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path at the topside interconnections in IGBT power devices 
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Abstract – The thermal fatigue of the bond-wire contacts at the topside interconnections of power electronic devices is one of the 

main reliability issues. This paper presents a new methodological approach to characterize and model the damages during aging by a 

combination of fracture mechanics and physicochemical approaches. The approach relies first on correlating the change of the microstructure 

with aging at the bond-wire contact, then on looking for possible links between the microstructure and the parameters of damage models. After 

reviewing the effect of the microstructure on the whole cycling process, the correlation is made by relating the driving force of the device 

failure which is the crack propagation to some physicochemical properties and microstructural parameters such as surface energy (���, grain 

boundary energy (���), misorientation angle between neighbor grains (��), plane of orientation of each singular grain, grain size and 

hardness values (�). This requires EBSD analysis and some post treatments. Those relationships were then used to configure the effect of the 

microstructure on cracks passage at the interconnection interfaces using cohesive zone models (CZM). 

 

Keywords: semiconductor; physicochemical-microstructural; critical energy; critical stress; crack propagation 

 

1. Introduction 

 
Thermal fatigue is the driving force of the degradation of 

topside interconnection compartments of power electronic 
modules, traditionally made up of aluminum wires bonded on 
thin pads of aluminum films. It is the result of a large mismatch 
in the thermal expansion coefficients of silicon and aluminum 
present in semiconductor power devices such as MOSFETs and 
IGBTs.  

Power modules based on IGBT chips (see Fig.1) are the most 
used devices for energy conversion, having high efficiency and 
fast switching, in addition to the ability of their usage for high 
current and voltage applications [1]. During operative life, 
temperature variations due to power cycling lead to the 
formation of stresses and plastic deformations, which modify the 
microstructure of the materials at the interconnection interfaces 
of upper metallic parts. Wires and metallization layers become 
a lot more distorted with temperature than silicon layers, leading 
to the formation of continuous tensile and compressive stresses 
with different deformations. This affects on the material 
performance and leads to its degradation.  

 

Fig.1 : Typical schematic assembly of IGBT power module. 

                                                 
* Corresponding author : mustafa.shqair@univ-eiffel.fr 

Thermal fatigue is divided into three consecutive stages, 
which are the initiation of micro-cracks, their transformation to 
macro-cracks, and the last stage which occurs when the 
degraded material cannot support loads anymore, resulting fast 
and sudden fracture [2]. Thus, fatigue problem is modeled by 
interpreting the crack formation and propagation.  

As a first approximation, the microstructure of metals is made 
up of grains intersecting at grain boundaries. The grain is a 
region where atoms align, it is the unit cell of polycrystalline 
structures, whereas the grain boundary is a planar defect which 
separates those grains, it is the location of stress concentrations. 
This is the case of bonding wires and metallization layers. 

Traditionally, the fatigue problem of electronic power 
modules is modeled by using coupled multiphysics (electrical, 
thermal and mechanical) finite elements models [3]. Some 
physicochemical studies were made previously to interpret the 
fatigue problem of metallic structures but only in the case of 
annealing at high and steady state temperatures, near melting 
points of the materials [4]. These conditions are totally different 
from the case of power semiconductor devices. 

Recently, the influence of the microstructure and 
physicochemical properties on degradation processes has been 
the interest of several scientists [5]–[8]. The effect of bonding 
procedures on the microstructure of the wire-metallization 
interconnection zone and its influence on materials reliability 
have been discussed by Broll et al. [9]. The effect of the wire 
bonding temperatures on cracks formation upon cycling has 
been investigated by Loh et al. [10]. The effect of the purity of 
materials on the evolution of their properties such as hardness 
and grain size upon cycling has been described by Agyakwa et 
al. [11]. The crack propagation pathway has been related to 
metallization reconstructions by Pederson et al. [12]. Last but 
not least, Zhou et al. [13] showed the effect of the evolution of 
grain sizes and misorientation angles on the crack growth, by 
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which  the rate of crack propagation decreases when the grain 
size decreases and the misorientation angle between neighbor 
grains increases. 

