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Abstract—The interfacial electrical tree (IET) between the pack-
aging insulation and the ceramic substrate is easily initiated by a
high electric field around the triple point in the power modules,
and the IET resistance is not considered in the current packaging
insulation design. This article proposes alow-content POSS-grafted
silicone elastomer nanocomposite to hinder the IET growth, and its
electrical, thermal, and mechanical properties are tested. The IET
patterns and the accompanying partial discharge (PD) character-
istics are also investigated in the lateral and vertical packaging
modules at low and high temperatures. The IET in the packaging
modules appears at a much lower voltage than their breakdown
voltage and takes longer until the ultimate breakdown of the mod-
ules. Besides, the IET is initiated at a lower voltage and grows faster
at higher temperatures. The grafted nanocomposite packaging in-
sulation inhibits the IET growth and decreases the IET breakdown
probability by its reduced charge carrier mobility and enhanced
molecular interaction. The mechanisms of inhibited charge trans-
port on the enhanced electrical properties and hindered IET growth
are revealed. Combined with the quantum chemical calculations,
bipolar charge transport, and IET phase-field simulations, the
design criteria and procedure for high-temperature IET-resistant
packaging insulation are proposed.
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I. INTRODUCTION

IGH-VOLTAGE SiC power modules are being developed

for miniaturization, high temperatures (>175°C), and
voltages (>6.5 kV) for achieving higher power density [1], pos-
ing severe challenges to high-temperature packaging insulation
design. The interfacial electrical tree (IET) in the power modules
is triggered from the triple point due to its high electric field and
grows at the interface between the packaging insulation and the
ceramic substrate for some time, thereby leading to the ultimate
breakdown of the whole modules [2]. However, the current
packaging insulation design does not consider IET inhibition
but mainly pursues high thermal stability, low hardness, and
high dielectric strength [3], [4], [5]. Even if a packaging material
has high thermal stability and dielectric strength, IET may be
suddenly triggered below the breakdown voltage of the power
modules and damage the modules. Besides, the IET research
mainly focuses on the low-temperature (<150 °C) silicone gel
packaging used in the Si power modules [6], [7]. Notably, the
IET and its accompanying PD become more severe with in-
creasing temperature [8], [9]. Therefore, in the high-temperature
(>175°C) packaging insulation design of the SiC power mod-
ules, the IET should be considered separately from dielectric
strength and thermal stability.

The high electric field near the triple point can be mitigated
by modulating packaging structure parameters [10] or coating
the nonlinear dielectric materials [11], [12], resulting in a higher
partial discharge inception voltage (PDIV) [13]. However, the
IET occurrence cannot be eliminated completely due to the
inevitable copper protrusions and triple points in the current
packaging technology, and the triggered IET still propagates
rapidly until the module breaks down. Hence, it is also crucial
to hinder IET growth after the IET is initiated.

The nanofillers have been proven to inhibit the electrical
tree growth and PD in various polymer materials. The electri-
cal tree growth rate and its PD magnitude are reduced in the
nano-SiO, doped epoxy resin even at a high temperature of
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140°C [14]. The nano-MgO also inhibits the IET growth and
PD magnitude in the cable insulation due to modulated space
charge distributions in the nanocomposite [15]. The graphene
nanoplatelets reduce the electrical tree length and accumulated
area in the silicone elastomer (SE) due to their quantum effect
[16]. Moreover, the nanofillers doping can also improve the
thermal and insulation properties of the polymers. The nano-BN
and nano-SiC doped in SE improve thermal stability, reduce the
coefficient of thermal expansion (CTE), and increase the PDIV
[17]. The nano-Al»Os3 is used to improve the high-temperature
stability and dielectric strength of SE after high-temperature
aging [18], [19]. The nano-SiO2 doped SE has lower dielectric
loss and higher breakdown strength, and the nanocomposite
retains a stable insulation property after thermal aging [20]. The
nano-AIN-doped epoxy resin is a potential packaging insulation
material with high breakdown strength, low electrical conductiv-
ity, and low space charge accumulation, which can be used below
150°C [21]. However, there is still a lack of insulation and IET
resistance research in the power modules encapsulated by the SE
nanocomposites. Moreover, the most common nanofiller doping
technique is mechanical stirring and ultrasonic dispersion, and
the technique is costly and complicated, easily leading to the
aggregation and bad compatibility of fillers in the matrix. In this
case, the quantum effects and small-scale effects of nanofillers
cannot be fully utilized to maximize the insulation performance.

Compared with the silicone gel operating below several kV
and 150°C [22], the SE exhibits immense potential for high-
temperature and high-voltage SiC packaging applications as a
soft packaging material due to its high-temperature stability and
high dielectric strength above 150°C [23], [24], [25]. The PD
research in the SE encapsulated power module at 110°C has
been reported [26], whereas its selected temperature is still lower
than the operation temperature of the SiC power modules above
175 °C, and there is also a lack of IET study at high temperatures.
Polyhedral oligomeric silsesquioxane (POSS) is known as the
smallest silicon-based compound nanoparticle, only 1-3 nm,
and its apex active organic group can be used as a link between
the polymer and POSS, thereby enhancing the compatibility
between the polymer and POSS, conducive to the chemical
grafting and uniform dispersion of the POSS in the polymer
[27]. Besides, the bipolar charge transport (BCT) model has
been used in the space charge and electric field simulation of the
packaging modules [28]. However, the electrical tree phase-field
model has only been reported for use in the material simulation
so far [29], [30], and it is used for the IET simulation in the
power modules for the first time in this article.

In this article, a new SE nanocomposite packaging insulation
is proposed to inhibit IET growth. Section II introduces a novel
nanofiller-grafting technology that achieves high dispersion and
compatibility, even at low filler doping levels, without the
drawbacks of traditional techniques. Section III investigates
the electrical, thermal, mechanical, and aging properties of
the POSS-grafted SE nanocomposite. In Section IV, the IET-
resistance performance and accompanying PD characteristics in
the lateral and vertical packaging modules are studied at various
temperatures, and the effect mechanisms of microscopic charge
transport on the electrical properties in the material and the
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IET growth in the packaging module are analyzed. Section V
explores the charge transport and IET growth in the packaging
insulation by quantum chemical calculation, BCT simulation,
and IET phase-field simulation. Finally, Section VI proposes the
IET design criteria and procedure, combining the experimental
and simulation results.

