika; pakiranje; nacrtovanje
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1 Introduction

Over the past few decades, various sectors, including
aerospace, automotive, consumer electronics, indus-
trial, and utilities, have increasingly adopted partial or
complete electrification and digitization. This transi-
tion, largely driven by advancements in power elec-
tronics [1], has not only enhanced existing systems
such as industrial electric drives but also facilitated the
emergence of new applications, including transporta-
tion electrification and renewable energy systems.

By 2030, it is estimated that power electronics will be
instrumental in processing about 80 % of global energy
production and consumption, underscoring their criti-
cal role across multiple industries. Concurrently, the
global power electronics market has seen substantial

growth, with its value reaching approximately $20 bil-
lion in 2022 (Figure 1). This market is forecasted to ex-
pand to around $32.6 billion by 2032, reflecting the in-
creasing dependence on integration of power elec-
tronics technologies in diverse applications [2].
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Figure 1 Projections of global market size for power
electronics in $ billion. Adapted from [2].

An important shift in modern power electronics is an
increasing adoption of wide bandgap (WBG) semicon-
ductor devices [3], which offer superior performance
characteristics compared to traditional silicon-based
devices. WBG semiconductors, particularly silicon car-
bide (SiC) and gallium nitride (GaN), are pivotal in driv-
ing technological advances across various industries
due to their ability to operate at higher efficiencies, fre-
quencies, and temperatures, thus boosting reliability
and enabling reduced size and higher power densities.

These improvements are especially important for appli-
cations in sectors such as renewable energy, automo-
tive, and industry, where improved performance leads
to greater energy savings and reduced environmental
impact (Figure 2). The global market for WBG semicon-
ductors is still relatively small but expected to exceed
$5 billion by 2032 [4].

However, to fully realize the potential of WBG technol-
ogies, several issues must be addressed. Foremost
among these is the development of robust packaging
solutions capable of withstanding the increased ther-
mal and electrical stresses present in high-performance
applications [3], [5]. Additionally, the optimization of
device characteristics, such as switching speeds and
thermal management, is essential to reduce losses and
improve the overall reliability of devices.

One of the key challenges in packaging of WBG devices
is the mitigation of parasitic elements such as induct-
ance, capacitance, and resistance. These elements can
affect device performance and reliability, with induct-
ance being particularly problematic due to its impact
on switching transients, power losses, and electromag-
netic interference (EMI). As operating frequencies in-
crease, minimizing inductance is critical for harnessing
the high-frequency capabilities of WBG devices.
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Figure 2 Typical applications with Si and WBG semi-
conductor switching devices, positioned according to
their approximate rated values in terms of output
power (kW) and operating frequency (kHz).

Moreover, the demand for compact, lightweight, and
thermally efficient packaging solutions adds another
layer of complexity to designing and implementing
WBG device packages. Traditional packaging materials
and techniques may no longer suffice to meet the strin-
gent requirements imposed by the unique characteris-
tics of WBG semiconductors, necessitating innovative
approaches and materials to ensure optimal perfor-
mance and reliability under various operating condi-
tions.

This paper begins with an analysis of the switching
phenomena in semiconductor devices (Section 2), fol-
lowed by a review of WBG semiconductors including
material properties, benchmarks, and benefits over sil-
icon-based devices (Section 3). In Section 4 we discuss
the effects of WBG device packaging, focusing on par-
asitics, thermal management, and reliability. Section 5
addresses packaging technologies for mitigation of
parasitics effects, covering die attach methods, topside
bonding, and innovative cooling strategies. Tech-
niques for enhancing system performance through the
integration of gate drivers, passive devices, sensors,
and cooling bodies are outlined in Section 6. Section 7
details parasitics parameter estimation techniques and
describes design optimization through co-simulation,
as well as machine learning (ML) and artificial intelli-
gence (Al) concepts. The paper concludes with a sum-
mary of key findings and future directions for WBG
technology research in power electronics (Section 8).
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2 Power Electronics: Why Switching
Frequency and Transition Times
Matter

Power electronics focuses on efficient control of energy
flow using semiconductor switches. Various converter
topologies are employed, each designed for specific
applications and performance criteria. The half-bridge
topology is the most common one. This configuration
typically consists of a switching leg with two serial con-
nected power switches (Q; and Q,) and either inte-
grated or external freewheeling diodes, as illustrated in
Figure 3.

A

Figure 3 Switching leg with indicated input volt-
age/current and output voltage/current.
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Figure 4 Simplified switching waveforms for turn-on and turn-off transitions in a half-bridge circuit for upper transis-

tor Q.

In a half-bridge converter, the switches Q; and Q; are
usually driven complementarily using Pulse Width
Modulation (PWM) logic signals, producing two dis-
tinct voltage levels at the output terminal. The con-
verter operates with a constant input voltage Voc.
When Qs is on, the output terminal connects to the pos-
itive voltage rail; when Q; is on, it connects to the neg-
ative voltage rail. An output inductance Lo is typically
included to smooth the output current /o:.

If output (and load) inductance is high enough we can
simplify the analysis by assuming continuous output
current and represent the converter as a constant cur-
rent source .. Consequently, when the individual
switch undergoes a state transition, a dead-time inter-
val initiates during which the current commutates from
the switch to the body diode of the opposite switch.
During the switching action (Figure 4) the transistor is
transitioning from off-state to on-state, voltage across
the terminals is slowly decreasing after the current in-
creases. A comparable situation occurs when the tran-
sistor switches back to the off-state.

Switching losses Ps, in MOSFETs occur during these
transitions. When the MOSFET is off (Ves =0 V), the volt-
age Vps between the drain and source is blocked by the
device, resulting in zero current (lps = 0 A) and no en-
ergy dissipation. Upon turning on the MOSFET, the cur-
rent Ips begins to increase, while Vps remains constant
until Ips reaches its steady-state value. Subsequently,
Vs decreases to nearly zero, indicating the MOSFET is
fully on and conduction losses commence. The instan-
taneous power during this transition forms a triangular
profile, with the area beneath representing the energy
dissipated during turn-on event. The transition time
comprises the current rise t: and voltage fall t,s times.

Turn-off losses are analogous to turn-on losses. In the
on-state, Vps is minimal, and current flows through.
When turning off, Vps increases while Ios initially re-
mains constant. Once Vps reaches Vo, Ips decreases to
zero. The energy dissipated during turn-off is similarly
represented by the area beneath the power curve.
Switching losses are a sum of turn-on and turn-off
power losses that are determined by the product of the
dissipated energy and the switching frequency.
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Conduction losses Pong in @ MOSFET occur when the
device is on (Vps = Von) and conducting /ou. The path be-
tween the drain and source acts as a resistance, de-
noted as Roson. Thus, the conduction losses depend on
the RMS current squared multiplied by the resistance
and duty cycle. The losses in off state can be ignored,
as leakage current is negligible.

Thus, total power losses Py for switch Q; are

P

tot

=P +P
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=Vpslps fsw (%'F %j + |[2)s RDs,on D

The thermal power in a converter attributed to losses
must be removed by a cooling system. In most applica-
tions, the maximum output power is limited by thermal
resistance (Ry) and the capacity of the cooling system
to dissipate this heat, thereby limiting the overtemper-
ature. Thus, the high-efficiency power switches allow
for reduced cooling requirements which enables the
design of devices with higher power density. Further
reduction in volume and mass can be achieved by us-
ing smaller passive components such as capacitors and
inductors.

Throughout periodic switching transitions, the average
output voltage can be adjusted in accordance with the
desired duty cycle mandated by PWM, thereby regulat-
ing the current flowing through the predominantly in-
ductive output circuit. However, its RMS value is also
subjected to the triangular waveform's superimposed
AC component. Its peak-to-peak amplitude is directly
influenced by the load's inductance, thereby impacting
the physical dimensions of the inductor.

In the case of additional smoothing capacitors inserted
behind the inductor, such as in DC/DC converters, a
similar correlation between the switching frequency
and the RMS current of the capacitor emerges. In both
scenarios, passive elements can be significantly re-
duced in size (and cost) with an increase in switching
frequency.

3 WBG Semiconductors: Material
Characteristics and Operational
Benefits

WBG semiconductors have emerged as an alternative
to traditional silicon due to their ability to operate more
efficiently and/or to withstand higher voltage and tem-
perature. This chapter focuses on their material proper-
ties and operational advantages. The section begins by
classifying their bandgaps and detailing their physical
material properties, and then discusses various bench-
marking metrics. Towards the end, the chapter covers
the system-level benefits of using WBG devices and
provides a brief comparison of today's commercially
available WBG devices, specifically SiC and GaN.

3.1 General WBG Characteristics

3.1.1 Bandgap classification

The bandgap is essentially a non-existent or forbidden
energy state for electrons, and its value equals the dif-
ference between the minimum energy of electrons in
the conduction band and the maximum energy of elec-
trons in the valence band. It is expressed in eV (elec-
tron-Volts) and depends on the type of material. In con-
ventional semiconductors, the bandgap typically falls
within the range of 0.6 eV to 1.5 eV. For example, ger-
manium, silicon, and gallium arsenide have bandgaps
of approximately 0.66 eV, 1.12 eV, and 1.42 eV, respec-
tively [6]. Wide bandgap semiconductors are those
with an energy gap of over 2.0 eV, including GaN and
SiC, which are considered current or future alternatives
to Si. In addition to wide bandgap semiconductors like
GaN and SiC, the term ultrawide bandgap semiconduc-
tor applies to materials with even larger bandgaps,
such as diamond and AIN [7]. These, along with Ga,0;,
are considered by some to be the semiconductor ma-
terials of the future [8], [9].

3.1.2 Physical Material Properties

The most important physical properties of semiconduc-
tor materials are summarized in Table 1. The values or
ranges of values in the table consist of minimum and
maximum values obtained from various sources and are
also to some extent conditioned by the development
and progress of research over the years [8],[9], [10], [11],
[12],113],[14], [15], [16]. Some parameters are more and
others less temperature-dependent [17]. For GaN
technology, the upper value of electron mobility equals
2000 cm?*/Vs for the 2DEG layer [12]. This is a 2D layer of
freely moving electrons (two-Dimensional Electron Gas)
that forms at the interface between AIN and GaN mate-
rials due to the polar properties of the base cells of the
crystal structures and the shear force at the interface
between the two materials [18]. The freely moving
electrons in the 2DEG layer essentially make the GaN
HEMT (High Electron Mobility Transistor), a normally on
transistor.
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Table 1 Basic material properties including minimum and maximum values from the sources [8] - [16].

