
HAL Id: hal-01061431
https://hal.science/hal-01061431v1

Submitted on 5 Sep 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Crack Propagation Modeling in Silicon: A
Comprehensive Thermomechanical Finite-Element

Model Approach for Power Devices
Damien Calvez, Fabrice Roqueta, Sébastien Jacques, Laurent Bechou, Yves

Ousten, Samuel Ducret

To cite this version:
Damien Calvez, Fabrice Roqueta, Sébastien Jacques, Laurent Bechou, Yves Ousten, et al.. Crack Prop-
agation Modeling in Silicon: A Comprehensive Thermomechanical Finite-Element Model Approach
for Power Devices. IEEE Transactions on Components Packaging and Manufacturing Technology Part
B, 2014, 4 (2), pp.360-366. �10.1109/TCPMT.2013.2293094�. �hal-01061431�

https://hal.science/hal-01061431v1
https://hal.archives-ouvertes.fr


360 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 4, NO. 2, FEBRUARY 2014
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Finite-Element Model Approach
for Power Devices

Damien Calvez, Fabrice Roqueta, Sébastien Jacques, Laurent Bechou,
Yves Ousten, Member, IEEE, and Samuel Ducret

Abstract— Wafer handling during the manufacturing process
introduces microcracks and flaws at the wafer edge. This paper
aims at determining whether an initial crack would be able to
propagate through the silicon active region of power devices when
it is subjected to high electrothermal loads during operating
conditions or accelerated thermal cycling tests. Failure analysis
performed on these power devices has revealed some typical
propagation paths. The most critical crack propagation cases
(or paths) were determined by finite-element model simulations.
The energy release rate has been calculated for different crack
lengths, locations, or thermal loads, and then compared with
the silicon critical energy release rate. Hence, different critical
crack lengths have been determined. The effect of dice design,
temperature, or mechanical properties of the materials on crack
thresholds has been also investigated.

Index Terms— Brittle, crack propagation, energy release rate,
fracture, power device, reliability, silicon.

I. INTRODUCTION

NUMEROUS papers have been published on the fracture
mechanic of brittle materials, particularly focused on

silicon [1]–[4]. These papers are usually written by experts
who assume that the reader has an extensive knowledge in
applied mechanics and particularly in fracture mechanics of
materials. Engineers concerned with reliability assessments for
microelectronic packaging applications may not have necessar-
ily such an extensive background or sufficient time to study
these complex fracture mechanic issues. In such a context,
a finite-element model (FEM) can be developed to study crack
growth in brittle materials and to evaluate reliability relative
to these fracture issues. Crack propagation mechanisms are
commonly investigated through dynamic models [5], analytical
models [6], or both [7]. Brittle materials can be studied
using linear elastic fracture mechanics (LEFM) and these
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calculations are valid for silicon dice that are considered
as brittles [8]. Thus, a rate-independent quasi-static fracture
analysis can be performed to characterize the energy release
rate associated with the corresponding crack growth.

In this paper, an LEFM-based FEM has been developed and
applied on microelectronic devices to simplify implementation
of complex fracture mechanics laws. This paper is focused on
power components conducting several amps in various appli-
cations (home appliances or industrial applications). Regarding
these applications, the silicon dice are commonly assembled in
a TO-220AB package. One critical step, which could impact
the die quality, is the sawing step, made on a wafer, before
the die assembly.

Various surface roughnesses may be observed around the
die (Fig. 1) depending on the quality of the sawing step
and the dimensions of the silicon die and such a roughness
could lead to cracks at the initial state presenting different
lengths and depending on the process quality, sawing speed
or blade dimensions. Such propagation phenomena could take
place through the silicon due to high electrothermal stress
levels from the loading conditions, i.e., during the operating
conditions of the device. This paper aims to develop a model
which is able to determine the critical crack length for each
loading condition.

II. 2-D LINEAR ELASTIC FRACTURE BACKGROUND

Many laws are available to use fracture and damage
mechanics. Most of these approaches require high knowledge
and devote much time, which may not be compatible with
industrial reliability purposes. LEFM can be used to simplify
these studies and grants a suitable approach to evaluate crack
propagation through brittle materials. LEFM can be applied
on silicon, which is known as a brittle material [9]. Thus,
its mechanical behavior can be described using a linear
elastic law.

Two fracture criteria can be used to evaluate and predict
crack propagation. Stress intensity factors (KI and KI I ) are
related to the stress state near the crack tip and linked to the
different opening modes (tensile, in-plane shear and antiplane
shear). The energy release rate (G) corresponds to the energy
dissipated during fracture per newly created fracture surface
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Fig. 1. Surface state of silicon sawing steps lead to different roughness
(1 and 2).

area. Three methods are available for evaluation of these
parameters:

1) J -integral calculation based on the integral domain
approach [10];

2) direct energy-release rate calculation based on the virtual
crack close technique [11];

3) stress–intensity factors calculated through displacement
extrapolation [12].