II. MATERIAL PREPARATION AND EXPERIMENTAL DETAILS

A. Fabrication of POSS-Grafted PMHS and SE
Nanocomposite

Vinyl-terminated polydimethylsiloxane (VPDMS, viscosity:
200 mPa-s), polymethyl-hydro siloxane (PMHS, viscosity:
22 mPa-s), Karstedt catalyst (concentration: 3000 ppm), in-
hibitor and octavinyl-POSS fillers are included in the raw ma-
terials. To avoid nanofiller agglomeration and achieve uniform
dispersion at an extremely low filler load and high compatibility
between the fillers and the polymer, the POSS-grafted PMHS
as a new crosslinking agent is fabricated without a costly and
inefficient ultrasonic dispersion process (see Fig. S1 and Note
S1). The viscosity of the 2 wt% POSS-grafted PMHS is 128
mPa-s with good flowability, higher than the ungrafted PMHS
(see Fig. S2). The newly formed chemical bonds in the POSS-
grafted PMHS prove that chemical grafting is successful, as
shown in the nuclear magnetic resonance spectrum (see Fig. S3
and Note S2). The POSS-grafted PMHS has low contact angles
on the surface of Si, AloO3, and Cu (see Fig. S4), exhibiting high
affinity with the typical materials in the power modules. The 1
wt%, 2 wt%, and 3 wt% POSS-grafted PMHS are fabricated,
respectively.

Here, 12 g VPDMS, 0.25 g POSS-grafted PMHS with differ-
ent filler loads, 0.05 g Karstedt catalyst, and 0.025 g inhibitor
were stirred for 30 min at 25 °C and degassed in a vacuum.
Subsequently, the liquid mixture was poured into the flat mold
and designed packaging modules to obtain the bulk material
and encapsulated module samples, which were then cured at
120°C for 3 h. The grafted SE nanocomposites made with
the 0, 1, 2, and 3 wt% of POSS-grafted PMHS are labeled as
SE, SE-POSS 1 wt%, SE-POSS 2 wt% and SE-POSS 3 wt%.
The filler load is extremely low in the SE nanocomposite,
e.g., the filler content in SE-POSS 2 wt% is only 0.04 wt%.
Besides, the fillers disperse well in the polymer without ag-
glomeration (see Fig. S5), as proved by the scanning electron
microscope. The SE nanocomposites exhibit excellent adhesion
to the surfaces of the copper trace and the ceramic substrate in the
encapsulated modules, characterized by the scanning acoustic
microscope. Remarkably, no delamination, bubbles, voids, or
impurities are detected at their interfaces within the modules
(see Fig. S6).

The two packaging modules are designed to be the lateral and
vertical types for investigating the IET and its accompanying PD
under lateral and vertical electric stress, respectively, as shown in
Fig. 1. The geometrical parameters of the two modules are shown
in Fig. S7. The high voltage and ground connections are situated
on the same side of the lateral module. In particular, the sharp
angle of the high-voltage copper trace creates a concentration of
high electric field (see Fig. S8), thus facilitating the generation of
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Fig. 1. Electrode shapes and connection methods of the (a) lateral and (b)
vertical module.

PD and IET. The high voltage and ground are respectively con-
nected to the two sides of the vertical module. The lower copper,
which is longer than the upper copper by an offset of 1.5 mm,
rests upon a larger baseplate. As a result of this configuration,
the upper copper edge exhibits a significantly elevated electric
field (see Fig. S9), thereby facilitating the occurrence of PD and
IET on the upper side. Although the vertical module maintains a
relatively uniform distribution of electric field around the copper
trace in the case of no edge protrusions (see Fig. S10), the
inevitable metal protrusions are distributed randomly along the
copper edge, causing a high electric field, and initiating the PD
and IET.

B. Experimental Details

The thickness of the bulk material samples used for var-
ious electrical, thermal, and mechanical characterizations is
approximately 0.2 mm. The electrical properties of the SE
and its nanocomposites are characterized by electrical con-
ductivity and breakdown strength at 30, 160, and 200 °C. The
dc electrical conductivities were assessed by a three-electrode
setup (see Fig. S11) at varying dc electric fields of +5, 410,
+15, and +20 kV/mm, aiming to study the field-dependence
of electrical conductivity. The electrical conductivity and its
field-dependent nonlinear coefficient are calculated based on
Note S3. The ac breakdown strengths of the materials were
measured by the encapsulated sphere-sphere electrodes to avoid
surface flashover with the voltage rising rate of 1 kV/s (see Fig.
S12). The characteristic breakdown strengths corresponding to
a 63.2% probability of sample breakdown are analyzed by a
two-parameter Weibull statistic (Note S4).

The microscopic charge transport properties of the SE and its
nanocomposites were characterized by surface potential decay
(SPD), thermally stimulated depolarization current (TSDC), and
space charge. In the SPD experiment, the material surface was
charged using a high-voltage electrode related to the process of
charge trapping. After the high voltage was removed, the surface
potential gradually decayed, indicating the charge detrapping
process. The carrier mobility and the time for charges escaping
from the traps can be assessed by the SPD differential curve (see
Fig. S13 and Note S5). The TSDC curve showcases the release of
trapped charges when the temperature rises, used for calculating
the density-depth distribution of the charge traps (see Fig. S14
and Note S6). Furthermore, the spatial and temporal distribution
of space charge, signifying the position and accumulation of
space charge within the material, can be accurately measured
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by the pulse-electro-acoustic space charge measurement system
(see Fig. S15 and Note S7).

The mechanical properties of the SE and its nanocompos-
ites were evaluated through the crosslinking degree, dielec-
tric spectrum, tensile experiment, dynamic mechanical analysis
(DMA), and hardness. The crosslinking degree indicates the
compactness and density of the molecular structure (Note S8).
The dielectric spectrum analyzes the relaxation movements of
molecular chains at high temperatures (Note S9). The tensile
experiment provides valuable information regarding properties
such as tensile strength, elongation at break, and Young’s mod-
ulus (Note S10). The CTE can be derived from the DMA curve
(Note S11). The hardness reflects the material’s resistance to
external forces, measured by the Shore rubber durometer (Note
S12). In terms of thermal properties, thermogravimetric analysis
(TGA) under nitrogen was employed to assess weight loss from
20°C to 800 °C, examining the material’s thermal stability, with
the derivative thermogravimetry (DTG) indicating the rate of
weight loss (Note S13). The thermal conductivity reflects heat
dissipation ability, measured by the heat flux method (Note S14).