Nowadays, one of the most used approaches for  decohesion 
modeling to predict the crack propagation is based on cohesive 
zone models (CZMs) [14]. The CZM is a finite element multi-
physics model for fracture mechanics, by which the fracture 
formation is regarded as gradual separation of intersecting 
surfaces. In CZMs, cracks formation and propagation are related 
to tractions and cohesion energies. In this paper, the work is 
concentrated on relating some physicochemical properties and 
microstructural features with the CZM parameters. Thus, the 
new approach proposed here is based on a combination between 
fracture mechanics and physicochemical-microstructural 
concepts. The goal of this new model is to predict the crack 
passage at interconnection interfaces between metallization 
layers and bonded wires from a physicochemical-
microstructural point of view. Finally, this model is confronted 
with experimental observations. 

 
2. The methodological approach 

 
Thermal fatigue aging experiments in connection with the 

work presented in this paper are detailed in [15]. The analyzed 
IGBT power devices were SKIM63 manufactured by Semikron. 
Their mode of degradation are well described there. 

As mentioned before, the fatigue problem is related to cracks 
formation and propagation. The goal of this work is to find 
relationships between the driving force of failure, i.e. the crack 
propagation from one side and microstructural features and 
physicochemical properties from the other side. These relations 
must relate the CZM parameters: a) the critical fracture energy 
density for separation (critical energy) and b) the maximal 
contact stress (critical stress), to microstructural characterization 
parameters such as: i) the misorientation angle between neighbor 
grains, ii) the plane of orientation of grains, iii) the size of grains, 
in addition to some physicochemical parameters such as the iv) 
surface energy, v) grain boundary energy and vi) hardness.  

For this purpose, Electron Backscatter Diffraction (EBSD) 
and nanoindentation analysis for non-degraded IGBT sample 
have been performed. The CZM parameters are then deduced 
from these microstructural analysis by using known 
relationships and a program called ATEX [16].  

Then, in order to simulate the crack propagation and predict 
the preferred crack path inside the microstructure, grains were 
represented by hexagons, where CZM elements were 
implemented at their boundaries. The geometry of hexagons was 
inspired from the honeycomb geometry, which is thought to be 
a good representative shape for grains.  Hexagon’s geometry is 
chosen because grains do not have specific shapes. Additionally, 
hexagons offer curvatures at the edges center, this looks closer 
to the shape of grains. Moreover, this geometry is flexible to 
control, by which critical energies and stresses can be inserted 
on their edges.  In this way, the granular decohesion can be 
simulated by investigating the effects of microstructural 

parameters (grain size, grain boundaries misorientations…) on 
cracks formation through the parameters of local CZMs.  

In the last step, the results of those simulations were 
compared with some scanning electron microscopy (SEM) 
experimental data for degraded IGBT samples, so that to 
validate the coherence between the simulations results and the 
experimental ones. 

 
3. Calculating the CZM parameters 

 
In order to predict the crack propagation physico-chemically 

and microstructurally, relationships between CZM parameters 
and physicochemical-microstructural features are required. 
Obtaining both CZM parameters was then achieved by a 
combination of physicochemical-microstructural equations and 
experimental data from EBSD and nanoindentation analysis. 
This section explains the strategy of calculating the critical 
energy and critical stress. 

 

3.1. The critical energy needed for crack formation 

 
The factor corresponding to the critical energy needed for 

cracks formation is the work of separation of two intersecting 
surfaces (	�
�). This parameter is the best representative 

parameter of the critical energy for the case of debonding 
between intersecting grains. At the microstructural scale, grains 
are the intersecting surfaces and their intersection regions are the 
grain boundaries. Equation (1) below reflects this concept, 
where the work of separation is related to the surface energy of 
each grain ( ��) and their grain boundary energy (���) [17], [18]. 

	�
� 
  ��� � ��� � ��� (1� 

 
Fig.2 : Two neighbor grains and their grain boundary energy and 

individual surface energies schematization. 

The effect of temperature on fracture energy values will be 
considered indirectly through the microstructural changes that 
take place upon cycling, changing orientation planes, orientation 
angles and misorientation angles. Such changes affect on �� and 

��� values, therefore 	�
� changes. Additionally, since the 

maximum temperature reached upon cycling is only about 
180°C (�0.27 of the melting point of aluminum), thus we are 
working in the cold phase, and therefore the temperature will 
have a minor influence on the energy values [19]. The effect of 
cycling on the degradation processes is the dominant. 
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In order to calculate 	�
�, we should know �� and ���. For 

that, combinations were made between some equations from 
literature in the basis of EBSD analysis. 

