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Abstract— Within the expanding domain of electrical
power demand, the future of power module packaging is
entwined with the progress of (ultra) wide bandgap (UWBG)
materials. These materials, like silicon carbide (SiC),
aluminum nitride (AIN), and diamond, offer advantages with
higher power density, decreased weight, and expanded
operational abilities regarding temperature, voltage, and
frequency. However, the pursuit of pushing these limits
confronts challenges within insulation systems, which may
struggle to endure the demands of these parameters,
potentially resulting in unfavorable conditions like high
electric field, space charge accumulation, electrical treeing,
and partial discharge (PD), leading to insulation failure. The
emphasis of this paper is to review the insulation challenges
within (UWBG power modules and recent research in
mitigating the electric field stress at triple points (TPs) and
resolving the PD issues. The manuscript first discusses the
high electric field stress issue at triple points. Then, ceramic
substrate materials, encapsulation materials, and the
influence of harsh weather conditions on them are reviewed.
The space charge, electrical treeing, and PD issues within
encapsulation materials are analyzed under practical
operation conditions of (UWBG power modules like high
frequency, temperature, and square wave pulses. Finally, the
various strategies to alleviate the associated insulation
challenges are meticulously discussed. While the identified
mitigation strategies are able to strengthen insulation
systems for packaging, their validation under actual
operational conditions of (U)WBG power modules remains
relatively unexplored, representing a potential avenue for
further investigation. This review offers a valuable
framework by providing the constraints of the current
studies and recommendations for the future that can be
utilized as a reference point for future research endeavors.

Index Terms—(U)WBG power module packaging, partial
discharge, triple points, encapsulation material, electric
field stress, high power density, field grading materials,
nonlinear field-dependent conductivity layer
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I. INTRODUCTION

notable shift has emerged in recent times toward

embracing more electric and all-electric appliances

and clean energy, driven by a resolute pursuit of

achieving net zero emissions [1],[2]. This trend
amplifies the call for electrical power, inevitably escalating the
demand. Yet, as we attempt to increase current levels to meet
this escalating need for power, we encounter the challenge of
voltage drops and consequent power losses, leading to the only
viable solution to operating these apparatuses at higher
voltages. Moreover, there is an emerging ambition to reduce the
weight and size of the power modules and, subsequently, their
cost. Combined, these two ideas introduce the concept of high
voltage correlated with high power density [3].

However, this ascent into higher voltage and power density
territories necessitates innovative approaches to power
modules. Here, power modules based on WBG (Wide
Bandgap) materials, such as SiC and GaN, and UWBG (Ultra-
Wide Bandgap) materials like diamond, AIN, and h-BN stand
out as promising solutions [4],[5], which boast higher blocking
voltages and superior operational properties compared to
traditional silicon-based counterparts, as shown in Fig.1 and
Table I. The significance of these materials lies in their ability
to thrive under high slew rates (dv/dt) and handle high-
frequency repetitive voltage pulses, underscoring their potential
in the power domain. Yet, this leap into compact-sized power
modules operating at high-frequency voltages has its
challenges, as the heightened electric field stress accompanying
this operational landscape poses a significant threat to
insulation systems within these modules [6].

Two components: ceramic substrates, which electrically
insulate the chips while dissipating generated heat, and
encapsulation materials, shielding vital elements from
moisture, dirt, and vibrations, constitute the essence of
insulation systems in power electronics modules. The electric
field stress surge raises concerns about potential partial
discharges (PD), accelerated aging, and ultimately, premature
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Table I: Comparison of properties of conventional (Si), WBG (SiC, GaN), and (U)WBG materials [7] [8]

Parameter Unit Si SiC GaN AIN h-BN Ga,03 Diamond
Bandgap eV 1.1 3.0-34 3.4-3.6 6 6.1 4.9 5.45
Critical electric field kV/mm 30 300 330 1540 700 1000 1300
Thermal conductivity W/m-K 150-200 300-490 100-150 319 550+75 27 2200
Breakdown voltage kv 0.6 10 1.2 >10 >10 >10 >10
Dielectric constant 11.9 9.66-10.1 9 9.76 5.7 10 55
CTE (*10° /°K) 2.6 3.8-4.2 5.6 4.5 2.0 6.5 1-2
Vs jcion limited by present insulation materials having a maximum
— (Z;N operating temperature below 200°C. This heightened
v/ [ viscaona temperature exacerbates the likelihood of insulation damage, an
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Fig 1. Graphical representation of properties of conventional and
(U)WBG materials for power modules packaging

insulation failure within the power module [9][10][11].

Fig. 2(a) illustrates a general schematic of a metalized
ceramic substrate for high voltage, high power density
(U)YWBG power module packaging. The metallization layers
are soldered into the ceramic substrate (e.g., aluminum nitride),
either through active metal brazing (AMB) or direct bonded
copper (DBC) technology, and are encapsulated with packaging
materials (e.g., silicone gel) [12]. The triple point (TP) formed
at the interface of metal electrodes, substrate, and encapsulation
material, the protrusions on metal edges and voids or cavities
within the encapsulant, all introduce intolerable electric,
thermal, and mechanical stress within the power module, which
may cause the breakdown of the insulation. Thus, extensive
attention has been devoted to mitigating this electric field stress
and bolstering the partial discharge inception voltage (PDIV) of
insulation materials within the system [13], [14], [15].
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Fig. 2. (a) Schematic of an IGBT/diode showing protrusion and triple
points [12].

Complicating matters further is the exposure of insulation
materials to temperatures surpassing their capacity due to the
operational demands of WBG power electronics modules [16],
[17]. Tt has been suggested that (U)YWBG power modules
involving aluminum nitride (AIN) and diamond can operate for
temperatures exceeding 500°C, but their performance will be
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area that has unfortunately received limited attention in existing
literature. While thermal conductivity (TC) has historically
served as the primary criterion for assessing the suitability of a
polymer as a packaging material, it's become evident that a
more holistic evaluation, considering properties like coefficient
of thermal expansion (CTE), glass transition temperature (Tg),

and thermal degradation temperature is imperative for assessing
the thermal performance of insulation systems [18].

This comprehensive review explores the multifaceted
challenges posed by high electric field stress and PD within the
insulation systems of power modules. It meticulously examines
the impact of temperature and frequency on electric field stress
at TPs and PDIV while studying various mitigation strategies
to combat these issues. The paper is divided into six sections:
section II analyzes the necessity of considering the electric field
evaluation at TP, and section III discusses the ceramic substrate,
encapsulation materials, and the effect of harsh weather
conditions on their properties. Section IV is dedicated to the
space charge, electrical treeing, and PD analysis of
encapsulation materials under practical power module
operational conditions. Section V reviews the mitigation
strategies undertaken so far to attain the desired goals of electric
field mitigation and PD control, their significance, and their
limitations. Finally, Sections VI and VII conclude the paper by
evaluating the success of the research conducted so far, the
challenges currently faced, research gaps, and future
recommendations. Proposed recommendations urge a shift
towards improving PDIV and reducing electric field stress
under actual operational conditions of (U)WBG power
modules- specifically focusing on high frequency and
temperature scenarios and exploring alternative polymers to
replace silicone gel as encapsulation material remains an area
for exploration, warranting the examination of recent papers not
covered in prior reviews. In essence, this comprehensive
analysis ventures beyond the confines of previous studies [19],
[20] to evaluate the nuances of power module packaging,
centering its focus on the critical insulation properties that
underpin the integrity and performance of these systems.

[I. TRIPLE POINTS AND THEIR ELECTRIC FIELD EVALUATION

As shown in Fig. 2(a), triple points (TPs) emerge at the
meeting point of the encapsulation material, ceramic substrate,
and metal electrodes. These TPs pose a significant challenge in
power electronics module packaging, as they experience
maximum electric field intensity, compounded by the interface
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between the encapsulant and substrate, which acts as a
vulnerable area for insulation [21], [22], [23]. This is because
the dielectric properties are vastly different for a polymeric
encapsulant from a ceramic substrate, and therefore, the
interface comes across an abrupt change in dielectric values.
One prime example is CTE mismatch due to different CTE
between various components within the power module,
resulting in thermomechanical stress and leading to pre-mature
insulation failure and breakdown [24], [25].

Commonly available materials exhibit distinct electrical
conductivities, ranging from 10!! to 107'* S/m for substrates
and 10* to 105 S/m for encapsulants, with their relative
permittivity being highly different (approximately 9 and 2.8 for
AIN substrate and SG, respectively). Furthermore, surface
imperfections, like protrusions or sharp edges on the ceramic
substrate due to imperfect metallic substrate fabrication, as well
as the presence of pores and air-filled voids or cavities within
encapsulation materials, escalate the electric field stress at TPs
and the electrical treeing propagation process. Elevated electric
field values at TPs often trigger PD activity in the encapsulation
material, which generally exhibits lower dielectric strength than
the substrate. This phenomenon results in the formation of
electrical trees, ultimately contributing to insulation aging and
dielectric breakdown [26]. These challenges become
particularly pronounced in insulating packaging for (U)YWBG
power modules, given their requirement to function optimally
under high frequency, rapid slew rates, varying temperatures,
and low-pressure conditions, especially in harsh weather
environments [27]. Consequently, numerous studies have been
undertaken to analyze the electric field and PD issues at TPs,
aiming to resolve these concerns to ensure the reliable operation
of high voltage, high power density (U)WBG power modules.

Calculating the electric field at TPs within power modules
through experimental investigations is complicated. And for
this reason, the finite element method (FEM) analysis is carried
out to observe the electric field distribution with the help of
software tools like ANSYS and COMSOL Multiphysics [28].

The TP is a singularity point with an infinite electric field; the
field calculation is done at an appropriate distance away from
TP in such a way that the accuracy of the electric field
calculation isn’t compromised. In the study [29], AIN substrate
with an electrical conductivity of 1.72x10"'! S/m and relative
permittivity of 9 and SG encapsulant with electrical
conductivity of 10"!' S/m and relative permittivity of 2.7 were
used for simulation. The electric field distribution was
observed, and as shown in Fig. 3, the electric field value at TP
was 65.34 kV/mm, 211% higher than the dielectric field
strength of 21 kV/mm.

di=d2=10 um

E=65.34 kV/mm
AIN Ceramic

Fig.3. Electric field distribution around Triple point [29].
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Various studies have confirmed that the electric field tends to
differ among different TPs within a power module, and the
value is exceptionally prominent around the encapsulation
region due to its inferior dielectric characteristics and lower
dielectric strength. Z. Huang et al. [15] observed the electric
field to be 23.2 kV/mm, 18.2 kV/mm, 17.3 kV/mm, and 21.2
kV/mm at four different measuring points - P1, P2, P3, and P4,
respectively, shown in Fig. 4. These points were located just
50 um from the TP, with P1 being at the SG and near the HV
electrode, P2 at the Al,O3 substrate and near the HV electrode,
P3 at the Al,O; substrate and near the ground electrode, and P4
at the SG and near the ground electrode. This finding is
particularly significant as it highlights that the electric field
around the HV electrode's TP is higher than the ground
electrode and higher in the SG region than the Al,O3 substrate.
As a result, most of the research in this area is focused on
mitigating the electric field stress at the TP around the
encapsulation region near the HV electrode.
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Fig. 4. Diagram illustrating the location of 4 TPs within the power
module [15]

[lI. INSULATION MATERIALS

A. Ceramic substrate materials

In power module packaging, the ceramic substrate serves two
main purposes. The first function is to provide electrical
insulation to the electronic circuit, which primarily hosts the
active semiconductor device(s), and the second function is to
enable the removal of heat generated by power losses within the
active devices. The first role demands the ceramic substrate
material to have good dielectric properties in terms of dielectric
constant, loss factor, dielectric breakdown strength, and
electrical conductivity, meanwhile, it also needs to have desired
thermal properties in terms of TC, thermal diffusivity, and CTE.
Considering the function of ceramic substrate to functionally
bind the entire components within the power module, it is
additionally expected to possess high mechanical stability in
terms of bending strength, Young’s modulus, and fracture
toughness. The properties that determine the reliable
performance of the ceramic substrate material in (U)YWBG
power modules are presented in Table II.