Si 4H SiC GaN Diamond AIN Unit
Bandgap Eg 1.1-112 [3.25-3.26 |3.39-344 |(546-56 6.2 eV
Critical electric field Ec 03-04 20-3.18 [3.0-35 40-7.0 15 MV/cm
Electron mobility u 1350 - 650-1000 |900-2000 |1800-2200 |450 cm?/Vs

1500
Hole mobility uw 450 90-120 10-120 1800 - cm?/Vs
Thermal conductivity A 130-150 |370-700 |110-210 |[600-2300 |285-340 |W/mK
Relative permittivity & 11.8 10 9.0-9.5 5.5 8.5 -
Electron saturation velocity vs | 1 2 24-25 23-27 14 107 cm/s

The wider bandgap leads to better electrical stability of
the material at higher electrical fields and higher tem-
peratures. WBG dies are therefore smaller compared to
silicon ones, have better channel conductivity in the
conduction state and enable higher switching speeds.
The higher values of these two parameters are due to
the easier movement of electrons through the crystal
structure of the material under the influence of an
electric field. The smaller dimensions of the WBG dies
and consequently the smaller electrode dimensions as
well as the slightly lower values of the relative permit-
tivity result in small parasitic capacitances of the dies,
which further accelerate the switching processes. Fast
switching ensures low switching losses and the low re-
sistance of the channel in the conductive state ensures
low conduction losses. The small parasitic capacitances
at the gate of the transistor also lead to low driving los-
ses [19]. The blocking state of WBG dies is characterized
by a lower leakage current, as fewer charge carriers are
released due to the large bandgap. In WBG dies, there
is only a very small, practically negligible (SiC) or no
(GaN) reverse recovery charge, as the latter have no in-
herent reverse conducting diode. The lower power los-
ses of the individual contributions lead to a relatively
low total power losses during device operation. The
physical properties of the materials enable higher ope-
rating temperatures and better thermal conductivity,
so that heat can be dissipated more efficiently.

3.1.3 Material’s Benchmarking

Based on certain physical parameters, various authors
have derived criteria for comparing the performance or
suitability of materials for specific applications, which
can also be used to predict to some extent the proper-
ties of the semiconductor devices produced. Johnson's
Figure of Merit (JFOM) gives a power-frequency prod-
uct for low-voltage transistors. Keyes' FOM predicts the
switching behaviour of transistors in integrated cir-
cuits. For power transistors, two Baliga’s FOMs are of in-
terest [20]. The first (BFOM) represents the denomina-
tor in an expression for calculating the specific re-
sistance R, of a material in the conductive state

4.v? 4.v?
Ron = 2 3 . : (2)
& -u-EX  BFOM

The BFOM essentially indicates the dependence of the
conduction losses on the physical properties and is a
measure of the performance of materials for low-frequ-
ency operation. The calculated dependencies of the
specific resistances on the breakdown voltage V; for
the parameter limits of the individual materials listed in
Table 1 are shown in Figure 5. The minimum values of
the individual parameters were considered for the lines
marked with _min (solid lines), while the maximum va-
lues were taken into account for the lines marked with
_max (dashed lines). Explicitly, Figure 5 shows that the
specific resistance of SiC is a hundred times or more
lower than the specific resistance of Si and the specific
resistance of GaN is four times or more lower than the
specific resistance of SiC.

10000

——Si_min
1000 7 Si_max
4H SiC_min
100 4H SiC_max
——GaN_min
10 -----GaN_max

——Diamond_min

Specific Ry, [mQ cm?]

----- Diamond_max

10 100 1000 10000
Breakdown voltage V; [V]

Figure 5 Specific resistances for five semiconductor
materials; the calculations are based on minimum and
maximum values of parameters taken from various
sources.

The second performance metricc BHFFOM (Baliga’s
High Frequency FOM), establishes the link between the
physical characteristics and the ability to operate at
higher frequencies, where a significant portion of the
losses are due to the charging and discharging of the
specific input capacitance Ci,. It has essentially been
defined as the reciprocal of the product of specific re-
sistance and specific input capacitance and is written
with certain assumptions regarding the basic material
properties [20] and the assumed control voltage at the
gate of the transistor Vs

BHFFOM = ! EZ. Ve

on " ~in
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The BHFFOM versus breakdown voltages for the mini-
mal and maximal values of the individual materials
listed in Table 1 are shown in Figure 6. Different V val-
ues were used for the calculations, namely 15 V for Si,
20V for SiC and diamond, and 6 V for GaN and AIN. As
can be seen in Figure 6, SiC has a BHFFOM value 25
times higher than Si and GaN has a value more than 40
times higher than Si.

1E+16

1E+15 ~~~~~~~~~~~~~

1E+14 \::::*::::\::‘:\ ~~~~~~~~~~

1E+13 -

——Si_mim—_" e I
-----Si_max 5 i
1E+11  ——A4HSIC_min
---=-4H SiC_max
——GaN_min
-----GaN_max
——Diamond_min
----- Diamond_max
—AIN

1E+12

BHFFOM [Hz]

1E+10
1E+09

1E+08
10 100 1000 10000
Breakdown voltage V; [V]

Figure 6 BHFFOM for five semiconductor materials,
taking into account the minimum and maximum val-
ues of the material properties.

The total losses on the power FET can be calculated by
using BHFFOM and assuming /ims in the conduction di-
rection

R, AV f

P=12 .-y S —
A R, BHFFOM

(4)

The situation for the switching transistor is optimal
with minimum losses, which are obtained by deriving
eq. (3) on the area of A (dP/dA=0)

Pmin = 2IrmsVG ’ # . (5)
\ BHFFOM

Finally, the required minimum area of the die is deter-
mined by

R ’ f
= 2 . 6
Fin =l Vs \BHFFOM ©

The power loss ratios for the materials under considera-
tion are shown graphically in Figure 7 and for the area
ratios in Figure 8. The superiority of wide bandgap ma-
terials over Siis clear in Figure 7, but even more evident
in Figure 8. It can be seen that the theoretically requi-
red active material area of the WBG dies is less than 3 %
of the Si material area. In practice, the physical imple-
mentation of dies with extremely small areas is difficult
due to the implementation of physical contacts and the
efficient dissipation of waste heat.

Power Losses

0.8
= Iims =10 A = Si_min
" [J1Si_max
c
€ 06 W 4H SiC_min
& C14H SIiC_max
§ 0.4 m GaN_min
T>u [ GaN_max
e B Diamond_min
= 02 @ Diamond_max
(1)
< mAIN

Si SiC GaN

Diamond AIN

Figure 7 Power loss ratios for various semiconductor
materials, taking into account minimum and maxi-
mum values of the material properties.

Die area
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g 03 0.02 = GaN_min

‘_3 1 GaN_max

0 0.2 0.01 . .

> B Diamond_min

E 0.1 0 (3 Diamond_max
mAIN

... 0
0
Si SiC GaN Diamond AIN

Figure 8 Die area ratios for various semiconductor ma-
terials, taking into account minimum and maximum
values of the material properties.

3.2 System Advantages and Market Overview

3.2.1 System Benefits of Using WBG Devices

Figure 9 outlines the advantages of WBG semiconduc-
tors over traditional silicon-based devices, tracing the
impact from material properties to system-level bene-
fits. WBG semiconductors possess a low intrinsic carrier
concentration and a high critical electric field, leading
to beneficial device properties (Table 2), such as break-
down voltage Vg pss, Figure of Merit (FOM), thermal con-
ductivity coefficient A, gate threshold voltage Vg, and
reverse recovery charge Q... Low on-resistance reduces
power loss during operation, while high blocking volt-
ages improve suitability for high-power applications.
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Table 2 Comparison of main characteristic parameters for Si, SiC and GaN HEMT technologies [21].

Technology Si-MOSFET(SJ) |  SiC-MOSFET | GaN HEMT Cell | Unit |
Vs pss > 1200 > 1200 650 Vv
Avalanche capability YES YES NO -

Short circuits YES YES NO -

RDS(A) FOM 10 2-3 3-7 mohm-cm?

A 1.5 5 1.3 W/cmK

Ve 35 2.8 13 v
Normalized die area 5x 1x 1.5x -

er 10,000 76 ~0 nC

Reverse diode effect Vionward ~1.5 ~4 1.3-6 vV

The combination of low on-resistance and high block-
ing voltage reduces conduction and switching losses.
This enhancement not only improves device efficiency
but also allows for higher switching frequencies com-
pared to traditional silicon-based devices. Conse-
quently, it enables the use of smaller passive filter com-
ponents and cooling solutions, significantly reducing
both the size and weight of the overall system. Overall,
WBG semiconductors have become the first choice for
high-power and high-frequency applications.

MATERIAL Ll N
PROPERTIES Low intrinsic carrier High critical
concentration electric field
! < !
DEVICE High temperature Low High blocking
PROPERTIES capability ON-resistance voltage
Ve —
Lower Lower
IMPACT ON conduction losses  switching losses
OPERATION 2 v
Higher switching
frequency
= '
Smaller Less overall Smaller passive
cooler losses elements
SYSTEM
ADVANTAGES

Figure 9 Impact of WBG semiconductor properties on
system performance.

3.2.2 WBG Market Presence: SiC and GaN Devices

SiC and GaN dominate the commercial market for wide
bandgap (WBG) power devices, each offering distinct
advantages over traditional silicon in power electron-
ics. The commercialization of SiC devices began with
the first SiC Schottky barrier diodes (SBDs) introduced
to the market by Infineon in 2001 and the first SiC
MOSFETs in discrete packages by Cree and Rohm in
2010-2011.SiC devices are now commercially available
in the voltage class of 650-3300 V [22]. The principal
benefits of SiC devices are most evident in applications
within the automotive and energy sectors, where their

high efficiency and high-voltage blocking capability
are required.

The market introduction of GaN power devices dates
back to 2010 when International Rectifier released the
first GaN-based power transistor. The commercially
available GaN devices are primarily classified as lateral
GaN HEMTSs, which have brought significant benefits to
applications that demand high frequency and effi-
ciency, particularly in RF and power supply sectors. GaN
devices are currently available primarily in the voltage
class of 100-650 V.

Bandgap (eV) —0= Si
34 o= 4H-SiC
9 GaN
Electron mobility Dielectric
(cm?/V's) constant
1350.00¢ 11.8

278 33
Critical electric

Electron saturation field (MV/cm)

velocity (10’ cm/s)

4.5
Thermal conductivity
(W/cm K)

Figure 10 Graphical visualization of material character-
istics using typical values for Si, SiC and GaN.

Figure 10 compares typical values of key material pro-
perties of GaN, SiC and Si. GaN devices, with their high
electron mobility, inherently support much higher
switching frequencies. They operate effectively at rela-
tively high voltages due to their high critical electric fi-
eld and exhibit lower leakage currents. In contrast, SiC
devices have significantly higher thermal conductivity,
enabling better heat dissipation. This advantage is par-
ticularly beneficial as it compensates for the relatively
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higher specific losses compared to GaN, thus impro-
ving overall system performance and reliability.