The ac PD behaviors of the IET in the packaging modules
under 30°C, 160°C, and 200°C were measured by the MPD
600 system based on IEC 60270. The background noise of the
MPD 600 system is less than 10 pC. The PDIVs were measured
ten times for the same condition to maintain accuracy. The PD
experimental setup and the test voltage protocol are depicted
in Fig. S16 and Fig. S17, respectively. The voltage ascended
from 5 kV at a rate of 0.1 kV/s. To hinder interference from
transient high-frequency voltage, the ascending interval was set
to 2 s, and no PD event was initiated during each rise time. The
voltage endured steadily for 5 min during each stage. If a PD
failed to occur in the corresponding stage, the voltage would
rise to the next stage until a PD is triggered, at this point, the
trigger voltage was the PDIV. The IET was triggered by a voltage
1 kV higher than the PDIV to ensure an instant IET initiation,
observed by a microscope, and then the phase-resolved partial
discharge (PRPD) patterns and IET lengths in the IET growth
process were recorded for 5 min after the IET is initiated.

III. MATERIAL TESTING
A. Effect of Thermal Ageing

The bulk material samples of SE and SE nanocomposites
are thermally aged for 500 h under 200°C in the oxygen-
containing environment. The aging properties at 30°C are
shown in Fig. 2. The Weibull curve of breakdown strengths is
shown in Fig. S18. The SE nanocomposites have lower weight
loss, higher crosslinking degree, lower electrical conductivity,
higher field-dependence of conductivity (see Fig. S19), and
higher breakdown strength than SE both before and after aging.
The crosslinking degree, electrical resistivity, and breakdown
strength of the SE nanocomposites become higher after aging,
whereas those properties of SE become worse after aging. Be-
sides, no surface crack or interface delamination is observed
in the encapsulated modules with the SE nanocomposites after
aging (see Fig. S6).
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Fig. 3. (a) Tensile curve, (b) DMA curve, (¢) TGA and DTG curve, and (d)
thermal conductivity of SE and SE-POSS.

The thermal aging behaviors of SE include the side chain
oxidation crosslinking and backbone cyclization degradation
(see Fig. S20 and Note S15). The results indicate that the SE has
more obvious degradation behavior than crosslinking behavior.
However, the crosslinking behavior in the SE nanocomposites
dominates, proving that the grafted POSS inhibits the polymer
degradation and improves the antiaging ability of the strong
crosslinking points around the POSS. Moreover, the SE-POSS
2wt% has the best anti-aging performance. Hence, it is deemed
the optimal candidate for further study of thermal, mechani-
cal, electrical, and module properties under high temperatures.
Hereafter, the SE-POSS 2 wt% is labeled as SE-POSS.

B. Mechanical and Thermal Properties

Fig. 3(a) and (b) illustrates the tensile and DMA curves of
SE and SE-POSS, respectively. Compared to SE, the tensile
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strength, tensile strain at break, and Young’s modulus of SE-
POSS are increased by 300 kPa, 39.3%, and 140 kPa, respec-
tively. Furthermore, the dielectric spectrum analysis (see Fig.
S21 and Note S16) indicates an increase in the ion hopping
barrier and a denser, more compact molecular structure in SE-
POSS. Fig. 3(b) demonstrates that SE-POSS has a lower CTE
than SE. The measured hardness of SE and SE-POSS is 32 and
37 Shore A, respectively, with minimal susceptibility to thermal
aging. Although the CTE of SE-POSS is higher than other hard
components within the power modules, it does not pose serious
thermo-mechanical stress due to its high softness. These results
show that the movement and breakage of molecular segments are
impeded, and the molecular interaction is enhanced in SE-POSS.
This confirms the enhancement of mechanical properties in
SE-POSS by incorporating grafted POSS nanofillers as localized
mechanical reinforcement points.

Fig. 3(c) shows the TGA and DTG curves of SE and SE-POSS.
The temperatures corresponding to the 90% weight loss and
the fastest thermal decomposition of SE-POSS are higher than
those of SE, indicating that SE-POSS exhibits superior thermal
stability and a more resilient molecular structure, effectively im-
peding molecular cyclization degradation. Fig. 3(d) shows that
the thermal conductivity of SE-POSS is higher than that of SE
and decreases with temperature, suggesting that the molecular
structure of SE-POSS is more orderly and uniform, resulting in
improved phonon transfer and reduced phonon scattering.

C. Electrical Properties

The electrical conductivities and their field-dependent non-
linear coefficients of SE and SE-POSS are depicted in Fig. 4(a)
and (b), respectively. At the same temperature, SE-POSS ex-
hibits a lower electrical conductivity than SE, and their con-
ductivities, along with the nonlinear coefficients, increase as
the temperature rises. Moreover, the electrical conductivity be-
comes directly proportional to the electric field at 200 °C, owing
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to the nonlinear coefficient of approximately 1. Despite the
positive correlation between the electrical conductivities of SE
and SE-POSS with the electric field, their conductivities re-
main significantly lower than ceramic substrates under the same
temperature. Consequently, their field-dependent conductivities
have little impact on the electric field surrounding the triple point
in the power modules (see Fig. S22). Hence, a lower electrical
conductivity is preferred for SE nanocomposite to reduce its
power loss.

The Weibull distributions of breakdown strengths and charac-
teristic breakdown strengths of SE and SE-POSS are shown in
Fig. 4(c) and (d), respectively. The SE-POSS has higher break-
down strength than SE at the same temperature, and their break-
down strengths decrease with temperature. The SE-POSS retains
lower electrical conductivity and higher breakdown strength
than SE even at the high temperature of 200 °C, indicating the
grafted POSS nanofillers improve the high-temperature electri-
cal properties in the SE-POSS.

D. Microscopic Charge Transport Properties

Fig. 5(a) and (b) presents the normalized SPD curves and
charge carrier mobilities of SE and SE-POSS, respectively. The
SPD curves of SE and SE-POSS are shown in Fig. S23, and
their carrier mobilities are calculated by the transit time of SPD
differential curves (see Fig. S24). SE-POSS demonstrates lower
carrier mobility compared to SE at the same temperature, and
both show an increase in carrier mobility with temperature,
indicating enhanced charge migration as the temperature rises.
Notably, the carrier mobilities of SE and SE-POSS exhibit a
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remarkable increase of 17.6 and 6.2 times, respectively, from
30°C to 200 °C, showing that incorporating grafted nanofillers
effectively impedes charge transport even at 200 °C.

