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1. Introduction

In microelectronic packaging, wire bonding is the predominant
method for making electrical connections between the silicon chip
and the package lead-frame. Gold wire is the most popular inter-
connection material used in the wire bonding process. However,
gold is increasingly substituted by copper since copper is not only
a much cheaper alternative but it also offers several physical
advantages such as better mechanical, electrical and thermal prop-
erties [1,2]. On the other hand, since copper is stiffer than gold, the
window available for the optimization of wire bonding process
parameters is much narrower [3,4]: higher bonding force and
ultra-sonic energy are necessary to create a reliable connection
to the silicon chip I/O pads, with a reduced margin against damag-
ing their multi-layer structure, consisting of alternate metal and
dielectric thin films.
These constraints represent the main task for wire-bonding pro-
cess optimization on smart-power ICs, where high current capabil-
ity and low output resistance requirements can strictly be met
through the adoption of thick bonding wires (from 1.2 mil up to
3 mil gold, being replaced by 1.2 mil up to 2.5 mil pure copper).
This is the main scope of the present paper, which deals with sili-
con and packaging technologies commonly used for medium-
power integrated circuits.

The results here described are not directly applicable to
advanced fine-pitch CMOS ICs with complex bond-pad stack and
low-k dielectrics. These are usually bonded with small diameter
copper (less than 1 mil), and the primary concern is the wire work-
ability at 1st and 2nd bond tips; this has been effectively addressed
through the use of Pd-coated copper wire, which mitigates the risk
of wire and free-air ball oxidation.

For smart-power components, often exposed to harsh applica-
tion environments, the risk that micro-damages induced during
the wire-bonding process could evolve into more severe cracks
during the component field life often obliges silicon designers to
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Nomenclature

d distance in Fig. 1
r radial coordinate about the crack tip
AF acceleration factors
E elastic modulus
FEM finite element method
FIB focused ion beam
FM failure mode
F applied force
Fwd force acting on the ball bond
Fwt force acting on the stitch bond
G shear modulus
h distance in Fig. 1
H distance in Fig. 1
HTS high temperature storage
IMC intermetallic compound
K1, K2 complex stress intensity factors

KI, KII standard mode stress intensity factors
PMC post mold curing
SEM Scanning Electron Microscope
SIF stress intensity factor
TC Temperature Cycles
a, b Dundurs parameters
e parameter in Fig. 1
/ angle in Fig. 1
h angular coordinate about the crack tip
h0 crack propagation direction
m Poisson’s ratio
r standard deviation
rh hoop stress about the crack tip
Da crack extension
DF difference in mechanical strength
DSIF difference in stress intensity factor

Fig. 1. Outline of pull test geometry [7].
avoid active circuits and metal routing under the bond-pad area.
But also in case of purely ‘‘passive’’ bond-pads (i.e. all metal levels
shorted and no active areas below), the maximum tolerable level of
micro-damages induced by copper bonding has to be accurately
characterized and controlled during massive manufacturing, in
order to assure an adequate and reliable mechanical integrity of
the connection.

The commonly-used process controls for the mechanical reli-
ability of wire-bonding are the ‘‘wire pull’’ and the ‘‘ball bond
shear’’ tests [5–7]. During process validation they are assumed as
a key indicator for the process optimization (DOE) and often
repeated on reliability-aged samples, even in absence of functional
failures, in order to assess the lifetime margins. One of the most
alarming failure modes in wire pull and ball shear testing is the
so-called ‘‘cratering’’ whereby the silicon substrate under the ball
bond breaks before the copper wire itself (pull) or the top metal
interface (shear) [8]. This could reflect an undesired weakening of
the bond-pad structure due to excessive bonding force and energy,
or represent a possible intrinsic breaking mode for the system when
submitted to the test, neither activated by pre-existing defects nor
by reliability stresses, and not therefore to be assumed as a symp-
tom of functional failure risk during the component field life.

Mechanical cross-sections of the bonds pulled or sheared in cor-
respondence of different step of stress have been used as a way to
investigate how the failure modes are generated and propagated in
the bond-pad structure during the destructive testing. Corner con-
ditions of the wire-bonding parameters intentionally set at the
upper limit of the process window, and accelerated stress treat-
ments close to simulate the most severe reliability requirements,
have been implemented on the test samples in order to explore
the most critical area for pull and shear test responses. This
approach reflects a recommended practice in reliability testing in
a perspective of ‘‘robustness improvement’’.

Moreover, a finite element model has been developed in order
to simulate pull and shear tests. In this way, an efficient and reli-
able tool is provided to predict the bond behaviour and possible
problems concerning its interface deterioration rate through the
usage of the stress intensity factor (SIF) from the linear elastic frac-
ture mechanic [9].

