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ABSTRACT ARTICLE HISTORY

A wide band gap semiconductor power module can operate at higher voltages as compared Received 21 July 2022
with its traditional silicon counterpart. However, its insulating system undergoes stronger Revised 06 Sep 2022
electric fields at the triple point between the ceramic substrate, the metallic tracks and the ~ Accepted 13 October 2022
encapsulating polymer, which can dramatically reduce its lifespan. Here we report an original KEYWORDS

concept based on the local modification of the substrate properties to mitigate such electrical Power module: ceramic-
stress. Numerical simulations revealed its potential to reduce this constraint by up to 50%. This matrix composite substrate;
concept was realized by developing, through a practical approach, a novel substrate made of graphene; spark plasma

an AIN-based ceramic (material A) integrating a nanocomposite volume endowed with con- sintering; electrical
trolled properties and geometry. This approach implies first the spark plasma sintering of the conductivity anisotropy;
AIN powder with additives (Y,03, CaF,) to endow the material A with a very low electrical breakdown voltage

conductivity (o) and high thermal conductivity (k). Graphene nanoplatelets (GNP) were incor-
porated within this material to fabricate a nanocomposite with a controlled o anisotropy that
otherwise reached a striking ratio of 10° at 20°C for 1.25 vol% GNP. Our approach secondly
aimed at developing an effective process allowing to integrate this nanocomposite into the
material A with a very high degree of reproducibility. It finally consisted in establishing the
electrical contacts on the achieved substrate and encapsulating it for breakdown testing. The
novel substrate enabled a mitigation of the electrical constraint by diminishing its intensity and
shifting it from the triple point to a less constrained area. It already brought an improvement in
breakdown voltage (Vg) by 15% as compared to the traditional substrate, and revealed the
potential for achieving higher Vg as well. This work lays the foundation for the development of
novel multifunctional ceramic-matrix composite substrates sought for power electronics as
well as for other potential applications.
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1. Introduction

With the unquenchable thirst of societies worldwide
for energy and the emerging ecological awareness,
a pressing need exists for prioritizing the use of elec-
trical energy that represented a share of 19% of the
total final energy consumption in 2018, and it is
expected to grow up to 24% within the next two
decades [1]. An ever-growing share of such energy is
managed by the power electronics (PE), a key technol-
ogy for the efficient conversion, conditioning, and
control of the flow of this energy from the source to
the load. This technology is associated with High
Voltage Direct Current (HVDC) networks by the
mean of power converters to tap into the various
renewable energy sources located far from consump-
tion centers.

A PE converter uses one (or more) power module-
(s) (Figure 1) which comprises semiconductor chips
surrounded by an assembly of heterogeneous materi-
als including a metallized ceramic (alumina (AL,O3),
aluminum nitride (AIN) or silicon nitride (SisNy)) [2]
serving as a substrate to concomitantly ensure multi-
ple technological functions that are essential to the
operation of this device. The ceramic substrate indeed
performs the dual function of electrically isolating the
chips, that are brazed to it through the metallic tracks,
and of extracting the heat generated by them. It also
fulfils the role of a mechanical stand assuring the
rigidity of the module assembly. The metallization is
otherwise performed by a metal layer adhering to the
substrate by using either an eutectic bonding process,
such as DCB (Direct Copper Bonded) [3] or DAB
(Direct Aluminum Bonded) [4], or AMB (Active
Metal Brazing) one [2,5]. The connections on the top
of the chips are established by the mean of bonding
wires, ribbons [6] or pins [7], to electrically relate
them to the metallic tracks.

Prior to the closing of the power module housing,
this material arrangement is encapsulated by an insu-
lating polymer, such as silicone gel, to achieve both the
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protection of chips and connections from the environ-
ment effects (humidity, vibration, and dust), and the
dielectric protection along the substrate surfaces by
avoiding, at high voltage, the risks of either corona
effect or dielectric breakdown that could come about
by surface creepage or bypassing in air.

The power modules, which are currently in service,
include chips predominantly based on silicon (Si), and
they cannot then be used for very high voltage and/or
high-temperature applications, owing to the limited
physical properties of Si [8]. The voltage level for
commercial modules comprising Si chips (Silicon
Insulated Gate Bipolar Transistor (IGBT) module),
indeed, does not exceed 6.5 kV, and operate at junc-
tion temperatures limited between 125 and 150°C.
But, the emergence of wideband gap semiconducting
components, such as silicon carbide (SiC) [8,9], has
enabled developing chips that would distinctly push
these limits, opening hence the PE technology to new
potential applications operating at higher voltage
levels (up to several tens of kV), at higher tempera-
tures (>200°C) and/or along with higher switching
frequencies (several tens of kHz). Thus, SiC chips,
which are capable of withstanding voltages higher
than 15 kV, have already been reported [10-12],
reflecting then an enormous potential for boosting
the performances of power modules.

Nevertheless, such PE technological breakthrough
will be accompanied by the need to miniaturize elec-
trical systems, which will not only make it more com-
plicated to manage the power density and extract the
heat dissipated by the chips, but will also markedly
intensify undue stresses within the power module.
Effectively, increasing the voltage level in the current
power module results in heightening the electric field
at the junction between the ceramic substrate
(Figure 1), the metallic track borders and the encap-
sulating polymer [13]. The induced electrical con-
straint at this triple point can dramatically impair the
performances of the power module and, subsequently,
reduce its lifespan, when it exceeds the critical one
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Figure 1. Schematic illustrating a typical representation of the traditional power module. Triple points, localized at the junction
between the ceramic substrate, the metallic track borders and the encapsulating polymer, are highlighted.



Sci. Technol. Adv. Mater. 23 (2022) 737

allowed by the dielectric strength of the insulating
materials, thereby limiting the voltage ratings for
future systems. Note that an increase in electric field
within the power module may also lead to a premature
electrical aging of the insulating materials, even when
operating at voltage levels below their breakdown
thresholds. Such material aging is mainly triggered
by the occurrence of a localized activity of partial
discharges that occur in microcavities that may be
present within the insulating volume, at the outer
edge of the metallization and, in particular, at the
above-mentioned triple point [14-16].

Accordingly, we  beforehand  undertook
a preliminary modeling investigation, based on the
finite element simulation of the electric field distribu-
tion within a power module, to evidence such electri-
cal constraint in typical geometry. The power module
comprises a 635 um - thick AIN ceramic substrate
with a dielectric permittivity, o = 8.8, and an elec-
trical conductivity, oay = 107" S.cm™. This module
is encapsulated by a silicone gel (gge;=2.7 and 0, =
1077 S.cm™). An alternative voltage of 4.8 kV at 50
Hz is applied on one 300 pm thick - copper electrode
on the upper side of the substrate, whereas the other
electrodes on the upper and back sides are linked to
the ground. The achieved numerical results are
depicted in Figure 2a which indeed shows
a concentration of equipotential lines around the triple
point within the addressed module, resulting in heigh-
tened electric field stresses, located in the ceramic
substrate and the gel, with estimated maximum values
of 56.9 and 50.4 kV mm™’, respectively.