The y-axis of Fig. 5(c) represents the time multiplied by the
rate of potential decay, directly proportional to the quantity of
de-trapped charges at a specific time (Note S5). Additionally,
the peak value on the y-axis corresponds to the time required for
most of the trapped charge to escape from the traps. Fig. 5(c)
demonstrates that SE-POSS exhibits a longer charge escape
time compared to SE at the same temperature, and this escape
time diminishes as the temperature rises, suggesting that the
trap depth in SE-POSS is greater than in SE, thereby making
it more challenging for charges to escape from the traps. The
trap distributions for both SE and SE-POSS are depicted in
Fig. 5(d), derived from the TSDC curves (see Fig. S25). SE-
POSS generates a large trap depth of 1.24 eV, and the shallow
trap in SE-POSS also becomes deeper, increasing from 0.84 to
0.89 eV. Furthermore, Fig. 5(e) and (f) displays the space charge
distributions of SE and SE-POSS under 410 kV/mm at 30°C
for 30 min, respectively. SE exhibits a significant accumulation
of positive hetero space charges near the cathode, whereas no
visible space charge is observed in the bulk of SE-POSS. The
positive charges in SE are injected from the anode and migrate
towards the cathode, creating hetero space charges. However,
in SE-POSS, the charge injection and migration are hindered
due to deeper traps introduced by POSS. Fig. 5(g) illustrates
the continuous increase in average space charge density in SE,
while it remains consistently low and stable in SE-POSS.

E. Microscopic Charge Transport Mechanism

Chemical impurities and structural flaws inevitably arise dur-
ing the material production process of SE and SE-POSS, con-
sequently leading to the development of localized energy levels
within the cured material, commonly known as charge traps.



4938

Fig. 6 depicts the schematics of the charge transport and space-
charge-modulated electric field at the anode/polymer interface in
SE and SE-POSS. In SE, a multitude of injected positive charges
are frequently trapped and subsequently detrapped from shallow
traps in the polymer matrix, migrating towards the cathode,
thereby generating positive hetero space charge accumulation
[see Fig. 6(a)]. The effective electric field at the anode/polymer
interface remains as high as the applied field, resulting in further
charge injection and transport [see Fig. 6(c)].

Conversely, the incorporation of grafted nanofillers in SE-
POSS introduces deeper traps, rendering trapped charges
more difficult to escape and forming a positive homo space
charge layer in proximity to the anode [see Fig. 6(b)]. Notably,
the deeply trapped positive homo charges diminish the effective
field near the anode due to virtue of their built-in field opposing
the applied field, thereby impeding subsequent charge injection
and transport [see Fig. 6(d)]. Furthermore, the POSS grafting
also leads to a more compact molecular structure and enhanced
molecular interaction. If the injected charges become captured
by the traps without de-trapping, space charge forms, rendering
them unable to participate in charge transport. Consequently,
deeper charge traps correspond to lower carrier mobility, reduced
electrical conductivity, and increased breakdown strength.

IV. MODULE TESTING
A. Electrical Tests of Lateral Modules

The encapsulated lateral modules are employed to examine
the insulation properties of SE and SE-POSS as packaging
materials under lateral electric stress. Fig. 7(a) displays the
leakage currents of the lateral modules under DC +5 kV. Their
electrical conductance, determined by the conduction current
(Note S3), is presented in Fig. 7(b). The electrical conductance
of the lateral module encapsulated with SE-POSS is significantly
lower than that of SE, exhibiting a reduction of 59.8% at 200 °C.
The Weibull distributions of ac PDIVs and rapid breakdown
voltages are shown in Fig. S26. Fig. 7(c) and (d) reveals that
SE-POSS exhibits higher PDIVs and rapid breakdown voltages
compared to SE, demonstrating respective increases of 17.6%
and 9.2% at 200°C. This indicates the effective enhancement
of leakage current reduction, PDIV, and breakdown voltage in
the lateral modules at high temperatures by grafted POSS. The
PDIV and breakdown voltage decrease with temperature, e.g.,
the PDIVs of SE and SE-POSS lateral modules are reduced by
35.2% and 29.8% from 30°C to 200 °C, respectively, showing
high temperatures deteriorate the packaging insulation.

The temporal variations of PD magnitude in the lateral mod-
ules during the IET growth process are depicted in Fig. 7(e).
The PD magnitude in the lateral module of SE experiences
rapid growth within the initial 100 s at 30 °C. However, the PD
magnitudes of SE-POSS at 30°C and 160 °C initially increase
but subsequently decline to a consistently low level of around
100 pC. Moreover, the PD magnitude of SE shows an increasing
trend at 200 °C, reaching over 2 nC at 300 s. Conversely, the PD
magnitude of SE-POSS remains relatively stable, fluctuating
within a narrow range around 1 nC. Fig. 7(f) illustrates the
average PD density of the lateral modules during the IET growth
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Fig. 7. (a) Leakage current, (b) electrical conductance, (c) PDIV, (d) break-
down voltage, (e) temporal variation of PD magnitude, (f) average PD density,
(g) IET length, and (h) IET breakdown probability during the IET growth of
lateral modules within 5 min at 30°C, 160 °C, and 200 °C.

process. The lateral module of SE-POSS displays lower PD
density even at 200 °C.

The IET length refers to the shortest distance between the end
of the IET and the high-voltage copper trace. Fig. 7(g) shows
that SE experiences rapid IET growth towards the ground copper
trace at 30°C, leading to IET breakdown. However, at 30°C
and 160°C, the IET length of SE-POSS initially increases and
subsequently stays constant. Additionally, the IET length of SE-
POSS increases more slowly (less than 1 mm at 300 s) than
SE at 200°C. Notably, the IET grows more rapidly at higher
temperatures in case of no IET breakdown. PD after the IET is
initiated is the primary factor in IET development. By reducing
PD magnitude and density, the grafted POSS decreases the IET
growth rate, resulting in slow or stagnant IET growth in the
lateral modules. Ten module samples are tested for the same
temperature and material. Fig. 7(h) displays that SE-POSS has
a significantly reduced IET breakdown probability as compared
to SE due to the slower IET growth of SE-POSS.

The PRPD patterns of the lateral modules encapsulated with
SE and SE-POSS during the final 30 s of IET growth at 200 °C are
depicted in Fig. 8(a) and (b), respectively. Their IET morphology
at 200°C is shown in Fig. 8(c) and (d). The PRPD patterns
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Fig.8. PRPD patterns of the (a) SE and (b) SE-POSS lateral module at 200 °C;
IET morphology in the (c) SE and (d) SE-POSS lateral module at 200 °C; (e)
IET breakdown; (f) rapid electrical breakdown.

and IET morphology at 30 °C and 160 °C are presented in Fig.
S27 and Fig. S28, respectively. The initiation of IET occurs at
the sharp point of the high-voltage copper trace, intentionally
designed as an electrical weak point with a highly concentrated
electric field.

Fig. 8(a) illustrates that the PRPD pattern of the SE lat-
eral module exhibits a “T™ type distribution, characterized by
predominantly high-amplitude PDs with the absence of low-
amplitude PDs, indicative of tip discharge phenomena. The
high-amplitude PDs usually occur in the thick main branches,
while the low-amplitude PDs are dispersed across the thinner
side branches, growing from the side of the main branches. The
growth of IET in the SE lateral module is primarily accom-
panied by the high-amplitude PDs [see Fig. 8(a)], leading to
the concentration of energy in the main branches, resulting in
their thickening and the inhibition of side branch growth [see
Fig. 8(c)]. The high-energy main branches propagate rapidly
within the SE lateral module, easily leading to IET breakdown.