The potentiality of a numerical approach in the failure prevision
and study is utterly interesting: not only for being faster and
cheaper than an experimental campaign but, especially, for being
able to simulate many different situation and explore various sce-
narios simultaneously in order to understand the significant vari-
ables of the problem.
Finally, the innovation concerning the use of the SIF as a charac-
terizing parameter, presented in this article, can be fundamental to
develop a further aspect useful for the prevision of interface reli-
ability and deterioration: acceleration factors (AF) are often based
on Coffin–Manson law [10], but this law is not applicable to mate-
rials in presence of damages or cracks; a new AF based on the SIF is
being developed. This new AF can be suitable for predicting the
bond reliability under different conditions.
2. Experimental

In order to investigate the wire pull and ball shear test failure
modes, two different batches of a same device have been submit-
ted to accelerated stress treatments [11]. A total amount of 56
units has been tested through wire pull test [12,13] and ball shear
test [14,15], containing 1120 copper wire bonds.

A smart-power device has been used to build the test samples,
in which the bond-pad structure consists of a 3.1 lm-thick AlSiCu
film sputtered over a silicon area free of active components. A
2.7 lm-thick silicon oxide stack insulates the bond-pad metal plate
from the silicon. The device is assembled in a power surface
mounting package encapsulated by halogen-free mold compound.
Pure copper wire (4 N type) has been used to connect the bond-
pads to the package lead-frame, offering adequate electrical con-
ductivity to meet the RDSON targets for the selected device.



Table 2
Stress sources: link between stress treatments and manufacturing or use conditions.

Sample
group

Thermo-sonic
wire bonding

Plastic package
assembly
cycle

Thermo-
mechanical
fatigue

Thermal-aging

Un-molded U

Molded U U

TC U U U

HTS + TC U U U U
A thermo-sonic wire bonding process has been adopted. Thanks
to the high melting point of the die-attach material, based on
PbSnAg soft-solder, the bonding temperature could be set at
240 �C. A forming gas flow around the bonding tool prevented
FAB (Free Air Ball) oxidation during the bonding phase.

The first batch of units has been assembled with a 2 mil copper
wire, using the nominal wire bonding process parameters from a
previous DOE; the target bonded ball diameter and height were
140 lm and 35 lm, respectively. The second batch has been
assembled with a 2.5 mil wire using the ‘‘upper corner’’ parameters
(maximum bonding force and ultra-sonic power) determined for a
bonded ball diameter of 150 lm, keeping the same ball height as
for the 2 mil batch.

In terms of bond force and ultrasonic power per area unit, the
second batch required a 40% increase of these two inputs parame-
ters with respect to the first batch. Accordingly, the second batch
was expected to exhibit a more severe compression of the AlSiCu
metal compared to the first batch, with increased probability that
micro-defects are induced at the underlying dielectric interface.
Polished cross sections have confirmed a good interface flatness
on the 2 mil ball bonds, with 1 lm of residual AlSiCu below the
CuAl intermetallic phases, while the 2.5 mil ball bonds exhibited
a remarkable deformation at their interface with the underlying
metal, leaving a residual AlSiCu thickness often lower than 1 lm
in the bond peripheral region.

The main purpose of the second batch was to compare pull and
shear test responses, and then model the related failure modalities,
in a borderline situation for the mechanical impact of the ball
bonding operation, approaching the maximum tolerable stress
for the bond-pad structure integrity. From this perspective, it is
important to remark that both the recipes used to generate the
samples batches came from a DOE procedure which included the
absence of evident oxide or silicon damage (cratering) among the
optimization targets. This is normally verified through a ‘‘cratering
test’’ method consisting of ball bond and bond-pad metal chemical
etch, followed by an optical inspection of the exposed dielectrics at
10� to 50� magnification. So the tested samples were reasonably
free of pre-existing oxide or silicon cracks inside the bonding area
induced during the wire bonding operation.

For each batch, four sample groups have been thus analysed as
shown in Table 1 corresponding to stress situations described in
Table 2:

Un-molded: units did not experience any additional assembly
operation or ageing treatment after the thermo-sonic wire bond-
ing. This sample represents the time-0 reference without any age-
ing; the physical condition of the bonds is that determined by the
wire-bonding operation itself. In-process statistical controls for the
wire-bonding step are usually performed at this stage.