Fig.3 below is an EBSD image for a non-degraded IGBT 
sample at the interconnection contact between the wire and the 
metallization layer, indicating both wire edges positions (tip and 
heel). This sample was used to extract all the necessary data for 
obtaining the value of 	�
� as mentioned previously.  

 

Fig.3 : EBSD image of a non-degraded IGBT sample (SKIM63 

module) at the interconnection between the wire and the metallization 

layer. 

Experimental observations show that cracks propagate from 
the interconnection edges (heel and tip). They continue growing 
from both edges toward the center until they meet when total 
fracture occurs [20]. In order to simplify our approach, the 
methodology of calculating the critical energy has been applied 
at the heel position.  

Li et al proposed some relationships as follows in equations 
(2) for calculating the grain boundary energy in three different 
situations, depending on the misorientation angle between 
neighbor grains [21].  

0° � �� � �� ;  ��� 
 �  ∆� �1⁄  (2a) 

�� �  �� �  �� ;  ��� 
 � (2b) 

�� � �� � 90° ;  ��� 
  � (90 –  ∆��  / (90– ��� (2c) 

Where �� is the misorientation angle between grains, � is the 
Hall-Petch constant (0.6 J/m2 for aluminum [21]) and �� and �� 
are specific angles, where �� 
 20° and �� 
 70° in the case of 
polycrystalline aluminum [22].  

The ATEX software was used to calculate the grain boundary 
energies by obtaining the necessary microstructural parameter, 
which is the misorientation angles between neighbor grains. 
Fig.4 shows the crystal orientation of each grain at the heel 
position. Each of these oriented crystals has its own Euler 
indices representing the angles of orientations in all directions 
as seen for the grain indicated by the red arrow. Having such a 
difference in orientation angles among grains leads to different 
misorientation angle values. Fig.5 shows the misorientation 
angles between neighbor grains. From the data of both figures, 
the grain boundary energy can be calculated using equations (2). 

 

 
Fig.4 : Grains orientations and Euler indices representing their 

orientation angles at the heel position. 

  

Fig.5 : Misorientation angles between grains at the heel position. 

From Fig.4 it is seen that the orientation angle between 
neighbor grains highly differs from one grain to another. From 
Fig.5 it is observed that low boundary angles are dominant 
above the interconnection interface. Thus, boundary energies are 
mainly low for major boundaries referring to equation (2a) used 
for calculating the boundary energy for the case of low 
misorientation angles. In this condition, and referring to 
equation (1), the resulting cohesive energies are high. In 
contrary, when looking at the grains just at the interconnection 
sites, it is observed that the number of boundaries owing higher 
misorientation angles is higher, thus the boundary energies here 
are generally greater referring to equations (2b) and (2c), 
therefore the cohesion energies are lower from equation (1). 

The remaining parameter needed to calculate the cohesive 
energy is the surface energy. From literature, the values of 
surface energies of aluminum are mainly dependent on the plane 
of orientation of each grain [23]. Each plane of orientation has 
its own surface energy as summarized in Table 1.  

Table 1 : Values of aluminum surface energies for different 

orientations (100), (110) and (111) calculated according to [23]. 

Plane of orientation Surface energy (J/"�) 

(100) 0.900 

(110) 0.972 

(111) 0.620 

 
It is observed that the values of surface energy are greater 

than grain boundary energy values. For determining the surface 
energy values, it is necessary to have the plane of orientations of 
grains. For this purpose, Inverse Pole Figures (IFPs) are plotted 
in directions X, Y and Z as seen in Fig.6. 
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Fig.6 : IFPs in directions X, Y and Z to get the plane of orientations of 

grains at the heel position. 

By looking at X, Y and Z directions, it is seen that for each 
direction there is a favorable grain orientation for grains at the 
interconnection zone and for grains in the wire bulk. Referring 
back to equation (1), the work of separation values representing 
the cohesive energies are calculated. Cohesive energies between 
grains vary between 0.65 to 1.8 J/m2. 

