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“An expert is a person who has made all the mistakes that can be made
in a very narrow field.”

Niels Bohr, Danish Physicist 1885 — 1962






Abstract

In microelectronics, miniaturized Cu-Al ball bonds serve as link between integrated
circuits and outside circuitry. During service, these bonds are subjected to mechan-
ical, thermal and electrical stresses. Moreover, such devices are exposed to elevated
service temperatures leading to the formation of brittle intermetallic compounds
(IMCs) at the interface between Cu and Al layers. Currently, the quality of such
bonds is assessed by standardized, static ball shear tests, which do not reveal the
bond performance under cyclic loading conditions.

As it was the aim of the present thesis to study the mechanical fatigue behavior
of Cu-Al joints in microelectronic devices produced by solid state bonding tech-
niques, a novel fatigue test technique was created to adapt to this miniaturized
bond geometry. This allowed not only to obtain reliable fatigue life curves but
also to study the influence of different microstructural states of the bond interface.
Detailed fracture surface analyses showed the characteristic fracture morphologies
to depend on the microstructural evolution of the IMC layers, too. While the stan-
dardized static shear tests revealed no significant decrease of the bond shear force
with increased formation of the intermetallic phases, the fatigue tests proved a clear
degradation in the cyclic strength.

In order to separate the influences of the loading condition and of the IMCs to the
resulting fatigue behavior, a complementary study was conducted on bulk, model
diffusion pairs. Here a special setup was designed which allowed to apply different
well-defined mode I and mode II loading conditions.

In both the microscopic as well as the macroscopic studies the fatigue crack
always initiates in the Al layer, as has been also observed with in-situ TEM inves-
tigations. When interfacial IMCs are present, the crack is deflected into the most
brittle one, leading to early failure and lower fatigue lives. Furthermore, it has
been shown that particularly under pronounced shear loading, an early failure of
the microelectronic devices has to be expected.






Zusammenfassung

In der Mikroelektronik dienen miniaturisierte Cu-Al Ball-Bond-Verbindungen zur
Kontaktierung integrierter Schaltkreise. Diese werden im Betrieb nicht nur mecha-
nischen, thermischen sowie elektrischen Spannungen, sondern auch erhéhten Tem-
peraturen ausgesetzt, welche zur Bildung sproder intermetallischer Phasen an der
Grenzfliche zwischen Cu und Al Schichten fithren. Zurzeit wird die Qualitit
dieser Bond-Verbindungen mittels standardisierter statischer Ball-Scher-Tests er-
fasst, welche aber keine Riickschliisse auf die zyklische Belastbarkeit dieser Bond-
Verbindungen zulassen.

Indem es das Ziel der vorliegenden Dissertation war, das mechanische Ermii-
dungsverhalten von Cu-Al Bondverbindungen in mikroelektronischen Bauteilen zu
untersuchen, wurde eine neue Ermiidungsmethode zum Test derartiger Verbindun-
gen entwickelt. Dadurch war es moglich, nicht nur verléssliche Ermiidungskurven
zu gewinnen, sondern auch den Einfluss unterschiedlicher Mikrozusténde der Bond-
Verbindung zu studieren. Detaillierte Analysen der Ermiidungsbruchflichen zeigten
charakteristische Bruchflichen-Morphologien, die ebenfalls von der mikrostruk-
turellen Entwicklung der intermetallischen Schichten abhéingen. Wihrend die stan-
dardisierten statischen Schertests keine signifikante Abnahme der Scherkraft mit
fortschreitender Ausbildung der intermetallischen Phasen zeigten, bewiesen die Er-
miidungsversuche eine eindeutige Abnahme der zyklischen Festigkeit.

Um die Einfliisse des Belastungsmodus und der intermetallischen Phasenbil-
dung auf die Ermiidungsfestigkeit zu separieren, wurden ergédnzende Untersuchun-
gen an makroskopischen Modelldiffusionsproben durchgefiihrt. Hierbei wurde ein
spezieller Aufbau gewéhlt, der es erlaubte, wohldefinierte verschiedene Kombina-
tionen der Belastungsmoden I und II zu realisieren.