The two widely used ceramic substrate materials in WBG
power modules currently are Al,O3 and AIN. However, Al,O3
suffers from poor TC and mechanical strength despite having
the lowest cost among all the substrate materials. AIN, on the
other hand, has better dielectric and thermal properties than
AlO3, even though the cost is high. However, as the research
on (U)YWBG materials is significantly progressing, the poor
mechanical characteristics of AIN substrate (fracture toughness,
bending strength, and CTE) restrict its utilization in next-
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generation power modules. Additionally, as pointed out in [30],
the TC of AIN keeps on decreasing with temperature, reaching
as low as 110 W/m-K when temperature reaches 300°C.
Experiments have shown that AIN and Al,O; substrates aren’t
able to withstand more than 500 thermal cycles. Hirao et.al. [31]
discovered that only 55 cycles are enough to cause failure of
power module for DBC Al,O; substrate and less than 100 cycles
lead to either formation of cracks on metal-substrate interface
or complete failure of the insulation system in AIN substrate.
Meanwhile, even with more than 3000 cycles of thermal testing
at 250°C, Si3N4 showed no delamination or interfacial cracks.
Similar results were obtained in [32] where AIN substrate
showed crack formation within 50 thermal cycles whereas
Si3N4 was able to endure more than 1000 cycles without crack
formation under ASM imaging. Where the residual strength of
AIN substrate was only 0.51 times original bending strength,
the ratio was 0.86 after 10 cycles and 0.76 after 1000 cycles for
Si3N4. These experimental investigations validate the stability
of SizNy substrate compared to AIN and Al,O3 due to its high
bending strength, fracture toughness, and lower CTE.

Table II: Electrical, thermal, and mechanical properties of ceramic
substrate materials [33] [34]

Substrate material ALO; AIN BeO SizN,
Dielectric constant 9-10 8-9 6-8 8-9
Resistivity (Q-m) >10"2 >1012 >1012 >1012
-4_
Loss factor 31111%,3 3x104 | 3x10* 2x10*
Dielectric breakdown
strength (kV/mm) 10-35 14-35 27-31 10-25
Thermal conductivity
(W/m-K) 20-30 120-200 | 209-330 40-100
CTE (ppm/K) 7-9 4.2-7 7-8.5 2.7-45
Bending strength 300-380 | 250-350 >250 600-900
(MPa)
Fracture toughness
(MPa.m™?) 3-5 2-3 1-2.5 4-7
Young’s modulus 300-370 | 300-320 | 330-400 | 200-300
(GPa)
Reliability (number 300 200 / >500
of cycles) -

Clearly, from Table II, it can be observed that Si3Ny4 has the
best properties for a ceramic substrate when we compare the
characteristics holistically. The two primary issues with
commercial Si3N4 materials are their cost and slightly lower TC
values than AIN substrates. Therefore, SizN4 can be used as a
better alternative to AIN if its TC can be increased without
compromising its mechanical characteristics. One way that can
be achieved is by sintering SizN4 materials with additives at
high temperatures under nitrogen pressure. The changes in TC,
flexural (bending strength), and fracture toughness with some
of the studies have been reviewed and presented in table II1.

In recent years, it has been suggested that non-oxide sintering
additives are better at improving the TC and fracture toughness
of Si3N4 materials. This is because oxygen has been established
as the principal impurity in SizNy lattices, as it causes phonon
scattering, which decreases the phonon-free path, thereby
reducing TC. Therefore, removal of oxygen from lattices
becomes the primary criterion. This has been validated by Zhu.
et.al. [35], where 5% MgSiN»-2% Yb,0s additive increased the
TC of pure SizN4 ceramic to 113 W/m-K and fracture toughness
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to 10 MPam'”? compared to 97 W/m-K and 8 MPam'? with 5%
MgO-2% Yb,0s additive.

Hu et.al. [36] discovered that even though Si3N4 with 7 mol%
MgSiN; additives had 9.6% higher bending strength, its TC and
fracture toughness were 8% and 9.4% lower while also having
437% higher dielectric losses than 5 mol% MgSiN, additives.
This has also been validated in [32], where Si3N4 with 3 mol %
ZrSi2- 4 mol % MgO had the best TC and flexural strength,
both of which were reduced for SizN4 with 3 mol % ZrSi2- 4
mol % MgO. Therefore, a balance must be maintained with the
ratio of sintering additives. In the comparison of commercial
Si3N4 materials [37], it was observed that despite having higher
initial flexural strength, its value reduced to less than 400 after
1000 thermal cycles while SN-1 was able to maintain its
flexural strength. This investigation highlighted that the
thermal-shock resistance of a substrate or thermo-mechanical
stability depends on fracture toughness of the substrate rather
than initial bending/flexural/tensile strength, as the fracture
toughness of the material which was able to retain its
mechanical properties almost twice the fracture toughness as
the other one.

The parameters on which the properties of SizsN4 depend are
the sintering temperature and holding time in addition to the
size, ratio, and type of sintering additives [38]. When the
sintering temperature and holding time are increased, it has the
effect of promoting the growth of b-Si3N4 grains. Additionally,
the crystal lattice's oxygen content is continuously lowered by
the dissolving-precipitate process, which in turn enhances the
thermal and dielectric properties. However, for thinner
thickness, this leads to lower breakdown strength decreasing
from 99.5 kV/mm to 9.8 kV/mm only when sintering period
was increased from 6 hours to 48 hours [38]. Additionally,
impurities interfere with the additive/substrate interface leading
to the formation of cracks, and defects and drastically reduce
the properties of Si3N4. The higher the impurity content, the
higher will be the deterioration of electrical, thermal, and
mechanical properties. The fracture toughness, TC, and
bending strength of 2 mol% Y>03/ 5% MgO was reduced to 6.5
MPam'? and 53 W/m-K only with 5% iron impurity, as seen
from [39]. The primary challenge in implementing Si3N4 as a
ceramic substrate in (UYWBG power modules lies in finding
cost-effective ways to create high-thermal-conductivity silicon
nitride ceramics [40]. Presently, such ceramics are only
produced by subjecting them to extended heat treatment at high
temperatures. However, this method is not only expensive, but
it also consumes a considerable amount of energy and has long
cycle times. Therefore, future studies should concentrate on
reducing the sintering temperature and holding time, with a
particular focus on regulating the influence of grain boundary
phases and lattice oxygen at shorter holding times and lower
temperatures. This should enable the production of high-TC
silicon nitride ceramics in a more energy-efficient and
affordable manner.

B. Encapsulation materials

SG is the most widely used encapsulation material in power
module packaging due to its excellent electrical properties, ease
of processing, high elasticity, and self-healing properties [41],
[42]. It is a two-state dielectric material composed of a mixture
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Table llI: Properties of Si3N4 ceramic with additives on different sintering conditions

. . Sintering Thermal conductivity Fracture toughness
Additives on Si;Ny conditions (W/m-K) Flexural strength (MPa) (MPam'?) References
1 mol% ZrSi,- 6 mol% MgO 12 hours 89.22 505450 5.67+0.12
3 mol % ZrSip- 4 mol % MgO under 113.91 553439 6.36+0.32 [32]
6 mol % ZrSi,- 1 mol % MgO 1900°C 94.65 495+60 6.56+0.35
2 mol % La,05/5 mol % MgO 2 hours 79.6 733 8.31
2 mol % Y,05/5 mol % MgO under 81.4 758 10.41 [38]
2 mol % Er,05/5 mol % MgO 1900°C 90 953 10.6
2 mol % Yb,05/ 5 mol % MgO 12 hours 97 663 8
2 mol % Yb,03/ 5 mol % under [35]
MgSiN, 1900°C 13 663 10
3 mol% Y,0;/ 5 mol% MgSiN, 3 hours 91.9 845 8.41
2 mol% Y05/ 7 mol% MgSiN, I‘g;%irc 84.5 926 7.62 [36]
SN-1 / 140 544 >500 (1000 cycles) 10.5+0.2 (37]
SN-3 / 637 <400 (1000 cycles) 5.5+0.1
2 mol% Y,05/ 5% MgO (SBN) 24 hours 103 624 ;
under
2 mol% Y,0s/ 5% MgO o
(SRBSN) 1400°C 154 505 10.63+0.37 [39]
2% Y,05/ 5% MgO (iron 6 hours 0.1% - 81 0.1% - 756 0.1%-7.5
impurity %) 5%-53 5% - 733 5%-6.5

of lightly cross-linked silicone elastomer (SE) and silicone
liquids, giving it a complex characteristic determined by both
phases. J. Wang et al. [43] conducted a study to investigate how
temperature and frequency impacted the self-healing properties
of SG by considering fractal dimension, expansion coefficient,
and duty ratio. The results showed that an SG containing 50%
of specific components exhibited the most effective self-healing
capability against electrical treeing. However, the study had its
limitations as it only utilized a maximum frequency of 18 kHz
and a peak investigation temperature of 100°C, which fall short
of the thresholds required for (UYWBG power modules. In [43],
the dielectric properties of three commercial SGs were
analyzed, and it was found that all three gels had a T, around -
120°C, and thermal degradation temperatures exceeding 400°C
were exhibited by gels 1 and 3. Furthermore, gel 3 emerged as
the most promising material for encapsulation based on various
factors, including dielectric loss, breakdown field strength,
volume resistivity, and thermal stability. However, it is
essential to conduct further investigation into the self-healing
abilities of gel 3, given its similarity in adhesion characteristics
and electrical treeing morphology to elastomers, which might
limit the self-healing ability acquired from its liquid phase.
Epoxy resins (EPs), high-performance thermosetting resins,
are another encapsulation material commonly used in power
module packaging due to their excellent electrical, thermal, and
mechanical properties. It is observed that EPs are desired for
power module packaging due to their higher dielectric strength
(>20 kV/mm), lower water absorption rate (<0.1%), higher TC
(>0.8 W/m-K), and lower CTE (<8/38 ppm/K). However, EPs'
lower T, (<135°C) hinders their performance below 200°C.
Additionally, the viscosity of EPs (> 50 Pa.s) is significantly
higher than SG and the desired limit of high-temperature
encapsulant[44], [45]. This hinders the easy flow of the material
in power modules, which leads to the formation of voids,
bubbles, and defects that accelerate insulation aging. They
depict a higher value of Young's modulus than the criterion
limit, which adds to the thermo-mechanical stresses the
encapsulation material experiences. Therefore, many studies
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have been carried out to improve the thermal and mechanical
properties of EP matrix [46] [47] [48], which will be discussed
in detail later.

It has been suggested that harsh weather conditions such as
low pressures, cosmic radiation, and moisture accelerate the
insulation degradation of encapsulation materials. In [49],
Zhang et.al. aimed to assess mass changes, relative humidity
variations, and the diffusion coefficient in SGs during moisture
absorption or desorption. SG A exhibited significant mass gain
during moisture exposure, while SG B displayed a peculiar
mass loss over time, prompting speculation about potential
volatile additive loss within the SG matrix. Unfortunately, the
gravimetric analysis failed to provide conclusive results for the
moisture diffusion coefficient, possibly attributed to the
observed mass loss. For this, researchers in [50] introduced T,
concept. In the case of EP, the moisture absorption temperature
is lower than T,, emphasizing the dominance of absorption over
dissolution in driving mass changes. Conversely, SG,
characterized by a negative T,, exhibits the impact of small
molecule dissolution and evaporation within the SG matrix,
leading to a noticeable mass loss effect. The intrusion of
moisture into the polymer initiated the formation of percolation
paths, creating additional channels for discharge within the
system. Simultaneously, the presence of moisture caused a
distortion in the electric field which, in turn, contributed to a
reduction in breakdown strength. The breakdown strength was
reduced by 59%, 48% and 57% for AC, DC+, and DC- voltages
after 1000 hours of moisture assisted thermal aging. The effect
of moisture uptake in EP with different resin/hardener ratio was
analyzed and it was observed that 1% water absorption led to
10% reduction in T, and 35% reduction in DC breakdown
strength [51]. Adjusting the resin/hardener ratio alters the
crosslink density and chemical composition of the network.
Crosslink density influences Tg, network structure, and free
volume content, while chemical composition affects the
concentration of polar sites (hydroxyl and amine groups). These
changes impact water absorption characteristics, as moisture
absorption replaces hydrogen bonds, leading to altered polar
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concentration and degraded properties. This mechanism also
showed 2.34% moisture uptake and 107 mm?s diffusion
coefficient in [52] in addition to a reduction in flexural strength
of EP from 58.5 MPa to 51.4 MPa, higher CTE, and lower T,.