Molded: units were taken out of the plastic molding and Post-
Mold Curing (PMC) operations, which impose a 4–10 h isothermal
bake at 175 �C, typically. This is representative of the ageing level
resulting from the plastic package assembly cycle, as no significant
thermal stress is then experienced by the components during the
subsequent operations until finishing and functional test.

TC: a number of 500 Temperature Cycles were performed in an
air-to-air shock chamber, in the range �65/150 �C with a 15 min
dwell time at each temperature (2 cycles/h). This is a standard
Table 1
Stress matrix: accelerate stress treatments to which the devices have been submitted.

Sample group Stress condition

Un-molded –
Molded 8 h @ 175 �C
TC 500 thermal cycles in the interval �65/+150 �C
HTS + TC 168 h @ 150 �C and subsequent 500 thermal cycles in the interval
reliability test [5] simulating both the ON/OFF cycles and the pas-
sive temperature swings driven from the external ambient during
the component field service.

HTS + TC: a stress sequence consisting of 168 h isothermal stor-
age at 150 �C followed by 500 TC (stress conditions as above) has
been implemented, for a more complete simulation of the field
application environment, where steady-state operation at high
temperature is experienced by the component in parallel to the
active and passive temperature excursions.

The possible failure modes from destructive wire pull and ball
shear tests are presented in Tables 3a and b, and they can be
divided into ‘‘acceptable’’ and ‘‘not acceptable’’ (i.e. potentially crit-
ical) on the basis of the consolidated process control practices
extensively applied for gold wire-bonding. Broadly speaking, a
not acceptable failure mode is a failure mode that highlights a
potentially dangerous degradation mechanism for the device reli-
ability, and should therefore trigger a deeper and careful assess-
ment. It is important to underline that the numbering of the
failure modes in Table 3 does not fulfil progressive numbering cri-
teria, but the failure modes have been labelled according to inter-
nal classification system.

Destructive wire pull test and ball shear data were collected in
correspondence of the four different stress situations for the two
batches of units. Two different aspects of each test have been
recorded: the occurrence frequency of each failure mode (in per-
cent) and the correspondent mean breaking force (in grams). A
‘‘DAGE BT 4000’’ bond tester has been used, which can accommo-
date either pull or shear load cartridges with appropriate load
ranges and offers the possibility to plot the applied load against
test time. Pull and shear test parameters have been optimized, car-
rying out specific assessments in advance to the data collection.

Pull test has been outlined as shown in Fig. 1 in order to opti-
mize the pulling hook position and minimize the variance in the
test results. The force F applied to the hook can be related to the
actual forces acting on the ball bond Fwd and on the stitch bond
Fwt through Eqs. (1) and (2) respectively.

Fwd ¼ F �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð1�eÞ2 �d2

ðhþHÞ2

r
� ðhþ HÞ � e � cos /� h

d � sin /
� �

hþ e � H

2
664

3
775 ð1Þ

Fwt ¼ F �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ e2 � d2

p
� ð1� eÞ � cos /� ðhþHÞ

d � sin /
� �

hþ e � H

2
4

3
5 ð2Þ
Corresponding moment in device lifetime

‘‘Time-0’’
Assembled device
ON/OFF cycles and passive temperature swings

�65/+150 �C Complete simulation of the device life in the real environment



Table 3
Failure modes for (a) wire pull test and (b) ball shear test: different possible failure modes with useful abbreviations and identification tags.

Failure mode Acceptable or not Label Tag

(a)
Wire breakage Acceptable FM 2-3
Ball lift Not acceptable FM 1
Pad lift Not acceptable FM 9
Cratering Not acceptable FM 0

(b)
Description Acceptable or not Label Tag

Pad shear Acceptable FM 1
Pad lift Not acceptable FM 9
Cratering Not acceptable FM 0

Fig. 2. Shear test load curves obtained for a tool advancing speed of 100 lm/s (a)
and 10 lm/s (b) to compare destructive and non-destructive shear tests. Destruc-
tive shear test load curves are named 100%. Non-destructive tests have been
stopped at a certain percentage of the average braking load detected during the
destructive tests and so the relative load curves are named with the corresponding
percentage used, i.e. 95%, 90% and 85%.
Based on the wire loop geometry of the samples under test, it has
been determined that a hook placement close to the ball bond neck,
i.e. with e P 0.95, and in a vertical position, i.e. / � 0�, reasonably
assure that the whole force applied to the hook will act on the ball
bond. In particular, it has been found that Fwd P 0.96 F. The pulling
force has been thus assumed as applied to the ball bond in vertical
direction.