4 Packaging: Electrical and Thermal
Challenges

The use of bare semiconductor dies is uncommon due
to handling and reliability concerns. Therefore, semi-
conductor dies are typically enclosed in various pack-
ages containing critical components, such as the semi-
conductor dies, substrates, baseplate, die bonding, and
encapsulant (Figure 11).

I gel filler

power devices I

Figure 11 Mockup view of the package cross section
showing the power devices (dies with die attachment
and bond wires), soldered onto a baseplate. Adapted

from [23].

The primary function of the baseplate is to mechani-
cally support the substrate. This is usually a ceramic
(alumina, aluminum nitride or silicon nitride) with a
metallization of copper (DBC - Direct Bonded Copper)
or aluminum (DBA - Direct Bonded Aluminum) on the
top and bottom. The top side of the DBC is attached to
the semiconductor power die and supports heat dissi-
pation and electrical conduction, similar to bond wires.
The bottom of the DBC is soldered to the baseplate to
provide a path for semiconductor chips to dissipate
heat, while the core of the DBC provides electrical iso-
lation. The power terminals, including bond wires, pro-
vide the electrical connection between the die and the
external circuit.

Environmental effects have a significant impact on the
performance of the power module and make protec-
tive measures necessary. In conventional packaging, an
encapsulant covers the surfaces of power devices and
bond wires to protect against adverse environmental
conditions such as exposure to chemicals, humidity,
and gases. Consequently, all elements, except the bot-
tom side of the baseplate, are encased in a plastic cov-
ering.

4.1 Power and Gate Drive Commutation Loop Par-
asitics

The package structure and applied materials signifi-
cantly influence the electrical and thermal perfor-
mance of the device. Specifically, they introduce addi-
tional stray resistance, inductance, and capacitance
into the power and gate drive loops. These interact
with the inherent capacitances of the semiconductor

device, which are the key factors in turn-on/off switch-
ing behaviour, impacting switching losses, voltage and
current oscillations, and resulting in thermal stress [24],
[25]. The effect of these parasitics varies on the type of
packaging used, as illustrated in Figure 12, and varies
on the source contact configurations inside the pack-
age, as shown in Figure 13.

TO-247-3

No Kelvin pin

2.6 mm Creepage
12 nH inductance

500

TO-247-4
Kelvin pin

8 mm Creepage
12 nH inductance

e

TO-263-7
Kelvin pin

7 mm Creepage
2 nH inductance

M.’
o “592.1':.-'

(ud)

—O—TO-217-3
400 L|—o—T0-2474
—0—TO-263-7

300 +

200 -

100+

Total Switching Loss

0 H 10 15 20 25
Drain-Source Current (A)

Figure 12 Comparison of parasitic inductance values
and switching energy loss for different package types.
Adapted from [26].

power module

power loop

drive ioop

Lano mput

Figure 13 Equivalent circuit of a transistor leg contain-
ing structurally introduced parasitic inductances in
power and gate drive loop interacting with die capaci-
tances of the MOSFET (A). Subfigures (B)-(D) show var-
ious source contact configurations [27].

Furthermore, it is essential to understand that the
causes leading to the deteriorated switching perfor-
mance extend beyond the boundaries of the device
package. They encompass all high-frequency current
commutation paths (Figure 13), including components
like the DC link capacitor, the interconnected traces on
printed circuit boards (PCBs), as well as stray capaci-
tances between the power and the gate drive and to-
wards the heatsink (not depicted in Figure 13).

With the increased switching speeds of WBG devices,
the circuit experiences higher induced voltages due to
the inductance (L,). This results in drain-source voltage
overshoot and significantly elevates the voltage stress
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on MOSFETs compared to their (Si) counterparts. Addi-
tionally, the L, can during the switching transients res-
onate with various capacitors, such as the MOSFET out-
put capacitor and the body diode junction capacitance.
This resonance can couple into the gate drive loop
through the Miller capacitor, affecting the driver signal
[28]. As a result, this interaction increases switching
losses [23] and generates high-frequency electromag-
netic interference (EMI).

4.2 Thermal Aspects of Packaging

In addition to electrical considerations, the design and
materials used in packaging are critical for determining
heat dissipation capabilities, which in turn affect the
overall mechanical design of the converter. As modern
WBG devices become more efficient, their physical
footprint decreases. Consequently, the heat flux is con-
centrated over a smaller die area, and the reduced di-
mensions of the packaging limit heat spreading and
dissipation, leading to hotspots within the device. In-
creased temperatures can also compromise the relia-
bility of bonding, interconnections, and insulation lay-
ers.

To prevent power derating and improve power den-
sity, packaging design must address both electrical and
thermal aspects simultaneously [23], [28].

5 Mitigating Parasitic Effects and
Thermal Challenges in Packaging

To fully leverage the advantages of WBG materials
[Vecchia, 2019], which are capable of operating effi-
ciently at high temperatures, frequencies, and volt-
ages, traditional packaging designs used for Si-based
semiconductors are no longer adequate.

Key drivers for optimizing packaging designs for power
devices include:

e High-speed switching and short current paths:
This necessitates advancements in bonding tech-
niques such as using new materials, employing
copper clips instead of wires, and adopting ribbon
bonding.

¢ High current carrying capability: Achieved by in-
tegrating copper layers with thickness of up to 300
micrometers.

o Die attachment methods: Incorporating ad-
vanced techniques such as sintering and soldering,
whether single-sided or double-sided.

¢ Enhanced cooling efficiency: Techniques such as
double-side cooling, thermal vias, micro-channels
for liquid cooling, and the use of high thermal con-
ductivity substrate materials (such as Al,0s;, AIN,
and SisN,) [29] are crucial. Considerations also in-
clude managing the coefficient of thermal expan-
sion (CTE) mismatch and integrating of heat-
spreading materials.

e High-temperature capability: Ensuring reliability
at temperatures exceeding 200 °C.

e Cost-effective production: Focusing on precision
and reliability in the manufacturing processes.

The importance of these factors varies by application,
such as in automotive systems or custom electronic
chargers, highlighting the need for specialized packag-
ing solutions tailored to specific voltage, current, and
power requirements in different contexts.

5.1 Die Attach

For silicon devices, the dies are generally attached to
the substrate using lead (Pb)-based solders. These sol-
ders have lower thermal conductivity compared to the
much higher thermal conductivity of WBG devices.
Consequently, WBG devices are usually attached using
sintering processes performed under controlled tem-
perature and pressure conditions. Another commonly
used method is transient liquid-phase bonding [30],
[31]. When selecting materials, factors such as melting
temperature, thermal conductivity, and CTE must be
considered, as they influence performance degrada-
tion during thermal cycling.

However, many current materials and designs are not
suitable for operating temperatures above 250 °C. Sil-
ver (Ag) sintering is becoming a preferred alternative
due to its benefits, including lower thermal resistance
(Rw), reduced bond line thickness (BLT), and support for
higher operating temperature of up to 200 °C (Table 3).
Despite these advantages, concerns about Ag migra-
tion and increased thermo-mechanical stresses remain.
Pressureless Ag sintering, which uses a polymer matrix
for densification is a viable option but may offer inferior
R compared to pressure-assisted methods. While cop-
per (Cu) sintering is cost-effective and provides lower
R its use is limited by the lack of a film-based format
and the need for an inert atmosphere. Gold-tin (Au-Sn)
eutectics offer a significant advantage with a notably
reduced BLT of just 3-4 um, compared to the more than
50 um typical of other materials.

Table 3 New innovative die attach techniques for SiC [26].

:?jlgyattach el Thermal conductivity | Advantages Risks

Semi Ag sinter 75-100 W/mK

- Lower R
- Thinner BLT

- Volatiles
- Ag migration
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- HVYM - New die/LF interface

- Enables 200 °C - Die size limitation

- Lower R, - Ag migration

- Better BLT control - High thermo-mechanical
Full Ag sinter 150-300 W/mK - Better surge stresses

- Higher power density - Voiding/porosity

- Enables 200 °C - No HVM at assembly vendor

- Lower R,

e RS EEL - Process challenges
Cu sintering 150-250 W/mK - Higher power density

- Storage challenges

- Lower cost

- Enables 200 °C

- Lower R, - High thermo-mechanical
AuSn eutectic (80/20) 57 W/mK - Thinnest BLT stresses
die backside - Better BLT control - Die size limitation

- Non-Pb - Voiding

Mechanical stresses resulting from power and thermal
cycling can lead to cracks between the substrate and
die. As aresult, self-healing die attachment has become
a notable area of interest. However, this emerging
technology is still in its developmental stages and may
present risks to improving package reliability [32].

5.2 Topside-Bonding

(©

Figure 14 Top: wire-bonding: (A) Cu wire-bonding, (B)
Cu-Al wire bonding. Bottom: Ribbon bonding: (C) Al
ribbon, (D) Cu ribbon [35].

The prevalent use of conventional wire bonding in
commercial SiC power module packaging is attributa-
ble to its compliance with stringent testing standards,
such as successfully passing power cycle tests exceed-
ing 20 million without failure [33], [34]. Aluminum (Al)
wires, typically 20 mils in diameter, are predominantly
used for wire bonding, despite their limitations on pad
size and bonding throughput. Alternatives like heavy
Cu wires (Figure 14 A) offer better current capacity and
superior thermal conductivity compared to aluminum,
as well as enhanced reliability, although they require
additional processing steps such as die top system in-
tegration or plated topside Cu layers [35]. These chal-
lenges are effectively addressed by novel composite
materials that combine Al and Cu (Figure 14 B), aiming
to optimize bonding processes without changing chip
metallization. Moreover, Al and Cu ribbon bonding
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(Figure 14 C, D) provide a compelling solution for
higher current carrying capabilities and improved
power cycling performance [31], [36].

5.2.1 Mitigating the Magnetic Field in the Commutation
Loop

Traditional wire-bonding methods have inherent
drawbacks, such as increased parasitic inductance and
impeded power module switching speeds. Addition-
ally, predominant material failures like bond wire lift-
off and heel cracks, caused by thermomechanical
stress, elevate bonding failure to a critical operational
concern during power and thermal cycling. In 2002,
Nexperia introduced Cu clip bonding technology
(Figure 15), marking a significant advancement in
power module assembly. Replacing conventional wire
bonds with flat Cu clips not only reduces parasitic in-
ductance but also improves heat dissipation from the
die's surface. While this approach has been initially in-
troduced for Si technology it has since been transfered
to WBG devices [37].

Al Wire Bonding Cu Wire Bonding Cu Clip & Au Bump Cu Clip (Source & Gate)
til
FYey TN d
P i
AA44 as o
>
‘s

Ribbon (S), Wire (G)  Cu Clip (S), Wire (G)  Cu Clip (S), Wire (G)

Figure 15 Example of bond-wire and clip-lead power
SOP-8 leaded packages [38].

