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Abstract

High voltage power modules are used in numerous applications to build high power
converters. Technically, these modules are made of different materials and among
them, dielectric materials are organic and inorganic. Organic insulators (gels) are
used to avoid corona discharges in the vicinity of connecting wires and high voltage
dies (diodes and transistors) and to protect them from moisture and contaminants.
Inorganic insulators (ceramic substrates) are used to insulate the high voltage which
dies from the grounded elements and to transfer heat to the heat sink. Despite being
used since the late 90s, there is a lack of fundamental knowledge about the electrical
properties of these substrates. Consequently, manufacturers tend to assure the relia-
bility by over sizing them. As there are no clear rules for how to do that, failures oc-
cur, leading to the converter shutdown. The aim of this study is to bring new infor-
mation about the understanding of the dielectric strength of ceramic materials used
in these modules. We have focused our work on the correlation between the me-
chanical and the dielectric properties of ceramics by using relevant experiments. We
provide new information about the impact of existing cracks on the ceramic dielec-
tric failure, according to the electromechanical breakdown model. Our conclusions
bring crucial information about the precautions to be taken during manufacturing
and implementation of these substrates in power modules to reduce the likelihood of
the particular causes of failure.
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1. Introduction

1.1. Modules and Ceramics

Currently used high voltage power electronics systems are based on an elementary
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brick called “power module”, where the active semiconductors are packaged. Inside this
assembly, one finds different materials, whose functions are to assure the interconnec-
tion, the insulation and the heat exchange between the semiconductor and its environ-
ment. A simplified schema of a power module is shown in Figure 1.

The interconnection of the semiconductors and their insulation from the heat sink
(connected to the ground) is mainly achieved by a single element called “substrate”.
Furthermore, one of its main functions is to warrant the electrical insulation between
the semiconductors and their environment. Moreover, it must also ensure the evacua-
tion of the heat generated by the semiconductors. Theses substrates are composed of
metallic conductors and an insulating material. When the thermal requirements are
high, ceramics are the first choice due to their high thermal conductivity (>20 W/m-K).
Different ceramic materials are used for substrates elaboration (e.g. BeO, Si;N,, AIN)
[1]. Different technologies allow joining the ceramic to a conducting metal, such as
DBC (Direct Copper Bonding) or AMB (Active Metal Brazing). Reliability of the sub-
strate is often related to the mechanical properties of the ceramic material coupled with
the metal being used. With the development of the new wide bandgap semiconductors,
such as SiC or GaN, higher voltages along with higher current densities could poten-
tially increase the insulating requirements imposed on the ceramic materials inside the
substrates [2].

Different causes may lead to the module failure:

- dies failures [3] [4],

- bonding wires cut [5]-[8],

- solder joints delamination [9]-[12],

- encapsulation gel dielectric breakdown [13]-[15],
- substrate dielectric breakdown [16] [17].

The design and the choice of the substrate depend on several parameters, such as the
mechanical properties of the metal-ceramic assembly, the thermal properties of the ce-
ramic and its electrical insulating capability. As a basic principle, if the ceramic material
is capable of reaching very high operating voltages, its thickness can be reduced, hence

decreasing the thermal resistance along the heat evacuation path. The dielectric
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Figure 1. Schematic drawing of a power module used to package semiconductor dies.
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strength is then a critical dimensioning parameter for the ceramic materials used in
these power modules. Despite this, there is little available information concerning the
relationship among the processing parameters, the ceramic microstructure and the di-
electric breakdown field.

For ceramics, as for the other solid materials, the origin of the dielectric breakdown
will highly depend on the thermodynamic conditions at which the dielectric breakdown
occurs. For example, alumina and other ceramics used at very high temperatures
(>600°C), will show a thermal breakdown due to its high electrical conductivity [18].
Nevertheless, if we consider much lower temperatures of currently used modules (Ze,
135°C for Si dies), the substrates are confronted to lower operating temperatures. At
these temperatures, thermal breakdown is already excluded as a possible mechanism.

Previous works pointed out that the electric breakdown of ceramics at room temper-
ature could be strongly linked to their mechanical properties [19]. It is assumed that the
electric field induces the propagation of the pre-existing cracks within the ceramic ma-
terial. This assumption has been studied under a high electric field (short term break-
down) [20] or under a moderate field (aging studies) [21].

This hypothesis is described in the literature as an “electromechanical dielectric
breakdown”, based on the analogy of the theory with mechanical breakdown in brittle
materials. In such a model, the pre-existing cracks or defects are propagated under the
influence of the applied electric field until the final breakdown (Figure 2).

One of the main challenges to verify this hypothesis is to control the size of the initial
defect or crack in the ceramic. Previous attempts included the use of ceramics sintered
at different temperatures, with different microstructures or with different compositions
[17] [22] [23]. This could induce a change in the intrinsic dielectric breakdown strength
of the studied material, potentially biasing the results.

