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ARTICLE INFO ABSTRACT

Keywords:

This paper proposes an analysis for the main microstructural changes at the chip topside level in the metallic

IGBT interconnections of SKIM63 IGBT power modules due to aging processes caused by power cycling. The objective
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is to correlate these changes with the degradation processes dominating such positions. In this study, it is
deduced that grains stability drives their texture evolution upon cycling. Transformations of texture components,
which indicate whether the structure is recrystallized or deformed, are analyzed at different cycling stages.
Afterward, the effect of the evolution of the disorientation angle's distribution on the crack passage is discussed.
The size of grains directly related to their strength was as well shown to affect the cracking manner. Finally, the

cracking procedure is interpreted in detail.

1. Introduction

IGBT devices are widely used in electronic applications due to their
ability to converge high current loads with high efficiency and speed.
Thermomechanical fatigue of topside metallic contacts in power devices
such as IGBTs is one of the critical reliability issues. It results from the
existence of different materials having different thermal expansion co-
efficients, mainly aluminum (Al) composing metallization chips and
ultrasonically bonded wires, and silicon (Si) which lays beneath them.
Thermomechanical fatigue causes major degradations at the metallic
contact sites since deformations are maximal there.

Because grain reconstructions and crack propagation are synchro-
nous during degradation processes, the analysis of their evolution is of
high importance. Grain reconstructions lead to several changes in ma-
terial properties. The crack propagation is responsible for the failure of
top metallic parts in power modules. This may signify a relationship
between both crack propagation and reconstruction processes [1-4].
Thus, several microstructural features were analyzed in this paper and
then related to the cracking manner. Accelerated power cycling tests
were applied on SKIM63 IGBT samples manufactured by Semikron at
different cycling stages [5,6]. Microstructural analyses have been per-
formed using Electron backscattered diffraction (EBSD) technique. The
zone of interest for analyzing these microstructural properties is selected
through partitioning the EBSD data using the ATEX program [7]. These
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analyses enable us to understand what happens microstructurally in a
SKIM63 IGBT module at the wire-metallization contact when degrada-
tions occur. This study can also be used as a basis for constructing a crack
formation model at the wire-metallization interconnection.

2. Methodology

Aging tests under the following conditions {Junction temperature
rise (ATj) = 110 °C, minimal junction temperature (Tjmin) = 55 °C,
power-on duration (t,,) = 3 s, power-off duration (tof) = 6 s} were
applied on several half-bridge (mid leg) SKIM63 substrates, and
removed from the test bench at different aging stages [5]. It was deduced
that the crack propagation manner is reproducible on all the wires. Thus,
it was assumed that microstructural degradation processes are identical
too. Far-right wires of central chips were analyzed by EBSD. The
following numbering of the chips given in Fig. 1 will be considered in the
upcoming analyses.

3. Microstructural analysis

Fig. 2 shows an example of the crack propagation evolution at the
chip topside, i.e., bond-wire contacts.

The crack propagates in the wire just above the metallization in
accordance with the literature [8]. Consequently, only this wire zone is
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Fig. 1. One half-bridge substrate of a SKIM63 module.
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Fig. 2. Cracks evolution at the upper metallic interface.

considered in this study. It was deduced that the initial crack speed is
clearly higher than that for its propagation at advanced cycling stages,
with a faster speed at the heel position. EBSD plots were partitioned in
two ways to interpret the microstructural changes at the wire's contact
zone, the first one at the entire wire contact area and the second at the
wire's edges.

3.1. The first partitioning analysis

A first partitioning as observed in Fig. 3 inside the wire just above the
metallization was made to analyze the evolution of grains texture, and
see the effect of grains size and disorientation angles on the cracking
process. This was applied for two wires samples in chips #2 and #6 of

Analyzed zone

Fig. 3. The first partitioned zone.

different substrates aged at different cycling stages. The microstructural
evolutions resulting in both samples are identical. This paper presents
only evolutions in the wire of chip #2.