ONSEMI reported a 14 % reduction in junction-to-case
thermal resistance for a single-sided PQFN package
compared to its conventional wire-bonded counter-
part. Nexperia's LFPAK88 package, on the other hand,
boasts a source inductance that is five times smaller
than that of the D2PAK package [39] (Figure 16).
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Figure 16 Power package parasitic resistance (bars)
and inductance (line) [38].

In 2011, Semikron-Danfoss introduced SKiN technol-
ogy, a concept designed to minimize stray inductance
in their 750 V/1200 V six-pack compatible package. In-
stead of a solid Cu clip, they utilized a two-layer flex foil
tightly positioned over the top and bottom transistors,
creating three-layer current paths with minimal loop
area. This approach is also employed in standard power
stage modules [40], where Ag sintering is used to con-
nect one side of the power chip to the DBC and the
other to a flexible circuit board for current conduction.
This design achieves remarkably low stray inductance,
measuring as low as 2.5 nH per module, including over-
lapping terminals (DC+ and DC-, Figure 17). In compar-
ison, the equivalent SEMITRANS module exhibits 15 nH
stray inductance. The reduction in inductance in struc-
tures with close-fitting parallel traces is due to the can-
cellation of the magnetic field by having opposite cur-
rent paths. Additionally, a separate study highlights
that a significant portion of this reduction is attributa-
ble to the overlapping terminals alone. However, re-
placing Al material with flexible circuit boards imposes
limitations on packaging reliability at high tempera-
tures.

TOP Switch

BOT Switch

DC-
-
=

DC+ I

DBC Substrate I

AC
DPD Pressure
System \

DC -

Figure 17 Concept of stray inductance reduction in
eMPack package. Adapted from [41] and [42].

The design also incorporates the following features: (1)
a ceramic substrate with DSS (Double-Side Sintering)
sintered chips, (2) the absence of a rigid joint between
the substrate and the cooler, resulting in a low thermal
and mechanical stress on the substrate, and (3) a DPD
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(Direct Pressed Die) pressure system that flattens out
cavities downward, ensuring low thermal resistance Ri.

5.2.2 Bonding Within Double-Sided Cooling Structures

A concept similar to SKiN technology has been widely
adopted across various packaging designs, with a pri-
mary focus on double-sided cooling structures. These
configurations are common in high-power-density au-
tomotive applications exposed to elevated tempera-
tures from liquid coolants. A notable example is In-
fineon’s HybridPACK DSC (Double Sided Cooling)
Power Module featuring SiC MOSFETSs. Since the DSC
module utilizes indirect cooling, optimizing the ther-
mal interface material (TIM) becomes crucial. Remarka-
bly, the R, of a DSC module can be reduced by 40 %
compared to a single-sided cooled module of the same
footprint operating under identical conditions [43].

 memigee 11

leads - Spacer
- chip
substrate

l ! ! double-sided
2 cooling
@Q

Figure 18 DSC package and its thermal stack

A refined thermal stack configuration, illustrated in Fig-
ure 18, showcases improved efficacy. In this design,
dies are attached and electrically interconnected on
both the top and bottom of DBC. Instead of using tra-
ditional spacers, which mainly offer structural support
and, in some stack configurations, apply sufficient pres-
sure on current pads to form spring-interconnected
stacked power modules, this configuration replaces
solder bumps or advanced alternatives with a gold-
plated pin-fin-based copper connector (Figure 19). This
substitution enhances reliability and addresses com-
mon issues such as void formation and cracking that
occur in extensive soldering processes.

/

Cu AIN
solder bump
(A)
Cu —»
N 2 & = L i 2
- Die Die
solder

I

(B)

Figure 19 The cross section with (A) simple flip-chip
technology implementing solder bumps vs (B)
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double-side sintered chips employing gold-plated
pin-fin-based copper connection. Adapted from [44].

Consequently, this enhanced structure facilitates an
even higher current-carrying capacity. In contrast, the
impact of parasitic capacitances (between the die and
baseplate), particularly those subjected to high dv/dt
during switching transients, has a much more signifi-
cant effect on electromagnetic interference (EMI) and
switching performance compared to single-sided con-
figurations [25], [45]. In flip-chip technology (Figure 19),
where the die of the bottom MOSFET is mounted op-
posite to the substrate, reducing the surface with high
dv/dt, alternative methods such as increasing the thick-
ness of the DBC substrate, incorporating an additional
copper layer within the DBC for shielding, and intro-
ducing low permittivity materials into the thermal
stack are found to be less advantageous due to the as-
sociated increase in thermal resistance within the
power modules.

5.2.3 Kelvin-Source Connection

Power terminals in higher current-carrying packages
are typically designed in blade terminal configurations.
Conversely, gate-loop terminals often maintain inter-
nal connectivity through wire bonding in many de-
signs. Due to fabrication constraints or safety consider-
ations, the gate drive circuitry is usually kept separate
from the power modules on distinct substrate boards.
Therefore, itis crucial to minimize gate loop inductance
by positioning the gate driver circuitry close to the
power device. In three-terminal packages, the gate-
loop also includes parasitic inductance L., which is
placed in series with the source terminal.

As a result, the voltage at the die level may substantially
differ from the voltage measured at the terminals due
to voltage drops caused by the large current flowing
through the power loop [46]. To mitigate the adverse
effects of L, especially as switching frequencies in-
crease, it is crucial to isolate the gate-loop from the ef-
fects of the switch power-loop current. This can be ac-
complished by implementing a Kelvin-source connec-
tion. Given the rising switching speeds of WBG devices,
this approach is becoming increasingly important,
both in discrete components and in packages contain-
ing multiple dies [46]. However, in multi-die modules,
the layout of the Kelvin-source connection requires
careful consideration, as it significantly impacts current
sharing among the dies [47], [48].

6 Comprehensive Integration in
Power Modules

One of the prominent trends in power converter design
over the past decade has been the increasing level of
integration. At the device level, packaging has evolved
to minimize stray inductance, facilitate Kelvin-source
connections, enhance thermal coupling between the
die and the package, and support cooling from both
sides.

At the package level, integration began with transition-
ing from discrete devices to power modules, where
multiple dies are attached to the same substrate to cre-
ate the desired circuit topology [49]. This shift signifi-
cantly simplifies power connections and streamlines
converter manufacturing.

6.1 Integration of Gate Driver

Both the power and gate drive commutation loops sig-
nificantly affect the dynamics of semiconductor
switches, driving extensive efforts to minimize their
loops and reduce parasitic parameters. Various meth-
ods have been proposed, including the use of new
packaging techniques, the addition of Kelvin pins, and
the adoption of advanced bonding technologies, as
presented in Sections 4 and 5. However, these ap-
proaches have their limitations and do not always yield
the desired improvements in performance. Studies
highlight that while these strategies contribute to re-
duced parasitic effects, they cannot fully overcome the
inherent challenges posed by high-speed switching
and the complexity of modern semiconductor devices.

The ultimate step in integration involves incorporating
gate driver circuitry [50], [51] directly into the power
module. This approach not only simplifies the signal
routing for the converter but also substantially reduces
stray inductances between the gate driver and the
transistor. As a result, it decreases gate voltage over-
shoots and minimizes ringing [52]. This integration is
particularly beneficial for converters using GaN de-
vices, which have stricter gate terminal specifications.

Integrated gate drive GaN products can deliver supe-
rior efficiency, increased power density, and reduced
magnetic component size across various applications,
such as data center power supplies and solar inverters.
Specifically, the Texas Instruments’ LMG3522R030-Q1,
which is automotive-qualified, can switch at 650 V with
a frequency of 2.2 MHz and achieve high slew rates of
up to 150 V/ns. This combination enables a significant
59 % reduction in the size of power magnetics [53]. Re-
search demonstrates that positioning gate driver inte-
grated circuits and their coupling capacitors on the di-
rect-bonded copper substrate within the power mod-
ule, rather than on the PCB, can achieve up to 45 % re-
duction in the gate driver's thermal resistance from
junction to ambient. Incorporating an auxilliary source
bond wire used as a Kelvin connection for the gate cir-
cuitry allows for effectively decoupling of the gate and
power loops, achieving gate-source and drain-source
loop inductances of 4.6 nH and 6.3 nH, respectively
[54].
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integrated solution has a smaller footprint. It also re-
duces the capacitive coupling at the switching node,
oA =l AR, leading to lower electromagnetic interference (EMI).

1 1§ | Additionally, if the inductor losses are minimal, it aids

OWer

in extracting heat from the top side of the power stage.
substrate
power stage

switch node
(A) Discrete
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Figure 21 Integration of inductor with the power mod-

(B) Integrated ule. Adapted from [58] and [59].

Figure 20 Packaging technologies. (A) presents a con-
ventional power module structure. (B) demonstrates a
PCB/DBC hybrid power module structure. Adapted
from [55].

Another option is integrating all components of the
switching device into a multilayer PCB, which further
optimizes performance by embedding the semicon-
ductor die directly into the PCB, with copper planes
connecting peripheral units. This design eliminates
bond wires, reducing power loop parasitic inductance
to 2.8 nH [55]. However, the use of FR4 PCB material in-
creases thermal impedance, potentially impacting
thermal and electrostatic performance. This shortcom-
ing can be addressed with a PCB/DBC hybrid power
module structure (Figure 20), where a ceramic sub-
strate is attached to the multilayer PCB with integrated
semiconductor die [55]. Gate loop inductance is partic-
ularly critical in parallel-connected high-current WBG
semiconductors, where synchronized gate voltages are
essential to avoid timing mismatches. This synchroni-
zation requires low-inductance switching cell designs
and equal gate loop parasitics, achieved through PCB
layouts with length-matched signal traces connecting
drivers to power switches [56].

6.2 Integration of Passive Devices

The increased switching speeds associated with WBG
devices make the effects of stray inductances and ca-
pacitances more pronounced. To address these issues,
some power modules incorporate decoupling capaci-
tors [57]. By positioning the capacitor closer to the tran-
sistor leg (Figure 13), voltage oscillations during
switching events are significantly reduced, which in
turn decreases the required voltage margin.

Integrating an inductor also proves advantageous [58].
Asillustrated in Figure 21, this integration offers several
benefits. When placed on top of the power stage, the

13
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6.3 Integration of Sensors

The integration of sensors into power modules began
with simple inclusion of NTC thermistors. This ap-
proach allows for more dynamic measurement of sub-
strate temperature, enabling the converter to operate
with a reduced temperature margin. To enhance ther-
mal coupling between the transistor and the tempera-
ture sensor, some manufacturers prefer to use a diode
as a temperature sensor, which can be mounted on the
same die as the power transistor [60].