The mechanism behind the degradation of SG properties due
to thermal aging is the involvement of O, due to aging reaction
process and the breaking of organic side chain methyl of the
SG. As thermal aging progresses, the crosslinked network
architecture becomes tidier, and free volume increases. This
elevated free volume enables carriers to gain more energy
during travel, facilitating easier crossing of the breakdown
threshold which leads to breakdown voltage decrease.
Simultaneously, high temperatures accelerate surface
hardening of SG in full contact with air. This leads to uneven
microscopic defects, contributing to lower breakdown field
strength in aged samples compared to unaged specimens. This
is likely the case in [53] which shows an increase in Si-O-Si
bond and a decrease in C=C bond, an increase in element O
percentage and a decrease in element C, increase in crosslink
density, free volume, and hardness (thus loss of elasticity
properties), all of them leading to PDIV decrement. Paper [54]
concludes that exposure temperature significantly affects aging
conditions, with characteristics deteriorating rapidly after 6
hours, especially beyond T,. At 50% T, for 2160 hours, there is
only a 0.5% weight loss, but at 145% T, for 6 hours, the loss
exceeds 3%. Flexural and shear strength are maintained at 50%
T, for 2160 hours, with potential property enhancement due to
resin curing at lower temperatures. However, at higher
temperatures (75% T, to 145% T,), significant reductions are
observed, linked to structural changes in EP. While the exact
mechanism isn't explained, it's attributed to polymer chain
scission and thermal oxidation, emphasizing the crucial role of
T, in preserving encapsulant’s properties for high-temperature
operations. Similar degradation patterns are noted in dielectric
properties [55].

Combined UV thermal and hydrolytic aging has more
pronounced impact on hardness compared to thermal oxidation
aging [56]. UV radiation encourages the formation of Si-OH
bonds, while thermal-hydrolytic aging significantly influences
the quantity of Si-OH groups. The synergy of UV thermal and
hydrolytic aging results in cross-linking reactions and the
rupture of Si-O-Si backbone, leading to increased material
hardness. This hardness elevation affects the average contact
pressure, with a post-aging increase of about 30%, coupled with
a 20% reduction in contact area, contributing to heightened
stress concentration and a consequent decrease in service life.
Similar findings were reported in [57], where SiR dielectric
properties exhibited distinct changes for thermal aging, gamma
irradiation, and steam aging. Thermal aging primarily involves
an increase in crosslinking degree, gamma irradiation leads to
carbonyl group (C=0) formation and C=C side bond breakage,
while steam aging results in hydroxyl group formation at lower
temperatures and an increase in both hydroxyl formation and
crosslinking degree at higher temperatures.

When transitioning to all-electric electric aircraft, the impact
of pressure on insulation materials becomes crucial, especially
considering aviation pressures as low as 4 psi. The influence of
low pressures on electric machines has been discussed in [10],
where an abrupt fall in breakdown voltage is seen for an air gap
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between two spherical electrodes with similar negative impacts
seen for PDIV for twisted wire pairs and stator winding. Lower
pressure leads to higher discharge magnitudes and current
density, as explained in [58]. Additionally, the field
displacement decreases with lower dielectric constants,
affecting true charge magnitude. While &, gradually decreases
with reduced pressure, the true charge magnitude increases
from 600 to 630 pC, and PD duration extends from 0.12 ps to
0.2 us when pressure drops from atmospheric to 4 psi [59]. This
implies that, in low-pressure conditions, later extinction times
outweigh the shortening due to later inception times prolonging
PD phenomenon and PD magnitude increases, highlighting the
detrimental impact of pressure in aviation.

IV. SPACE CHARGE, ELECTRICAL TREEING, AND PARTIAL
DISCHARGE ANALYSIS

The operation of the next generation of power modules based
on materials like diamond or AIN will constitute high-
frequency operation. However, the current encapsulation
materials (SG and EP) don’t have the capacity to withstand such
a high-frequency operation without failure. This is mainly due
to the degradation in electrical, thermal, and mechanical
properties that high frequencies bring in these encapsulants.
Mainly, this degradation can be attributed to space charge
accumulation which causes electric field distortion, initiates
electrical treeing, and partial discharges, and leads to insulation
failure. Additionally, it has been explained that the space charge
and electrical treeing characteristics are different under PWM
pulses than DC voltage. Therefore, space charge characteristics,
electrical treeing, and PD activity within insulation system need
to be discussed in detail.

Because of the unconventional insulation arrangement in the
power module package, TP experiences the most significant
electric field stress. In this area, charges may be introduced
from the metallization layers on the ceramic substrate,
subsequently gathering in the encapsulation materials
surrounding the metallic edges. These accumulated space
charges distort the local electric field, consequently influencing
the characteristics of PD. A charge dynamics and trap level
mechanism was proposed in [60] to explain why pure EPs
exhibit higher average space charge amounts at higher
temperatures and electric field. It was concluded that the
interfacial barrier height that the injected charges from TPs
need to surpass is lowered for high temperature and electric
field due to electrothermal emissions and tunneling effect,
respectively. For EPs, the energy level of the shallow and deep
traps are high, which means that de-trapping of the accumulated
space charges becomes difficult. This leads to the accumulation
of space charges and causes electric field distortion. The space
charges under high frequencies not only depend on the type of
voltage waveform and its magnitude but also the polarity. Y.
Wang et.al. [61] observed that the PDIV of tested samples
under square voltage was reduced by 10% and 12% for 0.35
mm and 0.5 mm gap distance compared to DC voltage. This is
attributed to the lower space charges accumulation seen under
DC voltage in [62]. C. Dai et.al. [62] observed that under
positive square voltage pulse, low frequency (50 Hz) has more
serious impact than high frequency (500 Hz) and under negative
square voltage, high frequency leads to significantly higher
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space charge accumulation during polarization and lower space
charge dissipation during depolarization. Furthermore, the
highest space charge accumulation near the electrodes and in
the bulk region between the electrodes is seen for negative
square pulse voltage under higher frequency. However, why
this discrepancy occurs with different voltage polarity hasn’t
been discussed. The effect of space charges on electric field
distortion under high-frequency operation is exacerbated by the
operation of power modules at high temperatures. In [63], it was
concluded that higher temperatures reduce the interfacial
barrier of encapsulants and increase the injection of charges
from electrodes and TPs. Higher temperature also leads to a
decrease in trap depth of deep traps and an increase in charge
mobility, thereby reducing the surface potential decay (SPD),
increasing the electrical conductivity, and reducing the
breakdown strength. The combined effect of high temperature
and high frequency under different polarities of square wave
pulse on space charge characteristics is more evident in [64]. As
seen from Fig. 5, the accumulation of space charges is
considerbly higher under higher temperatures (80°C > 30°C)
and higher frequencies under negative square voltage (which is
more severe than positive as described above). This effect is in
turn seen in the average charge amount (which indicates the
higher space charge accumulation under polarization and lower
charge dissipation under depolarization). The average charge
amount for EP increases from 3.44 nC to 7.30 nC under 25°C
for frequencies of 10 Hz and 500 Hz, respectively. When
temperature is increased to 500°C, the average charge amount
increases to 13.05 nC and 26.79 nC, respectively.

10 Hz 00 Hz
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Fig. 5. Diagram depicting space charge accumulation under: (a) 30°C/10
Hz, (b) 30°C/500 Hz, (c) 80°C/10 Hz, (d) 80°C/500 Hz [64]

In a study by S. Nakamura et al. [65], the effect of frequency
and rise time on the electrical treeing behavior of SG under
repetitive voltage pulses was investigated, shown in Fig. 3(a).
The results showed that as the frequency increased from 50 Hz
to 1 kHz and the rise time decreased from 120 ns to 110 ns, the
tree length in SG increased from 0.7 mm to 2.2 mm, as shown
in Fig. 3(b). This was because when the frequency and slew
rates are increased, the interval between subsequent PD pulses
is shortened, and the next PD pulse reaches the discharge track
before its disappearance through the self-healing properties of
SG. As shown in Fig. 3(c), this leads to the propagation of the
cavity and the growth of electrical trees, which ultimately
hampers the performance of (UYWBG power modules below
their optimal capacity. This was further supported in a PD
analysis through a modeling approach [66, 67]. The authors
considered an air-filled cavity in SG between two sphere
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electrodes and examined that the electric field stress isn't
uniformly distributed in the presence of the -cavity,
concentrating towards the air-filled cavity with a lower
dielectric strength, as shown in Fig. 4(c) and 4(d). This is
because, compared to the encapsulant, air has a lower dielectric
permittivity, and the electric field is directly proportional to the
ratio of their &. As SG can have more than one void present,
they also investigated the PD activity for two voids of different
sizes under the effect of low-pressure conditions [68]. The
findings revealed that even though PD only occurs at the 0.3
mm void at atmospheric conditions due to its inception electric
field being lower than that of the 0.2 mm void, the inception
electric field at P=0.5 atm reduces by 36% and 37% in the 0.2-
and 0.3-mm voids, respectively, and breakdown happens at
both of these voids. A bubble expansion theory was proposed
in [69] to explain the PD phenomenon in SG, where it was
suggested that small metal protrusions act as the initiation point
of gas bubbles and that the threshold voltage of PD inception
would be attained sooner with fast rise times, the bubbles
expand in shorter time exacerbating the breakdown process.

Cavity . - F
Void D _Ca_‘_nty LengthL £
e §

o

H'V “ A 0‘00 200 400 600 800 1000
Electrode ; 0.2 7 Time [s]
(a) (b)

Self-healing of //_' New void
Void gel PD before extinction Cavity propagation
~

Occurence of

PD track of
—t positive discharge Extinction of
track of positive
\ No PD ‘Q discharge due to
Tree self-healing of gel
()
Z-axis(mm) Z-axis(mm)

25 kV/mm 25 kV/mm

14 14

20 12 20 12

El
T
= @
‘
.

5
r-axis(mm) e —r—r———

2 46 8 2 4 ¢ g raxismm)
Before PD After PD
()]
80)
- ~ 70
z 2w
s 5
g | g0
& § w0
g £ 30
o
g 1 gzo
< <10
0

0 10 20 30 40 50 60 70 80
frequency (kHz)

0 2000 4000 6000 8000 10000

Beforepp e time (ms) After PD
()

Fig. 6. (a) Electrical tree within encapsulant. (b) Tree lengths for 3

different frequencies and rise times. (c) Cavity propagation process (d)

Electric field distribution for void (e) Change in Apparent charge before

and after PD [65][66].



This article has been accepted for publication in IEEE Transactions on Dielectrics and Electrical Insulation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TDEI.2024.3382070

IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION

In [70], it was observed that the electric tree grows from
dendritic to pine branch and jungle-like electric trees for higher
frequencies, which grows more densely and in all directions.
The fractal coefficient increases by 37% compared to 7.3%
within 8 mins when frequency is increased from 8§ kHz to 18
kHz. The expansion coefficient first increases and then
decreases for high frequency, suggesting that first the tree
grows horizontally (sideways) and after reaching a certain
length, starts to propagate vertically upward, giving a bush-like
structure. The theory used to explain the PD propagation
phenomenon aligns with [31]. In [71], it was observed that the
tree length is 200-400 pm for 50-500 Hz, 500-700pm for 1-4
kHz and 800-1000pm for 5-10 kHz. Increased frequency means
an increase in the number of rising edges per unit time and a
decrease in recovery time after every single pulse. Therefore,
space charges generated by PD increase due to intensive
discharges. The space charges are captured by traps and cause
electric field distortion, thus influencing the PD activities.