Most of the solution strategies published to date for
mitigating this electrical stress involve polymer encap-
sulation. Yet, it has been reported that in a power
module, the activity of partial discharges seems to
originate from the ceramic substrate, rather than
from the encapsulating material [17], and the gel pos-
sesses a higher dielectric strength and appears to
undergo less electrical stress compared to the ceramic
substrate as highlighted in Figure 2a. These strategies
mainly involve modifying the encapsulation polymer
i) by adding micro- and/or nanoparticles to improve
the dielectric properties (breakdown or partial dis-
charges thresholds) [15], and ii) by using anisotropic
materials or properties gradient materials as function-
ally graded materials to allow a self-adaptive permit-
tivity gradient at the area where the constraints are
more prominent [18,19.

Here, we address that issue of electrical field heigh-
tening by acting, for the first time to our knowledge,
on the insulating ceramic substrate. We report there-
fore an original concept based on locally amending its
properties with the aim of attenuating the reinforced
electrical constraint concentrated at the triple point by
shifting it, as well as reducing its intensity, towards an
area that is otherwise less constrained within the
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power module. This concept was realized by develop-
ing, through a practical approach, a novel substrate
made of an AIN-based ceramic (material A) integrat-
ing, immediately underneath the metallization,
a nanocomposite volume with controlled properties
and geometry. The chemical composition and the
microstructure features of both material A and nano-
composite were adjusted using the required additives
and the Spark Plasma Sintering (SPS) to achieve the
properties suited for endowing the novel substrate
with the multiple technological functions including
the electrical field grading sought for a high-power
module. An effective process was then developed to
three-dimensionally integrate the nanocomposite
within the material A. The achieved novel substrate
was finally used to fabricate a power-module packa-
ging prototype that was experimentally assessed in
terms of the dielectric strength. The experimental
results were compared with the simulation predic-
tions, which enables highlighting the merits of such
concept and validating it.

Paragraph: use this for the first paragraph in
a section, or to continue after an extract.

2. Experimental section
2.1. Powder mixture preparation

The starting powder AIN (median grain size dsp=1.9
pm, Atochem, France) and the sintering additives Y,0;
(purity: 99.9%, Shinetsu, Japan) and/or CaF, (purity:
99.7%, Alfa Aesar, Germany) were weighed in the
proper stoichiometric ratios and mixed at 200 rpm
for 1h in an agate ball mill using absolute ethanol as
a dispersant. The obtained mixture was then dried in
air at 80°C for 15 h to eliminate this liquid.

2.2. Exfoliation of graphite

A liquid solution of 2.5 vol.% of graphite nanopowder
in 20 ml of isopropyl alcohol was hence thoroughly
prepared and transferred to the probe-type sonicator
(Sonics Materials VCX-750, Fisher Scientific, France),
fitted with a 13 mm circular tip and a high-frequency
ultrasonic generator. In all the experiments, the soni-
cator power was set at 150 W with an amplitude of
40% and a pulse mode defined by the cycle of 4s ON/6s
OFF. The pause time (6s OFF) enables limiting the
temperature rise of the solution, thus slowing the
evaporation of the solvent. Note that the latter was
added along the sonication to maintain the solution
volume constant.

2.3. SPS processing

For each sample, 2 g of the prepared powders (AIN +3
wt% Y203, AIN +1 wt% Y203 +2 wt% CaF2 or AIN +1
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Figure 2. FEM simulation of power modules comprising (a) the traditional substrate which highlights the concentration of the
electrical field stress around the triple point area, and (b) the novel substrate made of AIN ceramic (10 ~'* S.m ') integrating
a three-dimensional material zone with a 150 um in depth, possessing a larger electrical conductivity (~10 7 S.m ~'). the
maximum electrical field in the novel substrate is reduced around 50% compared to the traditional AIN one. (c) Schematic
illustrating the novel substrate made of AIN-based ceramic (Material A) integrating a material volume including a nanocomposite

endowed with controlled properties and geometry.

wt% Y,05; +2wt% CaF, +2.5 vol.% GNP (graphene
nanoplatelets)) were loaded in a graphite die with an
inner diameter of 20 mm which was then transferred
to the SPS machine and heated up to the dwell tem-
perature of 1800°C for 10 min, with a heating rate as

high as 100 °C/min, and under pressure level of 50
MPa. Note that an AIN sample was elaborated from
pure AIN powder under the same SPS conditions and
according to the procedure described above. The as-
prepared samples were then polished to remove the
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graphite foil used during SPS processing before under-
going further characterizations.

2.4. TEM characterization

To characterize the exfoliation state, a similar solu-
tion was sonicated for 9h and, immediately after
the end of the sonication, a few solution drops,
loaded with exfoliated graphite, were deposited on
holey carbon grids for observation by transmission
electron microscopy (TEM). After evaporating the
isopropyl alcohol, the structural and morphological
characterizations of the exfoliated graphite were
performed on a TEM (HT-7700 Hitachi 120 kV)
operated at an accelerating electron voltage of 80
kV to diminish the damage that can stem from the
electron beam on the graphene while maintaining
the image resolution of the particle fringes in
attempt to distinguish the number of layers and/
or the local thickness on folded edges.

2.5. Dielectric spectroscopy

The dielectric properties were monitored for the mate-
rials under low voltage (3 Vpp) in the 107'-10° Hz
frequency range by using a broadband impedance
analyzer (Novocontrol Alpha-A). The elaborated pel-
lets of 20 mm in diameter were mirror-polished before
being annealed at 150°C during 5h to eliminate all
traces of water. A 80 nm-thick gold electrode was
deposited by sputtering on both faces of each sample.
The metalized pellet placed into the measuring cell
between two conducting electrodes to form a parallel
capacitor. Alternative voltage, U(t) = U, cos(t) was
applied to the latter at a controlled frequency.
A subsequent electrical current was generated with
a difference in amplitude and phase shift I(t) = I cos
(wt+@). The complex impedance is given by

2" (0) = Z(w) + jZ(w) = U (0)/T"(w)

where Z*(w) stands for the Fourier transform of the
complex impedance and w =2 n/f (rad/s) is the angu-
lar frequency. U*(w) and I*(w) are the complex nota-
tions of U(t) and I(t), respectively. Z'(w) and Z"(w)
represent the respective real and imaginary parts of the
impedance, in linear case; the ratio U*(w)/I*(w) is
independent of the magnitude U,,.

The complex permittivity €* and conductivity o*
are deduced from the impedance as follows:

&=¢ —ie=(—i)/(wxZ" (w)xCp)

o'=0 —ioc" =d/(Z*(w)xA)

where C, (F), d (m) and A (m?) represent the capaci-
tance of empty cell and the electrode spacing and area,
respectively. (¢'; €”) and (0’ [S/m]; " [S/m]) are the
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respective real and imaginary parts of the permittivity
and conductivity.

2.6. Thermal measurements

The thermal conductivity k was determined in the 50-
400°C temperature range as follows: k =d x C, x D,
where d and C, are the density and the specific heat
capacity, respectively, while D is the thermal diffusiv-
ity. D was measured by the laser flash diffusivity
method by using the LFA 457 MicroFlashTM system
(NETZSCH-Geritebau GmbH, Selb/Germany) on ~6
mm x 6 mm x 2 mm parallelepiped-shaped specimens
cut from the core of 20 mm diameter - pellets. C, and
d were determined by using the thermal analyzer (STA
449 F3 Jupiter®, NETZSCH-Geritebau GmbH, Selb/
Germany) and Archimedes method (KERN & Sohn
GmbH, Baligen, Germany), respectively.