Shear test has been performed with the shear tool moving in the
same direction as the ultrasonic vibration during the bonding
phase, and at a constant height of 4 lm over the chip surface. A
higher positioning of the tool has been found to have negligible
influence on the test results, while a lower one was not considered
due to the presence of passivation steps at the edge of the 3.1 lm-
tick metal patterns.

Moreover, cross-sections have been executed, either by
mechanical polishing on a ‘‘Struers Planapol-V’’ lapping system,
or by Focused Ion-Beam (FIB) techniques on a ‘‘Zeiss NVISION 40
cross-beam’’ equipment, in order to characterize and classify more
in detail the differences between the various failure modes and
investigate the fracture propagation mechanism. The sectioned
units have been observed through the Scanning Electron Micro-
scope (SEM) integrated in the FIB system.

Finally, wire pull and ball shear tests have been repeated in a
non-destructive modality in order to identify the critical point of
the system: the sense of a non-destructive test is to stop the break-
age process at its beginning, so that the crack starting point can be
observed and studied. This goal can be achieved only if the load
curves related to the destructive and non-destructive modality
overlap each other.

Based on preliminary trials, pull test speed was set at the
machine default value of 100 lm/s, highlighting a good overlap-
ping between the aforesaid load curves. Shear test speed required
a deeper characterization, since the load curves obtained with the
machine default value of 100 lm/s led to unsatisfactory results, as
shown in Fig. 2a. It was finally possible to select a shear speed of
10 lm/s, with a good compromise between test duration and load
curves overlapping, as shown in Fig. 2b.

3. Experimental results

The reliability tests executed on the two batches pointed out a
remarkable difference in wire pull and ball shear results, creating a
clear scene for the problem characterization. The 2.0-mil batch did
not disclose not-acceptable failure modes: all the wires failed at
the loop centre or ball neck during pull test, with breaking loads



Fig. 3. Occurrence frequency for each failure mode during (a) pull test and (b) shear test of 2.5-mil devices. The last column of each group clusters all the non-acceptable
failure modes. Data are presented in increasing order of stress condition.
in the range 44–47 g. The 2.5-mil batch exhibited a significant
number of peeling and cratering events even at ‘‘time zero’’. The
occurrence frequency for each failure mode during pull test and
shear test are presented in Fig. 3a and b, respectively, while the
correspondent mean force is shown in Fig. 4a and b.

Pull test can be assumed as a more sensitive tool to detect
mechanical weakness and cumulated damage in the ball bonds
rather than shear test, either during lot acceptance test at the pro-
duction line or after reliability trials, for two main reasons:

� The percentage of non-acceptable failure modes during pull test
grows with the increased severity of the stress condition (see
Fig. 3a) while during shear test it remains almost constant
(see Fig. 3b).
� The difference in breaking loads between the acceptable and

non-acceptable failure modes is much higher in pull test than
in shear test (compare the ‘‘distance’’ between the curves rela-
tive to acceptable and not acceptable failure modes in Fig. 4a
and b).

Mechanical cross sections of failed bonds show that bonds
belonging to the lower tail of the breaking load distribution plot
in Fig. 5a show the aluminium pad fractured down to the dielectric
surface, with even small and superficial damage of silicon, as
shown in Fig. 5b. This highlighted that the deeper the aluminium
pad fracture the lower the correspondent breaking force.

A number of pictures and measurements have been taken to
analyze the crack propagation at each test condition and compare
them with each other. As they all show the same mode of fracture
and similar crack propagation direction, figures and values
reported in this paper are significant examples representing these
common trends.

Non-destructive tests, stopped at the 90% of the average
breaking load detected during the destructive tests, have shown
cracks to start from the point where the aluminium sliding is just
above the dielectric surface. Aluminium sliding has been high-
lighted in the upper part of Fig. 6 where the sliding path is clearly
visible. This point is naturally located in correspondence of the
pad ‘‘greatly-deformed zone’’, i.e. that part of the pad character-
ized by the highest reduction of the AlSiCu metal thickness due
to the bonding tool pressure (it corresponds to the edge circum-
ference of the bonding capillary). When the pad top metal plate
slides closer to the silicon oxide surface, any defect of the surface
finish or surface micro-damages due to the wire-bonding process
are expected to intensify the local stress, facilitating the fracture
propagation though the silicon oxide and, sometimes, the silicon
substrate (see Fig. 6). Moreover, cracking direction, shear tool
testing direction and cross section direction, in all condition,



Fig. 4. Mean force for each failure mode occurred during the (a) pull test and (b) shear test. With r the standard deviation is specified. Data are presented in increasing order
of stress condition. For each stress situation, 60 wires have been tested.