In an interfacial electrical treeing analysis in [72], the
electrical treeing test of both lateral and vertical modules
showed that in SE, injected positive charges from anode are de-
trapped easily due to shallow traps in polymer matrix, where
they generate positive hetero space charge accumulation by
migrating towards cathode. The PRPD pattern shows high PD
magnitudes to be concentrated around main tree branches,
leading to concentration of energy, and thickening of main
branches, ultimately resulting in [ET breakdown. This effect on
PD characteristics is more prominent at higher temperatures, as
the PDIV reduced by 35% and average PD density increased by
63% when temperature increased from 30 to 200°C.

B. Zhang et al.[41] conducted a comprehensive analysis of the
electrical properties of commercially available SG at higher
temperatures (up to 200°C). It was discovered that the volume
resistivity of SG decreases by three orders of magnitude, the
breakdown strength reduces by 52% and 42% for AC voltage
and square voltage, and the dielectric loss is increased by four
orders of magnitude corresponding to the increase in the
imaginary part of relative permittivity. These changes are due
to the increase in charge carriers by high-temperature
performance. Y. Lin et al. [73] suggested that the ceramic
substrate remains stable during insulation degradation, and
attention must be given to the electrical parameters of the SG
encapsulant. In their temperature and degradation-dependent
electric field analysis, it was discovered that the electric field
stress at TP increases by 100% when the temperature rises from
150 to 250°C while simultaneously decreasing the PDIV by
24%. This is attributed to the mismatch of electrical parameters
of the insulating materials, specifically the DC conductivity and
the relative permittivity of SG. These findings are consistent
with the results obtained from [74] which indicated that despite
having a lower number of PD pulses, the magnitude is increased
by 82% when the temperature is increased from 30 to 110°C.
This leads to severe damage to encapsulation as the degradation
rate is determined by those PD pulses with a high enough
magnitude to deteriorate their cross-linking density. It was
concluded that the rise time of square pulses negatively impacts
the PDIV, and the impact is more severe under higher
temperatures, which is precisely the conditions under which
(U)WBG power modules are targeted to work.
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As research on (U)WBG power modules advances, it has
become apparent that the high CTE of SG causes CTE
mismatch and limits the application of power modules to
temperatures below 200°C because of thermomechanical
instability. Furthermore, the self-healing characteristics of SG
have yet to be investigated in temperatures exceeding 200°C.
As observed in [41], the dielectric properties of SG deteriorate
at high temperatures and pressures, and similar effects might be
observed on the self-healing characteristics. Moreover, the high
viscosity and low T, of EP limit its utilization to below 200°C
for WBG power module packaging. Space charge analysis
shows that high space charge accumulation of EPs under higher
temperatures and frequencies leads to electric field distortion
and PD inception. Therefore, several research articles have
suggested alternative encapsulation materials by adding
nanofillers to improve the insulation system's thermal,
mechanical, and electrical properties for envisaged (UYWBG
power modules. The development of alternative encapsulation
materials can provide a solution to the limitations of SG,
allowing for the creation of (U)YWBG power modules that can
operate at higher temperatures, frequency, and power density.

V. MITIGATION STRATEGIES

A. Geometric Redesigning

Ceramic thickness is crucial in mitigating electric field stress
within (UYWBG power modules because the field intensity
between electrodes is inversely proportional to their separation.
Increasing the ceramic thickness, therefore, has a positive
impact on electric field mitigation. F. Yan et al. [75] observed
a 23% reduction in the initial 64.7 kV/mm electric field when
they increased the AIN substrate thickness from 0.38 mm to
0.63 mm. Subsequently, the field dropped further to
28.6 kV/mm at a thickness of 2 mm, marking a 56% reduction.
In another study [76], even though an 80% field reduction was
achieved by increasing the AIN thickness from 0.63 to 1 mm,
the benefit of increasing ceramic thickness was shown to
diminish with further increments. While a 46% PDIV increase
was observed from 0.38 mm to 0.63 mm, the increase was only
12% from 0.63 mm to 1 mm [77]. This suggests a slower rate
of PDIV improvement with increasing thickness. Increasing
ceramic thickness comes at the cost of compromised thermal
performance as the thermal resistance between the die and
baseplate rises, and additionally, thicker substrates add to the
overall cost. This phenomenon is evident because the thermal
conductivity of ceramic substrates is lower than that of metal
electrodes. Considering all these factors collectively, pushing
the ceramic thickness beyond 2 mm for HV modules (rated
25 kV or higher) to improve PDIV and reduce field stress is not
recommended.

The length of one electrode within the power module can be
adjusted while keeping the other constant to investigate the
impact of a metal layer offset on electric field reduction. For
instance, the offset of metallization layers for the geometry
depicted in Fig. 7(a) is ros=r,—Ti. Here, ryrepresents the distance
between the substrate edge and the upper metal electrode, and
rirepresents the distance to the lower metal electrode.

Fig. 7(b) illustrates the electric field values at four TPs for a
metal offset layer ranging from -2 to 2 mm. As depicted in the
plot, an increase in r, and, consequently, rorrleads to an increase
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in the electric field at P2, while it decreases at P3. This
observation can be elucidated by noting that as the metal offset
increases, the TP at P2 shifts in the right direction, experiencing
greater compression from the bottom metal potential, and
conversely, decreasing the metal layer offset by reducing r,
results in the opposite effect. Furthermore, it has been observed
that altering roir beyond these specified values gives rise to
thermal management issues [75].
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Fig. 7. (a) A diagram showing metal layer offset between two electrodes.
(b) Plot of electric field at triple points with change in metal offset [75].

The idea of protruding the metal electrode on top of the
substrate was introduced in [78] to prevent the formation of a
TP at the metal edge, where the electric field tends to be the
highest. This method proved to be highly effective in reducing
the electric field at TP, thus allowing the use of a thin ceramic
substrate to maintain good thermal performance. However,
investigation in [79-81] into the efficacy of employing a
protruding substrate to reduce the maximum field stress at TP
revealed that the maximum field intensity on the SG and
ceramic substrate at TP were 67.71 and 30.32 kV/mm
respectively [79]. Despite showing a considerably higher
reduction in field stress at ceramic substrate than SG, the
electric field at SG and ceramic substrate still exceeded the
specified criterion values of 17.48 kV/mm and 15.98 kV/mm.
Hence, it is evident that the design of the protruding substrate
is insufficient to achieve the desired dielectric performance.

The research in [79] introduces an innovative design that
utilizes a stacked ceramic substrate design with a protruding
substrate, which uses two substrates that collectively match the
thickness of a standard case, in contrast to the conventional
approach that employs a single substrate. The maximum
electric field observed at both the AIN substrate and SG is
impressively within the specified criterion values (15.18 and
17.48 kV/mm, respectively). However, these studies highlight
the need for a thorough exploration of thermomechanical
stability because ensuring the cohesion of substrates with bond
lines featuring minimal structural defects and low interfacial
thermal resistance demands a process of utmost reliability. This
point is supported in [82], where the maximum temperature
within the power module increased by 52% despite the electric
field reduction and PDIV enhancement.

The investigation by H. Hourdequin et al. [83] revealed that
incorporating a trench with a height of 0.6 mm and width of 0.5
mm on a 1 mm thick AIN substrate, resulted in a remarkable
57% reduction in the maximum field intensity at TP compared
to the conventional structure. Furthermore, the study
demonstrated a notable enhancement in PDIV from 7.2 kV to
9.2 kV when employing a 10 pC PD threshold. Still, the
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optimized electric field of 65 kV/mm is significantly higher
than the breakdown strength of commercial SGs.

In [75], F. Yan et al. proposed an innovative ceramic substrate
design, shown in Fig. 8(a), to isolate the weak insulation region
corresponding to the interface of the ceramic substrate and
encapsulant from TP, the area of high electric field
concentration. Their findings indicated substantial field
reductions of 26.56% and 48.85% at the metal edge and the
substrate-gel interface, respectively, illustrated in Fig. 8(b). It
was concluded that a notable decrease in electric field
enhancement could be achieved by increasing the SG's height
and diminishing the substrate's height beneath the upper
metallization layer. Before integrating these methods into the
insulation packaging of (U)YWBG modules, it is imperative to
conduct thorough thermal and mechanical stress evaluations,
considering the alterations they induce in the geometric
structure of the substrate.
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Fig. 8.(a) Innovative substrate design. (b) Electric field distribution [75].
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B. Alternative Encapsulation Materials in Place of
Silicone Gel

Research has found that the encapsulants used to safeguard
the components of (UYWBG power modules from external
factors like dust and humidity are a limiting factor in the high-
temperature packaging of the modules compared to other
components. This highlights the need to prioritize the long-term
stability of encapsulants to ensure reliable packaging [73], [84].
Currently, SG and epoxy resin (EP) are the most commonly
used encapsulants for packaging (UYWBG power modules.
However, as the research on power modules advances to
achieve higher limits of temperature and frequency, exploring
alternative encapsulation materials that comply with the
operating conditions becomes necessary.

Fig. 9 delineates the crucial attributes that polymeric
encapsulation materials must embody to be suitable for high-
voltage and high-power-density U(WBG) power modules [18].
A paramount consideration is the need for an encapsulation
material with high TC and thermal diffusivity to ensure reliable
performance at temperatures exceeding 250°C. Simultaneous-
ly, a high T, becomes imperative, as it enables the encapsulant
to maintain its structural integrity and mechanical properties
within the demanding operating conditions. For seamless
functionality under high frequencies, slew rates, and electric
fields, several other fundamental properties including high
volume resistivity, low relative permittivity (e;), and high
dielectric strength are needed. Furthermore, from a
manufacturing standpoint, low viscosity is desirable to facilitate
the easy flow of materials within modules, minimizing the
occurrence of defects. A low CTE is sought to prevent CTE
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mismatches with other components that might induce
thermomechanical stresses [33]. Additionally, low moisture
absorption of the encapsulant is crucial to ensure the (U)YWBG
power modules perform optimally even under harsh weather
conditions.
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Fig. 9. Desired properties of high voltage, high power density
encapsulation materials for HV applications [18] [33].

However, the current encapsulants, specifically SG and EP,
fall short of achieving certain desired properties. Practical data
reveals that SG exhibits a TC and CTE of 0.17 W/(m-K) and
1000 ppm/K, respectively. On the other hand, EP demonstrates
a TC of 1 W/(m'K) and a T, of 135°C, as documented in [44].
This underscores the ongoing challenge of aligning encapsulant
properties with the exacting requirements of advanced
(U)WBG power modules.

The study [85] examines the characteristics, potential, and
constraints of encapsulation materials designed for high-
temperature power modules. Among these materials, fluoric
phthalonitrile resin, benzo-polymers, bio-based epoxy systems,
and notably, the epoxy resin-cyanate ester (EP-CE) blend
system incorporating Al,Os fillers complemented by polyimide
(PI) demonstrate promise owing to their notable attributes such
as high T, reduced CTE, and enhanced TC. However, a
comprehensive exploration is still required to thoroughly assess
their processability, compatibility with other electronic
materials, and dielectric properties.

The most common technique to enhance the thermal,
mechanical, and electrical properties of the existing
encapsulants is to include high thermal conductivity fillers [86].
These fillers, which could be micro or nano-sized, such as ZnO,
SiC, and AIN, have been proven to not only increase the TC,
reduce the CTE, and increase the T, of the polymer matrix but
also improve its dielectric characteristics. When these fillers are
added to the polymer matrix, they form a network of conductive
pathways that help to distribute the electric field more evenly
throughout the material. This reduces the concentration of
electric field at the triple points - the areas where the filler
particles meet the polymer matrix - and prevents electrical
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breakdown. When these fillers are added to the EP and SG, they
form a network of strong interfacial interactions with the epoxy
and silicone matrix, which restricts the mobility of the polymer
chains and reduces the free volume within the material [87].
This results in a more ordered and compact polymer structure,
which increases the T, of the epoxy resin and reduces the CTE
of silicone gel. In particular, AIN and Al,O3 have high TC,
which helps to dissipate heat generated during the curing
process [88]. This property is especially important for EPs, as
excessive heat can cause degradation and reduce the Ty of the
material. Moreover, the micro and nano-fillers also have a
lower CTE than the silicone matrix, which helps to offset the
overall CTE of the composite material. They act as a thermal
bridge, transferring heat more efficiently throughout the
material and reducing thermal gradients that can cause
deformation.