3.1.1. Grains texture evolution upon cycling

The driving force for reconstructions is surface energy reduction,
which increases grain's stability [9]. This partitioning is primarily made
to confirm that during aging. In face-centered cubic (FCC) metals such as
Al, the decreasing order of packing density of crystal faces is (111),
(001), and (101) [10]. The decreasing order of surface energy values of
crystal faces is (101), (001), and (111) [11]. Thus, it should be noted
that the less favored orientation to form is (101). Fig. 4 shows inverse
pole figures (IPFs) evolution in the x-direction for a wire in chip #2 (a)
before cycling and (b) cycled at 50 % Ny, where N¢ corresponds to the
number of cycles for the module's complete failure. For a clearer view,
inverse pole images are portioned into halves, where the upper half
corresponds to the right side of the analyzed portion (from the heel edge
toward the wire center), and the lower half shows the left side of the
analyzed portion (from the center toward the tip edge).

Fig. 4 shows that more (111) orientation results upon cycling,
accompanied by a decrease in the number of (101) orientations. This
evolution confirms that grains orient to reduce the surface energy and
increase the packing density.

3.1.2. Grains size & disorientation angles with cracking

The size of grains has a significant impact on their strength against
cracking. According to the Hall-Petch relationship, smaller grains ac-
quire higher strength [12]. Fig. 5 shows the grain's size number fractions
evolution for a wire in chip #2 at early cycling stages (until 25 % Np), at
which the crack speed is the highest.

This size distribution in Fig. 5 shows that the grains in the analyzed
area have majorly sizes <5 pm from the beginning of cycling until
reaching 25 % of N¢. However, bigger grains are formed after cycling.
This is evidenced by the decrease in the number fractions of tiny grains
(<5 pm), the increase in the number fractions of bigger grains (5 to 20
pm), and the generation of new grains having huge sizes (=45 pm).
Therefore, it is deduced that the rapid crack initiation is synchronous
with grain growth.

Additionally, disorientation angles are expected to influence the
formation and propagation of cracks. Fig. 6 shows the evolution of
disorientation angles for the wires in chip #2 at advanced cycling stages
(65-100 % Ny), at which the crack speed is decreasing. These angles are
plotted beside the Mackenzie distribution, which gives the disorienta-
tion angles' distribution of a randomly oriented grain [13].

From Fig. 6, it has been reported that cracks evolution is synchronous
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Fig. 4. Wire's texture evolution in chip #2, at (a) its healthy state and (b)
cycled at 50 % N
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Fig. 5. The number fractions of grains size upon cycling a wire in chip #2.

0.06 T
At 65% Nf
0.05- At 80% Nf ||
At 100% Nf
Mackenzie ||

=
(=)
=

Number Fraction
o
o §
w

0 10 20 30 40 50 60
Grains Disorientations (6°)

Fig. 6. The number fractions of disorientation angles upon cycling the wire in
chip #2.

with the decrease in the number fractions of low angle boundaries
(LABs) and the increase in that of high angle boundaries (HABs) when
comparing the portion degraded at 65 % N with that degraded at 80 %
Nfand 100 % N¢. Comparing the portions at 80 % N¢and 100 % N, the
decrease in the number of LABs and the increase in the number of HABs
are not observed. This is because cracks themselves induce de-
formations, especially at the lift-off moment [13,14]. The rearrangement
of these deformations may cause the formation of sub-grains, which
could inhibit the decrease in the number of LABs through the formation
of new LABs. All these observations were also seen for the wire in chip
#6.

3.2. The second partitioning analysis

A second partitioning was operated particularly at the heel and tip
positions, the positions of cracks nucleation (see Fig. 2). This parti-
tioning, as shown in Fig. 7, was done to interpret in-depth the degra-
dation processes microstructurally. Wires in chips #6 and #7 are

Analyzed zones

i

Fig. 7. The second partitioned positions.

analyzed.

Crystal texture components evolution of Al grains was analyzed
during aging at both the heel and tip positions, and thus rolled FCC
texture classifications are considered. Cube (Cb) and Goss (Gs) textures
are associated with recrystallization [15,16], whereas Brass (Bs), Copper
(Cu), Taylor (Ty), and S textures are linked to deformations [15,17,18].
The disorientation angles and grains' size evolution were analyzed as
well.