Fig. 5. Bond breaking force probability plot (a) and detail of a failed pad from the lower tail of the graph (b).
has always been the same as ultrasonic direction during bonding,
as shown in Fig. 6.

But even in absence of defects at the interface, a high bond-pad
metal deformation with residual Al metal minimum thickness
lower than 1 lm appears closely correlated with an increased
occurrence of not acceptable failure modes during pull and shear
tests. Comparing untested bonds cross sections (see Fig. 7), it can
be seen that the 2 mil-diameter devices batch, found to be almost
free of not acceptable failure modes, exhibits a flatter bond-pad
metal all along the ball bond interface. On the other hand,
2.5 mil-diameter devices batch, found to be significantly affected
by not acceptable failure modes, exhibits highly deformed zones
at the bond interface.

The most critical situation for crack propagation arises when
the bond-pad is so greatly deformed that the copper ball bond
bottom interface has direct contact points with the underlying



Fig. 6. Section of a bond tested in a non-destructive way showing a FM 0, where copper ball has been removed with acid in order to offer a completely visible pad: (a)
magnification of the crack initiation site and (b) general view of the fracture surface. Fracture has been stopped at its beginning, so the starting point can be detected (crack
has grown long according to the normal behaviour of a vitreous material; while aluminium has just started its sliding).

Fig. 7. Section of non-tested bond from the 2.0-mil-diameter batch (a) and the 2.5-mil-diameter batch (b). Aluminium pad of the 2.0 is non-over-deformed all along the bond
interface. In some cases, the pad of 2.5 is so deformed that copper of the ball is in contact directly with the dielectric surface: ultrasonic power from the bonding process is
directly applied on the silicon and can lead to the damage of the brittle material of the die because the damping buffer constituted by the aluminium is absent.
dielectric, meaning that the aluminium metal film has been locally
squeezed-out: ultrasonic power from the bonding process is thus
directly transferred to the underlying silicon oxide and silicon bulk,
more susceptible of micro damaging due to their intrinsic brittle-
ness and the local absence of the damping buffer constituted by
the aluminium metal.

4. FEM modelling

Besides the experimental activities, fracture mechanics and the
finite element method have been employed to model the pull and
shear test with the aim to develop a numerical tool to predict the
crack-path under the ball bond submitted to pull or shear test.

The general-purpose finite element program Abaqus [16] has
been employed to build the models and carry out the simulations.
In particular the analyses have been executed employing the impli-
cit solver, as just static simulations have been performed. Fig. 8
shows the layout of the models and the load and boundary condi-
tions which have been set. It is important to underline that the
models must fulfil the requirements to reproduce as good as pos-
sible the experimental tests together with a high computational
efficiency.

Since the pulling force has been thus assumed as applied verti-
cally with respect to the die bond ball, as explained in the section
concerning with the experimental work, the pull test is character-
ized by a complete axial-symmetry (geometry and load) and it has
been modelled with a two-dimensional axial-symmetric model
(see Fig. 8a).

The shear test, even though symmetrical by the point of view of
geometry, is performed exercising pressure with a tool on a side of



Fig. 8. Layout of the geometry and load and boundary conditions employed in the finite element models: (a) pull test and (b) shear test.

Fig. 9. Geometry [18] of the bond (a) and stress distribution [19,20] during wire bonding (b).

Table 4
Characteristic of the modelled layers in terms of thickness and elastic properties of
the materials.

Material Colour E (GPa) m Thickness (lm)

Copper 130 0.36 (Ball)
Aluminium 73 0.334 1.53
Oxide 75 0.2 2.7 (dielectric)
Silicon 188 0.3 20
the ball-bond, which is not axial-symmetric loading condition. In
this case a two-dimensional plane strain [17] model has been used
(see Fig. 8b), which represents still a simplified approximation of
the reality. However, even if the results must be carefully exam-
ined, they can provide at least a qualitative explanation of the
crack initiation, i.e. in which direction it tilts, and extension.

Moreover, even if in the model geometrical details have been
simplified, the bond geometry in all its significant aspects has been
reproduced, e.g., in both the pull and the shear model the splash-
out and pad great-deformed zone (see Fig. 9) have been carefully
modelled in order to perfectly recreate the critical portion of the
bond interface which represents the crack starter. The term
splash-out [5] identifies the aluminium that protrudes at the sides
of the wire ball, following to the pad deformation at the pad great-
deformed zone. The bond geometry has been reproduced faithfully
accordingly to bond measurements taken during the experimental
campaign with the SEM. Furthermore, in the shear test model, the
ball-bond deformation due to the pressure applied by the tool has
been taken into account (see Fig. 8b).