B. X. Du et al. [89] studied the effect of adding micro-sized
SiC fillers to the silicone rubber (SiR) matrix and found that the
higher the filler content, the more significant the increase in the
nonlinearity coefficient of the SiC/SiR composite and the
reduction in electric field stress. However, this comes at the
expense of a decrease in the insulation's breakdown strength, as
the breakdown strength of the composite decreased from 17
kV/mm to 1.1 kV/mm with the addition of 50 parts per hundred
(phr) filler. In a similar experiment, Q. Wang et al. [90] found
that when micro SiC fillers are incorporated in elastomers, the
maximum field intensity is lowered, and thermal performance
is improved. However, the composite's tensile strength is
reduced due to the appearance of defects on the large-sized
microparticles-matrix interface, and the nonlinear conductivity
characteristic is lost at high temperatures because the
conductive paths are damaged due to aggressive movement of
molecular chains [91]. Therefore, incorporating nanofillers into
the polymer matrix is the best way to reduce the electric field
stress at TP without compromising the breakdown strength,
mechanical stability, and thermal performance.

In the study [92], adding as little as 10% of micro-sized and
nano-sized SiC/AIN fillers to the SE matrix significantly
enhanced its thermal properties. This inclusion elevates TC by
19%, lowers CTE by 11%, and boosts PDIV by 33% compared
to the original pure SE encapsulant. However, the study did not
explore the impact of nanofillers on the dielectric breakdown
strength, nonlinearity characteristics, and mechanical stability,
which are key factors that require further investigation.
According to research conducted by X. Chen et al. [93], the
optimal electrical properties of nano-AIN/micro-SiC/SE hybrid
composite can be achieved by the inclusion of 3 wt% of AIN
nanofiller. The enhanced electrical properties of the composite
were examined through various experimental and simulation
techniques such as nonlinear conductivity measurement,
dielectric spectroscopy, DC breakdown strength test, thermally
stimulated depolarization current (TSDC) experiment, and
FEM electric field simulation. The study results indicate that
the electric field stress at TP is reduced by 77% when a 10 kV
voltage is applied, as depicted in Fig. 10(a). Moreover, the
maximum electric field stress within the module increases
slowly with increasing applied voltage, reaching only
13.77 kV/mm, enabling (UYWBG power modules to operate up
to 32 kV, as illustrated in Fig. 10(b). The improvement in
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electrical properties of SiR composites is closely linked to the
cross-linking between the nanofillers and polymer matrix [94].
Cross-linking restricts the free movement of electrons, thereby
reducing the free volume and the mean free path, and as a result,
the energy electrons accumulate for breakdown is also reduced.
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Fig. 10. (a) Electric field distribution for pure SE and SE with 3 wt% AIN
fillers. (b) Plot of electric field with increase in applied voltage [93].

In [95], the hardness, tensile strength, and breaking elongation
rate were assessed to evaluate the impact of zirconia
nanoparticles (nano-ZrO-) on the mechanical properties of SiR
composites and the study revealed a 21% and 13% increment in
the tensile strength and hardness, respectively, with negligible
changes in the breaking elongation rate. This enhancement in
mechanical stability was attributed to the increase in cross-
linking degree with nanofiller content, which maintained
structural integrity by forming a filler-polymer interface.
However, the results obtained for cable accessories in [95] are
contradictory to the findings of the investigation carried out for
power modules in [90]. The study showed a 40% decrement in
the tensile strength when 3 wt% AIN nanoparticles and 20 wt%
of SiC microparticles were added to the SE matrix. This
discrepancy could be attributed to the introduction of cracks and
defects with large-sized fillers, as described in [96]. Therefore,
further investigations are recommended to optimize all three
(electrical, thermal, and mechanical) performances of
composite silicone encapsulants with different filler contents
and configurations.

X. Chen et al. [97] discovered that increasing the content of
AIN nanofillers in EP used in (UYWBG power module
encapsulation led to an increase in TC. However, T, and
breakdown strength initially increased by 11% and 25%,
respectively, before decreasing, which suggests that a higher
nanofiller content can cause agglomeration, forming voids and
defects that reduce breakdown strength and T,, evident in Fig.
11(a) and 11(b). A study with SiC nanoparticle incorporation
on EP polymer matrix [98] supported this finding, as T,
increased to 136.8°C from 122.3°C with 2 wt% SiC addition,
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EP1, but decreased to 127.5°C with 5 wt% SiC, EP2, even
though the nonlinear electrical and thermal conductivity was
rising in all cases. The breakdown strength of EP1 was the
highest, but it fell with adding more fillers, which the increase
in space charge density and electric field distortion can explain.
In [99], it was discovered that despite reducing the electric field
stress at TP by 58% compared to pure EP matrix, the nonlinear
conductivity characteristics of EP mixed with micro SiC
particles degrade with temperature. This effect is due to the
particle agglomeration hindering the optimal performance of
highly conductive filler materials, consistent with the results
obtained for nanofiller inclusion on SE polymers. Additionally,
high micro filler loading can create many defects and voids in
the filler-matrix interface, leading to insulation issues like a
decrease in dielectric strength and an increase in dielectric loss.
Therefore, combining microparticles with moderate inclusion
of nanofillers has proved to be the best way to enhance an
insulation system's thermal and dielectric performance [100].
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Fig. 11. (a) Enhancement in TC for EP with nanofillers inclusion. (b) T4
for pure EP and EP with different wt% of nandfillers [97].

Q. Wang et al. [101] studied the power loss within the power
modules along with thermal and electrical characteristics to
assess the effectiveness of wusing micro/nano hybrid
nanoparticles in EP polymer matrix. The results showed the
power loss to be the highest for 40 wt% micro-AIN and 5 wt%
nano-AlN, and this effect was more severe at higher frequencies
and temperatures. The addition of nano-AlIN fillers can decrease
the real permittivity of the EP, whereas the addition of micro-
AIN fillers increases the imaginary permittivity, causing more
dielectric loss. Therefore, the filler ratio and size should be
carefully considered for hybrid composites as encapsulants.
The ratio of the micro and nano fillers becomes particularly
important for hybrid composite encapsulants because the use of
an encapsulant in (UYWBG power modules involves a balance
between electrical, thermal, and mechanical properties, and the
change in the ratio between micro and nano-sized fillers creates
dominance of one over the other. This is validated in [102]
where the composite mixture of nano boron nitride (BN) with
micro AIN fillers in EP matrix showed an increase in TC from
0.153 W/(m'K) to 1.449 (m-K) while T, got reduced from
126.72°C to 105.46°C. A similar result was concluded in [103],
where T, decreased with the increase in nanofiller content as
well as the size of the nanofillers. Y. Zhang et al. [104] used a
BN/EP composite for high-frequency electric tree evaluation
and found that adding BN sheets raised the tree inception
voltage across all frequencies, exceeding 7 kV at 130 kHz
compared to the 5.7 kV of pure EP. At 400 Hz and 130 kHz, the
observed maximum and minimum tree lengths were 51.2% and
18.0% less than pure EP, as illustrated in Fig. 12(a) and 12(b).
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Contrary to expectations, the 15% increase in TC with 0.1 wt%
BN sheet didn't hinder the initiation and growth of electrical
trees. Instead, the blockage caused by the BN sheet and the
presence of deeper traps at the BN/EP interface, as presented in
Fig. 12(c), played a pivotal role.
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Fig. 12. (a) Tree lengths for pure EP. (b) Tree lengths for BN/EP
composite. (c) Charge trapping phenomena with BN sheet [104].

Electrical tree path

This is further validated in [105], where the introduction of
deep traps by KH560-dopamine (KD) in aramid fiber/epoxy
resin (AP-EP) composites increased the breakdown strength by
39% due to the introduction of deeper traps that inhibit the
migration of charge carriers. It has been suggested that higher
nanofiller loading blocks the propagation path of electrical trees
by introducing deep traps and reducing PD activity [106]. In
[107], it was shown that the breakdown voltage of the EP/A1,0O;
nanocomposites increased with increasing content of
nanofillers and that the use of nanofillers can increase the TC
of the composites. An electrical treeing analysis in [108]
proposed the effectiveness of nanocomposites on electric trees
mitigation to increase with a rise in temperature and rise in
nanofiller content, as the phase resolved partial discharge
(PRPD) pattern showed an absence of electrical trees at 140°C
for 10-wt% silica nanofiller addition. The results seem
promising, but the paper fails to study the effect of nanofiller
addition on TC, Tg, breakdown strength, and most importantly,
dielectric losses.

It is not often that papers explore the changes brought in the
mechanical properties of EP composites when added with
nanoparticles or microparticles. This is significant because the
mechanical characteristics (especially fracture toughness) of an
EP are a critical factor [109], limiting its use as an encapsulant
in high voltage and high-power density applications of
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(U)WBG power modules. So, it is essential to investigate
whether fillers that enhance the thermal and electrical
properties of the composite have a positive impact on its
mechanical stability. In a study by Y. Gong [110], it was
observed that despite improving the TC of the composite, the
addition of 40 wt% hexagonal boron nitride (h-BN) fillers
reduced the tensile strength and breakdown strength compared
to the pure EP by 32% and 53%, respectively. The decline in
tensile and breakdown strength continued as the filler content
increased, indicating the formation of defects and voids on the
filler-polymer interface.

Among nonpolymeric materials, glass holds the most promise
for use as an encapsulant in (U)YWBG power modules because
of its thermal stability for temperatures exceeding 250°C.
Moreover, glass has good mechanical strength, thermal
stability, and dielectric characteristics. However, limited
research is available for its use as an encapsulation material,
mainly because of its high processing temperature (>450°C)
and cracking due to CTE mismatches with substrate that cause
thermo-mechanical stresses. Glass encapsulants also suffer
from high dielectric constant (8-12), high elastic modulus (58
GPa), and high viscosity (50+ Pa.s), which are the three critical
parameters in terms of electric field stress and thermo-
mechanical stability. One way to mitigate this would be to use
a PI buffer layer between the glass encapsulant and ceramic
substrate to minimize thermo-mechanical stresses due to high
Young’s modulus and CTE mismatches. The PDIV of glass
with PI buffer was reduced by only 0.5 kV at 250°C than at
25°C, proving its high-temperature stability. However, the
PDIV of glass-encapsulated DBC substrate with PI buffer was
found to be reduced to 3.6 kV from 5.13 kV [111]. The reason
for this was believed to be the formation of cracks or pores
between glass and substrate instead of the high processing
temperature of glass. This was further strengthened in [112],
where multiple pores of diameter <I mm were seen at the
polyimide/substrate interface despite the uncoated DBC
substrate being neat. This might help explain the 16.67%
reduction in the average breakdown field strength of the
encapsulant.

Therefore, even though PI buffer helps reduce the
thermomechanical stresses induced by high Young’s modulus
of glass, it might be detrimental from a PD perspective. In
[113], The optimal electrical insulation and the thermal
properties of glass as a packaging material for SiC modules
were obtained for 5 wt% BaO filler addition in glass. The Ty,
which is 343.1°C, CTE, which is 11.48, and PDIV, which is
around 7.5 kV, are better than currently used encapsulants. Still,
the problem of high processing temperature (475°C for 35
minutes) and high dielectric constant (>24) are still persistent,
suggesting the research should be focused on this area if the
glass is to be used as a packaging material for (UYWBG power
modules.