Fig. 8(b) demonstrates that numerous low-amplitude PDs
emerge in the SE-POSS lateral module while the magnitude
of high-amplitude PDs decreases, resulting in the formation of
more side branches in the IET [see Fig. 8(d)], dispersing the
energy from the main branches. The IET main branches in SE-
POSS also become shorter and thinner than SE (see Fig. S29).
Hence, the propagation of the main branches becomes slow or
even stagnant, and the IET ends consist of side branches instead
of main branches. The reduced PD magnitudes in SE-POSS at
30°C and 160°C further indicate the transfer of PD from the
main branches to the side branches, stagnating the growth of
the main branches and forming more expanding side branches.
Hence, the IET in SE-POSS becomes denser with time rather
than longer, and its growth is hindered. Additionally, the IET
branch becomes thicker and darker, and more main branches
appear as the temperature increases (see Fig. S29).
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Fig. 9. (a) PDIV, (b) rapid breakdown voltage, (c) temporal variation of PD

magnitude, (d) average PD density, (e) IET length, and (f) IET breakdown
probability during the IET growth of vertical modules within 5 min at 30°C,
160°C, and 200 °C.

Notably, the PD at the phase of 0° and 180° is observed at
both SE and SE-POSS, indicating that the PD is determined by
the composite electric field formed by the external electric field
and the space charge around the IET. The PD behaviors at 0°
and 180° are modulated by the built-in electric field formed by
space charge during the IET growth.

Fig. 8(e) and (f) illustrates IET breakdown and rapid electri-
cal breakdown in the lateral modules, respectively. Some IET
branches exist around the main IET breakdown channel, and
parts of its surface appear hollow and transparent, whereas the
rapid electrical breakdown channel is straighter without curva-
ture, and no IET branches are observed around it. Moreover,
compared to the rapid electrical breakdown, the IET breakdown
occurs at a much lower voltage [see Fig. 7(c) and (d)] and
takes longer. Therefore, the IET should be considered separately
from the rapid electrical breakdown in designing the packaging
insulation in the power modules.

B. Electrical Tests of Vertical Modules

The encapsulated vertical modules are employed to study
the insulation characteristics of SE and SE-POSS as packaging
materials under vertical ac electric stress. Fig. S30 shows the
Weibull distributions of PDIVs and rapid breakdown voltages.
Fig. 9(a) and (b) displays the PDIVs and rapid breakdown
voltages of the SE and SE-POSS vertical modules at 30°C,
160°C, and 200°C. The SE-POSS exhibits higher PDIV and
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rapid breakdown voltage values than SE, showcasing respective
enhancements of 14.1% and 10.5% at 200 °C. The PDIVs of SE
and SE-POSS vertical modules are reduced by 33.3% and 28.2%
from 30°C to 200 °C, respectively. Furthermore, the PDIV or
breakdown voltage in the vertical module surpasses that in the
lateral module owing to the lower electric field around the triple
point in the vertical module than the lateral module subjected to
the same voltage (see Fig. S8 and Fig. S10).

Fig. 9(c) illustrates the temporal variations of PD magnitude
within the SE and SE-POSS vertical modules during the IET
growth process. The PD magnitude within the SE vertical mod-
ule exhibits a rapid surge at 30°C. Moreover, the PD magni-
tudes within the SE vertical module at 160 °C and 200 °C rise
and maintain stability at an elevated level of around 400 pC.
Notably, the PD magnitudes in the SE-POSS vertical module
escalate to a higher amplitude initially, gradually diminishing to
a relatively lower amplitude of around 150 pC after 300 s under
30°C, 160°C, and 200 °C. Fig. 9(d) shows that the average PD
density of SE-POSS is comparatively lower than that of SE at
equivalent temperatures, progressively increasing with the rise
in temperature. These outcomes prove that the grafted POSS
enhances the PDIV and breakdown voltage while reducing the
PD magnitude and density in the vertical modules.

Fig. 9(e) shows that the IET length of SE grows significantly
at 30°C, which causes IET breakdown. At 160 °C and 200 °C,
the IET of SE is constantly growing. However, the IET lengths
of SE-POSS at 30°C, 160°C, and 200°C initially increase
and then stabilize less than 0.5 mm. Besides, in the absence
of IET breakdown, the IET grows more rapidly with rising
temperatures. Fig. 9(f) shows that SE-POSS has a lower IET
breakdown probability than SE. This suggests that the grafted
POSS can hinder the IET growth and lessen the likelihood of
IET breakdown. The IET breakdown probabilities of both SE
and SE-POSS modules at 30°C surpass those at 160°C and
200 °C. This is attributed to the notably higher voltage triggering
IET, owing to the higher PDIV at 30 °C. In SE modules, higher
electric field energy concentrates in IET main branches under
elevated voltages, rapidly evolving IET until breakdown in a
short time across all modules. However, in SE-POSS modules,
the dense nanostructure disperses high energy from the main
branches into numerous low-energy side branches, inhibiting
IET growth and reducing the likelihood of breakdown.

Fig. 10(a) and (b) illustrates the PRPD patterns within the
vertical modules of SE and SE-POSS, respectively, during the
final 30-s interval of the IET growth at 200 °C. Their respective
IET morphology at 200°C is visualized in Fig. 10(c) and (d),
while the PRPD patterns and IET morphology at 30°C and
160 °C are presented in Fig. S31 and Fig. S32, respectively. The
IET is initiated from the stochastic metal protrusions along the
upper copper edge.

Fig. 10(a) showcases a “I"’-type PRPD pattern in the SE ver-
tical modules, characterized by numerous high-amplitude PDs.
In contrast, Fig. 10(b) exclusively exhibits occurrences of low-
amplitude PDs in SE-POSS. Fig. 10(c) depicts the emergence
of thick main branches that extend along the direction of the
electric field in SE, whereas Fig. 10(d) shows a higher prevalence
of slender side branches near the IET end and the copper edge in
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SE-POSS. Besides, the IET branches in SE-POSS also exhibit
a more slender, shorter, and denser structure than SE (see Fig.
S33). These results indicate that the grafted POSS diminishes
the concentrated energy in the sparsely distributed IET main
branches with high PD magnitude and density. Consequently,
a greater portion of energy is dissipated through low-amplitude
and low-density PDs in the denser side branches. The formation
and expansion of more side branches further exacerbate energy
dispersion, and the denser side branches with lower energy grow
slowly or stagnate, impeding the propagation of the main branch,
and resulting in the deceleration and stagnation of the insulation
degradation.