Es konnte u.a. auch mittels in-situ TEM-Untersuchungen gezeigt werden, dass
die Rissinitiierung in der Al-Schicht erfolgt, gleichgiiltig ob es sich dabei um die
mikroskopischen oder die makroskopischen Proben handelt. Liegen intermetallische
Phasen in der Materialverbindung vor, wird der Riss in diese Phase abgelenkt, was
zu fritherem Bruch bzw. Verminderung der Lebensdauer fiihrt. Auflerdem wurde
gezeigt, dass insbesondere bei ausgeprigter Scherbelastung mit einem verfrithten
Ausfall der Bauteile zu rechnen ist.
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1 Motivation and scope of this work

1.1 Presentation of the problem

Fatigue of materials and engineering components has been of scientific interest for
more than a century. While various materials have been investigated systematically
in the past decades, it is still crucial to study the fatigue behavior of the material of
interest since lifetime is not only dictated by the intrinsic material properties but
also by external factors such as the geometry, microstructure, testing setup and
environment.

In the present thesis the aim is to study the fatigue behavior of copper—aluminum
bond interfaces. Copper and aluminum became a prevailing materials combination
in various technological applications due to their lightweight, excellent thermal and
electrical properties. Bimetallic joints, however, generally represent weakest sites
in technological devices as the bond interface has to compensate the difference of
physical properties of the bonded materials. The most illustrative example is the
difference of the coefficient of thermal expansion, where external heating induces
shear stresses at the interface due to the individual dilatation behavior of both
materials.

The above mentioned Al-Cu combination is also deployed in the microelectronics
sector. Here, microjoints are primarily made of this materials combination con-
necting integrated circuits to their outside circuitry. A predominant microjoint
type, which is of main interest in this study, are so-called thermosonic ball bonds,
which are mainly used in microelectronic devices for high current applications e.g.
in the automotive sector. Recently, Al-Cu thermosonic ball bonds have become a
standard technology replacing the formerly used Al-Au ball bonds.

Currently, the reliability of such bonds is assessed by standardized, static destruc-
tive ball shear and wire pull tests. During service, such interconnects are exposed
to thermal fluctuations and mechanical vibrations, leading to cyclic stresses at the

bond interface. Above mentioned standard static tests, however, do not reflect
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the bond performance under cyclic load conditions and thus, their mechanical fa-
tigue behavior is still unknown. In addition, these interconnects are subjected to
elevated service temperatures fostering interdiffusion of both materials into each
other, which leads to the formation of intermetallic compounds at the bond inter-
face. These intermetallic compounds (IMC) highly differ in their physical properties
from the soft and ductile parent materials leading to an overall bond degradation
and decrease of lifetime, because an embrittlement of the bond is expected. Cur-
rently, there is a variety of studies, where the static mechanical properties of such
intermetallic compounds were characterized. Also, some researchers have been
working on the study of the static fracture behavior of Al-Cu interfaces with in-
termetallic compounds. However, the fatigue behavior of this Al-Cu multilayer

material including several intermetallic compounds is yet still unknown.

1.2 Aim of the thesis

The aim of this present thesis is to study the mechanical fatigue properties of the
miniaturized Al-Cu interfaces occurring in thermosonic wire bonds in microelec-
tronic devices compared to their well-known static mechanical properties. For this
purpose, an industrially applicable accelerated test technique capable to assess the
mechanical fatigue properties of such miniaturized bond interfaces is specially de-
veloped. Moreover, special emphasis is set on the role of intermetallic compounds
evolution to analyze the mechanical properties of the bond interface.

Due to the complex geometry of these miniaturized interconnects a further aim is to
study the fatigue behavior of the same material composition on a lengthscale, where
the specimens are easy to handle and where well-defined loading conditions can be
applied. Therefore, massive Al-Cu diffusion bonds mimicking the microstructure of
highly aged miniaturized ball bond interface with the same intermetallic compounds
were created allowing to study their fatigue behavior under controlled loading com-
binations of mode I (tension-compression) and mode II (shear). Here, the aim is
to reveal the fatigue behavior as a function of the applied loading condition to
further understand, which loads are detrimental for this material combination and
to further study the impact of the brittle intermetallic compounds.

As a last step, to understand the crack propagation and deflection processes towards

the intermetallic compound a TEM in-situ fatigue study of the Al-Al,Cu interface,
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which has shown a significant importance in the fatigue crack propagation process

of previous experiments, is conducted on a pre-notched electrontransparent lamella.