3. Modelling section

The finite element method (FEM) was used to simu-
late the electric field distribution within i) the first
power module with a traditional AIN substrate
(Figure 2a) and ii) the second one comprising the
novel AIN substrate integrating the tridimensional
zone, that is electrically more conductive (Figure 2b),
in effort to ascertain the effect of this latter and to
evaluate such substrate concept. For both cases, the
simulation offers a quantitative assessment of the
resulting electric field.

To achieve that, an electrostatic analysis based on
Maxwell’s equations was undertaken by solving the
equations below to compute electric field, current
and potential distributions in conducting media

under conditions where inductive effects are
negligible:

E=-VV

ﬁ = 80875

gD

N ot

where €,=8.85x10 !> F m ' refers to the vacuum
dielectric constant.

The 2D problem is solved using Comsol
Multiphysics 5.3a computing in a frequency domain.
The maximum magnitude of the electric field is esti-
mated for a sinusoidal voltage 4.8 kV at 50 Hz applied
on one copper electrode (the other electrodes are
related to the ground). The presence of electric field
singularities (corners, triple points, tips, etc.) is
a problem from the numerical point of view. Indeed,
the mesh is dependent on the electric field strength
and a numerical solution will depend on the mesh



Sci. Technol. Adv. Mater. 23 (2022) 740

resolution as reported elsewhere [20] (the theoretical
value of the field tends to infinity). Hence, the electric
field was simulated using the same mesh for both
module cases (Figures 2 a and b). Here, the structure
is defined using a fixed triangular mesh (30 um).

To address the electrical insulation system, the
properties as well as the dimensional parameters
of the traditional and novel substrates, the encap-
sulating silicone gel and the copper electrodes
were used for simulation. A 650 um - thick cera-
mic metallized with electrochemically etched elec-
trodes and encapsulated in silicone gel allows us
to obtain the geometry presented in Figure 2, that
is too often used in power modules. The material
parameters, considered here, are the permittivity
and the electrical conductivity that are equal,
respectively, to 2.7 and 1077 S.cm™" for silicone
gel, 8.8 and 107" S.cm™' for ceramic and 8.8 and
1.8 107° S.cm™" for the nanocomposite layer. The
maximum magnitude of the electric field is then
evaluated for each configuration and presented in
Figures 2 a and b.

4. Assessment of the concept by finite
element simulations

Before realizing this concept, we assessed it by per-
forming numerical investigations by finite elements
for the same module, but, this time, it comprises
furthermore an AIN ceramic substrate integrating
a three-dimensional material zone with 150 um in
depth, possessing a higher electrical conductivity
(~107° S.cm ™), located immediately underneath the
metallization (Figure 2b). The simulation results
exhibited that the use of such novel substrate brought
a drastic reduction in the electrical constraint at the
triple point through the spreading of equipotential
lines caused by the more conductive zone. Indeed,
for the same sinusoidal voltage supply of 4.8 kV at
50 Hz, the maximum electrical field in the substrate is
decreased to 30 kV/mm compared to 56.8 kV/mm
previously noted in the traditional AIN substrate
(Figure 2a), corresponding to a decrease of close to
50%. The electrical constraint was diminished and
shifted to the edge of the integrated zone, where the
electrical fields in the gel (near the substrate surface)
and in the more conductive zone are estimated at 24.7
and 27 kV/mm, respectively, as well.

5. Design and development of the novel
substrate for electrical field grading

To realize the concept, we developed a practical
approach aiming to fabricate a novel substrate made
of AIN-based ceramic (material A) integrating
a volume including a nanocomposite endowed with
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controlled properties and geometry as schematized in
Figure 2c. The nanocomposite was developed by par-
tially modifying the chemical composition of the
material A through the incorporation of carbon-
based nanoparticles. Note that AIN material was
selected here as the ceramic matrix because of its
better properties for power modules as compared to
the Al,O; and Si3Ny4 ones [2]. Indeed, it possesses both
a high dielectric strength and a very low electrical
conductivity, less than 107 S-«cm™ at room tempera-
ture, characteristics of an excellent dielectric material
well-suited for withstanding higher voltage level and
electrically isolating the chips in the module power. It
exhibits a much larger thermal conductivity as well,
making it more relevant for dissipating the heat gen-
erated by them.

Even so, elaborating AIN ceramics by conventional
sintering requires high temperature levels combined
to very long times to reach a high material density,
owing to the strong covalent bonds in the AIN system
and the low diffusion coefficient of its constituent
elements [21-23]. Long sintering times will not only
push up the cost of fabrication of these materials, but
will also promote the growth of their grains and, sub-
sequently, cause the degradation of their mechanical
properties.

We hence used the SPS process, well-known for its
ability to speed up the sintering kinetics and to achieve
very high material density [24], to elaborate the AIN-
based samples (material A and nanocomposite)
needed for experimental investigations, and, in parti-
cular, to integrate the nanocomposite within the mate-
rial A to fabricate the novel substrate.

5.1. Fabrication of fully densified AIN-based
ceramics (material A)

In order for the novel substrate to fulfill the aforesaid
technological functions concomitantly with its role of
grading the electrical field, the material A must pos-
sess, besides a very low electrical conductivity, the
highest possible thermal conductivity. This material
must hence display a full densification, which is other-
wise needed to limit the local activity of partial dis-
charges within its microstructure pores at high voltage
[17], on the one hand, and to ensure good mechanical
properties, on the other hand.

For these purposes, we added, prior to SPS proces-
sing, a fraction of 3 wt% Y,0; to the AIN powder, as
this sintering additive was reported to react with the
latter to form a liquid phase allowing to foster densi-
fication through liquid-phase sintering [22-24], and to
reduce the oxide impurities in the AIN lattice that have
proved probative for the thermal conduction [25]. The
AIN +3wt% Y,O3 mixture was prepared as per the
procedure described in the methods’ section (Powder
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mixture preparation), and treated thereafter in nitro-
gen atmosphere in the SPS apparatus (Dr. Sinter 2080
device from Sumitomo Coal Mining — Fuji Electronic
Industrial, Saitama, Japan) under the conditions and
following the procedure detailed in this section (SPS
processing) as well.

Scanning electron microscopy (SEM) observations,
performed on a fractured surface obtained by cleavage
parallel to the applied pressing axis of the AIN +3 wt%
Y,0; pellet (Figure 3a), showed the typical micro-
structure features of AIN ceramics produced by SPS
with sintering additives, i.e., the secondary phases (in
bright contrast) are placed at the grain boundaries of
the AIN matrix. Such microstructure is nearly fully
densified (>98%) with a very limited grain growth. It
was achieved by the fact that the sintering occurred in
the liquid phase formed following the reaction of Y,0;
with the thin Al,O; layer originally present on the
surface of the AIN grains. The secondary phase, in
a liquid form, flowed into the grain boundaries before
being solidified during cooling, thereby densifying the
material. Its chemical composition was found to be
close to that of YAIO;, which is in keeping with that
reported elsewhere [25]. Nonetheless, it has to be
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noted here that adding a fraction of Y,05 as high as
3 wt% led to the formation of a relatively large amount
of YAIO; which partly covers the AIN grains as can be
clearly seen in the inset of Figure 3a. That would likely
promote the diffusion of phonons at the YAIO; /AIN
interfaces, and subsequently degrade the thermal con-
duction within the material.