Another commonly integrated sensor, especially in
modules with gate drivers, is the current sensor [61],
primarily used for overcurrent protection. Utilizing cur-
rent mirroring based on sense MOSFETSs, as suggested
in [61], offers advantages by significantly reducing tem-
perature dependence compared to the Rpson method.

6.4 Complete Control System Integration

The complete integration of power devices, gate driv-
ers, current and temperature sensors, and all control
logic, including a processing unit (MCU), represents the
culmination of integration efforts. Initial attempts, such
as IR's PIIPM devices from two decades ago (Figure 22),
succeeded in miniaturizing the control electronics to
within the power module. However, rapid advance-
ments in silicon technology quickly rendered these de-
vices obsolete.

Figure 22 PIIPM power module with corresponding
signal electronics including current/voltage sensing,
gate drivers and processing unit

Recent examples include the “System in a Package”
STSPIN32F0, which integrates an MCU along with com-
plete sensing and gate-driving circuitry into a single
chip (Figure 23) [62]. DRV10983 takes this a step further
by also incorporating a low-power output stage,
thereby delivering a complete power system within a
single package.
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Figure 23 System in a package including processing
unit, sensing and gate drivers [62].

Although this level of integration is currently limited to
Si-based designs, it is anticipated that similar solutions
will soon be available for GaN and SiC power devices.

6.5 Integration of Cooling Body

Even though the theoretical operating temperature for
WBG devices can reach up to 500 °C, leading manufac-
turers currently offer these devices with a maximum
operating temperature of 175 °C. This limitation is pri-
marily due to reliability concerns, specifically the failure
rates at the die level, which are further exacerbated by
packaging constraints [63].

At the package level, a key focus is on thermo-mechan-
ical reliability, which is particularly well-addressed by
double-sided structures due to the robust interconnec-
tions between individual dies and their substrates.

Further improvements in reliability can be achieved by
integrating the semiconductor die and cooling body
into a single component, typically featuring liquid cool-
ing (Figure 24). An advanced example of this integra-
tion is seen in embedded designs, where these compo-
nents are integrated into the printed circuit board [64].
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Figure 24 Schematic of power modules (upper sec-
tion) with both closed (top) and open (bottom) liquid
heat sink solutions. Photograph of the wave technol-

ogy applied to the power module baseplate, along

with the open heat sink (lower section) [65].

7 Advanced Techniques in Power
Electronics Design Optimization

The approach to designing power electronics systems
has evolved significantly in recent decades. Traditional
methods, based on experience and analytical tech-
niques, are now heavily supplemented by multi-do-
main simulations, including electromagnetic, thermal,
and mechanical analyses, and lately also by machine
learning and artificial intelligence concepts. The focus
has shifted towards accelerating prototyping and opti-
mizing parameters such as efficiency, compactness,
and EMC/EMI characteristics. The rise of WBG semicon-
ductors, with their higher switching frequencies and
dynamics, has made parasitic parameters of PCBs,
power modules and even integrated circuits — induct-
ances, capacitances, and resistances - critical to perfor-
mance.

Accurate modeling of parasitic elements is essential for
WBG modules, as small deviations can significantly af-
fect converter operation. For instance, errors exceeding
10 % in loop inductance modeling can impact perfor-
mance notably, highlighting the need for precise elec-
tromagnetic simulations [66].

Three main methods are used to estimate parasitic pa-
rameters: numerical simulations, analytical ap-
proaches, and experimental measurements.
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7.1 Numerical Simulations

Numerical tools such as Ansys Q3D, which uses finite
element analysis (FEA) and the Method of moments
(MOM), accelerated by the Fast multipole method
(FMM) help analyze parasitics and optimize designs by
accounting for proximity effects and skin effects, die-
lectric and resistive losses, and frequency dependen-
cies [67]. Such tools have been validated for both dis-
crete and module-level analyses [68], [69], improving
designs by reducing the inductance and optimizing
current distribution.

Authors in [70] demonstrate reduction of power loop
inductance by 70 % by changing the design from lat-
eral to vertical. A similar method was also presented for
a 135 kW SiC-based traction inverter [71]. The authors
in [72] significantly reduced the inductance by using
multiple PCB layers for improved current distribution
and magnetic field cancellation.

Sun et al. emphasized the importance of evaluating
parasitic inductances for estimating the oscillation
challenges during the hard switching process [73],
while Liu et al. show through LTSpice simulations that
the common-source inductances can increase the con-
verter losses by up to 20 % [74].

The common-source inductance is affected by several
parameters (leakage inductances of the common con-
ductive path between power and gate loop, coupling
factor of power and gate loop, presence of Kelvin
source connection, internal bond structure, number of
bond wires, gate loop area, submount size), which have
different effects as shown by the analysis using the CST
studio software [75].

As operating frequencies approach 1 MHz, the design
of passive components becomes increasingly complex.
Novel high-frequency GaN converters sometimes em-
ploy PCB inductors, where FEMM simulations are es-
sential for accurate design and evaluation of parasitic
elements [76].

7.2 Analytical Methods

Analytical methods, though often more complex to de-
rive, can offer speed and accuracy. Traditional induct-
ance calculations using the Biot-Savart law may overes-
timate values when PCB trace dimensions are small. To
address this, updated analytical methods [77] provide
more accurate estimates and are validated through
FEA analyses (program package Magnet) and experi-
mental results. Simplified parasitic models are also em-
ployed to reduce the complexity of numerical simula-
tions, streamline parameter sweeps, and improve de-
sign efficiency [73].

7.3 Experimental Measurements
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Parasitics can also be estimated through experimental
measurements, either indirectly through transient sig-
nals and ringing characteristics [78], [79] or directly
through impedance measurements. The latter are par-
ticularly useful for the characterization of decoupling
capacitors [78], SMD resistors, and ferrite beads [79].

The extraction of parasitic parameters and characteris-
tics of packaged SiC [80] and GaN [81] power transistors
can also be done by measurements using the S-param-
eters. A similar approach using S-parameters is also
useful for verifying the results of simulation models us-
ing Advanced Design Systems (ADS) software [82].

7.4 Design Optimization through Co-Simulation

In addition to parasitic inductances and capacitances
[83], optimizing thermal performance is a critical aspect
of the design process. Tools like Ansys Icepak, com-
bined with Ansys Q3D and Maxwell, facilitate electro-
thermal co-design by balancing inductance, capaci-
tance, and thermal management [78]. Parasitic RLC pa-
rameters estimated by simulations are often used in
combination with SPICE models of devices in conjunc-
tion with other simulation packages, such as COMSOL
Multiphysics to evaluate electro-thermal properties
and improve designs of power modules [79].

Overall, the integration of these advanced techniques
into the design process is crucial for maximizing the
performance and reliability of modern WBG-based
power electronics systems.

7.5 Machine Learning and Artificial Intelligence
Concepts

Machine learning and artificial intelligence concepts
are rapidly transforming the field of power electronics
and semiconductors by addressing challenges across
design, control, and maintenance life-cycle phases [84].
These technologies excel in tasks, such as optimization,
classification, regression, and data structure explora-
tion. For instance, ML facilitates the discovery of novel
semiconductor materials through classification and
predicts their physical, electrical, magnetic, or chemical
properties [85]. Such materials are essential for the de-
sign of integrated circuits and power module pack-
ages, where advanced ML methods like deep learning
and reinforcement learning are widely implemented in
electronic design automation (EDA) for tasks such as
placement, routing, and performance prediction [86].
Furthermore, Al enables reliability-focused design by
mitigating the computational burden of finite element
method simulations through dataset-driven predic-
tions applied across functional design, reliability de-
sign, manufacturing, and testing phases [87].

Al and ML further enhance the design and prognostics
of power modules, particularly in thermal manage-
ment and material selection [88], [89], [90]. Combined
approaches using genetic algorithms and FEM simula-

tions have demonstrated significant optimizations, in-
cluding a 27 % reduction in heat sink volume and a 6 °C
decrease in junction temperature [91]. Similarly, multi-
objective genetic algorithms have been applied to op-
timize Al ribbon loop dimensions, minimizing plastic
strain and temperature [88]. ML also improves manu-
facturing processes by increasing wafer yield, optimiz-
ing die pickup procedures [85], [88], [92], and enabling
fault diagnosis for wire-bonding equipment [93]. Con-
ventional power converter design, often iterative and
time-consuming, is now accelerated using genetic al-
gorithms and artificial neural networks for multi-objec-
tive circuit parameter design with reduced computa-
tional time, as demonstrated in a 1 kW GaN inverter
prototype [94], [95]. Al-driven digital twin modeling en-
ables the prediction of transient behaviours and failure
mechanisms, such as bond wire lift-off and junction
temperature estimation in wide bandgap semiconduc-
tors [96], [97]. A new class of intelligent systems, called
cognitive power electronics [98], integrates Al with em-
bedded sensors and real-time analytics, demonstrating
the transformative potential of these technologies. As
computational capabilities continue to advance, ML
and Al are expected to play an increasingly critical role
in shaping the future of power electronics design and
optimization.

8 Conclusions

WBG semiconductor switches such as SiC and GaN of-
fer significant advantages compared to traditional Si-
based counterparts.

The rise of WBG materials demands advanced packag-
ing and design strategies to fully exploit their high-
temperature and high-frequency capabilities. Tradi-
tional Si-based packaging techniques are insufficient,
necessitating innovations in die attach methods, bond-
ing techniques, and module integration.

High switching speeds necessitate a substantial reduc-
tion in parasitic parameters. This process is supported
by accurate modeling and advanced design optimiza-
tion techniques, such as multi-model co-simulation,
novel analytical methods, and extensive experimental
measurements. Moreover, machine learning and artifi-
cial intelligence concepts are playing an increasingly
important role in supporting these design and optimi-
zation processes in power electronics, leading to re-
ducing design times and improved performance. As
computational power continues to grow, the impact of
ML and Al in these areas is expected to expand further.

In summary, leveraging these innovations and design
techniques will drive the next generation of power
electronics, improving efficiency, compactness, and re-
liability in a wide range of applications.

Acknowledgments




H. Lavric et al.; Informacije MIDEM, Vol. 55, No. 1(2025), XX — XX

The authors gratefully acknowledge the financial sup-
port of the Slovenian Ministry of Higher Education, Sci-
ence, and Innovation, as well as the Slovenian Research
and Innovation Agency (Grant: P2-0258).

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

Henrik Lavri¢: Investigation, writing. Peter Zajec: Con-
ceptualization, writing. Klemen Drobnic: Visualization,
writing. Andraz Rihar: Conceptualization, writing. Vanja
Ambrozi¢: Group supervision, writing. Danjel Voncina:
Funding acquisition, writing. Mitja Nemec: Conceptual-
ization, writing. All authors read, reviewed, edited, and
approved the final version of the manuscript.