In this work, we will employ a mechanical pre-stress in order to produce different
defect sizes inside the ceramic, without modifying the chemical composition of its mi-
crostructure. Alumina (Al,O,) substrates, largely used in power modules, have been se-
lected as the representative samples. Results will be confronted with the electrome-
chanical breakdown model. Finally, our experiments will be analyzed to extract the
recommendations on the design rules that could be taken into account in the ceramic

substrates manufacturing process.

1.2. Origin of the Dielectric Breakdown

The purpose of this work is to understand the mechanisms of the electric breakdown of

the ceramics used in the elaboration of substrates for power electronics.

Conducting crack
Electrodes — Insulating crack

T

Figure 2. General model for an electromechanical breakdown (inspired by Griffith’s proposal).
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The dielectric breakdown of solids can be classified into three types, depending on
the underlying physical phenomena: 1) of electronic origin (electronic avalanche or
field or intrinsic effect), 2) of thermal origin, which dissipates the heat caused by the
current of conduction or dielectric losses and 3) electromechanical origin explaining
the inability of the material to withstand mechanical stresses induced by the electric
field.

Generally speaking, these mechanisms are not independent and may interact until
the final breakdown. It is therefore often difficult to determine and isolate one physical

phenomenon responsible for the dielectric breakdown.

2. Experimental Procedure
2.1. Ceramic Material under Study

The chosen ceramic materials are industrially available alumina (AlL,O;) plates (thick-
ness 635 pm), typically used DBC ceramic substrates for power modules. The purity of
the alumina is reported as 96%; with 4% of other sintering additives and impurities
(mainly Si, B, Mg, Ca). The alumina has an average grain size of 4 pm observed by
scanning electron microscopy (Figure 3).

In order to limit the dispersion due to the processing conditions, we paid special at-
tention to make sure that the alumina plates, originated from the same manufacturer,
were extracted from the same batch number. Random sampling (18 tests) showed that
the dielectric breakdown of the analyzed batch was 21 kV/mm (at room temperature).
Breakdown experiments are detailed in section 2.3. Alumina plates were then cut out
from the as-received dimension of 115 x 115 mm to smaller plates of 38 x 38 mm by
laser cutting. After laser cutting, the dielectric breakdown field in the central part of the

alumina remained unchanged.

2.2. Mechanical Prestress

In the electromechanical breakdown model, the dielectric breakdown strength is li-

mited due to the presence of defects, following the analogy with the Griffith’s proposal

LEI 10.0kV ~ x1000 WD 8.0mm 10 um

Figure 3. Microstructure of the alumina under study.
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for mechanical breakdown. In its most basic form, these defects could be cracks, cre-
vices or any mechanical discontinuities inside the bulk of the material. As stated pre-
viously, in order to avoid any chemical or microstructural modification, we applied a
mechanical pre-stress to our alumina samples. Mechanical stresses can be applied by
the compression, traction or flexion. Considering the high compressive strength of
alumina, we decided to apply a flexion force. One of the simplest configurations to ap-
ply a flexural stress is by a 3-point bending test (Figure 4a). We assume that in this
configuration cracks will be created at the maximum tensile stress region of the 3-point
bending configuration, Ze. in the center region where the upper ram applies the force
(Figure 4b). In these conditions, initial cracks will be propagated or new ones will be
formed. The large difference in the compressive (2000 GPa) and tensile (200 GPa)
strength of alumina will favor the formation of the cracks on the tensile region of the
cross-section of the ceramic material (opposite to the contact point of the upper ram).
Total applied mechanical stress is a function of the sample dimensions and test

bench geometry as follows:

2
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Figure 4. (a) 3-point bending test bench used for applying a mechanical prestress on alumina
plates, (b) tensile stress is created at the bottom part of the alumina plate.
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where M is the moment bending, /is the length of the support (outer) span, Fis the
load (force) at the fracture point, Bis the base of the sample, A is the effective thickness
of the sample.

Since the formation of a crack or a network of cracks reduces the effective section of
the alumina plates, if a constant force is applied, the real stress will increase as the
crack(s) propagate(s) along the thickness of the material. The final crack dimension will
be then related to its initial size, the applied force and the time spent under such a
force. A series of tests were performed to determine the mechanical prestress condi-
tions (force and application time) prior to electrical breakdown. The characteristic of
the time-to-breakdown (mechanical) vs. the applied force is shown in Figure 5.

The maximum force possible to apply is 180 N, which corresponds to the mechanical
flexural strength of the studied alumina. An attempt was made to study the full range of
applicable forces. However, samples needed to be transported from the mechanical test
bench to the dielectric breakdown test bench, and for high values of the force (>100 N)
even a short time of prestress could break the samples during their manipulation. For
this study, samples were prestressed from 20 N to 80 N, applying the force for 1 minute.
This allowed the samples to be handled without the risk of breaking them. Samples
were marked with a felt-tip pen to identify the region where the force ram was in con-

tact.