For this paper, the J -integral method has been considered.
Introduced in [10] and [13], the J -integral is directly linked
to the energy release rate G as described in

J = G = −
(

∂U

∂a

)
(1)

where ∂a is the length of the new cracked surface and �U
the potential energy available for crack growth. Furthermore,
some assumptions are required to use the J -integral method:

1) crack has been initiated;
2) plastic zone near crack tip is small;
3) points of analysis are near the crack tip (r < 0.1 ×

crack length).
Silicon, which is known to be an anisotropic material, is also
assumed to be isotropic. In this paper, the worst crystal plane
regarding crack growth is studied, but the crack propagation
may be impacted depending of the crystal plane of your
material especially in case of crack bifurcation [14]. Moreover,
anisotropic material properties of silicon were also simulated,
but the effect on energy release rate was not significant.

J -integral calculations can be considered as valid for linear
elastic, nonlinear elastic, and elastoplastic materials. As can
be seen in (2) for linear elastic material, J -integral is related
to the stress intensity factors

J = 1

E

(
K 2

I + K 2
I I

)
(2)

where I and II denote two of the three fracture modes and
E is the Young’s modulus. Energy release rate calculated from
the J -integral method will be compared to the silicon critical
energy release rate of the silicon (Gc) that is equal to the twice
of the surface energy density γ [15]

GC = 2γ. (3)

Fig. 2. Schematic cross section of a power device implanted for FEM
simulations and degrees of freedom.

TABLE I

MECHANICAL PROPERTIES OF MATERIALS [16]

Fig. 3. Thermal profile showing a temperature gradient appearing on etch
termination when the device is turned on.

III. FEM DESCRIPTION

An FEM has been created for the whole power device
package. Boundary conditions are applied on each bottom
corners of the resin, bottom-left corner is fixed and bottom-
right corner is blocked on y-axis (translation is allowed)
(Fig. 2).

A 2-D cross section of the device is used to simplify
the crack propagation modeling. The simulations have been
performed using the ANSYS software (v14). Regarding the
materials of the package and their behavior during the load-
ing conditions (low variation of mechanical properties), the
implanted linear elastic parameters are reported in Table I.

This model consists of 175 000 quadratic plane–stress
elements and 530 000 nodes. For the crack tip modelling,
which numerically corresponds to a singularity, degenerated
triangular-shaped elements are required [17].

Two kinds of thermal conditions have been considered to
study the different paths of crack propagation and deter-
mine the most critical cases. The first one is a uniform
temperature applied on the whole structure. This thermal
state corresponds to the operating steady state or to thermal
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Fig. 4. Typical cross section of the power device studied. The potential crack
propagation could occur through the silicon.

Fig. 5. Refined meshing around crack tip and crack lips.

stress sustained during thermal cycling test. The second one
corresponds to the first electrical half-period after the device
operation.

A hot spot is obtained in the silicon active region with
a strong temperature level about 410 K (Fig. 3). Thermal
distribution is calculated by electrothermal simulations for
which thermal dependence of material properties has been
considered, including Joule heating.

An initial crack is introduced in the silicon die (Fig. 4) by
splitting the material. The crack propagation is modeled as a
static growth; each simulation corresponds to a single crack
length.

The J -integral method is known to be path-independent,
but due to the crack length which is about two or three
micrometers for the smallest, the contour integral do not
always give stable results [18]. The meshing is refined to
ensure this stability; especially, on the crack tip (Fig. 5), and
get several contours for the J -integral. Thus, stress singularity
on crack tip is apart and it can provide stable results.

Contact models are used to achieve the best match as pos-
sible regarding physical behavior of crack lips. Based on the
normal Lagrange formulation, these models does not require
any penetration to develop forces at the contact interface and
prevent from any penetration unlike the traditional penalty
formulations (Fig. 6).

1) All-bonded model between the whole structure and the
resin (molding compound), materials are stuck together.

2) No separation model between etch termination near the
crack and resin, frictions are allowed but resin cannot
delaminate itself.

3) Frictionless model between crack lips to prevent overlap,
separation is allowed.

Fig. 6. Numerical contact models applied on the structure.

Fig. 7. Example of straight crack propagation in silicon and its position from
passivation after thermal cycling test.

Residual stress in the resin has been also considered. Due
to the molding process which is done at 175 °C during
2 min under pressure (100 bar), thermal strains are not relaxed
at room temperature. Thus, the reference temperature of its
coefficient of thermal expansion has been fixed to molding
temperature (Tref = 175 °C).