1.3 Structure of this work

To tackle the above described problems, the present work is structured as follows:
The first chapter [2] gives an introductory overview providing a basic theoretical

background necessary to understand the work and approach in this thesis.

The experimental work and results of this thesis are presented in the chapters

4] and Bl

Chapter |3| is dedicated to the mechanical properties of the thermosonic Al-Cu
ball bond interfaces, where the main focus is set on their high cycle fatigue behav-
ior. After a detailed description of the investigated ball bond specimen in section
the development of industrially applicable fatigue test techniques to allow fur-
ther fatigue investigations is presented in section where it can be distinguished
between single bond and multiple bond test techniques. The proposed test methods
are compared and discussed in section [3.2.3] The occurring stress states depending
on the chosen fatigue test setup are explained by means of finite element analyses
(FEA) in section[3.2.4] In section [3.4]the role of intermetallic compounds formation
on the high cycle fatigue behavior of miniaturized Al-Cu ball bond interface is in-
vestigated on three selected microstructural states: (i) the as-bonded state, (ii) an
intermediately annealed state obtained by a thermal treatment at 200 °C and 200 h
and (iii) a highly aged state after 200 °C 2000 h. In the last section the fatigue
behavior Cu-Cu ball bonds is compared to the previously investigated Al-Cu bonds.

In chapter [ the high cycle fatigue behavior of bulk Al-Cu bond interfaces is
studied, where the aim is to create defined combinations of mode I (tensile) and
mode II (in-plane shear) loading modes to reveal the impact of the chosen loading
mode on the fatigue performance of the present material combination. In the first
part of this chapter a detailed description of the preparation of the bulk diffusion
bonds is given.

In section the parameters influencing the diffusion bond quality such as surface

condition, temperature, applied pressure and process duration are discussed. A de-
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tailed characterization of the bond interface used for the fatigue tests is presented
in section In section the fatigue testing setup for bulk diffusion-bonded

Al-Cu interfaces is explained, followed by a discussion of the obtained results in

sections [L3|A.3.1] [£4] .

As a last step a TEM in-situ fatigue study was conducted on a selected material
interface, which was found to be responsible for the crack initiation and propaga-
tion in the investigated Al-Cu material system in chapter 5] This fatigue study is
conducted on the pre-notched Al-Al,Cu interface and observed in-situ by transmis-
sion electron microscopy (TEM) in order to demonstrate the crack initiation and

propagation mechanisms in this material system.

Finally, the obtained results and conclusions are summarized and discussed in
chapter [6]



2 Introduction

This introductory chapter provides a theoretical framework and builds the basis
for the experimental approach described in the following chapters. In section [2.1
a brief overview of the deformation behavior of solids under static loading is given,
where primarily metals are discussed. In section main emphasis is set on the
fatigue of materials, when subjected to cyclic loadings. The second part of this
chapter is dedicated to Al-Cu interfaces created by solid-solid joining techniques.
Main emphasis is set on miniaturized bond interconnects, occurring in microelec-
tronic devices — so-called thermosonic ball bonds (see section [2.3). Main emphasis
is set on the formation and growth of intermetallic compounds (IMC) at their
bimetallic interface due to high thermal exposure during service. Their physical
properties and impact on the bond reliability are discussed. The last part of this
section briefly explains the standard test techniques, which reveal static material
properties of the ball-bonded interconnects.

In the last section of this chapter in[2.4] the principles of ultrasonic fatigue testing of
materials is explained. Finally, a novel accelerated fatigue test technique adapted
to miniaturized interconnects in microelectronic applications is presented to reveal

their mechanical fatigue properties in reasonable time.