To cope with such YAIOj; excess, we decreased the
Y,0; fraction to 1 wt% and added 2 wt% of CaF,, as
the latter is reported to lead to the formation of com-
pounds that evaporate during sintering [23], thus
reducing the amount of secondary phases at the
grain boundaries. The resulted AIN +1 wt% Y,0; +2
wt% CaF, mixture was homogenized by using the
same procedure given in the methods’” section, and
consolidated then by SPS under analogous conditions.

Figure 3b depicts the SEM micrograph of
a fractured surface of the AIN +1 wt% Y,O3 +2 wt%
CaF, sample elaborated by SPS. It depicts a fully den-
sified (>99%) and homogeneous microstructure con-
taining a much lower amount of secondary phases
sited at the junction lines and concentrated exactly at
the triple points between the grains (Insert of
Figure 3b). It emphasizes therefore the relevance of
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Figure 3. SEM micrograph of fractured surface parallel to the applied axis of the (a) AIN +3 wt% Y,05 and (b) AIN +1 wt% Y,05 + 2
wt % CaF, ceramic samples processed by SPS in N, atmosphere at 1800°C under 50 MPa for 10 min. (c) X diffractogram recorded
for the AIN +1 wt% Y,05 + 2 wt % CaF, sample (material A) indicating the formation of the oxides CazAl,0¢ and YAIO; during the

SPS sintering.
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the selected experimental conditions as well as the
choice of the sintering additives and the adjustment
of their fraction. This is mainly ascribed to the forma-
tion of some secondary phases that evaporated during
the sintering. Indeed, traces of evaporated compounds
were observed on the spacers at the end of the SPS
processing. The XRD patterns show the presence of an
additional oxide, Ca3Al,Og, coexisting with YAIO; at
the grain boundaries (Figure 3c). The production of
the compounds AlF;, CazN, and Ca;;Ng has been
reported [23]. Their decomposition temperature [23]
is lower than the dwell one (1800°C) used here,
thereby they readily evaporate during the sintering.

In light of these results, the AIN +1 wt% Y,0O3 +2 wt
% CaF, composition was selected as the material A for
fabricating the novel substrate.

5.2. Fabrication of nanocomposites endowed
with controlled properties

As already stated above, the material volume, which
will be integrated in the material A to fabricate the
novel substrate, comprises a nanocomposite endowed
with controlled properties. Compared to the material
A, it must then possess a higher electrical conductivity
with a magnitude enabling grading the electrical field,
concomitant with the closest possible thermal conduc-
tivity to prevent thermal stresses in the novel
substrate.

Thus, we developed a nanocomposite by incorpor-
ating the graphene nanoplatelets (GNP) into the mate-
rial A in an effort to capitalize on their combination of
large specific surface area, two-dimensional high ratio
aspect sheet geometry and very high charge carrier
mobility [26-29]. The choice of GNP is also dictated
by their outstanding mechanical properties [30,31] that
endow them with high resistance to irreversible
damage during harsh SPS sintering at a temperature
as high as 1800°C under loading required for fully
densifying AIN-based materials. Such resistance distin-
guishes them from carbon nanotubes (NTC) that are
reported to be reactive with oxides and nitride-based
materials in similar environments, making it difficult
for them to keep their structure upon SPS processing
[32,33].

5.2.1. Production of graphene platelets (GNP)

With a view of exploiting such properties of GNP,
we performed a simple and cost-effective procedure
to produce these nanoparticles by solution-phase
exfoliation of graphite (Average lateral particle
size: 15 pm, Skyspring Nanomaterials, Inc. - USA)
in isopropyl alcohol using ultrasonication. This sol-
vent was selected for its evaporation temperature
(82.6°C) that is much lower than that of (NMP)
N-methyl-2-pyrrolidone  (202°C) or (DMF)
N-dimethylformamide (153°C) solvents regularly
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used to stabilize the dispersion of graphene sheets
prepared by exfoliation of graphite [34]. Indeed, it
will be easier to eliminate during the preparation of
the nanocomposite powder.

Thus, a series of similar solution samples, pre-
pared from 2.5 vol.% of graphite nanopowder in 20
ml of isopropyl alcohol, were separately sonicated
following the procedure and under the conditions
given in the methods’ section (Exfoliation of gra-
phite) for different times before being left to settle
with the aim of evidencing the evolution of gra-
phite exfoliation with sonication time under the
selected conditions. Figure 4a shows an image
taken 15h after the solution samples were soni-
cated for the effective times (pulse: on) of 0.5, 1,
2, 4, 6 and 9 h. The longer the sonication time, the
larger the apparent volume (black part of the con-
tainer) of the exfoliated graphite, suggesting the
increase of GNP amount with sonication time.

The TEM characterization of the solution sonicated
for 9 h evidenced a large number of two-dimensional
and quasi-transparent flakes were hence observed
(Figures 4 b and c) exhibiting lateral sizes in the
600-3500 nm range, which could be comparable to
those reported for single-layer graphene flakes
obtained by exfoliation of graphite in the NMP solvent
[34] or in other liquids [35,36]. In many cases, the
graphene flakes depict straight edges and corners with
angles well-suited for allowing the observation of the
nanometric order of their thickness and even the very
small number and presence of single-layer flakes. We
also observed the existence of less transparent and
thicker flakes as shown in Figure 4d, comprising
a higher number of single-layers.

5.2.2. Elaboration of nanocomposites

Immediately upon 9 h - sonication of a new solution
sample of 2.5 vol.% of graphite in 20 ml of isopropyl
alcohol, the obtained solution was introduced with the
AIN +1%wt Y,O0; +2%wt CaF, powder into a glass
flask that was then fixed in a rotary evaporator, and
subjected to a rotation of 70 rpm for 2h in view of
homogenizing the resulting solution. It was then
heated up to 70°C under vacuum while maintaining
the flask rotation. The produced vapor was progres-
sively pipped to a cooler system for condensation,
thereby removing the solvent to obtain the nanocom-
posite powder AIN +1%wt Y,O; + 2%wt CaF, +2.5%
vol GNP (material B). This mixture was annealed at
80°C for 15h before being treated in SPS under the
same aforementioned conditions.

5.3. Electrical and thermal properties

In Figure 5a-c, depicted are the frequency dependence
of the dielectric properties measured for the material
A at room temperature. For the sake of a comparison,
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Figure 4. (a) Similar solution samples, containing 2.5 vol.% of graphite nanopowder in 20 ml of isopropyl alcohol, separately
sonicated for different effective times (0.5, 1, 2, 4, 6 and 9 h) before being left to settle for 15 h. The apparent volume (black part of
the container) of the exfoliated graphite increases with the sonication time, highlighting the increase of GNP amount. (b-d) TEM
micrographs of graphene flakes deposited over the TEM grid immediately after the end of the sonication of a similar solution for 9
h. They present (b and c) two-dimensional and quasi-transparent flakes revealing nanometric thicknesses and lateral sizes in the
600-2500 nm range, and (d) less transparent and thicker flakes comprising a higher number of single-layers.

commercial AIN ceramic (IMPAK company, France)
was characterized as well. Note that the latter differs
from the SPS-sintered AIN sample.