References

[1] O.S.Chaudhary, M. Denai, S. S. Refaat, and G. Pis-
sanidis, “Technology and Applications of Wide
Bandgap Semiconductor Materials: Current State
and Future Trends,” Energies, vol. 16, no. 18, p.
6689, Sep. 2023, doi: 10.3390/en16186689.
“Power Electronics Market Size to Hit US$ 32.59
Billion by 2032.” Accessed: Jan. 19, 2024. [Online].
Available: https://www.precedencerese-
arch.com/power-electronics-market

J. Millan, “A review of WBG power semiconductor
devices,” in CAS 2012 (International Semiconductor
Conference), Sinaia, Romania: IEEE, Oct. 2012, pp.
57-66. doi: 10.1109/SMICND.2012.6400696.
Allied Market Research, “Wide Bandgap Semicon-
ductors Market Size & Trends 2032,” Allied Market
Research. Accessed: Sep. 06, 2024. [Online]. Avai-
lable: https://www.alliedmarketrese-
arch.com/wide-bandgap-semiconductors-market
J. Millan, P. Godignon, X. Perpina, A. Perez-Tomas,
and J. Rebollo, “A Survey of Wide Bandgap Power
Semiconductor Devices,” IEEE Trans. Power
Electron., vol. 29, no. 5, pp. 2155-2163, May 2014,
doi: 10.1109/TPEL.2013.2268900.

C. Kittel, Introduction to solid state physics, 8. ed.,
[Repr.]. Hoboken, NJ: Wiley, 2005.

M. H. Wong, O. Bierwagen, R. J. Kaplar, and H.
Umezawa, “Ultrawide-bandgap semiconductors:
An overview,” J. Mater. Res., vol. 36, no. 23, pp.
4601-4615, Dec. 2021, doi: 10.1557/s43578-021-
00458-1.

S. J. Pearton, F. Ren, M. Tadjer, and J. Kim, “Per-
spective: Ga203 for ultra-high power rectifiers
and MOSFETS,” J. Appl. Phys., vol. 124, no. 22, p.
220901, Dec. 2018, doi: 10.1063/1.5062841.

A. L. Hickman et al., “Next generation electronics
on the ultrawide-bandgap aluminum nitride plat-
form,” Semicond. Sci. Technol., vol. 36, no. 4, p.

(2]

(3]

(4]

[5]

[6]

[71

(8]

[9]

044001, Apr. 2021, doi: 10.1088/1361-
6641/abe5fd.

[10] J. L. Hudgins, G. S. Simin, E. Santi, and M. A. Khan,
“An assessment of wide bandgap semiconductors
for power devices,” IEEE Trans. Power Electron., vol.
18, no. 3, pp. 907-914, May 2003, doi:
10.1109/TPEL.2003.810840.

[11] K. Takahashi, A. Yoshikawa, and A. Sandhu, Wide
bandgap semiconductors: fundamental properties
and modern photonic and electronic devices. Berlin:
Springer, 2007.

[12] T. P. Chow, “Progress in High Voltage SiC and GaN
Power Switching Devices,” Mater. Sci. Forum, vol.
778-780, pp. 1077-1082, 2014, doi:
10.4028/www.scientific.net/MSF.778-780.1077.

[13] T. P. Chow, “Wide bandgap semiconductor power
devices for energy efficient systems,” in 2015 IEEE
3rd Workshop on Wide Bandgap Power Devices and
Applications (WiPDA), Blacksburg, VA, USA: IEEE,
Nov. 2015, pp. 402-405. doi:
10.1109/WiPDA.2015.7369328.

[14] X. Ding, Y. Zhou, and J. Cheng, “A review of gal-
lium nitride power device and its applications in
motor drive,” CES Trans. Electr. Mach. Syst., vol. 3,
no. 1, pp. 54-64, Mar. 2019, doi:
10.30941/CESTEMS.2019.00008.

[15] N. Kim, J. Yu, W. Zhang, R. Li, M. Wang, and W. T.
Ng, “Current Trends in the Development of Nor-
mally-OFF GaN-on-Si Power Transistors and
Power Modules: A Review,” J. Electron. Mater., vol.
49, no. 11, pp. 6829-6843, Nov. 2020, doi:
10.1007/511664-020-08284-7.

[16] M. Meneghini et al., “GaN-based power devices:
Physics, reliability, and perspectives,” J. Appl.
Phys., vol. 130, no. 18, p. 181101, Nov. 2021, doi:
10.1063/5.0061354.

[17] L. Cheng, J.-Y. Yang, and W. Zheng, “Bandgap,
Mobility, Dielectric Constant, and Baliga’s Figure
of Merit of 4H-SiC, GaN, and [3-Ga » O ; from 300 to
620 K,” ACS Appl. Electron. Mater., vol. 4, no. 8, pp.
4140-4145, Aug. 2022, doi: 10.1021/acsa-
elm.2c00766.

[18] A. Lidow, M. de Rooij, J. Strydom, D. Reusch, and J.
Glaser, “GaN Transistors for Efficient Power Con-
version,” John Wiley Sons, 2019.

[19] A. Udabe, I. Baraia-Etxaburu, and D. G. Diez, “Gal-
lium Nitride Power Devices: A State of the Art Re-
view,” IEEE Access, vol. 11, pp. 48628-48650, 2023,
doi: 10.1109/ACCESS.2023.3277200.

[20] B. J. Baliga, “Power semiconductor device figure
of merit for high-frequency applications,” IEEE
Electron Device Lett., vol. 10, no. 10, pp. 455-457,
Oct. 1989, doi: 10.1109/55.43098.

[21] Avnet, “Combining GaN and SiC for cost-effective
power conversion | Avnet Silica.” Accessed: Sep.
06, 2024. [Online]. Available: https://my.av-
net.com/silica/resources/article/combining-gan-
sic-for-cost-effective-power-conversion/

[22] Y. Qin et al., “Thermal management and packa-
ging of wide and ultra-wide bandgap power devi-
ces: a review and perspective,” J. Phys. Appl. Phys.,



H. Lavric et al.; Informacije MIDEM, Vol. 55, No. 1(2025), XX — XX

vol. 56, no. 9, p. 093001, Mar. 2023, doi:
10.1088/1361-6463/acb4ff.

[23] Y. Yang, L. Dorn-Gomba, R. Rodriguez, C. Mak, and
A. Emadi, “Automotive Power Module Packaging:
Current Status and Future Trends,” IEEE Access,
vol. 8, pp. 160126-160144, 2020, doi:
10.1109/ACCESS.2020.3019775.

[24] K. Wada and M. Ando, “Switching Loss Analysis of
SiC-MOSFET based on Stray Inductance Scaling,”
in 2018 International Power Electronics Conference
(IPEC-Niigata 2018 -ECCE Asia), Niigata: IEEE, May
2018, pp. 1919-1924. doi:
10.23919/IPEC.2018.8507986.

[25] D. N. Dalal et al., “Impact of Power Module Parasi-
tic Capacitances on Medium-Voltage SiC
MOSFETSs Switching Transients,” IEEE J. Emerg. Sel.
Top. Power Electron., vol. 8, no. 1, pp. 298-310,
Mar. 2020, doi: 10.1109/JESTPE.2019.2939644.

[26] S. Daryanani, “Package Innovations for SiC Power
Devices,” Power Electronics News. Accessed: Sep.
06, 2024. [Online]. Available: https://www.powe-
relectronicsnews.com/package-innovations-for-
sic-power-devices/

[27] M. Meisser, M. Schmenger, and T. Blank, “Parasi-
tics in Power Electronic Modules: How parasitic
inductance influences switching and how it can
be minimized,” presented at the PCIM Europe
2015, Nuremberg, Germany, 2015.

[28] H. Ma, Y. Yang, L. Wu, Y. Wen, and Q. Li, “Review of
the designs in low inductance SiC half-bridge
packaging,” IET Power Electron., vol. 15, no. 11, pp.
989-1003, 2022, doi: 10.1049/pel2.12290.

[29] M. Goetz, “Silicon Nitride Substrates for Improved
Performance in Power Electronics.” Accessed:
Sep. 06, 2024. [Online]. Available:
https://eepower.com/technical-articles/silicon-ni-
tride-substrates-for-improved-performance-in-
power-electronics/

[30] Y. Shi, Z. Wang, and Z. Wang, “Fine-Pitch Cu-Sn
Transient-Liquid-Phase Bonding Based on Reflow
and Pre-Bonding,” in 2022 China Semiconductor
Technology International Conference (CSTIC), Jun.
2022, pp. 1-3. doi:
10.1109/CSTIC55103.2022.9856899.

[31] L. Wang, W. Wang, R. J. E. Hueting, G. Rietveld,
and J. A. Ferreira, “Review of Topside Interconnec-
tions for Wide Bandgap Power Semiconductor
Packaging,” IEEE Trans. Power Electron., vol. 38, no.
1, pp. 472-490, Jan. 2023, doi:
10.1109/TPEL.2022.3200469.

[32] E. M. Dede, “Thermal Packaging Challenges for
Next-Generation Power Electronics,” presented at
the Applied Power Electronics Conference, New
Orleans, LA, USA, 2020.

[33] R. Zhang and Y. Zhang, “Power device breakdown
mechanism and characterization: review and per-
spective,” Jpn. J. Appl. Phys., vol. 62, no. SC, p.
SC0806, Apr. 2023, doi: 10.35848/1347-
4065/acb365.

[34] A.J. Wileman, S. Aslam, and S. Perinpanayagam,
“A road map for reliable power electronics for

more electric aircraft,” Prog. Aerosp. Sci., vol. 127,
p. 100739, Nov. 2021, doi: 10.1016/j.paero-
$¢i.2021.100739.

[35] 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, doi: 10.24295/CPSSTPEA.2017.00017.

[36] H. Kang, A. Sharma, and J. P. Jung, “Recent Pro-
gress in Transient Liquid Phase and Wire Bonding
Technologies for Power Electronics,” Metals, vol.
10, no. 7, p. 934, Jul. 2020, doi:
10.3390/met10070934.

[37] F. Hou et al., “Review of Packaging Schemes for
Power Module,” IEEE J. Emerg. Sel. Top. Power
Electron., vol. 8, no. 1, pp. 223-238, Mar. 2020, doi:
10.1109/JESTPE.2019.2947645.

[38] R. K. Williams, M. N. Darwish, R. A. Blanchard, R. Si-
emieniec, P. Rutter, and Y. Kawaguchi, “The
Trench Power MOSFET—Part II: Application Spe-
cific VDMOS, LDMOS, Packaging, and Reliability,”
IEEE Trans. Electron Devices, vol. 64, no. 3, pp. 692-
712, Mar. 2017, doi: 10.1109/TED.2017.2655149.