2.1 Deformation of metals

In the following section basic aspects on the deformation behavior of a solid sub-
jected to external (static) loads are presented. Unlike liquids or gases, an externally
loaded solid features an inner resistance towards a change of its initial shape. The
deformed solid remains coherent and does not fragment into pieces in the elastic
regime. First, the static deformation of a solid are briefly discussed in section |2.1.1

In the second part most widely employed yield criteria for solids subjected to mul-
tiaxial loads are presented in In section a more detailed description of

the mechanisms occurring in a solid subjected to cyclic loads is presented.
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2.1.1 Static deformation of solids — uniaxial tensile test

The static deformation behavior of a solid subjected to an external load is discussed
on the basis of the uniaxial tensile test. This test is a standard method [AST, 2015]
to assess the mechanical properties of a solid subjected to a tensile force. Typi-
cally, the obtained data is plotted as a stress-strain curve as shown in Fig.
which reflects the mechanical properties of the investigated material. Usually, the
nominal stress (see equation that is the stress relative to the original specimen
dimensions is used in lieu of the real stress, which takes into account the geometric
changes of the specimen. Here, only the nominal (engineering) stress — strain curve
will be discussed. With o being the stress acting on the specimen and e describing

the resulting deformation (strain) the material undergoes during the test.

F

" (2.1)

o
with F' denoting the tensile force acting on the specimen and Ay being the initial
cross section of the tensile test specimen, measured prior the tensile experiment.

The resulting strain e describes the tensile deformation of the specimen (see equa-

tion [2.2]).

€= llg -100% (2.2)
where [ is the elongated dimension and [y is the initial length of the specimen.
The stress—strain curve in Fig. 2.1] can be roughly subdivided into two regions: In
the first segment, stress and strain are likewise proportional to each other, which is
denoted as the linear elastic, reversible regime. Beyond the yield stress denoting the
onset of yielding, irreversible deformation is expected, is called the plastic regime.
An important property resulting from the tensile test is the ultimate tensile stress
oyTs, which is the highest stress amount reached prior to fracture corresponding
to the maximum of the engineering stress—strain curve. In brittle materials this

value coincides with the point of fracture.

Elastic deformation

The elastic deformation is typically associated with reversible “spring-like” stretch-
ing of the atomic bonds and is a reversible deformation mode. Thus, a stress

relaxation leads to the original shape of the solid. The proportionality between
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e=(1/1.)-100%

Figure 2.1: Tensile test curve: nominal stress o = F/ag as a function of the strain
€ = li - 100%: 1: ultimate tensile stress oyrs, 2: yield stress at a plastic strain of
0.2%, 3: proportional limit stress, 4: fracture of the specimen.

stress and strain is described by Hooke’s law in the following equation equ:Hooke
(see e.g. Ref. [Gottstein, 2014], [Dowling, 1999| for further details).

tensile loading: L Eg oroc=FE-¢ (2.3)
Ao lo

where F'| is a tensile force perpendicular to the cross section Ay of the sample and
equals the tensile stress o. The applied load leads to a change of the length of the
specimen [ = [p+Al; the ratio between the length of the specimen which is described
as resulting strain €. The proportionality constant E' is the Young’s modulus or the
elastic modulus. Its value depends on the mechanical properties of the material.
In practice, it is sometimes not straightforward to determine the sharp transition
between the elastic and plastic transition. Thus, by default the yield strength o,
defining the onset of yielding is defined as the stress amount resulting in 0.2%
strain, beyond which plasticity occurs. In the case of shear loading, where the
applied force acts parallel to the solid’s cross section F| an analogous relationship

between shear stress 7 and shear strain - exists, where the shear modulus G is the
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proportionality constant according to the following equation:

F
”:GgorT:G-'y (2.4)

hear loading: —
shear loading A 7

Typical values for the Young’s and shear moduli for aluminum are F4; = 70GPa
and G 4; = 25.5G Pa, respectively. For copper the values are F¢, = 120G Pa and
Goy = 44.7GPa, |Crandall et al., 1978]. As a general rule of thumb, it can be
considered for metals that the value of the shear modulus roughly corresponds to

one third of the value of the Young’s modulus.