 

3.2. The critical stress needed for crack formation 

 
The critical stress is the second CZM parameter needed to 

model the crack formation. Its value is affected by the grain size 
since it is linked to yield strength according to Hall-Petch 
equation (3) [24], where the yield stress is inversely proportional 
to the grain size:  

σ$ 
  σ% �  �&' ()%.+   (3) 

In this relation, ( is the grain size, σ$ is the yield stress, σ% is 

the friction stress (constant) and �&' is the Hall-Petch constant. 
In order to calculate the values of the maximal contact stress, 

we should find a linkage between this mechanical parameter and 
physicochemical properties. Since this factor has a pure 
mechanical concept, the closest parameter to it is the tensile 
stress when taking the normal direction. This approximation was 
also seen in the ANSYS verification manual [25]. Tensile stress 
is a more flexible parameter, where some physicochemical 
features can be linked to it. Thus, in this work, the tensile stress 
will be used as a representative parameter of the critical stress in 
order to relate it to some physicochemical properties. 

From references [26], [27] the relations between yield stress, 
hardness (�� and tensile stress (σ,-) are listed in equations (4) 
and (5) below, where (n) is the strain hardening exponent. 

σ$ 
 �
3  0.1/ (4) 

σ,- 
  �
2.9 0 1

0.2172
/
 (5) 

By combining these two relations, and by eliminating the 
hardness �, one can link the tensile stress and the yield stress: 

σ,- �  1.03 σ$  (46.1 1�/ (6) 

Even though the hardness measurements were operated 
through nanoindentation tests, the probable existence of certain 
amount of impurities upon bonding the wire makes it difficult to 
know precisely the values of yield and tensile stresses 
theoretically, since the strain hardening values for each grain 
will not be accurately known. Moreover, the hardness 
measurements were not precisely done at the wire edges since 
the thickness of the wire is very small at those positions after the 
welding process, thus our nanoindentation data may not be 
highly accurate because the hardness values are highly local. For 
this reason, additional method was used to obtain the tensile 
strength values inside the wire from yield stress and hardness 
values in the upcoming step. 

The strength values for grains inside the metallization are 
close since all grains are small with approximately the same size. 
The case is different for the grains inside the wire, where we 
cannot assume close values of strength for grains inside the wire. 
This is because the grain sizes are highly random inside the wire, 
by which it is possible to have very big grains and very small 
grains in the same sample. 

Starting with the yield stress, we find in the literature that for 
aluminum thin films such as metallization layers, the values are 
mainly between 100-150 MPa [28]. For aluminum wires, the 
values are between 10-30 MPa [29]. The strain hardening 
exponent is reported in literature in the range of 0.05-0.2 [30].  

Concerning the tensile strength values which represent the 
critical stresses for debonding in the CZM, these values are 
about 175 MPa for the grains at the metallization layer. This can 
be deduced when looking at the tensile stress values with 
different film thicknesses and the ratio of these tensile stress 
values to their corresponding yield stress as reported in reference 
[31]. This value could be also concluded as an average upon 
using equation (6). For obtaining the tensile stress values for the 
grains inside the wire, a relationship was established between 
hardness values and tensile stress values [32]. This article was 
working on aluminum wires in MOSFETs, with doing the same 
nanoindentation procedure to obtain the hardness values. When 
comparing the hardness values obtained in this article at the 
metallic interconnection sites with our values, big compatibility 
was observed, where the values are ranging between 450-550 
MPa. In that paper, the corresponding tensile stress values for 
these hardness values are ranging between 80-120 MPa. This 
variation in values is due to the local characteristics of grains 
such as the grain size, where smaller grains acquire higher 
strength. These values can be used as average tensile stress 
values inside the wire at the interconnection zone in our model. 

 
4. Two dimensional ANSYS modeling of the crack path 

 
In the basis of the previous analysis, a finite element model 

has been made in order to evaluate the approach and to compare 
it with experimental observations. The power module used in 
this study is a multichip IGBT power module (SKIM63), but 
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only a simplified representation in 2D of a single chip has been 
modeled for simplification reasons. The dimensions used for the 
geometrical model are given in Table 2. The material properties 
for the IGBT compartments are listed in Table 3. The non-linear 
mechanical properties of the metallization’s and wire’s 
aluminum in addition to copper are presented in Fig.7 [29], [33]. 

Table 2 : The dimensions of the power assembly model. 

Material Length 

(mm) 
Width 

(µm) 

Aluminum wire (Al) 13.9 380 

Metallization layer (Al) 6.2 5 

Silicon (Si) 7.7 140 

Silver (Ag) 7.7 20 

Superior Copper (Cu) 36 300 

Ceramic (Al2O3) 39 380 

Inferior Copper (Cu) 36 300 

Superior thermal interface 

(TIM) 
38 100 

Aluminum plate (Al) 170 5000 

Inferior thermal interface 

(TIM) 
170 100 

The cooling system (Al) 170 10000 

Table 3 : Material properties of SKIM63 module components. 
 