Fig. 10(e) and (f) illustrates the IET breakdown and rapid elec-
trical breakdown in the vertical modules, respectively. Notably,
the IET breakdown channel manifests the emergence of certain
IET branches in its proximity, while no observable IET branches
are discerned during rapid electrical breakdown. Furthermore,
the rapid electrical breakdown channel is thicker and darker than
the IET breakdown channel.

C. Space-Charge-Modulated IET Growth Mechanism

Fig. 11 illustrates the mechanisms of the charge transport
and space-charge-modulated IET growth in the SE and SE-
POSS modules. Through electrical, thermal, and mechanical
experiments reported in Section III, SE-POSS exhibits lower
carrier mobility and higher molecular strength than SE. In SE,
a multitude of high-energy free charges are injected from the
random copper protrusions and swiftly migrate along the direc-
tion of the applied electric field towards the opposite electrode
[see Fig. 11(a)], leading to the disruption of the molecular
structure via impact ionization, consequently forming the main
branches of IET. The accumulated hetero space charges near
the copper protrusion increase its electric field and enhance
the injection of the high-energy charges. With the gradually
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in SE-POSS.

accumulated collisions of these high-energy charges, the IET
main branches undergo thickening and rapid growth until the
ultimate breakdown of the packaging modules [see Fig. 11(b)].

In SE-POSS, the injected charges with low carrier mobility
are quickly captured by the deep traps near the electrode, thereby
creating a homo space charge shielding layer and reducing
the electric field in the vicinity of the copper protrusion [see
Fig. 11(c)]. As a result, the number and energy of the injected
charges decrease, incapable of causing significant damage to
the molecular structure and forming main branches. These low-
energy charges generate dense slender side branches within the
uniform electric field around the copper protrusion. Further-
more, these charges disperse further along the side branches,
leading to a wider distribution of space charges, enhancing their
uniform effect on the electric field. Additionally, the ends of
the side branches create an equivalent copper edge with a larger
curvature radius in comparison to the copper protrusion due to
the space charge shielding effect [see Fig. 11(d)]. In the case of
a few un-trapped free charges, the dense side branches facilitate
charge dispersion, preventing the accumulation of free charges
and the subsequent destruction of molecular chains caused by a
substantial influx of charges. The limited number of low-energy
free charges in the side branches is insufficient to sustain IET
growth, impeding further IET propagation.

Furthermore, the augmented mechanical properties of SE-
POSS compared to SE signify an enhancement in the molecular
interaction and strength. The reinforced molecular structure
makes it difficult to be destroyed by the high-energy free charges
and likewise impedes the growth of the IET. Consequently, it
can be considered that lower charge mobility could mitigate the
destructive impact of injected charges on the material, and bol-
stering the molecular interaction could heighten the material’s
resistance against the charge collision. Therefore, minimizing
the charge carrier mobility and enhancing the molecular interac-
tion is imperative to improve PDIV and impede IET propagation.

V. MATERIAL AND MODULE SIMULATIONS
A. Quantum Chemical Calculation of Molecular Structure

To verify the optimized molecular properties and obtain the
microscopic mechanism of lower carrier mobility in SE-POSS,
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the molecular energy level distributions, molecular binding
energy, electrostatic potential (ESP), and deformation charge
density of SE and SE-POSS are acquired by quantum chemical
calculations based on density functional theory (DFT). The
simplified molecular models of SE and SE-POSS are displayed
in Fig. S34, and the calculation details are outlined in Note S17.
The LUMO and HOMO are the lowest unoccupied molecular
orbital and the highest occupied molecular orbital, respectively.
The electrons and holes can move freely on the LUMO and
HOMO, respectively. The density of electron states, LUMO,
and HOMO of SE and SE-POSS are presented in Fig. S35.
Fig. 12(a) shows that the LUMO increases while the HOMO
decreases in SE-POSS, consequently resulting in a larger energy
bandgap (E;). This augmented energy bandgap heightens the
trap depth within SE-POSS, leading to lower carrier mobility.
The molecular binding energy of SE and SE-POSS is 8013 and
14229 Ha, respectively, indicating that SE-POSS has a more
compact molecular structure and enhanced molecular electro-
static interaction than SE.

To further ascertain the origins of the deep traps in SE-POSS,
the deformation charge density and ESP are depicted in Fig.
S36 and Fig. 12(a), respectively. Fig. S36 demonstrates that the
oxygen atoms function as electron traps by acquiring electrons,
while the silicon atoms serve as hole traps by losing electrons.
The trap distribution is dispersed along the SE molecular chain,
whereas the grafted POSS imparts a dense distribution of oxygen
and silicon atoms, resulting in deep traps being concentrated
within the POSS. The ESP of SE-POSS in Fig. 12(a) displays
a negatively charged profile of the POSS, enabling it to cap-
ture holes, while the center of the POSS is positively charged,
facilitating the capture of electrons. Hence, the grafted POSS
provides deeper charge traps. Fig. 12(b) illustrates the process
of electron and hole trapping in SE and SE-POSS. The electrons
on the LUMO and the holes on the HOMO become captured by
deeper traps in SE-POSS, making it arduous for them to escape
and migrate.

B. BCT Simulation of Packaging Module

To verify the restraining effect of deeper traps and lower
charge carrier mobility on charge transport in the packaging
insulation, the BCT model (Note S18) is established to simu-
late charge transport and space-charge-modulated electric field
within the SE and SE-POSS packaging modules for 30 min
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module; (c) space charge and (d) electric field distribution in SE-POSS packaging
module. (The simulation duration is 30 min and the temperature is set to
200 °C.)

at 200°C. The trap depths for SE and SE-POSS are 0.84 and
1.24 eV, and the carrier mobilities of SE and SE-POSS are
6.85 x 103 and 7.4 x 10'* m?/(V-s), respectively, from the
microscopic charge transport properties. The structural model of
the packaging module is depicted in Fig. S37, whereby the left
copper trace is subjected to DC +5 kV to ensure the long-term
effect of the constant electric field on charge transport, while the
right and bottom copper traces are grounded. Fig. 13 displays
the distributions of space charge and electric field within the SE
and SE-POSS packaging modules.