Polyimides (PIs) have garnered significant attention due to
their exceptional material characteristics, including superb
thermal resistance and stability, high resistance to chemicals,
outstanding corrosion resistance, impressive mechanical
properties, and excellent adhesive capabilities. Despite their
remarkable qualities, there is a pressing need for enhancements
in the mechanical and thermal aspects, along with
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improvements in the hydrophobic properties of PIs. These
advancements are essential to effectively address the rapidly
growing and increasingly stringent requirements in power
module packaging.

Table IV: Properties of Polyimide (PI) encapsulant with various additives

. T Tso, Tensile
Materials e Cg) ©0) strength (MPa) Ref.
PI 298.3 5134 98
PI/Si3N4 (2%) 343.5 549.7 152 [114]
PI/Si3N4(10%) 348.0 567.5 202
Pl 259 454.6
PUSisN; (3%) 279 519.4 / [116]
PI/Si3N4 (7%) 279 538.8
PI-1 390 412 97.942.1 [117]
PI-4 294 405 94.5+2.0
PAI-10-0 441 493 77 [118]
PAI-7-8 401 459 118
LC-PJ, 332.8 105
LC-Ply 327.2 / 119 [120]
CF;- BPTP/ PDA:
5/95 378 592 192
CF;- BPTP/ PDA:
30/70 314 471 103 [119]
BPTP/PDA: 5/95 393 580 194
BPTP/PDA: 30/70 331 550 178

The enhanced properties of PIs with various additives are
summarized in Table IV. Mekuria et.al. [114] achieved 106%,
16.7%, and 9.5% improvement in Tensile strength, T, and Tsy
with 10 wt% SizNy filler incorporation into a pure Pl matrix.
This is attributed to the decrease in moisture content from 1.9
to 0.625% due to hydrophobic properties of SizN4 particles.
Both the thermal and mechanical properties of SizN4/PI
composite were improving with higher filler loadings, which is
contradicted by the findings in [115]. The tensile and
breakdown strengths of PI/3% TN composite were 18.5% and
24.8% lower than PI/ 0.25% TN composite. This can be
explained as follows: the significant enhancement in
mechanical performance with the incorporation of a small
amount of TNs (0.25 wt%) into the PI matrix is primarily
attributed to the robust interactions established between TNs
and the PI matrix. However, when the TNs doping content
surpasses a specific threshold (approximately 0.25 wt% in this
investigation), the proximity between TNs decreases, leading to
a more random alignment of TNs orientation. Consequently,
this results in the formation of relatively thinner layers of the PI
matrix, causing a reduction in both the tensile strength and
elongation at break of the PI/TNs composite films.
Nevertheless, a compelling body of evidence from [116], [117],
[118], and [119], consistently highlights the superior tensile
strength, Ty, and Tsy values exhibited by both PI and PI
composites in comparison to currently utilized encapsulants.
Moreover, noteworthy characteristics such as TC exceeding 2
W/m-K [120] and breakdown strength surpassing 200 kV/mm
further underscore PI's potential for integration into (U)WBG
power modules. Despite these promising attributes, the
imperative next step involves the practical incorporation of
these composites into existing power modules to validate their
viability for real-world applications.

From the research conducted so far, it is evident that the
alternatives to currently used encapsulant materials possess
better thermal, electrical, and mechanical properties than the
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conventional ones. However, the desired characteristics
outlined in the chart have yet to be achieved, as the TC is still
low, and the increase in T, and reduction in CTE of EP and SG
are still below the desired percentages. Furthermore, most
studies have yet to consider mechanical stress's effect while
assessing alternative encapsulants' efficiency, which may limit
their performance below optimal capability. The research on
new encapsulation materials like glass and PI is still recent as
their practical implementation on power modules has been
rarely done. It is important to note that the composite matrix's
properties depend on various factors, including the complex
network, cross-linking degree, filler size, filler content, and the
baseline properties of the encapsulant and filler itself.
Therefore, it is impossible to make a general case on how
adding fillers to conventional encapsulation materials improves
their properties. This highlights the need for more attention to a
holistic review of alternative encapsulants, considering all three
characteristics - electrical, thermal, and mechanical - for their
possible use in high voltage, high power density (U)YWBG
power modules.

C. Nonlinear
Materials

Field-Dependent  Permittivity — (FDP)

It has been suggested that the permittivity of the encapsulant
can be controlled in such a way that the imbalance in electric
properties in the substrate-encapsulant interface reduces,
forming a uniform electric field and reducing the electric field
stress at TP [121]. The nonlinear field-dependent permittivity
(FDP) materials take advantage of a high nonlinear dielectric
constant feature of ferroelectric materials (e.g., BaTiO3), which
are incorporated as fillers into polymers (e.g., EP) having
excellent processability and high breakdown strength [122].
The combination of these features in the polymer-filler
composite helps in electric field reduction, PDIV improvement,
and breakdown strength enhancement, as the & of these
functionally graded materials (FGM) used as encapsulants will
increase with the increase in electric field stress.

The relationship between electric field and relative
permittivity for 15% BaTiOs filled SG was given in [123] as
& = 6.4+ 1.3E. The mechanism behind the behavior of
nonlinear FDP materials is based on the idea of increased
permittivity in insulation materials where high stress occurs
within a non-uniform field. This leads to a change in the
distribution of the electrical field and a decrease in maximum
stress at TPs [124]. When an electric field is applied to a
material, the electric dipoles within the material tend to align
themselves with the direction of the electric field. This
alignment leads to an increase in the polarization of the
material, which in turn leads to an increase in the dielectric
constant of the material [125]. In these materials, the degree of
alignment of the electric dipoles or the crystalline domain
alignment of the material is field-dependent, which means that
the degree of polarization and the dielectric constant of the
material increase as the electric field strength increases. This
field-dependent behavior is because the electric dipoles within
the material experience a greater torque as the electric field
strength increases, which leads to a greater degree of alignment.
As a result of this behavior, the nonlinear FDPs with their
nonlinear permittivity according to electric stress distributions
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can absorb a significant amount of the electric field energy,
which reduces the magnitude of the electric field at the triple
points. This reduction in electric field strength helps to mitigate
the occurrence of PD phenomenon.

Even though the utilization of nonlinear FDP materials in
(UYWBG power modules looks promising, only limited
research is being done in this area due to the disappearance of
the nonlinear FDP properties of these materials above a specific
temperature, curie point [123]. Previous studies have shown
that this temperature is usually in the range of 125°C-145°C,
considerably lower than the operating temperature of envisaged
(U)YWBG power modules.

U. Waltrich et al. conducted one of the first experimental
investigations on a high permittivity composite material used as
a TP coating, as reported in [126]. The metallic and AlLOs
ceramic edges were coated with EP, possessing a dielectric
constant of 9, and encapsulated on all sides with SG, with a
dielectric constant of 2.7. The findings showcased a noteworthy
10% reduction in the electric field due to the coating, and the
substrate coated with a 40 wt% EP exhibited a PDIV of
13.6 kV, marking a substantial 43% enhancement compared to
the uncoated substrate. However, at an 80 wt% EP coating, this
value dropped to 12 kV, highlighting the influence of the high
viscosity of the high &, ferroelectric material. In a similar
investigation where BaTiOj3 particles are mixed with the EP
matrix, the dielectric constant with 40 vol% BaTiOs/EP
composite increased to 16 from 2.7. However, the study also
suggested that the dielectric loss increased with an increase in
filler content due to nanoparticle agglomeration [127]. A study
by A. Escriva et al. [128] examined the breakdown strength of
BaTiOs/EP nanocomposites and concluded a positive
correlation between breakdown field reduction and filler
thickness for fillers thicker than 100 um, even though the
thickness dependency for fillers up to 100 pm was deemed
insignificant. The results also showed that the effect of filler
content on breakdown field reduction gradually decreased, with
lower effects observed between 20 vol% and 30 vol% filler
loading compared to that between 1 vol% and 5 vol%. This can
be explained by the fact that the higher the ferroelectric particle
concentration, the higher the chance for more percolation
conductive paths, leading to potential damage to the sample.

According to an investigation conducted by L. Zhong et al.
[129], it was found that adding 33 vol% BaTiO; resulted in a
15% reduction of Emax compared to pure EP, due to an increase
in & to 11.7. However, the experiment also revealed that the
viscosity of the material rose to more than 8000 mPa-s
(millipascal second), which can cause complications during the
material flow in power modules. This may lead to
manufacturing defects, such as unfilled voids and cavities, and
consequently, the insulation performance of the encapsulation
materials may be compromised. In [130], F. Yan et al. proposed
a valuable analysis that sheds light on the curie temperature of
ferroelectric materials not reducing when encapsulated by
polymeric encapsulants. The experiment indicates a significant
reduction in the electric field at TP and inhibitions in tree-length
propagation due to the presence of the BaTiOs-gel interface.
However, the study also suggests that fully coating the
encapsulant area by composite might be detrimental to the
(UYWBG power modules' performance, as it leads to an
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increment in dielectric loss and a reduction in dielectric
breakdown strength with filler inclusion and an increase in
temperature. Therefore, two strategies can be adopted to
improve the insulation systems of these envisioned power
modules. The first strategy is to apply functionally graded
partial coating to the protrusions and TP, and the second
strategy is to use ferroelectric materials with higher curie
temperature, as the analysis indicated that the reduction in curie
temperature when ferroelectric materials are encapsulated is
negligible.

In [131], it was observed that despite the dielectric constant
of SrTiO; being almost 7 times lower than BaTiOs, the
dielectric constant of the EP/SrTiO3; composite was higher, and
dielectric losses were lower than the EP/BaTiO3; composite.
Additionally, the TC of both nanocomposites was higher than
that of the pure EP matrix. Specifically, the TC of the
EP/SrTiO3 composite was 29% and 40% higher than the
EP/BaTiOs composite for 10 and 20 wt% loading, respectively.
Furthermore, the study found that the space charge
accumulation around the HV electrode was higher for BaTiO3,
suggesting inferior interfacial characteristics and the presence
of more defects and voids than the SrTiO3; nanocomposite. This
highlights that having a higher & of the ferroelectric material
does not necessarily lead to a higher &, of the composite and,
consequently, superior properties. The maximum electric field
of the EP/SrTiO3 composite was also found to be lower than
that of EP/BaTiOs in [132], where the electrophoresis process
was applied under AC voltage, which resulted in anisotropic
composites. The anisotropic composites had higher & than
isotropic composites due to the alignment of particles with the
changing direction of the applied voltage. However, increasing
the filler content led to a significant reduction in the breakdown
voltage of the composite due to the enhanced ionic or electronic
transport along the chain direction.

Experimental investigations and FEM simulations have
provided significant insights into the effects of areas far from
TP and protrusions towards electric field reduction and PDIV
enhancement showing these areas have a significantly lesser
impact on the factors mentioned above. This has led to the
development of field grading materials (FGM), which can
address this issue. Nonlinear FDP coating or nonlinear
capacitive FGM can be achieved with electrophoresis, which
functionally grades the coating based on the electric field,
increasing the permittivity of the composite material in areas of
high electric field, and gradually decreasing it when moving
away from them. This makes it possible to considerably reduce
TP's electric field and mitigate issues related to PD and
electrical trees. H. Yao et al. [29] used this principle to examine
the effect in field reduction when replacing FGM material
covering 51% of the encapsulation region with material
covering only the micro-region (Fig. 13(a)) and discovered a
negligible increase in electric field (from 18.51 to 18.86
kV/mm), further strengthening the theory that it is the area
closest to TP that affects field reduction. One of the major
advantages of this approach is the reduction in dielectric loss,
as seen in Fig. 13(b).
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Fig. 13. (a) Front and top view of FGM micro-region. (b) Dielectric loss
density distribution for 51% coating and micro coating, respectively
[29].