Al Si Ag Cu Al2O3 TIM 

Density (Kg/m3) 2700 2330 7350 8960 3780 - 

Electric resist. 
(Ω.m) 

2.7e-
8 

Rx  >>> 
Ry 

4e-8 1.7e-8 1e12 1e20 

Thermal conduc. 
(W/m.K) 

238 124 250 390 24 2 

Thermal capacity 
(J/Kg.K) 

897 750 230 390 830 - 

Poisson ratio 0.33 0.3 0.37 0.34 0.2 0.33 

CTE (ppm/K) 23.5 4.1 19.6 17 8 23.5 

Young modulus 
(GPa) 

76 131 6.28 97 370 76 

 

Fig.7 : Elastoplastic stress–strain behaviors for aluminum and 

copper. 

Grains seen in Fig.4, Fig.5 and Fig.6 at the heel position are 
represented by hexagons and positioned at the interconnection 
interface. In this model, each hexagon was supposed to have a 
radius equals to 3.54 µm, where this size is close to the size of a 
grain in the reality. Even if the cell sizes are identical in the 
geometrical model, we can account for different sizes and 
misorientation angles by using localized CZM parameters in 
accordance with the characteristics of the local microstructure. 

Since the objective is to simulate the behavior and the 
preferential path of the crack at the beginning of crack 
propagation, the cell network has been limited to the heel edge 
position. Sixty-one hexagons were put at the heel position as 
seen in Fig.8.  

 

Fig.8 : Hexagons representing the grains at the contact between the 

bond-wire and the metallization layer at the heel position. 

Since grains have different sizes especially inside the wire, it 
was assumed that there are three different grain size zones, 
where zone 1 is for the grains inside the metallization, zone 2 is 
for grains in the wire just at the interconnection with 
metallization, and zone 3 is for grains above the grains in zone 
2. This can be clearly seen in Fig.9 below representing the grains 
at the heel position. 

  

Fig.9 : Grains numbered 1, 2 and 3 representing the three different 

grain size zones at the heel position. 

After showing the existence of the three grain size zones, 
these zones were considered to exist in the hexagons inserted in 
the simulations, in order to model very roughly the particle size 
existing in the microstructure.  The first zone which is inside the 
metallization was assumed to have hexagons of 3 µm size, zone 
2 inside the wire at the contact interface acquires bigger sizes 
(3.5µm), and finally a zone 3 inside the wire above zone 2 with 
reduced sizes (2µm). These three different zones are represented 
in Fig.10. The effect of having different sizes values will be 
reflected on the values of strength they acquire. 

 
Fig.10 : The three hexagon layers representing the three grain size 

zones in Fig.9. 
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For the metallization layer (zone 1), it has higher strength than 
the strength of the wire as mentioned previously. This is because 
the wires are thick, having very big grains at the upside positions 
and very small sizes near the interconnection, whereas metallization 
layers are thin films with no big variations in grain sizes they have. 
Additionally, the composition of the metallization layer and the 
wire are not exactly the same by looking at the percentages of 
impurities in both compartments.  Moreover, it was assumed that 
zone 3 has higher critical energy values since the misorientation 
angles are lower than those in zone 2 as observed in Fig.5. This 
results higher critical energy values as discussed previously. 

Bilinear mixed-mode CZMs from the ANSYS software have 
been applied, where critical normal and tangential stresses and 
fracture energies were put at each edge of the hexagon cells of Fig.10. 
Such a model is proposed by Alfano and Crisfiled, by which it can 
reflect cyclic degradation by linearly reducing stiffness through using 
a reduction factor (1-dn), where dn is cumulative damage after n 
loadings (0≤dn≤1). If dn=1, debonding is total [34]. For reasons of 
simplification, it is assumed that critical stresses and energies have the 
same values in both directions, normal and tangential. Thus, tensile 
stress values representing the critical normal stress values for crack 
formation as mentioned previously are used for both directions.  