[39] N. Massey, “LFPAK88 takes a shorter path to effici-
ency,” Nexperia. Accessed: Sep. 13, 2024. [Online].
Available: https://efficiencywins.nexpe-
ria.com/efficient-products/LFPAK88-takes-a-
shorter-path-to-efficiency

[40] T. Radke and N. Lakshmanan, “The Next Genera-
tion of High Power IGBT Modules,” Bodos Power
Syst., vol. 5, pp. 42-45,2019.

[41] I. Kasko, S. E. Berberich, M. Spang, and S. Oehling,

“SiC MOS Power Module in Direct Pressed Die

Technology and some Challenges for Implemen-

tation,” in 2020 32nd International Symposium on

Power Semiconductor Devices and ICs (ISPSD), Sep.

2020, pp. 364-367. doi:

10.1109/ISPSD46842.2020.9170196.

“Semikron Danfoss, Webinar: eMPack Power Mo-

dule Family - Building Scalable and Highly Effci-

ent Traction Inverters | Semikron Danfoss.” Acces-
sed: Sep. 13, 2024. [Online]. Available:
https://www.semikron-danfoss.com/about-semi-
kron-danfoss/webinars/empack-power-module-
family-building-scalable-and-highly-effcient-tra-
ction-inverters.html

[43] A. P. Pai, M. Ebli, T. Simmet, A. Lis, and M. Benin-
ger-Bina, “Characteristics of a SiC MOSFET-based
Double Side Cooled High Performance Power
Module for Automotive Traction Inverter Applica-
tions,” in 2022 IEEE Transportation Electrification
Conference & Expo (ITEC), Jun. 2022, pp. 831-836.
doi: 10.1109/ITEC53557.2022.9813878.

[44] M. Liu, A. Coppola, M. Alvi, and M. Anwar, “Com-
prehensive 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, doi:
10.1109/0JPEL.2022.3166684.

[45] C. DiMarino et al., “A Wire-bond-less 10 kV SiC
MOSFET Power Module with Reduced Common-

[42]



H. Lavric et al.; Informacije MIDEM, Vol. 55, No. 1(2025), XX — XX

mode Noise and Electric Field,” presented at the
PCIM Europe 2018; International Exhibition and
Conference for Power Electronics, Intelligent Mo-
tion, Renewable Energy and Energy Mana-
gement, Nuremberg, Germany, 2018, pp. 1-7.

[46] F. Denk et al., “R psin VS. inductance: comparison
of SiC MOSFETs in 7pin D2Pak and 4pin TO-247
and their benefits for high-power MHz inverters,”
IET Power Electron., vol. 12, no. 6, pp. 1349-1356,
May 2019, doi: 10.1049/iet-pel.2018.5838.

[47] C. Zhao, L. Wang, F. Zhang, and F. Yang, “A Met-
hod to Balance Dynamic Current of Paralleled SiC
MOSFETs With Kelvin Connection Based on Re-
sponse Surface Model and Nonlinear Optimiza-
tion,” IEEE Trans. Power Electron., vol. 36, no. 2, pp.
2068-2079, Feb. 2021, doi:
10.1109/TPEL.2020.3009008.

[48] S. Wang, “Electrical Design Considerations and
Packaging of Power Electronic Modules,” Master
Thesis, University of Arkansas, Fayetteville, AR,
USA, 2013. [Online]. Available: https://scho-
larworks.uark.edu/cgi/viewcon-
tent.cgi?article=1857&context=etd

[49] M. Portico, “Exploring Innovation in Motion Con-
trol Technology - Industry Articles.” Accessed:
Sep. 13, 2024. [Online]. Available:
https://eepower.com/industry-articles/driving-in-
novation-in-motion-control-applications/

[50] M. Albayrak, K. Yamaguchi, and T. Nagahara, “,All-
In-One” DIPIPM+ Series for Compact Inverter De-
signs,” Bodo’s Power Systems, vol. 9, pp. 30-36,
2016.

[51] A. Lidow, “GaN Integrated Power Stage — Redefi-
ning Power Conversion,” Bodo’s Power Systems,
vol. 5, pp. 26-27, 2020.

[52] G.Tang et al., “"High-speed, high-reliability GaN
power device with integrated gate driver,” in
2018 IEEE 30th International Symposium on Power
Semiconductor Devices and ICs (ISPSD), May 2018,
pp. 76-79. doi: 10.1109/I1SPSD.2018.8393606.

[53] S. Daryanani, “The Integrated Gate Driver
Approach,” Power Electronics News. Accessed:
Nov. 28, 2024. [Online]. Available:
https://www.powerelectronicsnews.com/the-in-
tegrated-gate-driver-approach/

[54] A.B. Jergensen, “Packaging of Wide Bandgap
Power Semiconductors using Simulation-based
Design,” Ph.d, Aalborg University, 2019. doi:
10.54337/aau311246578.

[55] A. B. Jargensen, S. Beczkowski, C. Uhrenfeldt, N. H.

Petersen, S. Jorgensen, and S. Munk-Nielsen, “A
Fast-Switching Integrated Full-Bridge Power Mo-
dule Based on GaN eHEMT Devices,” [EEE Trans.
Power Electron., vol. 34, no. 3, pp. 2494-2504, Mar.
2019, doi: 10.1109/TPEL.2018.2845538.

[56] R. Risch and J. Biela, “Low Voltage GaN-Based
Gate Driver to Increase Switching Speed of Paral-
leled 650 V E-mode GaN HEMTs,” in 2020 22nd
European Conference on Power Electronics and Ap-
plications (EPE’20 ECCE Europe), Lyon, France: |IEEE,

Sep. 2020, p. P.1-P.11. doi:
10.23919/EPE20ECCEEurope43536.2020.9215773.

[57]1 L. Yang et al., “Electrical Performance and Reliabi-
lity Characterization of a SiC MOSFET Power Mo-
dule With Embedded Decoupling Capacitors,”
IEEE Trans. Power Electron., vol. 33, no. 12, pp.
10594-10601, Dec. 2018, doi:
10.1109/TPEL.2018.2809923.

[58] P. Yeaman, “Powering the Al Revolution Effici-
ently and Cost Effectively - Technical Articles,”
EEPower. Accessed: Sep. 13, 2024. [Online]. Avai-
lable: https://eepower.com/technical-artic-
les/powering-generative-ai-platforms-with-tco-
at-the-core/

[59] Infineon Technologies, “High density dual-phase
power modules| TDM22544D & TDM22545D - Infi-
neon Technologies.” Accessed: Sep. 13, 2024. [On-
line]. Available: https://www.infi-
neon.com/cms/media/pss-3dmodels/dual-phase-
power-module/

[60] Infineon Technologies, “600 V CoolMOS™ S7 with
temperature sense.” Jul. 29, 2024. [Online]. Avai-
lable: https://www.infineon.com/dgdl/Infineon-
MOSFET_CoolMOS_600V_S7T_with_integrated_t
emparature_sensor-ApplicationNotes-v01_00-
EN.pdf?fileld=8ac78c8c8b6555fe018bd8faa70d47
ba

[61] Infineon Technologies, “OptiMOS Powerstage
TDA21570."” Accessed: Sep. 13, 2024. [Online].
Available: https://www.infineon.com/dgdl/Infi-
neon-TDA21570-DataSheet-v02_00-
EN.pdf?fileld=5546d46279cccfdb0179e505726¢7
d7a&ack=t

[62] STM, “STSPIN32F0: Advanced BLDC controller
with embedded STM32 MCU.” Mar. 2017. [On-
line]. Available: https://www.st.com/reso-
urce/en/datasheet/stspin32f0.pdf

[63] Y. Wang, Y. Ding, and Y. Yin, “Reliability of Wide
Band Gap Power Electronic Semiconductor and
Packaging: A Review,” Energies, vol. 15, no. 18, p.
6670, Sep. 2022, doi: 10.3390/en15186670.

[64] S. Daryanani, “Embedded PCB packaging of WBG
Power Electronics,” Power Electronics News. Ac-
cessed: Sep. 13, 2024. [Online]. Available:
https://www.powerelectronicsnews.com/embed-
ded-pcb-packaging-of-wbg-power-electronics/

[65] S. Buschhorn, “Advanced Cooling Concept Impro-
ves Lifetime Performance — A Case Study - Techni-
cal Articles,” EEPower. Accessed: Sep. 13, 2024.
[Online]. Available: https://eepower.com/techni-
cal-articles/advanced-cooling-concept-improves-
lifetime-performance-a-case-study/

[66] I. Kovacevic-Badstubner, D. Romano, G. Antonini,
J. Ekman, and U. Grossner, “Electromagnetic Mo-
deling Approaches Towards Virtual Prototyping
of WBG Power Electronics,” in 2018 International
Power Electronics Conference (IPEC-Niigata 2018 -
ECCE Asia), Niigata: IEEE, May 2018, pp. 3588-
3595. doi: 10.23919/IPEC.2018.8507365.



H. Lavric et al.; Informacije MIDEM, Vol. 55, No. 1(2025), XX — XX

[67] Ansys, “Ansys Q3D Extractor.” [Online]. Available:
https://www.ansys.com/con-
tent/dam/amp/2022/may/asset-creation/q3d-
extractor-datasheet/ansys-q3d-extractor-da-
tasheet.pdf

[68] I. Kovacevic-Badstuebner, R. Stark, U. Grossner, M.
Guacci, and J. W. Kolar, “Parasitic Extraction Pro-
cedures for SiC Power Modules,” in CIPS 2018;

10th International Conference on Integrated Power
Electronics Systems, Mar. 2018, pp. 1-6. Accessed:
Sep. 13, 2024. [Online]. Available:
https://ieeexplore.ieee.org/docu-
ment/8403157/?arnumber=8403157

[69] S. Mazumder, M. Mandal, B. K. M, M. G, S. K. Roy,
and K. Basu, “Measurement of Circuit Parasitics of
a 200kW SiC based Stack,” in 2024 IEEE Applied
Power Electronics Conference and Exposition
(APEC), Long Beach, CA, USA: IEEE, Feb. 2024, pp.
1120-1124. doi:
10.1109/APEC48139.2024.10509473.

[70] B. Sun, Z. Zhang, and M. A. E. Andersen, “Research
of Low Inductance Loop Design in GaN HEMT Ap-
plication,” in IJECON 2018 - 44th Annual Conference
of the IEEE Industrial Electronics Society,
Washington, DC: IEEE, Oct. 2018, pp. 1466-1470.
doi: 10.1109/IECON.2018.8591732.

[71] B. Aberg, R. S. K. Moorthy, L. Yang, W. Yu, and I.
Husain, “Estimation and minimization of power
loop inductance in 135 kW SiC traction inverter,”
in 2018 IEEE Applied Power Electronics Conference
and Exposition (APEC), San Antonio, TX, USA: IEEE,
Mar. 2018, pp. 1772-1777. doi:
10.1109/APEC.2018.8341257.