Compared to this commercial material, the impe-
dance curve (| Z|) showed that the material
A sintered by SPS (Figure 5a) exhibits a similar dielec-
tric behavior governed by the capacitive effect over all
the measuring frequency range. The material A, how-
ever, seems to display a better electrical response at
low frequency as can be seen from the phase ¢ and
conductivity o curves (Figure 5b-c) where its ¢ and o
were shifted to lower values. It exhibits a ¢ value of ~ 3
x 107* S.cm™ at 0.1 Hz.

In view of the two-dimensional character of the
GNP particles, the electrical conductivity of the mate-
rial B was otherwise monitored on bars cut from
a SPS-sintered pellet in the directions parallel (o, )
and perpendicular (o) to the applied pressing axis
(Inset of Figure 5d). Figure 5d depicts the frequency
dependence of 6 ,, and o for the material B. It reveals
that, whatever the measuring direction, the addition of
2.5%vol GNP made o insensitive to the frequency over
all the measuring frequency range, resulting in elec-
trical changing from the capacitive behavior
(Figure 5c) to the resistive one (Figure 5d) and sig-
nificantly increasing o to larger values (o, = 3.2 x 107
S.em™', 0, =0.73x1072 S.cm ™! at 20°C at 0.1 Hz) as
compared to the material A (Table 1). The GNP there-
fore induced an anisotropy within the material
B yielding a ratio (6, /0 /) = 4.4, which can be derived
from the fact that they were aligned, under the effect of
uniaxial pressure during the SPS sintering, in the

direction perpendicular to the pressing axis as can be
revealed by the SEM observations (Figure 5e).
Effectively, since GNP are typified by the superior o
in their in-planes over that of their out-planes, they
induce o larger than o ,, within the material B. Note
that only stacks comprising a high number of GNP
could be visible using SEM. The single graphene
flacks, that are also incorporated in the AIN matrix,
could not be observed, but they do contribute mark-
edly to the electrical conduction within this material.

It is relevant to point out here that such anisotropy
could be advantageously used to bestow the novel
substrate with the role of grading the electrical field
whilst keeping the traditional functions. For that pur-
pose, the o, electrical conductivity of the nanocom-
posite, that is probed here in the direction parallel to
the upper surface of the substrate (Figure 2a)), must be
lower than that value recorded in the material B in
order to foster the electrical field grading as indicated
by the simulation results. Moreover, the 6, conduc-
tivity (in the direction perpendicular to the surface of
the substrate) should even be comparable to that of the
material A so as to safeguard the function of the
electrical isolation even along a depth as small as that
of the thickness of the integrated nanocomposite.

To cope with this challenge, we elaborated, under
similar conditions, a second nanocomposite compris-
ing, this time, a lower fraction of GNP, i.e., AIN +1%wt
Y,0;5 +2%wt CaF, +1.25%vol GNP (material C). Unlike
the material B, the material C was found to present
distinct electrical behaviors flowing its both main direc-
tions (Figure 5f). Indeed, it exhibits capacitive and
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Figure 5. The frequency dependence of (a) the impedance |Z|, (b) the phase angle ¢ and (c) the electrical conductivity o
measured for the material A at room temperature. The frequency dependence of the electrical conductivity monitored in the
directions parallel (o ,,) and perpendicular (o.L) to the applied pressing axis for the nanocomposites: (d) material B and (f) material
C. (e) SEM micrograph of a fractured surface, obtained by cleavage parallel to the applied pressing axis of the material B,
evidencing a stack of GNP aligned perpendicular to this axis.
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Table 1. The chemical composition of the material A and the nanocomposites (materials B and C), and their
electrical conductivity o obtained at 20°C. For the materials B and C, given are the o values recorded in the directions
parallel (c//) and perpendicular (o, ) to their applied pressing axis, and their respective anisotropy (o, /0 //) ratio.

D. KENFAUI et al.

Anisotropy ratio

Chemical composition o (S/cm) o, /o,
Material A AIN +1 wt% Y,0; +2 wt% CaF, 107" -
Material B AIN +1 wt% Y,03 +2 wt% CaF, +2.5 vol.% GNP 0,=32x1072 44
6, =073x 1072
Material C AIN +1 Wt% Y505 +2 wt% CaF, +1.25 vol.% GNP 6, =2x10"° ~107°

10 "<0, <107" (at low frequency)

resistive behaviors in the directions parallel (o) and
perpendicular (o) to the applied pressing axis, respec-
tively, with a 0 =2 X 10® S.em™ at 20°C and 0, is
comparable to that of the material A (Table 1).

The material C particularly reveals much more
pronounced ¢ anisotropy with a striking (o, /0,,)
ratio attaining 10° at low frequency, which is the high-
est value achieved hitherto for the AIN-based ceramics
to our knowledge.

These results reveal that the electrical conductivity
0, exceeds by far the percolation threshold (as in the
case of the material B following its both main direc-
tions), whereas the 0, one appears to be still close to
it. They otherwise suggest that, in the material C, the
GNPs seem to be better aligned compared to the mate-
rial B, which led to much lower ¢ ,, (Table 1). In other
words, an important number of GNP contained in the
material B, which could not be visible through SEM
observations, were not well-aligned perpendicular to
the pressing axis during the SPS processing, and con-
tribute then in the electrical conduction following the
direction parallel to the latter as well, thereby enhan-
cing 0, and, subsequently, yielding lower anisotropy
ratio. This would ultimately indicate that the lower
GNP fraction led to better GNP orientation in the
nanocomposite during the SPS processing.

Figure 6 shows the thermal conductivity, k, mea-
sured in the 50-400°C range for the materials A and
B. In order to ascertain the effect of the selected sinter-
ing additives, the k-curves obtained for AIN and AIN
+3%wt Y,0; SPS-sintered samples, processed under
the same conditions compared to the materials A and
B, were plotted as well. Generally, k decreases as the
temperature is raised, and its magnitude evolution
from one sample to another mainly depends on the
secondary phases as all the elaborated materials were
fully densified. Effectively, adding 3%wt Y,O; allowed
to markedly increase k because it diminishes the O,
impurities primarily existing in AIN material through
the formation of YAIO; as previously noted. But here,
the YAIO; was produced in abundance and then par-
tially covers the AIN grains (Figure 3a), which conse-
quently promotes the phonon diffusion at the
AIN/YAIO; interfaces. It results in diminishing the
mean free path of the phonons which is proportional
to the lattice component of k that is dominant in the
AIN material, thereby limiting x.

Such phonon diffusion was lowered for the material
A by simultaneously decreasing the Y,Oj; fraction and
adding CaF,. Indeed, that brings a significant reduc-
tion in the number of AIN/secondary phases through
the formation of evaporable secondary phases during
the sintering (Figure 3b), hence rising k in the material
A. Note that k improvement is achieved by concomi-
tantly controlling the O, impurities and the interfaces
AlN/secondary phases in the material A.