Critical stresses values are high in reality compared to the 
generated stresses in the simulation at early cycling, therefore, 
these values are divided by a factor of 2.75 for the hexagons 
inside the wire in order to speed up the debonding and to see the 
crack formation from the first cycles. For the metallization layer 
the values are divided by a smaller factor which is 2.25, because 
when putting high factors such as 2.75, debonding inside the 
metallization will be dominant. The reason is that higher stresses 
are generated inside the metallization layer than that in the wire, 
however in the same time the debonding inside the metallization 
not inside the wire is illogical since the real tensile strengths for 
the metallization grains are surely higher than that for the wire 
grains. Then, for zones 1, 2 and 3, the normal and tangential 
critical stresses are set to be 78 MPa (175/2.25), 28 MPa 
(80/2.75) and 40 MPa (110/2.75) respectively, whereas the 
normal and tangential critical energies are set to be 1 J/m2, 1 J/m2 
and 1.8 J/m2 respectively for all the hexagon edges.  

Additional cause for using specifically the 28 MPa and 40 
MPa reduced critical stress values can be mentioned here. By 
assuming the 28 MPa value for hexagons in zone 2, the yield 
strength for those hexagons can be deduced using equation (6). 
It is assumed that the hexagons size in zone 2 (d�) is about 3,5 
µm and about 2 µm for the hexagons in zone 3 (d6), and the 
strain hardening coefficient (n) = 0.1. By subtracting the Hall-
Petch equations corresponding to both zones, the yield strength 
value for the hexagons in zone 3 can be deduced after knowing 
by how much the yield strength value for hexagons in zone 3 is 
greater than that for hexagons in zone 2. Finally, using equation 
(6), the 40 MPa for zone 3 is obtained. 

As the mechanical behavior does not have significant 
feedbacks on the thermal results, a weak thermo-mechanical 
coupling has been chosen in the simulation model. Thus, two 
consecutive simulations were applied to represent the power 

cycling. The first one is an electro-thermal simulation for the 
whole system to obtain the most representative possible thermal 
gradients. Then, the resulting temperature maps are used as 
loads for a mechanical simulation associated with the mixed-
mode CZM. Since the computation time is high, only few cycles 
can be reasonably simulated in order to see the first occurring 
processes and the initial crack propagation path.   

a) Electro-thermal simulation 

Concerning the electro-thermal simulation, eight power 
cycles (ON/OFF states) in a DC mode were applied. As for the 
experimental tests described in [15], during the heating phase a 
current density of 7337 A/m2 was injected in the device during 
3 seconds (789) corresponding to 56.5 A. This leads to a forward 
voltage through the IGBT chip of approximately 2 volts. The 
cooling phase was considered to have a duration of 6 seconds 
(78::). The cooling model is represented by a forced convection 
at the bottom part of the module with a convection coefficient of 
1500 W/m².K and an ambient temperature of 45°C. These test 

conditions led to a junction temperature swing of ∆;< 
 110  ̊C 

due to Joule effect. This junction temperature swing value was 
specifically chosen since it corresponds to the experimental test 
conditions in [15]. Fig.11 below shows the initial and boundary 
conditions of this electro-thermal simulation. 

 

Fig.11 : The electrical simulation boundary conditions. 

b) Mechanical simulation 

The temperature maps obtained by the electro-thermal 
simulation were used as loads for the mechanical one. Since 
major deformations occur at the upper metallic part, only those 
parts are considered in this simulation. Zero-displacement 
boundary conditions were applied at the bottom edges of the 
lower copper layer (lower DCB part) as seen in Fig.12 below. In 
addition, all the hexagon edges were assigned as contact pairs 
associated with CZM parameters as mentioned previously to see 
the crack formation and propagation. Those inserted parameters 
were controlling the debonding process (cracks formation) 
according to the generated stresses. 

 

Fig.12 : The mechanical constraints applied on the edges of the lower 

part of the DCB substrate. 
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5. Simulations results 
 

The resulting junction temperature swing averaged on the 
volume of the IGBT chip, can be seen in Fig.13 below.  
 

  
Fig.13 : Junction temperature profile after 8 power cycles. 

Normal stresses ?@, ?$ and shear stresses ?@$ are plotted 

at the end of the eighth cycle for the three zones in Fig.14, 

Fig.15 and Fig.16 respectively (unit is Pa). These stresses 

values are plotted in order to compare them with the CZM 

stresses values. When normal or tangential stresses are 

greater than the normal or tangential CZM parameters, 

debonding is expected to occur. For debonded contact pairs 

the values of stresses decrease until reaching a value of zero 

when debonding is complete. 