For the wire in chip #6, Fig. 8 shows the evolution of texture com-
ponents at the partitioned tip and heel positions during the crack initi-
ation stages. Fig. 9 presents the disorientation angles' evolution, and
Fig. 10 displays the grains' size evolution.

3.2.1. Analysis at the tip position (healthy & 10 % Nf)

Before cycling, recrystallization components are dominant at the tip,
with the presence of deformation components. The wire welding forces
create these components. Because big grains (representing the initial
state before the wire's welding) are present beside some tiny grains,
disorientation angles are randomly distributed, with high HABs
frequencies.

When cycling up to 10 % Ny, recrystallization components highly
increased, whereas deformation components decreased. This change is
due to grains reconstructions that occur when cycling begins. Grains are
majorly small due to dislocations rearrangements. The number of LABs
highly increased as well. This is expected to influence the propagation of
cracks at such positions. Because the crack formation is still weak at this
moment, a grain growth state is expected just after 10 % N to cause the
advanced crack propagation in the following cycling stages.

At 50 % Ny, recrystallization components lasted dominant. The vol-
ume fractions of deformation components remained shallow. This is
probably because cracks are majorly formed between 10 % N¢ and 50 %
N, therefore, at 50 % N, cracks are already formed; thus deformations
had been relieved. As predicted, grains are bigger than those at the
previous cycling stage, giving a clue about grain growth. Additionally,
the number fraction of LABs slightly increased, and that for HABs
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Fig. 8. Texture components' evolution in the partitioned wire positions in chip
#7 at the (a) tip & (b) heel.
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Fig. 9. Disorientation angles' evolution for the partitioned wire positions in
chip #7 at the (a) tip & (b) heel.
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Fig. 10. Grain size's evolution for the partitioned wire positions in chip #7 at
the (a) tip & (b) heel.

decreased. This evolution is synchronous with the enhanced formation
of cracks at this cycling stage at the tip position.

3.2.2. Analysis at the heel position (healthy & 10 % Nf)

Initially, deformation and recrystallization components exist at the
heel position due to wire welding forces, forming grains of small sizes.
This may justify the dominance of LABs since grains are mostly small
with close morphologies and orientations.

At 10 % N¢, deformation components increased a lot and became
dominant. Such an increase is expected here, at the favored position of
cracks initiation. It is deduced that the deformation component's volume
fractions are higher than those at the tip. This may also signify that the
heel is subjected to more deformations; consequently, the crack initia-
tion is enhanced there. In addition, the number of LABs slightly
increased, and that for HABs decreased. This happened at the same time
as having a fast crack initiation. It is expected that between the healthy
state and 10 % Ny, a grain growth phase occurred most probably just
before 10 % Ny after recrystallization, causing the easy crack passage.
This is evident from the existence of some grains with sizes between 15
and 25 pm.

When reaching 50 % Ny, even though the deformations component's
volume fraction decreased, they were still dominant over recrystalliza-
tion components. This dominance is logical because stress and de-
formations are highly formed at the heel edge. The decrease in their
number fractions is probably due to the formation of cracks responsible
for stress and deformations relief. Grains are clearly bigger at this
cycling stage, synchronous with the significant crack progress.

In the next step, the same microstructural analysis was conducted,
however at advanced cycling stages for the wire in chip #6, as seen in
Figs. 11, 12, and 13.

3.2.3. Analysis at the tip position (65 % & 100 % Nf)
It has been observed that at 65 % Ny, recrystallization components
dominate at the tip, with nearly null deformation components, maybe
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Fig. 11. Texture components' evolution in the partitioned wire positions in
chip #6 at the (a) tip & (b) heel.
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Fig. 13. Grain size's evolution for the partitioned wire positions in chip #6 at
the (a) tip & (b) heel.

because cracks had already formed and stress was relieved. Recrystal-
lization dominance justifies the high fraction of tiny grains. LABs are
dominant as well at this stage, with the existence of some HABs.