IV. STRAIGHT CRACK PROPAGATION ANALYSIS

Accelerated life tests performed on critical samples (poor
surface state at its baseline and many initial cracks) showed
different crack propagation paths: straight, weak bifurcation
and growth at the Si/passivation interface. The first case
corresponds to a linear propagation through the silicon as
indicated in Fig. 7.

A. Influence of Temperature

We have simulated each crack length and estimated the
corresponding energy release rate value for different uniform
temperature values (50 °C–150 °C) applied on the whole
structure as plotted in Fig. 8. The electrothermal profile has
also been simulated.

Hence, a critical length value for all considered loads is
highlighted. Propagation could occur when the corresponding
energy release rate becomes higher than the critical energy
release rate (Gc) of the silicon [4]. This one has been measured
using the nano-indentation technique on several silicon wafers.
Its value is close to 2 J/m2 for <111> crystal plane which
is also assumed to be the most preferential plan for crack
propagation [4].
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Fig. 8. Variation of energy release rate G (J/m2) versus crack length (μm)
for different temperatures.

Fig. 9. Variation of energy release rate G (J/m2) versus crack length (μm) for
different distance between crack and Si/passivation interface (electrothermal
load).

We can also notice that a temperature variation leads to
different critical crack lengths. The higher the temperature,
the higher the critical crack length is. It can be explained
by residual stress in the resin. Indeed, when the molding
temperature is reached, most of the structure becomes stress-
free and the silicon is less stressed. Moreover, no critical length
can be found out for uniform thermal profiles, the energy
release rates being much lower than the Gc parameter.

For electrothermal load, a single temperature spot on the
silicon active region does not seem to be sufficient to enable
crack growth but has more probability to initiate crack prop-
agation than uniform thermal loads.

B. Influence of the Distance from the Passivation

The influence of both the distance from the nearest pas-
sivation interface and the initial crack length is now under
investigations (Fig. 7). Electrothermal loading seem s to be
the most critical load and is now used as reference. A large
variation of energy release rate is noticed depending on this
position, while G is not affected by the distance for shorter
crack lengths (up to 10 μm) (Fig. 9).

Above 10 μm and up to 80 μm, it is clear that the
distance from the passivation layer greatly impacts the crack

Fig. 10. Schematic variation of the edge termination length.

Fig. 11. Variation of energy release rate G (J/m2) versus crack length (μm)
for two different junction edge termination sizes (electrothermal load,
distance = 10 μm).

propagation and corresponding energy release rate (i.e., 100%
for both a distance between 4, 13 and 50 μm crack length).

Nevertheless, for such a temperature load no crack prop-
agation threshold appears with variation of the initial crack
profiles. Interfacial stress near the passivation seems to influ-
ence significantly the crack propagation: cracks close to the
passivation have more risk to be propagated.

C. Influence of Die Design

According to the specifications of components (power sup-
ply, insulation, and function), various die and/or packages
designs are used. The effect of these structures on crack
propagation is evaluated. Two sizes of edge termination have
been considered for simulations (Fig. 10): 150 and 250 μm.

The energy release rate is calculated in the two cases.
The electrothermal profile is applied on the whole structure
and different crack lengths ranging from 5 to 100 μm are
simulated (Fig. 11).

For shorter cracks until 15 μm, the short edge termination
appears more sensitive to crack propagation. A large increase
of the energy release rate is noticed for the longest junction
edge termination. A crack would not be able to be propagated
through the shortest width. For the longest edge termina-
tion width, a critical crack length appears at 56 μm, which
corresponds to a very high crack length as compared to
the average length of initial cracks. For both structures, an
initial crack with a regular length about 10 μm would never
be propagated, but a large impact of dice designs on crack
propagation can be noticed.
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Fig. 12. Schematic crack propagation which bifurcated through silicon.

Fig. 13. Variation of energy release rate G (J/m2) versus bifurcation
angle (°) for two crack lengths of 10 and 50 μm (electrothermal load,
distance = 10 μm).

V. CURVED CRACK PROPAGATION ANALYSIS

The failure analysis also showed another crack path, which
slowly bifurcate during the propagation (Fig. 12), and always
toward the top Si/passivation interface. Hence, the possible
crack bifurcation has been investigated.

Different approaches are available to evaluate crack bifur-
cation. Most of these models give equivalent results [19]. The
maximum energy release rate criterion is chosen: crack will
progress toward maximizing the energy release rate in front
of the crack tip [20], [21].

To do determine the bifurcation direction, the J -integral
method allows changing the normal plan of the crack and
calculating the energy release rate for each virtual bifurcation
angle [22].