[72] J. Hammer, |. G. Zurbriggen, M. Ali Saket, and M.
Ordonez, “Low Inductance PCB Layout for GaN
Devices: Interleaving Scheme,” in 2021 IEEE Ap-
plied Power Electronics Conference and Exposition
(APEC), Phoenix, AZ, USA: IEEE, Jun. 2021, pp.
1537-1542. doi:
10.1109/APEC42165.2021.9487045.

[73] B. Sun, K. L. Jorgensen, Z. Zhang, and M. A. E. An-
dersen, “Research of Power Loop Layout and Pa-
rasitic Inductance in GaN Transistor Implementa-
tion,” IEEE Trans. Ind. Appl., vol. 57, no. 2, pp. 1677-
1687, Mar. 2021, doi: 10.1109/TI1A.2020.3048641.

[74] X. Liu, S. Shafie, M. A. M. Radzi, N. Azis, and A. H. A.
Karim, “Modelling and mitigating oscillation in E-
mode GaN HEMT: A simulation-based approach
to parasitic inductance optimization,” Microe-
lectron. Reliab., vol. 152, p. 115293, Jan. 2024, doi:
10.1016/j.microrel.2023.115293.

[75] X. Geng, C. Kuring, M. Wolf, O. Hilt, J. Wurfl, and S.
Dieckerhoff, “Study on the Optimization of the
Common Source Inductance for GaN Transistors,”
in 2021 23rd European Conference on Power
Electronics and Applications (EPE’21 ECCE Europe),
Ghent, Belgium: IEEE, Sep. 2021, pp. 1-10. doi:
10.23919/EPE21ECCEEuUrope50061.2021.9570437.

[76] A. Chafi, N. Idir, A. Videt, and H. Maher, “Design
Method of PCB Inductors for High-Frequency GaN
Converters,” IEEE Trans. Power Electron., vol. 36,

20

no. 1, pp. 805-814, Jan. 2021, doi:
10.1109/TPEL.2020.3000438.

[77] A. Letellier, M. R. Dubois, J. P. F. Trovao, and H.
Maher, “Calculation of Printed Circuit Board
Power-Loop Stray Inductance in GaN or High
di/dt Applications,” IEEE Trans. Power Electron., vol.
34, no. 1, pp. 612-623, Jan. 2019, doi:
10.1109/TPEL.2018.2826920.

[78] Z.Qi, Y. Pei, L. Wang, Q. Yang, and K. Wang, “A
Highly Integrated PCB Embedded GaN Full-Bridge
Module With Ultralow Parasitic Inductance,” IEEE
Trans. Power Electron., vol. 37, no. 4, pp. 4161-
4173, Apr. 2022, doi: 10.1109/TPEL.2021.3128694.

[79] A. B. Jorgensen, S. Beczkowski, C. Uhrenfeldt, N. H.
Petersen, S. Jorgensen, and S. Munk-Nielsen, “A
Fast-Switching Integrated Full-Bridge Power Mo-
dule Based on GaN eHEMT Devices,” IEEE Trans.
Power Electron., vol. 34, no. 3, pp. 2494-2504, Mar.
2019, doi: 10.1109/TPEL.2018.2845538.

[80] T.Liu, T.T.Y. Wong, and Z. J. Shen, “A New Chara-
cterization Technique for Extracting Parasitic In-
ductances of SiC Power MOSFETs in Discrete and
Module Packages Based on Two-Port S-Parame-
ters Measurement,” IEEE Trans. Power Electron.,
vol. 33, no. 11, pp. 9819-9833, Nov. 2018, doi:
10.1109/TPEL.2017.2789240.

[81] L. Pace, N. Defrance, A. Videt, N. Idir, J.-C. De
Jaeger, and V. Avramovic, “Extraction of Packaged
GaN Power Transistors Parasitics Using S-Parame-
ters,” IEEE Trans. Electron Devices, vol. 66, no. 6, pp.
2583-2588, Jun. 2019, doi:
10.1109/TED.2019.2909152.

[82] L. Pace, N. Idir, T. Duquesne, and J.-C. De Jaeger,
“Parasitic Loop Inductances Reduction in the PCB
Layout in GaN-Based Power Converters Using S-
Parameters and EM Simulations,” Energies, vol. 14,
no. 5, p. 1495, Mar. 2021, doi:
10.3390/en14051495.

[83] W. Meng, F. Zhang, G. Dong, J. Wu, and L. Li, “Re-
search on Losses of PCB Parasitic Capacitance for
GaN-Based Full Bridge Converters,” IEEE Trans.
Power Electron., vol. 36, no. 4, pp. 4287-4299, Apr.
2021, doi: 10.1109/TPEL.2020.3024881.

[84] S. Zhao, F. Blaabjerg, and H. Wang, “An Overview
of Artificial Intelligence Applications for Power
Electronics,” IEEE Trans. Power Electron., vol. 36, no.
4, pp. 4633-4658, Apr. 2021, doi:
10.1109/TPEL.2020.3024914.

[85] D.-Y. Liu et al., “Machine learning for semiconduc-
tors,” Chip, vol. 1, no. 4, p. 100033, Dec. 2022, doi:
10.1016/j.chip.2022.100033.

[86] G. Huang et al., “Machine Learning for Electronic
Design Automation: A Survey,” ACM Trans. Des.
Autom. Electron. Syst., vol. 26, no. 5, pp. 1-46, Sep.
2021, doi: 10.1145/3451179.

[87] C.Yuan, S. D. M De Jong, and W. D. V. Driel, “Al-
assisted Design for Reliability: Review and Per-
spectives,” in 2024 25th International Conference
on Thermal, Mechanical and Multi-Physics Simula-
tion and Experiments in Microelectronics and Mic-
rosystems (EuroSimE), Catania, Italy: IEEE, Apr.



H. Lavric et al.; Informacije MIDEM, Vol. 55, No. 1(2025), XX — XX

2024, pp. 1-12. doi: 10.1109/Euro-
SimE60745.2024.10491447.

[88] P. Paret, D. Finegan, and S. Narumanchi, “Artificial
Intelligence for Power Electronics in Electric Ve-
hicles: Challenges and Opportunities,” J. Electron.
Packag., vol. 145, no. 3, p. 034501, Sep. 2023, doi:
10.1115/1.4056306.

[89] P.V. Acharya, M. Lokanathan, A. Ouroua, R. Heb-
ner, S. Strank, and V. Bahadur, “Assessing the im-
pact of novel polymers and thermal management
in a power electronics module using machine le-
arning approaches,” in 2021 20th IEEE Intersociety
Conference on Thermal and Thermomechanical
Phenomena in Electronic Systems (iTherm), San Di-
ego, CA, USA: IEEE, Jun. 2021, pp. 162-171. doi:
10.1109/ITherm51669.2021.9503255.

[90] Y. Qian, F. Hou, J. Fan, Q. Lv, X. Fan, and G. Zhang,
“Design of a Fan-Out Panel-Level SiC MOSFET
Power Module Using Ant Colony Optimization-
Back Propagation Neural Network,” [EEE Trans.
Electron Devices, vol. 68, no. 7, pp. 3460-3467, Jul.
2021, doi: 10.1109/TED.2021.3077209.

[91] T. Wu, B. Ozpineci, M. Chinthavali, Z. Wang, S.
Debnath, and S. Campbell, “Design and optimiza-
tion of 3D printed air-cooled heat sinks based on
genetic algorithms,” in 2017 IEEE Transportation
Electrification Conference and Expo (ITEC), Jun.
2017, pp. 650-655. doi:
10.1109/ITEC.2017.7993346.

[92] H. Fan, P. Yao, and H. Chen, “Application of Al-
enabled Simulation in Power Package Develop-
ment,” in 2023 24th International Conference on
Thermal, Mechanical and Multi-Physics Simulation
and Experiments in Microelectronics and Mic-
rosystems (EuroSimE), Graz, Austria: [EEE, Apr.
2023, pp. 1-5. doi: 10.1109/Euro-
SimE56861.2023.10100811.

[93] S.-X. Kao and C.-F. Chien, “Deep Learning-Based
Positioning Error Fault Diagnosis of Wire Bonding
Equipment and an Empirical Study for IC Packa-
ging,” IEEE Trans. Semicond. Manuf., vol. 36, no. 4,
pp. 619-628, Nov. 2023, doi:
10.1109/TSM.2023.3243775.

[94] X. Li, X. Zhang, F. Lin, and F. Blaabjerg, “Artificial-
Intelligence-Based Design for Circuit Parameters

of Power Converters,” IEEE Trans. Ind. Electron., vol.

69, no. 11, pp. 11144-11155, Nov. 2022, doi:
10.1109/TIE.2021.3088377.

[95] R. Rajamony, S. Wang, G. Calderon-Lopez, .
Ludtke, and W. Ming, “Artificial Neural Networks-
Based Multi-Objective Design Methodology for
Wide-Bandgap Power Electronics Converters,”
IEEE Open J. Power Electron., vol. 3, pp. 599-610,
2022, doi: 10.1109/0JPEL.2022.3204630.

[96] A. J. Sellers, M. R. Hontz, R. Khanna, A. N. Lemmon,
B. T. DeBoi, and A. Shahabi, “An Automated Mo-
del Tuning Procedure for Optimizing Prediction
of Transient and Dispersive Behavior in Wide
Bandgap Semiconductor FETs,” IEEE Trans. Power
Electron., vol. 35, no. 11, pp. 12252-12263, Nov.
2020, doi: 10.1109/TPEL.2020.2986928.

21

[97]1 A. Mehrabi, K. Yari, W. D. Van Driel, and R. H. Po-
elma, “Al-Driven Digital Twin for Health Monito-
ring of Wide Band Gap Power Semiconductors,” in
2024 |EEE 10th Electronics System-Integration
Technology Conference (ESTC), Berlin, Germany:
IEEE, Sep. 2024, pp. 1-8. doi:
10.1109/ESTC60143.2024.10712146.

[98] “The Perfect Match — (U)WBG Semiconductors
and Information Technology are Revolutionizing
Power Electronics,” Fraunhofer Institute for Inte-
grated Systems and Device Technology IISB. Ac-
cessed: Nov. 28, 2024. [Online]. Available:
https://www.iisb.fraunhofer.de/en/press me-
dia/press releases/pressearchiv/ar-
chiv__2024/pcim2024.html

O



https://www.iisb.fraunhofer.de/en/press_media/press_releases/pressearchiv/archiv_2024/pcim2024.html
https://www.iisb.fraunhofer.de/en/press_media/press_releases/pressearchiv/archiv_2024/pcim2024.html
https://www.iisb.fraunhofer.de/en/press_media/press_releases/pressearchiv/archiv_2024/pcim2024.html