  

Fig.14 : AB distribution at the heel position in zones 1, 2 and 3. 

 

Fig.15 : ABC distribution at the heel position in zones 1, 2 and 3. 

 

Fig.16 : AC distribution at the heel position in zones 1, 2 and 3. 

From previous figures, it can be concluded that debonding is 
expected to occur mainly in zone 2 since stresses values in some 
positions in this zone exceeded the critical stresses, in addition, 
stresses there are generally higher than those in zone 3. 
Moreover, hexagons in zone 1 have much higher strength than 
those in zones 2 and 3. In order to verify this, Fig.17 showing 
the debonding map after 8 power cycles at the heel position was 
plotted. In this figure, the scale is the debonding factor, which 
ranges from 0 (no debonding) to 1(full debonding). Intermediate 
values give locations with partial debonding. 

  
Fig.17 : Debonding map at the heel position after 8 power cycles. 

By applying the same simulations with all previous 

conditions but this time by inserting the sixty-one hexagons at 

the tip position not at the heel one, the crack formation was 

slower, this maybe signifies that cracks start formation primarily 

at the heel position and then after several number of cycles other 

cracks start to form at the tip position. The debonding map at the 

tip position is plotted in Fig.18. 

  
Fig.18 : Debonding map at the tip position after 8 power cycles. 

Starting from what was mentioned in the previous sections 
about the crack propagation dependence on physicochemical-
microstructural parameters through linking them to the CZM 
parameters, other things can be also concluded from the 
debonding maps. First, debonding is observed to be at the zone 
just above the interconnection between the wire and the 
metallization. This is logical since the generated stresses are 
higher than their corresponding critical fracture stresses. 
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Debonding did not occur inside the metallization layer even 
though the generated stresses are high, this is because all the 
grains of thin metallization films have small grain sizes, thus 
they acquire higher strength referring to the Hall-Petch 
relationship, therefore their corresponding critical stress for 
debonding are higher. The situation inside the wire is totally 
different, where grains are generally larger and it is possible to 
have high variety in terms of grain size between one grain and 
its neighbor. Additionally, from the simulations results it was 
deduced that debonding starts from terminal hexagons at the 
interconnection between the bonded wire and the metallization 
layer at both heel and tip positions. This is due to the existence 
of maximal temperatures and stresses at those positions. 
Moreover, it is deduced that cracks start formation at heel 
position with higher speed than that at the tip.  

Experimentally from SEM, cracking just above the 
interconnection interface was verified. Fig.19 shows the crack 
evolution at different number of cycles. From this figure, it is 
deduced that cracks are formed first at the heel position with 
faster speed than that at the tip. This can be realized when 
comparing the wire’s crack path at both wire’s tip and heel 
positions for samples degraded at 10% and 25% DE, where DE is 

the number of cycles to failure. Cracks then continue 
propagating from both edges towards the center of the bottom 

wire zone, as observed in the sample degraded at 50% DE. When 

DE is reached (100% DE), cracks are totally distributed at the 

whole bottom wire zone, where total separation (lift off) occurs. 
All these observations are in coherence with literature and 
experimental data [10], [11]. 

 

Fig.19 : The crack propagation for samples degraded at 10% FG, 

25% FG, 50% FG and 100% FG. 

 
6. Conclusions 

 
This paper showed a new approach of modeling the fatigue 

problem of the upper part of semiconductor power electronics, 
by relating it to several physicochemical and microstructural 
parameters, such as the grain boundary energy, surface energy, 
grain size, the misorientation angle and hardness. The 
relationships between those parameters and the crack formation 
and propagation processes, in addition to the possibility to 
predict the crack formation and propagation from 
physicochemical-microstructural factors have been shown in the 
second section. Those relationships were expressed in the third 
section by modeling the fatigue problem using the ANSYS 
program, where the effect of physicochemical-microstructural 
factors was so clear on the debonding and cracks formation. 
Cracks were seen to occur near the wire-metallization 
interconnection starting from the wire edges, most probably 
from the heel position. This was verified experimentally from 
SEM tests, after showing some degraded samples. All these 
degradation observations were shown to be related to 
microstructural features and physicochemical properties of 
degraded materials. Such study has the advantage of enabling us 
to understand smoothly the manner of crack formation and the 
main parameters affecting on it through interpreting the 
microstructural changes occurring. 
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