Fig. 13(a) reveals that a multitude of positive charges within
the SE module are injected from the left HV copper trace
and migrate towards the right ground copper trace along the
packaging material/ceramic substrate interface, resulting in the
buildup of hetero space charges near the ground copper trace.
The maximum density of this accumulated space charge is
measured at 25.3 C/m>. Conversely, Fig. 13(c) illustrates that
the homo charge accumulates at the surface of the copper traces
in the SE-POSS module, forming a thin layer of homo space
charges, and the maximum space charge density amounts to
only 7.34 C/m>. This is consistent with the space charge results
for SE and SE-POSS in Fig. 5(e) and (f). Fig. 13(b) and (d)
demonstrates that the maximum electric fields at the triple point
within the SE and SE-POSS modules are 56.5 and 42.9 kV/mm,
respectively. These outcomes indicate that the deeper traps and
reduced carrier mobility in SE-POSS impede the injection and
migration of charges within the packaging modules, thereby
alleviating the electric field around the triple point.

C. Phase Field Simulation of the Electrical Tree in Material

The phase field simulation of the electrical tree (Note S19)
is used to study the barrier effect of the grafted POSS on the
electrical tree growth, and the geometrical model is shown in Fig.
S38. Simulations employ the needle-plane electrodes, with the
shortest distance between the needle tip and ground plane set at
0.8 um. The electrical tree starting point was set at the top-middle
position of the simulation domain, and the high-voltage needle
electrode was applied with ac 100 V, creating an electric field
over 150 kV/mm around the needle tip. The simulation results
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of the electrical tree and electric field in SE and SE-POSS are
shown in Fig. 14.

Fig. 14(a) and (b) demonstrates that, compared to the electrical
tree observed in SE at 200 s, the electrical tree in SE-POSS
is characterized by a shorter length and several slender side
branches. These branches extend towards the grafted POSS, but
their growth is impeded upon encountering the POSS due to
the physical barrier effect of the POSS. It indicates that the
presence of side branches in the SE-POSS causes a higher
energy dissipation than a straight path without branches in
SE, thereby reducing the propagation velocity of the electrical
tree.

Fig. 14(c) and (d) illustrates that a concentrated electric field
occurs around the starting point in SE at 0 s, reaching a maximum
value of 107 kV/mm. However, the presence of grafted POSS
leads to a reduction and homogenization in the high electric
field around the starting point in SE-POSS, and the maximum
electric field is reduced to 34 kV/mm. The resulting homogeneity
of the electric field contributes to forming more side branches,
impeding the elongation of the electrical tree.

D. Phase Field Simulation of the IET in Packaging Module

The lower microscopic charge carrier mobility corresponds to
the lower macroscopic electrical conductivity. To investigate the
inhibitory effect of the reduced electrical conductivity on the IET
growth in the packaging modules, the phase field model is used
for the first time in the IET simulations of the packaging modules
(Note S20). The packaging insulation material is supposed to
be homogeneous, and only the electrical conductivity is varied.
The high-voltage copper trace is applied to an ac voltage of
10 kV, and the starting point is set 1 pm far from the sharp
point of the copper trace to weaken the effect of grid meshing
on the simulation results. The side views of the IET phase field
in the packaging insulation with the electrical conductivity of
10" S/m and 107'* S/m at 10 s are shown in Fig. 15. The IET has
a shorter length in the packaging insulation with the electrical
conductivity of 10"'> S/m than the packaging insulation with
an electrical conductivity of 10"'* S/m, proving the packaging
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Fig. 15. (a) Phase-field simulation of the IET in the lateral module; the IET
in the packaging insulation with the electrical conductivity of (b) 10'> S/m and
(c) 10'* S/m at 10 s.

insulation with lower carrier mobility and a lower electrical
conductivity can impede the IET growth effectively.

The aforementioned module-based IET simulation method
is recommended for industrial applications in high-temperature
packaging insulation design. Its utility lies in identifying
weaknesses in module design and potential locations for
IET propagation in the packaging insulation. The method
holds promise in providing significant insights for the high-
temperature I[ET-resistant design of packaging insulation
materials.

Furthermore, the IET growth under ac voltages is affected
by both the electric field energy and the Joule heat energy. The
electric field energy is determined by the electric field and the
permittivity of the packaging insulation, while the Joule heat
energy is contingent upon the electric field and the packaging
insulation’s electrical conductivity. In this study, the primary
objective is to investigate the impact of the Joule heat energy
resulting from the insulation’s electrical conductivity on the
IET growth. Due to the dependency of the ac electric fields on
the applied voltage and the packaging insulation’s permittivity
and considering the slight effect of POSS grafting on the SE’s
permittivity, the applied voltage and the packaging insulation’s
permittivity are kept constant to maintain a consistent elec-
tric field energy. Only variation in the electrical conductivity
is employed to modify the Joule heat energy. This ensures
that the electrical conductivity is the only factor affecting the
IET.

Therefore, when employing module-based IET simulation in
the complex industrial design of high-temperature packaging
insulation, it is imperative to concurrently consider the effects
of applied voltages, permittivity, and electrical conductivity of
the packaging insulation on the IET growth within the power
modules. Altering the packaging insulation’s permittivity or
applied voltage results in variations in the electric fields with
the power modules, simultaneously affecting both the electric
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field energy and Joule heat energy within the insulation, thereby
leading to a more intricate impact on the IET.

VI. HIGH-TEMPERATURE IET-RESISTANT PACKAGING
INSULATION DESIGN PROCEDURE

The inception of the IET in packaging modules occurs at a
substantially lower voltage than their breakdown voltage, and
it takes a longer time to progress towards ultimate breakdown.
Furthermore, the IET is triggered at a lower voltage and exhibits
faster propagation with increasing temperature. While the PD
of a new power module is not detected within a short duration
by the manufacturer, the IET may unexpectedly emerge during
prolonged operation under rated electrical stress, especially for
the SiC modules operating at temperatures exceeding 175°C.
Timely detection of the IET proves challenging as power mod-
ules continue to function normally during IET initiation and
growth stages. Nonetheless, if the triggered IET remains un-
detected or unaddressed, it can ultimately result in complete
module failure. Moreover, preventing the initiation of the IET
is a complex task due to the unresolved issues concerning the
concentrated electric field around the triple points and an unex-
pectedly high electric field near random copper protrusions in the
current manufacturing processes of power modules. These issues
cause continuous electrical aging of the packaging insulation,
fostering the IET initiation and growth.

Furthermore, the existing design of the high-temperature
packaging insulation primarily focuses on enhancing thermal
stability, bolstering breakdown strength, and attaining higher
short-time PDIV. However, little attention has been directed to-
wards the phenomenon of IET and IET-resistance design within
the packaging insulation. Therefore, the IET should be consid-
ered separately from electrical breakdown, and the packaging
insulation design should not limit its focus solely to thermal
stability and breakdown strength. Instead, equal consideration
must be given to enhancing high-temperature IET resistance. In
the case of IET initiation, its propagation should be effectively
inhibited, ensuring slower or even stagnant growth, which can
provide extended operational windows for power modules, al-
lowing for prolonged usage and facilitating diagnosis. A novel
high-temperature IET-resistant packaging insulation design pro-
cedure is proposed in Fig. 16.