In the pull test model, the load has been applied as a traction on
top of the wire and the displacements have been restrained on the
other two edges of the die (see Fig. 8a). In the shear test model, the
load has been applied as a pressure to the ball in correspondence of
the zone deformed by the tool, and the three edges of the die have
been constrained as depicted in Fig. 8b. In particular, following to
the experimental evidences (average values for the failure mode
FM0 in Fig. 4), the load applied in the pull test simulations was
34.85 g, and 52.85 g in the simulations of the shear test.

The four different material layers can be distinguished in Fig. 8,
whereas a better overview of the characteristics of the layers is
given in Table 4: the main issue is that the chip bonding portion
is composed by materials which have different elastic properties,
thus leading to a deformation mismatch under loading conditions.
This must be peculiarly critical at the interfaces between two con-
tiguous layers and plays an important role in the extension of a
potential crack. It is important to remark that each layer has been
modelled accounting for its peculiar characteristics. Moreover, no
interface has been modelled, so that the elements in two different
layers share the same nodes.

The aim of the finite element modelling has been to evaluate
the stress intensity factors (SIF) in order to predict the crack path,
which needs a proper mesh refinement in the region of the crack-
tip. To this aim quadratic elements have been used, CAX8 for the
axisymmetric model and CPE8 for the plane strain model [16]
and the size of the elements around the crack tip has been set to
50 nm. Fig. 10 shows a magnification of the region in proximity
of the crack tip in the first stage of crack extension, in which it is
possible to observe that a number of 10 rings of extremely regular
elements have been used at the crack tip in order to derive reliable
values of the stress intensity factor, which is extremely important
for a correct evaluation of the crack extension direction. Beyond
the regular rings around the crack tip, a mesh coarsening has been
adopted in order to reduce the number of elements, thus improv-
ing the computational efficiency. The size of the elements in the
coarsened regions was not larger than 1.3 lm and an automatic
algorithm has been used in order to prevent excessive element dis-
tortion, such as excessive aspect ratio.

In order to recreate the presence of a defect in the FEM model,
the crack starting point has been set in correspondence of the
beginning of the pad great-deformed zone and the initial crack



Fig. 10. Crack-tip modelling at the first stage of the crack extension.

Fig. 11. Schematic of crack propagation in mixed mode [23].
has been modelled as an interface crack between copper and alu-
minium (see Fig. 10). Crack growth has been modelled through
many consecutive steps: the FEM model does not account for auto-
matic propagation of the crack from the starting point, therefore a
stationary crack extension Da has been modelled manually at each
step to evaluate the SIF and the favourable angle for the crack
propagation. Furthermore it must be underlined that a minimum
of two crack extensions through each layer has been simulated
in order to predict the crack path with enough accuracy. It is of
some importance to remark that the less the crack extension (the
more the steps), the better the predictions, especially when the
crack approaches the interfaces. In this study the need for accuracy
had to face the time-consuming modelling issues, as no automatic
crack propagation algorithm has been employed. At the present
stage, the time needed for the simulation of a single step of prop-
agation on a usual personal computer is well within 10 s.

The second main issue of the numerical simulation, beside the
calculation of the SIFs which is performed within Abaqus, is the
calculation of the crack propagation angle [21,22], which has been
performed according to a criterion for mixed-mode crack growth.
There exist several criteria in the literature which are all energy
or stress based [23,24]. In this work the maximum hoop stress cri-
terion has been used as it represents a simple and widespread cri-
terion for evaluating mixed-mode crack propagation. The fracture
propagation direction h can be found maximizing the hoop stress
around the crack-tip:

@rh

@h
¼ 0;

@2rh

@h2 < 0 ð3Þ
and taking into account the analytical stress distribution at the
crack-tip expressed in polar coordinates [25] (see Fig. 11)

rh ¼
1ffiffiffiffiffiffiffiffiffi
2pr
p � cos

h
2

� �
� KI cos2 h

2

� �
� 3

2
KII sinðhÞ

	 

ð4Þ

the direction of crack propagation h0 can be determined by substi-
tuting (4) in (3):

KI � sinðh0Þ þ KII � ½3 � cosðh0Þ � 1� ¼ 0 ð5Þ

It must be considered that this criterion has been adopted also
for the initial stage of the propagation, when the crack lies in the
interface between the aluminium and copper layer, even though
it holds for homogeneous materials. In case of an interface crack,
the crack-tip singularity field is characterized by a complex stress
intensity factor K = K1 + iK2, in which K1 and K2 coincides with the
standard mode I and II stress intensity factor only when the dis-
similarities between the elastic properties of the two materials
vanish [26]. Following this statement, the initial kinking angle cal-
culated here must be taken only as an indication of the propagation
direction, i.e., whether the crack kinks in the compliant or stiff
material.