After cycling to 80 % Ny, the volume fraction of recrystallization
components highly decreased, accompanied by the generation of some
deformation components. The increase in deformations is due to the fact
that cracks themselves may induce deformations, especially at this
advanced cycling stage. A shift from LABs to HABs is observed at this
moment, simultaneously with the slowdown in the speed of the crack.
Due to the previous recrystallization phase, grains had grown.

At 100 % Ny, the recrystallization component's volume fractions
slightly increased, with a significant increase in deformations caused by
cracks at this lifting-off moment. Such an increase in deformation and
recrystallization components justifies the dominance of small grains.

3.2.4. Analysis at the heel position (65 % & 100 % Nf)

When looking at the heel position, it can be deduced that recrystal-
lization components dominate at 65 % N¢. Deformation components
exist with low volume fractions since cracks are already formed. Grains
are mostly small, with the presence of some big sizes. LABs dominate at
this moment as well.

Recrystallization components are still dominant when the sample is
cycled up to 80 % Ny, even though their number fractions had decreased.
This decrease is probably because most of the grains had been recrys-
tallized. In addition, a shift from LABs to HABs is clear at this stage, at
the same time as the crack speed slows down. Grains are bigger than
before due to grain growth following recrystallization.

Finally, upon reaching the moment of complete failure, deformation
components increased and became dominant over recrystallization
textures which highly decreased, possibly due to the effect of cracks in
generating stress, especially since we arrived at the lifting-off moment.
The increase in deformations and the presence of a previous recrystal-
lization phase are probably the reasons for the decrease in grains size
through the generation of some sub-grains.

4. Interpretation of the crack evolution

Primarily, due to the wire welding process, deformations are created
at the metallic contact sites, especially at the wire extremities, resulting
in initial defects. Stress concentrates there upon cycling as well. Grains
near the wire-metallization contact are small due to the welding forces
(<5 pm), with a majority of LABs. A few HABs exist as seen in Fig. 14;
such sites are preferable for crack nucleation than LABs. The reason is
that HABs are considered as obstacles to dislocations migration, leading
to their accumulation [19]. This increases the stress concentration and
causes crack initiation. From Fig. 2, it is confirmed that cracks initiate
from the wire contact ends, where some HABs exist (as seen in Fig. 14)
with a faster speed at the heel position than at the tip.

M Below 15°

[l Above 15°

Fig. 14. Disorientation angles' distribution in the healthy sample (a) at the tip
position and (b) at the heel position.



Cracks continue propagating from both edges toward the center of
the bottom wire zone, as seen in Fig. 2. According to Fig. 14, LABs exist
in crack propagation sites inside the wire just above the metallization.
This is because the crack propagation is much easier to occur through
LABs, due to their poor sliding and the ease of crack penetration. In
Fig. 9, the highest crack speed at 10 % N is deduced to be concurrent
with the increased number of LABs. Additionally, from Fig. 5, it was
deduced that the grain growth process accompanies the highest crack
initiation speed. This is in agreement with the Hall-Petch relationship.
Afterward, the crack propagation speed decreases at advanced cycling
stages, as seen in Fig. 2. This crack's slowdown was accompanied by an
increase in the frequency of HABs at the interconnection sites, as seen in
Figs. 6 and 12. Maybe this is due to the role of HABs in resisting crack
propagation. Finally, when Nf is reached, cracks become completely
distributed at the entire bottom wire zone, where lift-off occurs.

5. Conclusions

Since cracks propagate inside the wire just above the metallization in
SKIM63 IGBT modules, this zone was analyzed. Grain's texture changes
were shown to be driven by their stability by decreasing the surface
energy. The evolution of texture components was then interpreted
during cycling since they indicate whether deformations dominate or
recrystallization. The relation between grains size and disorientation
angles' evolution from one side, and the crack speed from the other was
then discussed. Finally, the cracking scenario was detailed by relating its
evolution to the microstructural changes.
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