Otherwise, incorporating GNP in the material A led
to a decrease in k (in the material B), which can be
obviously ascribed to the phonon diffusion at the AIN/
GNP interfaces. However, the k magnitude could be
kept larger when diminishing the GNP fraction.

5.4. Fabrication process of substrates grading the
electrical field

Finally, we developed a practical process enabling
three-dimensionally integrating the elaborated nano-
composite within the material A in effort to realize the
novel substrate (Figure 1). This process includes sim-
ple fabrication steps (Figure 7a) which are carried out
as flows: the powder (material A) was first loaded into
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Figure 6. Temperature dependence of the thermal conductiv-
ity K measured in the 50-400°C range for the material A and
B. To ease a comparison, the k-curves obtained for pure AIN
and AIN +3%wt Y,03 samples are plotted as well.
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a 20 mm - diameter graphite die (1), and a 20 mm -
diameter steel punch, endowed with a cylindrical
imprint (14 mm in diameter and 600 um in height)
at only one end, was then introduced in the die (2).
This arrangement was then uniaxially cold-pressed (3)
with the aim of compacting the powder A and intro-
ducing an imprint cavity (14 mm in diameter and 600
pm in depth) into the resulting preform A.

Note that the dimensions of imprint of the steel
punch were determined on the basis of the shrinking
measurements assessed separately for materials A and
B upon SPS sintering. The aim here is to obtain
a substrate integrating a cylindrical volume containing
the nanocomposite with a depth value the closest
possible to that used in the numerical assessment of
the concept, i.e., 150 pm (Figure 2b).

Secondly, the steel piston was removed leaving in
the die only the preform A, wherein the cylindrical
cavity was imprinted (4). The nanocomposite powder
was then poured on the preform A so as to fill the
cavity and, even, cover the entire surface of this pre-
form A (5).

Finally, the die was closed by a second graphite
punch (6) and uniaxially cold-pressed (7) before
being treated in SPS under the same abovementioned
conditions (8). Here, it is worth noting that the SPS
treatment allows to concomitantly sinter both pre-
forms (A and nanocomposite) and joining them to
each other to fabricate the novel substrate.

Figure 7 presents the obtained substrate after being
polished to remove the graphite foil used during SPS
sintering. Its rear and upper sides comprising material
A (bright) and nanocomposite (dark) are depicted in
Figures 7 b and c, respectively. It was then progres-
sively polished on its upper side (nanocomposite) so as
to remove the material excess and to keep the nano-
composite material only into the imprint cavity in
order to ultimately achieve the novel substrate
(Figure 7d). Optical microscopy observations indi-
cated an excellent bonding between the materials
A and nanocomposite with the absence of cracks at
the interfaces between them, which reflects very low
thermomechanical stresses at these interfaces, on the
one hand, and emphases the relevance of the SPS cycle
selected for consolidating both material A and nano-
composite, and establishing reliable three-dimensional
interfaces between them, on the other hand.

Upon SPS processing, another novel substrate
underwent this time a progressive polishing on its
sidewall till the introduction of a cross-section exhibit-
ing the thicknesses of both material layers (material
A and nanocomposite) as shown in Figures 7 e and F.
The observation of such cross-section allowed hence
to assess the depth of the nanocomposite into the
material A which was found to be about 148.9 um
(Figure 7g). That indicates a significant material
shrinkage after sintering (about 450 ym) and, in
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particular, points out an excellent agreement with the
dimensioned depth value used in the simulation
assessment (150 pm), thereby testifying to the rele-
vance of the approach taken here.

5.5. Performances of the developed substrates

In order to perform breakdown tests on the developed
substrate, enabling an experimental assessment of its
dielectric strength, concentric 150 nm thick - golden
electrodes were first deposited on its both faces by
using cathodic sputtering. In Figure 8a, a 10 mm -
diameter electrode laid on the upper side of the sub-
strate containing the integrated nanocomposite is
shown, while Figure 8b depicts an 18 mm - diameter
electrode layer that was deposited on its lower side.

Second, a pair of magnetic rods was used as a mean
for electrically connecting the deposited electrodes. To
do this, an end of each rod was brought into contact
with the metalized substrate at the center of its sides,
so that both rods magnetically maintain it between
them. The obtained assembly was thereafter encapsu-
lated under vacuum using transparent epoxy resin
(Buheler, Epothin 2). Upon resin reticulation, the
cylindrical resin block was cut so as to allow access
to the second end of each magnetic rods (Figure 8¢c) in
order to electrically connect the achieved encapsulated
substrate prototype during the breakdown testing.

It is noteworthy that we realized two batches of
seven similar prototype samples each from the devel-
oped substrates with the integrated materials B and
C (Table 2) including fractions of 2.5 and 1.25 vol%
GNP, respectively, which emphases here the very high
degree of reproductivity of novel substrates using our
approach.

To ease comparison, a third batch of seven proto-
type samples was prepared as well, but, this time,
from traditional substrates made of only the material
A (Table 2), ie., without the integrated
nanocomposite.

Finally, all prototype samples of the three batches
were separately subjected to breakdown testing. The
sample was connected and immersed in an insulating
liquid (Galden HT55) within a cell designed for such
testing at room temperature. A sinusoidal voltage (at
50 Hz), provided by a high voltage power supply
(France Transfo, V., =100 kV), was then applied
and ramped up at 1.5 kV/s. The detection of the
breakdown voltage Vp value is performed once the
electric current circulating in the circuit increases up
to 5 mA with a current switching-off time of about 20
ms. The experimental breakdown data were thereafter
processed using Weibull statistical distribution.
Figure 8d depicts Weibull plots giving the evolution
of the cumulative probability P, of the breakdown as
a function of Vy for the three sample batches. They
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Figure 7. (a) Schematic illustrating the main steps enabling the three-dimensional integration of the nanocomposite within the
material A. (1) — (4) Formation of the preform a with an imprinted cylindrical cavity having 14 mm in diameter and 600 pm in
depth. (5) - (7) Formation of the nanocomposite that fills the cavity and covers the surface of the material A. (8) SPS sintering of
both compacted materials a and nanocomposite in N, atmosphere at 1800°C under 50 MPa for 10 min. (b and c) the respective
bottom (material A) and top (nanocomposite) of the novel substrate upon the SPS processing. (d) the obtained novel substrate
after removing the nanocomposite surplus covering the surface of the material A. (e and f) a cross section introduced by polishing
on another novel substrate. This cross section served to investigate the interface material A/nanocomposite and to assess the dept
of the nanocomposite volume into the material A. (g) Optical micrograph of such corner of such cross section allowing to
experimentally measure this depth.
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MATERIAL A

NOVEL METALLIZED SUBSTRATE

Figure 8. Metallization of the novel substrate achieved by depositing 150 nm thick — golden electrodes on its (a) top side (electrode
with a diameter 10 mm) and (b) bottom side (electrode with a diameter 18 mm). (c) Cylindrical resin block, surrounding the assembly
of metalized substrate maintained between two magnetic rods, cut to allow electrical connections. (d) Weibull plots of the voltage
values obtained upon breakdown testing (AC rms —50 Hz) of batches 1, 2 and 3. (e-f) Images of tested prototype samples comprising
(e) traditional and (f) novel metallized substrates showing the localization of the impact areas upon the breakdown testing. (g)
Schematic illustrating the shifting of the breakdown channel from the border of the upper electrode (traditional substrate) to that of
the integrated nanocomposite (novel substrate) before crossing the substrate towards the lower electrode.

reveal that the prototype samples comprising the novel ~ reflects that the electrical constrain was mitigated at
substrates (batches 2 and 3) present larger average  the triple point as a result of the larger o, within the
(VB (Average)) and scale parameter (a for P.=63.2%) integrated zones comprising the materials B and C.

values in comparison with the ones (batch 1) corre- Compared to the material B, the material C seems
sponding to the traditional substrate (Table 2), which  to bring a larger dielectric strength for the insulating
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Table 2. The average breakdown voltage (V}, (average)), and the scale (a (,c = 63.20) and shape (B) parameters obtained for the three
batches subjected to the breakdown testing. For each batch, provided are the number of the prototype samples, the correspond-

ing substrate and the constituent materials of the latter.