In a series of three articles, S Diaham et al. delved into the
principles of electrophoresis, its application in both uniform and
non-uniform fields, and the analysis of electric field reduction
and PDIV improvement through the use of nonlinear FDP
nanocomposites produced via this process [133], [134], [135].
The use of SrTiOs as the ferroelectric material of choice in these
experiments due to its high breakdown strength and, perhaps
most notably, its negative curie temperature ensures that the
material will not interfere with the performance of (UYWBG
power modules at elevated temperatures, making it an ideal
choice for these types of applications. The EP/SrTiO3
nanocomposite is made thicker and has higher filler content in
the FGM layer where the electric field stress is high, and thinner
with lower filler content in the FGM bulk areas where the
electric field stress is lower [133]. The thickness and filler
content of the nanocomposite depends on the electrophoretic
field and the duration of the electrophoresis process. However,
inhomogeneity in the permittivity values in different regions
around the HV electrode is possible, just like the inhomogeneity
observed between low permittivity encapsulant and high
permittivity substrate. A sudden change in the dielectric values
between layers can lead to a buildup of space charges at the
interface, reducing the dielectric breakdown strength. To
mitigate this issue, it is recommended to maintain a lower
electrophoretic field while increasing the duration of the
electrophoresis process to increase the thickness of the FGM
layer around the HV electrode. The permittivity is increased by
450% in the FGM layer region but only 55% in the bulk region,
reducing the abrupt change in permittivity across the insulating
materials. When applying electrophoresis under a non-uniform
field created by sharp metallic edges and TPs in a power
module, it was seen that the fillers arrange themselves in such a
way that the concentration of filler is increased towards areas
of high electric field created by TP and gradually decrease
moving away from TP, depicted in Fig. 14(a). This, in turn,
increases the permittivity of the region with higher filler
loading, and a gradual decrease of permittivity can be seen
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while moving away from the TP, shown in Fig. 14(b) [134]. To
observe the effectiveness of FGMs in electric field reduction
and PDIV improvement, electric field simulations were
performed on pure epoxy, homogeneous epoxy/SrTiO;z
composite, and FGM composites. The results showed that for
the optimal permittivity range (15 < €ayer < 50) of the FGM
layer, the field reduction exceeded 50%, and the breakdown
voltage improved by 68% compared to pure EP [135]. These
findings, illustrated in Fig. 14(c), hold great promise; however,
complementary investigations are necessary to observe the
increase in viscosity of FGM composites, as the viscosity of
high permittivity materials poses the most significant challenge
in achieving advanced insulation systems.
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Fig. 14. (a) Grading of filler materials. (b) High permittivity in high
electric field areas. (c) Plot of electric field with FGM layer permittivity
[134], [135].

D. Nonlinear Field-Dependent Conductivity (FDC) layers

Nonlinear FDC composites are materials that involve the
combination of conductive or semiconductive filler particles,
such as zinc oxide micro varistors, with a polymer matrix like
silicon rubber or epoxy resin [136], [137]. Space charges
accumulate within the insulation materials due to low mobility
of free charges in their structure. As a result, the electric field
stress becomes higher in those areas of space charge
accumulation, leading to nonuniform electric field distribution,
significantly restricted to TPs and their surroundings. Nonlinear
conductivity based on electric field is a phenomenon where the
conductivity of a material changes in response to an applied
electric field [138]. The mechanism behind this is based on the
impact ionization effect, which occurs when high-energy
electrons collide with the atoms in the material, generating
additional electron-hole pairs. The newly generated carriers can
contribute to the conductivity of the material, leading to an
increase in conductivity with increasing electric field strength.
In nonlinear FDC materials, this is a nonlinear process, which
means that the increase in conductivity is not proportional to the
increase in electric field strength. Instead, the increase in
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conductivity becomes more pronounced as the electric field
strength increases [139].

The use of nonlinear conductivity based on electric field can
help mitigate the electric field stress in several ways. Firstly, the
increased conductivity of the material reduces the electric field
strength at the TPs, which helps to mitigate the occurrence of
PD phenomenon. This is because the electric charges are less
likely to accumulate at TPs, which reduces the likelihood of PD
occurrence. Secondly, the increased conductivity of the
material can also help reduce the electric field stress at other
points in the device. This is because the increased conductivity
leads to a more uniform distribution of the electric field, which
helps to reduce the magnitude of the electric field stress
throughout the device. The relationship between the electric
field stress and the nonlinear conductivity of FDC materials is
given as 0(E) = 0,(1 + (E/Ep)%™1).

The composites' electric field grading mechanism is based on
two crucial aspects: switching field (Ej) and nonlinearity
coefficient (@). In these composites, once the electric field
becomes higher than the specific value, the electrical
conductivity of the composites increases by several orders of
magnitude. The filler particles' percolation level, size, and
shape can be adjusted to manipulate both parameters. To
display nonlinear properties, the filler concentration level must
surpass a threshold value known as the percolation threshold,
which differs for different composites depending on the original
polymeric matrix [140]. For instance, the percolation threshold
for the ZnO-silicone rubber composite and the ZnO-epoxy
composite is 35% and 20%, respectively. When the
concentration level is below the percolation threshold, the
composite behaves like an insulator because conduction paths
cannot be established; meanwhile, a higher concentration level
results in more conduction paths in the composite due to the
shortening of the filler distance, leading to lower E,. Also,
studies have shown that to perform a frequency-independent
operation, a should be greater than 10, and E;, should equal the
applied voltage divided by the FDC layer length [141].

Extensive research has been conducted over the years on
nonlinear FDC materials to address the challenges of high
electric field and PD, and tremendous progress has been made
towards finding solutions to these problems. In a study by K. Li
et al. [142], the PRPD pattern shows less frequency and lower
magnitude of PD pulses in addition to the inhibition of tree
growth when nonlinear FDC coating comprised of SiC fillers
on SG is applied to TP region (Fig. 15). They hypothesized that
the positive impact of FDC coating introduction on electric field
reduction strengthens with the increase in temperature owing to
the apparent increase in conductivity of SG with temperature,
leading to a reduction in electric field distortion. They attributed
the 33% improvement in PDIV with a 73% reduction in electric
field intensity to the principle that a 3-4 kV/mm reduction in
electric field yields a 1 kV improvement in PDIV [143].
Therefore, the properties of FDC composites depend upon
different parameters such as the permittivity/conductivity of the
polymer matrix, the permittivity/conductivity of the filler
particle and its size, and its content [ 144, 145].
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Fig. 15. PRPD patterns for: (a) 8 kV without nonlinear FDC coating. (b)
12 kV without coating. (c) 8 kV with coating. (d) 12 kV with coating
[142].

J. Lietal. [146] observed an increment of 42% in PDIV when
the SG encapsulant in 15 kV SiC power device is replaced with
60 wt% SiC filled FDC layer. Even though the viscosity of the
FDC layer wasn't an issue due to its value being only 1350
mPa-s, the PDIV kept on decreasing with the increase in the
thermal cycle, reducing by nearly 70% and reaching 3 kV after
1000 cycles. The decrease in PDIV is related to the weakening
of the cross-linking degree between the filler and the polymer
matrix and the formation of cracks and voids on the SG surface.
Thus, despite having 50% higher PDIV compared to SG after
1000 thermal cycles, the degradation of FDC characteristics
limits its application in (U)YWBG power modules to lower
temperatures and life cycles. In a similar experiment [147], the
nonlinear FDC layer comprised of SiC/EP composite applied to
HV electrode trenches was examined where the PDIV of the
composite decreases with an increase in the number of thermal
cycles during the thermal shock test, despite enhancing PDIV
by 86% and minimizing electric field by 33% initially. The
reduction is considerably lower for SiC/EP composite
compared to SiC/SG composite because the thermal
degradation in the latter case is due to the diminution of the
cross-lining degree between nonlinear conductive filler and SG,
which forms cracks and voids susceptible to the initiation of PD
and electrical treeing activities. However, the mechanical stress
is higher on EPs as validated by its high Young's modulus of
elasticity, leading to the desire to reduce its Young's modulus
for thermos-mechanical stability [148], [149]. Understanding
nonlinear FDC layers' thermal and mechanical traits is essential
in assessing their suitability for high-temperature, high-voltage
power modules. A study [150] investigated a polyimide-based
FDC (PI-FDC) layer infused with SiC nanofillers, and the
findings revealed that a composition of 50 phr PI-FDC with
500 nm SiC particles exhibited heightened values of Ep and a,
along with reduced field intensity and increased PDIV.
Notably, this coating maintained its nonlinear conductivity
even after 120 hours at 200°C, a significant contrast to FDC
coatings on EP and SG matrices that only lasted 24 hours.
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Thermal analysis further corroborated these results as no 5%
weight loss was observed until reaching 537.5°C. Additionally,
the layer's lower Young's modulus mitigated thermal stress
during thermal shock tests, showcasing its reliability in terms
of thermo-mechanical performance.

J. Xu et al. [151] delved into the realm of nonlinear resistive
coatings or FDC layers, intending to determine their optimal
properties for shielding TP in MV power modules, which is
presented in Table V. Upon applying an FDC coating to reduce
the electric field at TP, a new TP is formed at the junction of
the coating, encapsulant, and substrate, shown in Fig. 16.
Having a high value of E;, results in the nonlinear FDC coating
achieving the field-dependent conductivity property after a
higher value of the electric field, which might result in the
electric field at the encapsulant (which has lower dielectric
strength) exceeding its dielectric strength and resulting in PD.
Therefore, a lower value of E, might seem favorable as the FDC
coating’s field-dependent high conductivity will incept even at
a lower electric field, thus effectively reducing the electric field
at the junction of the metal electrode, polymer encapsulant, and
ceramic substrate. However, this has proved to increase the
electric field at the newly formed TP because of the significant
difference in conductivity between the substrate-coating and
encapsulant-coating interfaces [152]. Therefore, to reduce the
electric field at the TP and not increase the electric field at the
newly formed TP beyond the criterion limit, a balance must be
maintained on all the parameters that the characteristics of the
FDC layer depend on.

TP1 TP2

(c) (d)

Fig. 16. (a) conventional structure and (b) Electric field distribution.
(c) nonlinear FDC coating and (d) Electric field distribution [151].

Table V: Desired optimal properties of nonlinear FDC layers [151].
Switching field value, Applied Voltage (Upeax)/

E, (kV/mm) Trench Distance (d)
Nonlinearity coefficient (o) 10
Relative permittivity (&;) 5
Low-field conductivity, o, (S/m) 1.4x10°
Coating coverage at each sharp edge of 5.25%

electrode (m)

A rectangular or a triangular coating to cover TP changes its
location and introduces a new triple junction [76] and even
though the electric field at this newly formed junction is lower
compared to the TP of conventional structure, an imbalance in
either oo, Ey, € or a might lead to undesirably high electric field
and initiate PD activity. The value of electrical conductivity,
contact resistance, Ep, and &; is also shown to be dependent on
the filler shape, size, and content [153]. For example, a high
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value of the nonlinearity coefficient helps the FDC layer
achieve higher conductivity in a shorter time frame, leading to
a better influence on electric field reduction at TP, but it also
decreases electrode spacing, hindering thermal performance.
Therefore, [154-157] introduced a new design of nonlinear
resistive field grading coating, in which the triple junction is
formed at the end line of the ceramic substrate where the effect
of a high electric field is negligible due to the distance from TP.
In [158], a nonlinear FDC coating was developed at the TP of
the upper metal electrode, and it was discovered that while the
field stress around SG and AIN substrate remained within
acceptable limits, it increased around the ground electrode. This
was because, for E>Ey, the field stress around the HV electrode
was transferred to the ground electrode due to the FDC coating.
To address this issue, they proposed a protruding substrate
design with a bridging nonlinear FDC layer, resulting in the
field stress being within criterion values (17 kV/mm and 25
kV/mm for SG and substrate, respectively). Moreover, the
study [79] underscored that a protruding substrate design for
both metallization layers, in conjunction with a comprehensive
bridging nonlinear FDC coating covering the substrate-to-
baseplate area, yielded maximal field reduction. Although
promising, the combined effect of an FDC layer with high
permittivity (e~12) and a modified substrate design warrants
further investigation to understand the alteration in substrate
behavior under these conditions comprehensively.