The working flow for the iterative calculations can be finally
given as follows:

1. An initial crack is modelled by finite elements.
2. The SIFs are calculated.
3. The crack propagation direction for a new crack is determined

by the foregoing relationships.
4. A new crack extension Da in the new direction is modelled.

As a final modelling issue, it should be considered that interme-
tallic compounds (IMC) have not been modelled. The reason is that,
taking into account the experimental campaign results, fracture
has occurred starting from the aluminium and it propagated down
to the silicon layer without involving the intermetallic layer. More-
over, the IMC layer thickness has been measured for each stress sit-
uation and the measurements showed no significant growth.
Finally, no Kinrkendall void formation has been detected for any
sample analysed.

However, being IMC the adhesion element between copper and
aluminium, these are involved in the transmission of stresses
between these two layers: this means they have a basic role on
bond failure mechanisms [27] and in contributing defining the
crack propagation even if they are not directly involved in the crack
propagation path. For these reasons, although the geometry of the
IMC coverage [28] has been studied, their effect on the stress inten-
sity factor is not considered.
5. FEM results

An example of the early stage of crack propagation in the sim-
ulation of the pull test is depicted in Fig. 12. The first important
consideration can be drawn regarding the crack propagation direc-
tion. If the material would be homogeneous, one would expect a
propagation in pure mode I, i.e. on a plane perpendicular to the
loading direction, as the starting crack plane lies perpendicular to
the loading direction. In the problem here investigated, the dissim-
ilarity between the elastic properties of the two layers is of great
influence on the predicted direction, which gives rise to a consid-
erably high mode II and promotes a crack deviation from a straight
path and the crack kinks in the more compliant material.

These results confirm the findings by He and Hutchinson [26],
even though they must be carefully interpreted due to the complex
nature of the stress intensity factors in an interface crack problem.
In particular, they found that the interface crack kinks in the more



Fig. 12. Maximum principal strain in the early stage of crack propagation in the pull
test: (a) initial iteration and (b) second iteration.

Fig. 13. Comparison between the numerical predicted and the experimental crack path in
the shear test and (d) experimental shear test.
compliant material even if the loading direction is perpendicular to
the crack plane. It must be underlined that, according to [26], the
dissimilarity in the elastic properties is a necessary condition to
understand whether the crack will kink out of the interface, but
it is not sufficient. In fact a relevant role is played also by the ratio
between the toughness of the more compliant material and the
interface. If the toughness of the more compliant material is suffi-
ciently higher than the one of the interface, then the crack will
never kink out and it will propagate further in the interface. In
the present research no data about the toughness of the interface
were available, but the experimental evidences showed the cracks
kinking out of the interface to propagate into the more compliant
material.He and Hutchinson based their work on special parame-
ters, a and b, which have been introduced by Dundurs [29] in the
discussion of the original paper by Bogy [30] on the singular stress
field at the interface of dissimilar orthogonal elastic wedges sub-
jected to normal and shear loading. These two parameters are
really useful in the description of the stress field across the inter-
face and, therefore, also to work out the dependency of the energy
release rate for crack propagation on the elastic properties of the
dissimilar elastic materials.

Considering a stiff material 1 (copper) and a compliant material
2 (aluminium), under the hypothesis of plane-strain, it is possible
to define the Dundurs parameters as follows [21,22]:

a ¼ ½G1 � ð1� m2Þ � G2 � ð1� m1Þ�=½G1 � ð1� m2Þ þ G2 � ð1� m1Þ� ð6Þ
b¼ 1
2
� ½G1 � ð1�2 � m2Þ �G2 � ð1�2 � m1Þ�=½G1 � ð1� m2Þ þG2 � ð1� m1Þ�

ð7Þ

where G = E/[2 � (1 + m)] and m are the shear modulus and the Pois-
son’s ratio respectively. For an interface crack between copper
and aluminium (which is the case of the present study) a = 0.29
and b = 0.08 which predicts the crack kinking into the aluminium
layer (more compliant material) according to He and Hutchinson
[26]. Furthermore it has to be noted that the system Cu/Al is char-
acterised by a very low value of the parameter b as it is the case for
the tests: (a) simulation of the pull test; (b) experimental pull test; (c) simulation of



Fig. 14. Comparison between the numerical predicted kink angle: (a) pull test and (b) shear test.

Table 5
Comparison between experimental and FEM results.