Elaborated substrates

Prototype samples

Type Constituent materials of the Fraction of GNP incorporated in the Number of tested
Batch substrate substrate integrated material samples VB (average) G632% B
Batch 1 Traditional Material A - 7 20.53 2142 825
Batch 2 Novel Material B integrated in 2.5 vol.% 7 2343 239 2258
Material A
Batch 3 Novel Material C integrated in 1.25 vol.% 7 233 2466 735
Material A

packaging as indicated by its higher o value. It already
makes Vy larger by 15% than that provided by the
traditional substrate, and further Vy improvement
could be attainable for lower o, by optimizing the
GNP fraction within the nanocomposite. Note that
the batch 2 seems to present a dispersion of Vg values
lower than that for both other batches as indicated by
its much higher shape parameter S.

More importantly, the location of the area degraded
in the traditional substrate under the breakdown effect
differs from that in the novel one. Effectively, a black
mark was observed at the edge of the upper electrode of
the traditional substrate as indicated on Figure 8¢, while
a radial black mark going from the outer edge of the
integrated nanocomposite (materials B or C) to the
edge of the metallization was visible on the novel sub-
strate (Figure 8f) where such impact appeared to be
surrounded by bright area as a consequence of a local
resin delamination. These observations evidence that
the breakdown came about for the traditional substrate
under the effect of a heightened electric field at the
triple point, whereas it occurred in the case of the
novel substrates at the periphery of the integrated
zone and created then an electrical current path joining
the electrode through the nanocomposite. It suggests
otherwise that the breakdown channel was shifted from
the border of the upper electrode (traditional substrate)
to that of the integrated nanocomposite (novel sub-
strate) before crossing the substrate towards the lower
electrode as schematized in Figure 8g.

Such shifting of the electrical field pick resulted in
improving the breakdown voltage Vp in the prototype
comprising the novel substrates, in agreement with the
simulation results that furthermore revealed the poten-
tial of the latter to achieve much higher Vy, which
hence supports the merits of the concept proposed here.

6. Conclusions

To summarize, we demonstrate here a new way
towards improving the breakdown voltage Vy of the
insulating system of power modules by developing
a novel concept of the substrate based on locally
amending the properties of the traditional ceramic
one. The novel substrate was fabricated by integrating,

right underneath the metallization, a nanocomposite
within AIN-based ceramic (material A) employing an
effective process. This process, that comprises simple
steps, enabled elaborating both the material A and the
nanocomposite, concomitantly with joining them to
each other to realize the novel substrate, thereby mak-
ing significant time and energy savings. The material
A displayed very low o and high k. The nanocompo-
site, comprising the added GNP, was revealed to pos-
sess a controllable electrical anisotropy. For 1.25%vol
GNP, it indeed showed an anisotropic electrical beha-
vior typified by capacitive and resistive effects in the
directions perpendicular and parallel to the applied
pressing axis, respectively, resulting in a higher o,
compared with the conductivity of the material A, and
0, thatis nearly similar to the latter. This behavior is
likely suitable for the electric field grading concomi-
tantly with the electrical isolation function performed
by the substrate. At such GNP fraction, the nanocom-
posite displayed a marked ¢ anisotropy, with (o,
/o ,,)=10° (for 1.25% vol GNP) which is the highest
anisotropy ratio obtained so far for the AIN-based
ceramics to our knowledge.

The novel substrate presented a full densification
and an excellent bonding between the materials A and
nanocomposite with the absence of cracks at the inter-
faces between them, which testifies for the relevance of
this process to achieve reliable substrates.

Electrically, it enabled shifting the breakdown
channel from the border of the upper electrode (tradi-
tional substrate) to that of the integrated nanocompo-
site (novel substrate) before crossing the substrate
towards the lower electrode, thereby leading to
a larger breakdown voltage Vg of the novel substrate
as compared to the traditional substrate. This result
corroborates the numerical simulations that otherwise
revealed the potential of such novel substrate in attain-
ing further improvement in Vy and, subsequently,
withstanding higher voltages, that could be attainable
by optimizing o, through the adjustment of the GNP
fraction.

We believe that the approach taken here paves the
way to manufacturing multifunctional composite sub-
strates sought not only for high power modules but
also for many other potential applications.



Sci. Technol. Adv. Mater. 23 (2022) 750

Acknowledgment

This work was supported by the French National Research
Agency (Agence Nationale de la Recherche — ANR) through
the grants ANR-16-ASTR-0009 (FILCERA Project). The
authors acknowledge the French Directorate General of
Armaments - DGA for funding this work and supporting
it in the frame of ANR ASTRID program. They also thank
Prof. Jacques NOUDEM from Normandy university for the
thermal conductivity measurements, Dr. Jean Jacques
DEMAL for his help in TEM observations, and Dr. Moussa
GOMINA for the insightful discussions on the elaboration
of ceramics.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

The work was supported by the French National Research
Agency [ANR-16-ASTR-0009]

ORCID

Driss Kenfaui (®) http://orcid.org/0000-0003-2080-2986
Zarel Valdez-Nava http://orcid.org/0000-0002-9353-
8250

References

[1] World Energy Outlook. [Internet]. Paris: International
Energy Agency; 2019 [cited 2022 Jul 7]. Available from:
https://www.iea.org/reports/world-energy-outlook
-2019

[2] Sheng WW, Colino RP. Power electronic modules:
design and manufacture. Boca Raton: CRC press; 2004.

[3] Iwase N, Anzai K, Shinozaki K, et al. Thick film and
direct bond copper forming technologies for alumi-
num nitride substrate. IEEE Trans Compon Hybrids
Manuf Technol. 1985;8(2):253-258. DOI:10.1109/
TCHMT.1985.1136501

[4] Kuromitsu Y, Nagatomo Y, Tonomura H, et al. Direct
bonded aluminum on aluminum nitride substrates
via a transient liquid phase and its application. 2010
6th Int Conf Integr Power Electron Syst. 2010;1-5.

[5] Nicholas M. Active metal brazing. ] Br Ceram Trans J.
1986;85:144.

[6] Ménager L, Allard B, Vincent B. Conditionnement
des modules de puissance. Techniques de I'ingénieur:
Conversion de I'énergie électrique. Editions T.I., 2010
E3385 v1. 2010.