It has been discovered that coating nonlinear FDC or FDP
materials could alleviate high electric field stress and PD issues
at TP but fail to reduce PD activity in voids or air cavities due
to high electric field stress within them. Therefore, a new
approach of implementing an electret layer, a dielectric material
with an electric charge or dipole orientation, has been proposed
to resolve the PD issues [159], [160], [161]. This approach has
shown promising results, as evidenced by Fig. 17, which
demonstrates a reduction in the electric field within bubbles and
cavities within laminated busbars when an electret layer is
introduced, along with electric field reduction at other critical
points [161].

Without electret layer

Cu 24 kV
Bubbles

Cu 24 kV
Bubbles 0.3 kV/mm Airgap

4.4
kV/mm

9.5 kV/mm

GPO Electret (PVDF)

Fig. 17. Electric field distribution showing the mitigation of electric field
stress within airgap by implementing electret layer [161].
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Table VI: A comparative analysis of electric field stress reduction and PDIV improvement with various mitigation strategies

e i Emax Emax Average
ng;gt:non Ref. Encapsulant scl:lir;g:tz Mitigation method before after PDIV A\g:frteége(lf’\ll))w
gy (kV/mm) (kV/mm) | before (kV)
Ceramic thickness- 0.63 mm 49.82
[75] SG AIN 64.7 (for 0.38 / /
Ceramic thickness- 2 mm mm) 28.5
[76] SG AIN Ceramic thickness- 1 mm 45 (for 0.63 mm) 9 / /
Geometric Al1203 Ceramic thickness=0.63 mm 36 (for 0.38 mm) 29 8 11.5
redesigning | [77] / —
AIN Ceramic thickness=1 mm 29 (for 0.63 mm) 24 12 13.5
[83] SG AIN mesa structure 154 65 7.2 9.2
[78] SG AIN Protruding substrate 42.06 22.53 4.7 3.48
[142] SG AIN 10 wt% SiC-filled epoxy resin 23.2 8.3 7.80 10.40
60 wt% SiC-filled silicone gel / / 9.8
[146] SG AIN 6.9
stacked DBC+ SiC-filled SG 57.42 18.35 18.31
Pure epoxy resin coating 30.5 72
IFDC [147] SG / 29.2 vol% SiC-filled epoxy resin 32 20.3 6.5 12.1
ayers
34.0 vol% SiC-filled epoxy resin 21.1 12.15
5 um PI coated SiC/EP FDC 20.85 /
[150] SG AlLO; 2 um PI coated SiC/EP FDC 31.018 19.32 7.3 /
500 nm PI coated SiC/EP FDC 18.72 11.3
151 SG ALO 10% coated ZnO-filled SG 234 17.9 / /
[151] 203 o coated ZnO-fille 241 144
123 G AIN 15 vol% BaTiO3-filled SG (fixed €) W 39.8 9 /
(123] 15% BaTiO3-filled SG (nonlinear &) 31.1 12.2
33.2 vol% BaTiO3-filled EP 342
[129] EP AIN 40.1 / /
40 vol% BaTiO3-filled EP 53.6
15 vol% BaTiO3-filled SG at 500 Hz 19.63 (BV) 18.68 (BV)
[130] SG AIN / /
FDP 15 vol% BaTiO3-filled SG at 10 kHz 18.77 (BV) 17.80 (BV)
materials
15 wt% BaTiO3-filled EP 12.5
15 wt% SiTiO3-filled EP 13.17
[131] EP / - / / 11.41
40 wt% BaTiO3-filled EP 13.51
40 wt% SiTiO3-filled EP 13.77
10 wt% BaTiO3-filled EP ~49
[132] EP / - ~115 / /
10 wt% SrTiO3-filled EP ~41
20 wt% m-SiC-filled SE 7.4
[90] SE AN 3 wt% AIN & 20 wt% SiC-filled SE 36.9 6.6 / /
5 vol% n-BN and m-SiC-filled SE 3.8
[92] SE / 10 vol% n-BN and m-SiC-filled SE / / 3 4.1
40 vol% n-BN and m-SiC-filled SE 4.5
3 wt% AIN & 20 wt% SiC-filled SE 7.4 32 (MAV)
[93] SE AIN 5 wt% AIN & 20 wt% SiC-filled SE 36.9 8.5 11 (MAV) 28 (MAV)
. 3 wt% AIN-filled SE 39.3 12 (MAV)
Alternative -
encapsulant 1 wt% SiCw-filled EP 3.52 103.5 ~124.5 kV/mm
[98] EP AIN 3 wt% SiCw-filled EP / 13.1 kV/mm ~20.5 kV/mm
5 wt% SiCw-filled EP 26.3 (DBS) ~12 kV/mm
Pure EP 58.5 538 49.2 (ABS)
[97] SG AIN 2 wt% n-AIN-filled EP 60.5 57.5 kV/mm 61.6 (ABS)
AB
3 wt% AIN-filled EP 57 (ABS) 53.5 (ABS)
10 wt% m-A1203-filled EP 21.2
(107] EP / 40 wi% m-A203-filled EP / / 199 185

BV= Breakdown voltage, MAV= Maximum acceptable voltage, DBS= DC breakdown strength, ABS= AC breakdown strength
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This study has shown that introducing an electret layer can
reduce the electric field at TP from 118.4 kV/mm to 59 kV/mm,
a 50% reduction while mitigating the electric field stress within
air cavities, voids, and bubbles. However, the electret layer has
low Tc, which could jeopardize the heat dissipation efficiency
of the substrate. So, further investigation is required to observe
the effect of Tc when high Tc fillers like SiC particles are added
to the electret and the electret thickness layer is minimized.

VI. CHALLENGES, OPPORTUNITIES, AND FUTURE SCOPE

B. Challenges

1) The challenge with the next-generation encapsulation
materials isn’t just about achieving one specific property, but
rather a combination of several properties that are essential for
the high temperature, high power density, and high-frequency
operation of (U)YWBG power modules, such as TC, mechanical
strength, CTE, T, and viscosity.

2) The issue with ceramic substrate materials is that although
their properties are superior to encapsulation materials and
significant progress has been made in finding alternative
substrates with better properties, practical research in WBG
power modules is still limited to Al,O3 and AIN as substrates.
While AL,Os suffers from poor thermal conductivity, AIN with
better properties than Al,Os also has lower tensile and fracture
strength.

3) Despite being proposed as an alternative encapsulation
material, the challenge with the currently available options is
that they are still based on SG and EP as a base matrix for the
composites. As the properties of original matrix are very low,
the improvement seen with these micro- and nanocomposites is
very limited. This results in a significant limitation in the
improvement of thermal, mechanical, and electrical
characteristics that are desired.

4) One notable issue is that harsh weather conditions are not
always considered when investigating electric field and PD
analysis. This can lead to a severe impact on the performance
of insulating materials, further degrading their properties. Harsh
operation conditions, such as low pressure for aircraft, moisture
exposure in ships, and high thermal and radiation aging, can
have a significant influence on the stability of these materials
over time.

5) Even though mitigation strategies have provided promising
solutions, they are not based on real-world conditions where
(U)YWBG power modules will work, such as high dv/dt square
waveform, high frequency, and temperatures exceeding 250°C.
High frequency causes space charge accumulation leading to
electric field distortion, increase in tree lengths, and change in
electrical tree morphology from branch type to dense bush-like
structures with the presence of voids and bubbles, which have
lower dielectric characteristics than the insulation materials
(encapsulant and substrate). The high frequency also impacts
the self-healing properties of SG, as the PD cavity propagates
before its discharge track can disappear.

6) It is also worth noting that the IEC standard, IEC 61287-1,
which was made for sinusoidal AC conditions, may not apply
to the operational conditions of (U)YWBG power modules.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

B. Opportunities and future scope

1) Si3N4 can be a viable ceramic substrate material for
(U)YWBG power modules. However, there are two main issues
with Si3N4: lower thermal conductivity and higher cost. While
significant progress has been made in increasing the thermal
conductivity of Si3N4 substrate materials beyond 150, making
them cost-effective remains a challenge. Nevertheless, from the
perspective of next-generation (U)YWBG power modules, where
researchers and engineers are continuously trying to reduce the
size, Si3N4's higher thermal stability, even with lower thickness,
seems to be a promising solution.

2) While research in WBG materials like SiC and GaN has
made significant progress, it is reaching saturation. Therefore,
the focus should shift to (U)YWBG materials like diamond and
Gay03. Research should focus on improving these materials'
properties, such as increasing the TC of Ga,O3 and improving
the processability and cost-effectiveness of diamond.

3) Alternative encapsulants like PI and glass should be given
priority. While their properties have been validated to be
superior to traditional encapsulants, there is still a need for more
PD and electric field stress analysis in power module packaging
applications to verify their compatibility with metallization
layers and encapsulants.

4) Epoxy nanocomposites have shown considerable
superiority in reducing electric field distortion and PD issues
due to the formation of matrix/filler interface. They improve the
barrier height needed to be surpassed for space charge injection,
and their shallow traps avoid space charge accumulation.
Additionally, their TC is improved due to the formation of a
thermally conductive path. They have displayed that these PD
inhibition properties are not only for low frequencies (50 or 500
Hz) but also for higher frequencies (18 kHz). However, these
values are still lower than the frequency under which (U)YWBG
power modules will be operating. Thus, future research must
investigate space charge, electrical treeing, and PD activities in
nanocomposites under higher frequencies (>100 kHz).

5) The array of functionally graded materials (FGMs), such
as FDP materials and FDC layers, should be expanded.
Currently, FGMs based on EP and SG matrix are only studied,
but more investigations on SE and Cyanate Ester (CE), which
have better properties than SG and EP, need to be carried out.

6) Further research on electrets is needed as they can address
the issue of voids within encapsulants. However, their PDIV
analysis is still not mature enough, and they display a loss in
TC, which is crucial for heat dissipation. Additionally, their
mitigation effect on actual operating conditions of temperatures
more than 100 °C and higher frequency has not been conducted.

7) Research should be conducted at operating conditions as
close to practical operating conditions of (UYWBG power
modules as possible, which means temperatures greater than
200°C, frequencies greater than 100 kHz, and a square wave
voltage waveform.

8) Finally, the current IEC standard, IEC 61287-1, under
which PD analysis is validated is for power frequency AC
voltages and may not work for high-frequency square pulses.
Therefore, a change in the IEC standard is needed to reflect the
practical operating conditions of (U)WBG modules.
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VIl. CONCLUSION

This paper reviews the recent advancements to tackle the
challenge of high electric field stress and partial discharge
within insulation systems for envisaged high voltage, high-
power-density U(WBG) power modules in detail. It explores
the critical role of the TP in reducing field stress and scrutinizes
the weaknesses of current encapsulation materials (SG and EP)
in terms of space charge characteristics, PD, and electrical
treeing activity. The effect of harsh weather conditions on the
insulation properties of these materials are discussed in detail.
With the anticipated exposure of (UYWBG power modules to
elevated operating temperatures, the study evaluates the
thermal stability of potential alternative materials to replace SG
and EP. Additionally, the paper examines research on
redesigned substrate structures (mesa structure, protruding
substrate, and stacked substrate), non-linear field-dependent
permittivity (FDP) materials, and non-linear field-dependent
conductivity (FDC) coatings to achieve decreased electric field
and enhanced PDIV levels. However, it underscores that most
investigations have been conducted below 200°C, significantly
lower than the envisioned 500°C operational range, primarily
under DC and power frequency sinusoidal AC voltages.
Notably, PD behavior under fast-rise high-frequency square
wave voltages differs from power frequency sinusoidal
voltages. Consequently, existing standards fall short in
predicting the insulation performance of power electronics
modules under real-world conditions involving high
temperatures, rapid voltage slew rates, and repetitive voltage
pulses. Furthermore, the existing standard of PD detection in
power modules, IEC 61287-1, primarily standardized for AC
sinusoidal voltages, fails to give a precise estimation for these
situations. This underscores the need for a new standard to
assess module insulation performance accurately. Hence, future
research must concentrate on accurate estimation of PD pulses
with proper standards, investigation of insulation systems under
high slew rate square pulses with high frequencies, and
operation of power modules under elevated temperatures to
thoroughly evaluate the effectiveness of mitigation methods.
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