Test
method

DF
(%)

Acceptable failure
mode SIF

Not acceptable failure
mode SIF

DSIF
(%)

Pull 69 2.639 4.682 77
Shear 0.04 72.43 71.76 1
many other pairs of materials which can be found in the literature
[22,26].

The dissimilarity in the elastic properties can be appreciated
also by the contours of the maximum principal strain depicted in
Fig. 12a, in which the greater deformation occurs in the aluminium
layer. When the crack is full immersed in the homogeneous mate-
rial, the deformation becomes symmetrical respect to the crack
plane and the crack tends to propagate straight (see Fig. 12b).

Comparing the crack path predicted by the numerical model with
the one obtained in the experiments, both the pull test model and
the shear test model can be said to be reliable as they yield a good
predictions (see Fig. 13). In particular, in the simulation of the pull
test, as the crack approaches the interface between the aluminium
and oxide, it tends to grow through the interface, as the two materi-
als have similar properties. When the crack approaches the interface
between oxide and silicon, it kinks in order to propagate in the more
compliant material further, which has been also observed experi-
mentally (see Fig. 13b). On the contrary, the simulation of the shear
test (see Fig. 13c) predicts a crack growing through the interface
between oxide and silicon, which reproduces correctly the experi-
mental evidences shown in Fig. 13d. Further calculations of the kink
angle for the interface crack are depicted in Fig. 14. Despite the dif-
ferent loading conditions (pull and shear), the interface cracks grow
in the same direction through the layer of aluminium.

Moreover, comparing the difference in mechanical strength
(DF) between acceptable and not acceptable failure modes, which
represents the bond deterioration rate, (in other words, the gap
between patterns relative to acceptable and not acceptable failure
modes of Fig. 4a and b) with the difference between the stress
intensity factor (DSIF) evaluated for an acceptable and a not
acceptable failure mode (see Table 5) it can be said that the numer-
ical model gives an excellent qualitative prediction of the failure
mode. As it has been the case for DF in the experimental tests, also
in the case of numerical simulations DSIF between acceptable and
not acceptable modes is an indicator of which failure mode
occurred. The higher the gap (DSIF), the clearer the evidence of a
not acceptable failure mode. The fact that the larger DSIF has been
obtained for the pull test speaks in favour of using this test mode,
rather than the shear test, as indicator of not acceptable failures.

It is of some importance to remark that the present state of the
research does not give the possibility to provide predictions which
are also quantitatively good. If it is true that the simple models are
able to reproduce the crack paths observed in the tests, some mod-
elling assumptions must be proved further, which implies the use
of 3D models, the modelling of the interface behaviour and in the
last instance the adoption of an automatic propagation algorithm.
Having said that, the current models could be used in the early
stage of pad design in order to prevent failures. In particular a sen-
tivity analysis could be performed in order to investigate the influ-
ence of different elastic properties on the propagation angle. Other
parameters to be investigated could be the thickness of the layers
and the optimum geometry of the interface between ball and pad.
Another interesting investigation could be performed about the
influence of different fracture toughness properties of the materi-
als and the interfaces, in order to predict whether the crack grows
through the layers or through the interfaces.
6. Conclusion

Wire pull and ball shear test are consolidated practices for qual-
ity and reliability assessment of gold wire-bonds. Their extension
in the field of copper wire, due to the higher stiffness of this mate-
rial, requires a deeper study of the crack propagation mechanisms
in the bond-pad structure, in order to establish a correct set of
acceptance criteria able to separate the intrinsic failure modalities
from possible weaknesses induced by inappropriate bonding.

The combined use of bond cross-sectioning after non-destruc-
tive pull / shear testing and FEM modelling provides an effective
tool for the experimental characterization and advanced prediction
of the crack propagation modalities.

The present work has identified wire pull test as best method
for the detection of mechanically-weak joints between copper wire
and aluminium bond-pads, as the breaking load distributions of
the ‘‘normal’’ and ‘‘potentially-critical’’ failure modes exhibit a
more significant shift than those obtained from ball shear test.

The FEM model developed has provided a good correlation
between the experimental and simulated crack path through the
usage of SIF, which can be effectively applied to predict the
expected failure modes during pull or shear tests depending on
the bond-pad structure design and the ball bond morphological
features. Therefore, it would be highly helpful to silicon process
designers and wire-bonding engineers in the difficult task of opti-
mizing the compatibility between bond-pad structure and ball-
bonding parameters for a reliable component performance.

Pioneering objectives like designing active circuits and metal
routing under the thick copper bond, and modelling the accelera-
tion factors related to reliability stress in presence of damages or
cracks, represent key areas of potential application for the SIF-
based FEM simulations.
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