[7]1 Horio M, lizuka Y, Ikeda Y. Packaging technologies
for SiC power modules. Fuji Electr Rev.
2012;58:75-78.

[8] Buttay C, Planson D, Allard B, et al. State of the art of
high temperature power electronics. Mater Sci Eng B.
2011;176:283-288.

[9] Raynaud C, Tournier D, Morel H, et al. Comparison
of high voltage and high temperature performances of
wide bandgap semiconductors for vertical power
devices. Diam Relat Mater. 2010;19:1-6.

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

D. KENFAUI et al.

Millan ], Godignon P, Perpina X, et al. A survey of
wide bandgap power semiconductor devices. IEEE
Trans Power Electron. 2013;29:2155-2163.

Bilbao AV, Schrock JA, Ray WB, et al. Analysis of
advanced 20 KV/20 a silicon carbide power insulated
gate bipolar transistor in resistive and inductive
switching tests. 2015 IEEE Pulsed Power Conf PPC;
2015. Austin, USA, 1-3.

Yonezawa Y, Mizushima T, Takenaka K, et al. Low
V f and highly reliable 16 kV ultrahigh voltage SiC
flip-type n-channel implantation and epitaxial IGBT.
2013 IEEE Int Electron Devices Meet; 2013.
Washington DC, USA, 6.

Hourdequin H, Laudebat L, Locatelli M-L, et al.
Metallized ceramic substrate with mesa structure for
voltage ramp-up of power modules. Eur Phys J Appl
Phys. 2019;87:20903.

Fabian J-H, Hartmann S, Hamidi A. Analysis of insu-
lation failure modes in high power IGBT modules.
Fourtieth IAS Annu Meet Conf Rec 2005 Ind Appl
Conf 2005. Hong Kong, China, 2005;799-805.

Wang N, Cotton I, Robertson J, et al. Partial discharge
control in a power electronic module using high
permittivity non-linear dielectrics. IEEE Trans
Dielectr Electr Insul. 2010;17:1319-1326.

Berth M Partial discharge behaviour of power elec-
tronic packaging insulation. Proc 1998 Int Symp
Electr Insul Mater 1998 Asian Int Conf Dielectr
Electr Insul 30th Symp Electr Insul Ma; 1998.
Toyohashi, Japan, 565-568.

Auge J-L, Lesaint O, Thi AV. Partial discharges in
ceramic substrates embedded in liquids and gels.
IEEE Trans Dielectr Electr Insul. 2013;20:262-274.
Belijar G, Diaham S, Valdez-Nava Z, et al. Online
optical and dielectric monitoring of anisotropic
epoxy/BaTio3 composite formation tailored by
dielectrophoresis. ] Phys Appl Phys. 2015;49:045501.
Belijar G, Diaham S, Lebey T, et al. Method for proces-
sing an electrically insulating material providing same
with self-adjusting electric field grading properties for
electrical ~ components.  International  Patent,
WO02017211847A1, 14 December, 2017; PCT/EP2017/
063740, 6 June 2017; FR1655173, 6 June 2016.
Beneventi GB, DalRe M, Vincetti L. A new approach
to the analysis of electromagnetic FEM simulations
results at electric field singularities. Adv Electromagn.
2018;7(5):53-62.

Y-D Y, Hundere AM, Hgier R, et al. Microstructural
characterization and microstructural effects on the
thermal conductivity of AIN (Y203) ceramics. ] Eur
Ceram Soc. 2002;22:247-252.

Gonzalez JC, Rodriguez MA, Figueroa IA, et al.
Development of AIN and TiB2 composites with
Nb205, Y203 and ZrO2 as sintering aids. Materials.
2017;10:324.

He X, Ye F, Zhang H, et al. Study on microstructure
and thermal conductivity of spark plasma sintering
AIN ceramics. Mater Des. 2010;31:4110-4115.

Xiong Y, Fu Z, Wang H. Microstructural effects on
the transmittance of translucent AIN ceramics by SPS.
Mater Sci Eng B. 2006;128:7-10.

Qiao L, Zhou H, Xue H, et al. Effect of Y203 on low
temperature sintering and thermal conductivity of
AIN ceramics. ] Eur Ceram Soc. 2003;23:61-67.
Novoselov KS, Geim AK, Morozov SV, et al. Electric
field effect in atomically thin carbon films. Science.
2004;306:666-669.


https://www.iea.org/reports/world-energy-outlook-2019
https://www.iea.org/reports/world-energy-outlook-2019
https://doi.org/10.1109/TCHMT.1985.1136501
https://doi.org/10.1109/TCHMT.1985.1136501

Sci. Technol. Adv. Mater. 23 (2022) 751

(27]

(28]

[29]

(30]

(31]

Bolotin KI, Sikes KJ, Jiang Z, et al. Ultrahigh electron
mobility in suspended graphene. Solid State
Commun. 2008;146:351-355.

Singh V, Joung D, Zhai L, et al. Graphene based
materials: past, present and future. Prog Mater Sci.
2011;56:1178-1271.

Balandin AA, Ghosh S, Bao W, et al. Superior thermal
conductivity of single-layer graphene. Nano Lett.
2008;8:902-907.

Gomez-Navarro C, Burghard M, Kern K. Elastic
properties of chemically derived single graphene
sheets. Nano Lett. 2008;8:2045-2049.

Ovid’Ko I. Mechanical properties of graphene. Rev
Adv Mater Sci. 2013;34:1-11.

(32]

(33]

(34]

(35]

(36]

D. KENFAUI et al.

Fan Y, Wang L, Li J, et al. Preparation and electrical
properties of graphene nanosheet/Al203 composites.
Carbon. 2010;48:1743-1749.

Kusunose T, Sekino T, Niihara K. Production of a grain
boundary phase as conducting pathway in insulating
AIN ceramics. Acta Mater. 2007;55:6170-6175.
Coleman JN. Liquid-phase exfoliation of nanotubes
and graphene. Adv Funct Mater. 2009;19:3680-3695.
Paton KR, Varrla E, Backes C, et al. Scalable production
of large quantities of defect-free few-layer graphene by
shear exfoliation in liquids. Nat Mater. 2014;13:624-630.
Bepete G, Anglaret E, Ortolani L, et al. Surfactant-free
single-layer graphene in water. Nat Chem.
2017;9:347-352.



	Abstract
	1. Introduction
	2. Experimental section
	2.1. Powder mixture preparation
	2.2. Exfoliation of graphite
	2.3. SPS processing
	2.4. TEM characterization
	2.5. Dielectric spectroscopy
	2.6. Thermal measurements

	3. Modelling section
	4. Assessment of the concept by finite element simulations
	5. Design and development of the novel substrate for electrical field grading
	5.1. Fabrication of fully densified AlN-based ceramics (material A)
	5.2. Fabrication of nanocomposites endowed with controlled properties
	5.2.1. Production of graphene platelets (GNP)
	5.2.2. Elaboration of nanocomposites

	5.3. Electrical and thermal properties
	5.4. Fabrication process of substrates grading the electrical field
	5.5. Performances of the developed substrates

	6. Conclusions
	Acknowledgment
	Disclosure statement
	Funding
	ORCID
	References