2.3. Dielectric Breakdown of Prestressed Alumina

The dielectric strength measurements were performed in a plane-tip configuration. The
tip in contact with the sample is a cylinder of a diameter of 1 mm. An AC generator
regulated by an autotransformer was controlled with a step motor to modulate the
ramp of the amplitude of the applied voltage. Short term dielectric breakdown values
were obtained with a ramp of 1.6 kV/s. Dielectric breakdown detection and voltage cu-
toff is triggered by the rapid increase in the current. Samples are immerged in a dielec-
tric fluid (Galden HT270) to avoid surface flashovers. The felt-tip pen line helped to

24_ T H T H T H T H T H T H T H T H T ]
22 ] ]
20 ]
18 ]
16 ]
14] ]
12 . ]
104 ]
8] » .
6 ]
4] ]
2] n .
04 LI | 4

0 20 40 60 8 100 120 140 160

Applied force (N)

Figure 5. Time-to-breakdown (mechanical) vs. applied mechanical

Time to failure (min)

force for 635 um alumina plates under study.
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position the tip in the region of the maximum stress in order to induce dielectric
breakdown in this zone. The results of the dielectric breakdown values are plotted
against the mechanical prestress for each sample.

A scheme of the followed procedure is shown in Figure 6.

3. Results and Discussion

Figure 7 shows the ceramic plates after the dielectric breakdown was performed. The
size of the alumina plates allowed for 3 to 4 dielectric breakdown tests per sample.

When plotting the results in a Weibull chart we can easily identify that the dispersion
of the results obtained for the prestressed samples are significantly higher than the ones
obtained for the un-stressed sample (0 N) (Figure 8).

To better observe the impact of the mechanical prestress, only the a parameter (cu-
mulative probability of 63.2%) of the dielectric breakdown extracted from a two-coef-
ficient Weibull distribution was plotted (Figure 9).

Despite the significant dispersion of the values, we can observe a decrease in the di-
electric strength of the alumina when it is mechanically prestress. The decrease on the a
parameter is more important as the mechanical prestress value increases. One of the

reasons for the large dispersion of the values of E,, could originate from our inability to

Mechanical Force

GROUND

GROUND

Alumina AL,O, Alumina Al,O, Prestressed
Alumina ALO,
() (b) (©)

Figure 6. (a) Reference sample with an initial crack length 1;, (b) mechanical prestress that in-
creases the crack length inside the ceramic, total length is I, + 1, (c) dielectric breakdown of the
prestressed ceramic.
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Figure 7. Dielectrically broken down alumina sample. Top surface was submitted to compression
(black line, felt-tip pen) and bottom suface under tensile stress. Red circles indicate the rupture
channel exit points on the surface of the alumina.
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Figure 8. Full results for the dielectric breakdown of prestressed alu-
mina plates (0 to 80 N, 1 minute).
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Figure 9. a values for the dielectric breakdown of prestressed alumina
plates (0 to 80 N, for t,,; = 1 minute), error bars correspond to the
90% confidence intervals.

perfectly align the high voltage tip with the maximum stress region. The felt-tip pen is 1
mm thick and the exact width of the stressed region is for the moment unknown.
Another reason for the large dispersion of the E,, values could arise from the nature of
the crack propagation itself, especially if the cracks are not homogeneously distributed
along the stressed plane.

The results of dielectric breakdown of alumina show higher dielectric strength for
lower mechanical prestress.

Assuming a constant extension speed, the evolution of the dielectric strength was
correlated with the evolution of cracks at prestressing, what supports the contribution
of mechanical properties to dielectric breakdown phenomena in alumina. This could be
explained by the fact that the dielectric failure mechanism of the alumina-based ceram-

ic is strongly associated with the propagation of cracks, and a change in behavior of the
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latter will influence the dielectric strength.

We should consider that for application purposes, the alumina (or any other ceramic
mentioned in section 1) is a part of a complex assembly with other materials, with a
metal being in immediate ontact with the substrate assembly. While there are some
studies that highlight the importance of the initial mechanical properties of the ceramic
within the substrate assembly [24], the data presented here indicates that the other
processing parameters of the alumina could be relevant. This could indicate the need to
take into account the mechanical history of the ceramic as having an impact on the di-

electric strength value.

4. Conclusion

The dielectric breakdown of the studied alumina depends on the value of the mechani-
cal prestress created by a 3-point bending test. Despite the large dispersion of the re-
sults, a global tendency satisfies the currently used model of electromechanical break-
down, where the defect size impacts the short-term dielectric strength of alumina.
Higher values of mechanical prestress induce a decrease in the E,, values. This could
imply that not only the original dielectric properties of the ceramics should be taken

into account for dimensioning purposes, but also their full mechanical history.
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