Drawing upon the preceding experimental and simulation
work, this study proposes two IET-resistant design principles,
covering both macroscopic and microscopic levels, considering
the modulation effect exerted by space charges on the growth
of IET. The macroscopic aspects especially include reducing
electrical conductivity and augmenting mechanical strength,
while the microscopic facets encompass decreasing charge car-
rier mobility and enhancing molecular interaction.

The design procedure for achieving high-temperature IET
resistance in packaging insulation is outlined as follows:

Step 1. Design IET-resistant packaging insulation
Nano or subnano fillers are preferred in the IET-resistance
design owing to their barrier effect against IET growth. These
fillers can hinder charge transport by introducing deep traps
and simultaneously enhancing molecular interactions by their
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Fig. 16. High-temperature IET-resistant packaging insulation design princi-
ples and procedure.

interfacial effect. Moreover, ensuring the uniform dispersion
of these fillers and their high compatibility with the polymer
matrix is paramount in achieving optimal IET resistance.
However, conventional methods for dispersing fillers, such
as mechanical stirring and ultrasonic dispersion, are expen-
sive, time-consuming, and prone to causing filler aggregation.
Therefore, an innovative grafting technique of nanofillers is
proposed for their effective dispersion within the matrix.
Step 2. Verify optimized molecular properties

After establishing an initial material composition and opti-
mizing the molecular structure subsequently, the molecular
properties, including energy levels of molecular orbitals, bind-
ing energy, ESP, and charge density, are acquired through
quantum chemical calculations employing DFT. To validate
the presence of deeper charge traps and augmented molecu-
lar electrostatic interaction, it is imperative that the energy
bandgap and molecular binding energy of the optimized
molecular structure surpass those achieved in the previous
round of material optimization.

Step 3. Verify processability and HT-reliability

The raw materials used for packaging insulation should ex-
hibit low viscosity, slow curing, and high flowability to fill
the intricate module structure effectively. Once cured, the
packaging insulation must exhibit strong adhesion to other
components and maintain low residual internal stress with-
out volume shrinkage, voids, bubbles, or crosslinking by-
products. Even under high-temperature thermal aging, there
should be no interface delamination in the modules or surface
cracks exposed to oxygen. Besides, high-temperature relia-
bility should tradeoff between thermal stability and softness.
The high-temperature packaging material should possess ap-
propriate elastic modulus and CTE, ensuring it does not cause
serious thermo-mechanical stress to other components in the
power modules, maintaining high packaging reliability under
high temperatures.

Step 4. Verify lower charge carrier mobility
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Upon validating the optimized molecular properties, the pack-
aging insulation material should be further examined by a
series of electrical experiments, including electrical conduc-
tivity, breakdown strength, space charge, TSDC, and SPD. By
conducting these electrical tests, it is plausible to ascertain
and substantiate the presence of deeper charge traps and
lower charge carrier mobility. To validate the impeded charge
transport within the packaging modules, the utilization of the
BCT model becomes necessary.

Step 5. Verify stronger molecular interaction
After verifying the lower charge carrier mobility, the packag-
ing material should exhibit higher thermal stability, higher
mechanical strength, and lower CTE by the thermal and
mechanical experiments to verify the stronger molecular in-
teraction. The inhibited molecular relaxation movement at
high temperatures can be verified by the dielectric spectrum.
Besides, a more resilient molecular structure can also be
verified by the crosslinking degree measurement.

Step 6. Verify IET-resistance in power modules
Finally, the insulation material with lower carrier mobility
and enhanced molecular interaction should be encapsulated
in the packaging modules, and a higher PDIV and hindered
IET should be verified in the packaging modules encapsulated
with the new material. Besides, the inhibition effect of the new
material on the IET growth in the power modules can also be
verified by the mesoscopic phase field simulation. If any of
the above steps fails, the design procedure should return to
Step 1, and the material’s fabrication process and raw material
formula should be modulated. The next round of optimization
should continue until it passes the verification.

VII. CONCLUSION

The IET-resistant design is not considered in the current
high-temperature packaging insulation design. A novel low-
content POSS-grafted SE nanocomposite is proposed, and its
electrical, thermal, mechanical, and aging properties are ex-
plored. The IET-resistance performance and its accompanying
PD characteristics of the grafted nanocomposite in the lateral
and vertical packaging modules are investigated at low and
high temperatures. Moreover, the microscopic charge transport
mechanism in the material and the space-charge-modulated IET
growth mechanism in the module are revealed. Combined with
the experimental and simulation results, the design principles
and procedure for high-temperature IET-resistant packaging
insulation are proposed.

1) The proposed nano-POSS grafting technique can achieve
high dispersion and high compatibility of nanofillers at
an extremely low doping level, avoiding the shortcom-
ings of traditional filler doping processes. The grafted
nanocomposite exhibits lower mass loss and retains better
electrical properties after thermal aging. Compared to the
ungrafted material, the grafted material has better mechan-
ical strength and thermal stability, lower electrical conduc-
tivity, and higher dielectric strength at high temperatures.
The grafted POSS reduces the charge carrier mobility by
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2)

3)

introducing deeper traps, inhibiting charge transport in the
grafted nanocomposite.

Whether it is a lateral or vertical module, the grafted
packaging insulation has higher PDIV and breakdown
voltage and lower PD magnitude and density. The IET
structure of the grafted nanocomposite is shorter, denser,
and slenderer, and the IET pattern transits from the rapid
growth of high-PD main branches in the ungrafted material
to the slow growth or even stagnation of low-PD side
branches in the grafted material. Deep traps in the grafted
material capture injected charges and form a space charge
layer to homogenize the electric field near the triple point.
The IET energy in the grafted material is dispersed by
dense low-energy side branches at the end of IET and
near the copper protrusion, inhibiting the IET growth
and reducing the IET breakdown probability. The PDIV
decreases, and the I[ET grows faster at higher temperatures.
The packaging insulation with a larger energy bandgap and
molecular energy can introduce deeper charge traps and
enhance molecular interactions. The packaging insulation
with lower carrier mobility can suppress charge transport
and IET growth in the packaging modules. The design
criteria and procedure of the IET-resistant packaging in-
sulation material are proposed to facilitate the packaging
insulation design of the high-temperature power modules,
combining the quantum chemical calculations of materi-
als, BCT simulation, and IET phase-field simulations of
modules.
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