Thus, it is possible to determine which angle is the most
critical and what path crack will be followed. The G parameter
is calculated for each angle, from −90° (i.e., toward the inside
of the silicon area) to +90° (i.e., toward the Si/passivation
interface).

In a first time, bifurcation angle is determined for two
specific crack lengths: a short one (10 μm) as compared to a
longer one equal to 50 μm (Fig. 13).

For the shortest crack length, a straight propagation appears
and the maximum value of the energy release rate corresponds
to no bifurcation angle. If crack growth could occur for this
length, it would not significantly bifurcate. Regarding the
longest one, a weak bifurcation of about 30° toward the Silicon
is highlighted.

The impact of the distance between the crack and the
Si/passivation interface on bifurcation angle is also studied.
The results are reported in Fig. 14.

Fig. 14. Energy release rate G (J/m2) versus bifurcation angle (°) for
different distances between crack and Si/passivation interface (electrothermal
load, crack length = 40 μm).

TABLE II

EFFECT OF COEFFICIENT OF THERMAL EXPANSION AND YOUNG

MODULUS ON ENERGY RELEASE RATE FOR THREE

MATERIALS: SILICON, RESIN AND PASSIVATION

A significant bifurcation angle about 30° is found out toward
the silicon regardless of the distance between the crack and
the passivation interface. For an electrothermal load, the crack
position has no effect on bifurcation angle.

VI. IMPACT OF MECHANICAL PROPERTIES ON CRACK

PROPAGATION

To check the influence of the material properties on the
energy release rate to get a better understanding on the most
critical conditions for crack propagation ignition. A paramet-
ric variation has been done for several materials and their
corresponding mechanical parameters: coefficient of thermal
expansion (CTE) and Young’s modulus (E).

Most materials do not have any significant effect on the
energy release rate and only those with a relevant effect were
retained: resin, silicon, and passivation. The fracture criterion
was calculated for four cases.

1) Shorter crack length (5 μm):
a) near the interface;
b) far from the interface.

2) Longer crack length (45 μm):
a) near the interface;
b) far from the interface.
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Fig. 15. Variation of nergy release rate G (J/m2) versus Young’s modulus (Pa)
of resin considering different CTEs (C−1) of resin (electrothermal load, crack
length = 30 μm, distance = 10 μm).

Qualitative results are summarized in Table II taking into
consideration that: + and − corresponds to the increase in
the parameter in relation with an increase or a decrease of
the energy release rate, respectively. The number of + or −
indicates the level of impact of the parameter.

One can observe an important effect of the resin on the
energy release rate for both E and CTE parameters. When
the crack is longer, it appears a higher influence of these
parameters on the energy release rate. Furthermore, when
crack is near the passivation it can be also denoted an increase
in the influence of these mechanical parameters. Silicon and
passivation have also more impact on fracture criterion for
shorter cracks, but barely as compared to the resin.

To confirm the important effect of the resin, energy release
rate is estimated for a variation of the E and CTE mechanical
parameters related to the moulding compound (Fig. 15).

As expected, the results report a significant increase in the
energy release rate especially when both Young’s modulus and
coefficient of thermal expansion get high. The current choice
of parameters seems to be one of the best combinations to get
the lowest energy release rate as possible.

VII. CONCLUSION

This paper deals with a simplified and meaningful crack
propagation model based on thermomechanical assumptions. It
allows evaluating probability for this kind of failure on power
devices under different thermal loadings. This model can help
to determine which thermal conditions are the most critical
for the silicon, and which one could lead to a failure.

The impact of temperature on critical crack length has been
evaluated. No propagation thresholds appear for uniform ther-
mal loads but electrothermal load seems to be the most critical
thermal stress regarding crack growth. Crack bifurcation has
also been investigated. The results indicate few influence of the
distance from the crack with the passivation for electrothermal
load. A bifurcation angle can be estimated depending on the
crack position or length. A crack has more risk to bifurcate
toward silicon when its length becomes longer.

Initial crack positions on silicon also affect significantly the
corresponding energy release rates. A crack of 20 μm will be
four times more critical at 4 μm instead of 13 μm from the
passivation interface. Furthermore, it has been shown that the

resin is the material which has the highest impact on crack
growth, especially when residual stresses are considered.

This model can also be used to predict which die designs
are the most critical for crack propagation and to prevent early
failures due to these crack propagation. It has been shown that
a longer junction edge termination induces more probability
to initiate a crack growth.

Moreover, failure analyses have also shown crack prop-
agation at the Si/passivation interface due to a deflected
crack growth or an initial defect located there. A material
characterization of the separation surface energy between these
two materials (silicon and passivation) will be carried out to
investigate this propagation case. It will be performed using
the microhardness indentation technique.
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