Plastic deformation

When the solid is loaded at stresses beyond the yield stress the resulting strain
is composed of an elastic, reversible and an irreversible, plastic amount. After
unloading the material, the elastic strain vanishes and the plastic strain remains
permanently. This irreversible deformation called plasticity can be described as
gliding of atomic planes against each other, whilst the original crystal structure is
maintained. Whereas elastic deformation is a homogeneous process across the solid
leading to simultaneous stretching of the bonds, plastic deformation is associated
to an inhomogeneous process, where atomic gliding occurs stepwise. Linear defects
of the crystal lattice called dislocations are responsible for the motion of atomic
planes. Dislocations can be subdivided into two main dislocation types: edge dis-
locations and screw dislocations. The edge dislocation can be imagined as a half
inserted plane, which moves across the lattice. Its Burgers vector bis perpendicular
to the dislocation line (i.e. parallel to the propagation direction) and the resulting
deformation is a so-called slip-step. The screw dislocation can be visualized as a
crystal cut along a plane followed by a distortion of both detached parts against
each other. Here a helical path can be drawn around this defect. The Burgers
vector b of this dislocation type points perpendicular to the dislocation line. Fur-
thermore, mixed dislocation types and partial dislocations shall be mentioned but
will not be treated further in this thesis. For further reading about dislocations
the reader is advised to consult e.g. [Hull et al., 2011]. The most basic aspects
of plastic deformation are elucidated hereafter according to [Gottstein, 2014] and
[Dowling, 1999]: To maintain the crystal structure of a crystal while external de-

formation of its shape occurs, shape changes are solely possible by shearing entire
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Figure 2.2: Schematic representation of plastic deformation in a crystal due to dis-
location motion resulting in subsequent slip step (c). Redrawn and slightly modified

after [Gottstein, 2014].

atomic planes. Therefore a theoretical critical shear stress 7y, necessary to shear
two atomic planes against each other is required, which needs to overcome the

atomic bonds:

. 21z 2mx
Tth = Tmaz - SN b = Tmazx - b

(2.5)

where the value of the shear stress depends on the actual position x relative to the
bond. 7,4, corresponds to the maximum shear stress, which needs to be overcome
when the atomic planes are approximately shifted one half atomic distance against
each other. Since small displacements occur 73, in equation[2.5|shall be in agreement
with Hooke’s law for shear deformation in equation For metals the theoretical
critical shear strength using characteristic inter-atomic potentials results 73, reaches
values around 1.4 GPa, whereas the experimentally obtained yield stress of copper

single crystals are around 0.5 GPa. In the case of aluminum the ratio between

Teap/Teh 1S approximately 8.7-10* [Gottstein, 2014]. To explain this discrepancy

between theory and experiment, above mentioned linear defects were introduced
to explain why plasticity is facilitated. Plastic deformation can be visualized by
stepwise movement of the atomic planes, compared to the motion of a caterpillar,
where only few parts are moved at a time. In Fig. the deformation of a crystal
due to dislocation motion is depicted. A shear stress results in gliding of two atomic
planes — usually the highest packed plane — leading to irreversible slip step once

the dislocation has passed the crystal [Dowling, 1999]
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2.1.2 Yielding and fracture under combined stresses

Above described uniaxial tensile test is a standard laboratory test procedure and
usually does not reflect the complex stress states a solid undergoes in real life e.g.
as a component in engineering applications. Typically, load conditions such as ten-
sion, compression, bending, torsion, pressure, or a combination of these may act
on a structural component. Therefore, it is useful to introduce a multiaxial fail-
ure criterion, which allows to calculate an equivalent tensile stress p [Pook, 2007].
Thus, these criteria simplify the complex stress state problem and replace it by a
well-known loading scenario (e.g. the uniaxial tensile test).

While for ductile materials it is useful to introduce a condition defining its onset of
yielding, which is the transition from purely elastic to plastic behavior, one has to
bear in mind that for a perfectly brittle material catastrophic fracture may occur

without yielding i.e. without permanent plastic deformation.

The most implemented theories employed for ductile engineering materials are
the theories of Tresca and von Mises, which were first published in [Tresca, 1864]
and [von Mises, 1913], respectively. For brittle materials it was found that the
Rankine criterion is more successful (see Ref. [Rankine, 1857]). These three criteria
are briefly explained in the following section. It should be noted, however, that

almost infinite failure criteria can be defined.

Tresca criterion — Maximum shear stress yield theory

The Tresca criterion states that yielding of a material takes place when the dif-
ference of two principal stresses o1 and o3 acting on a piece of material equals a
stress amount leading to yield of the material. (Annotation: General stresses act-
ing on a solid are typically expressed by Cauchy’s stress tensor o;;. By means of
a coordinate transformation, this tensor can be diagonalized, revealing the princi-
pal stresses in the trace of the tensor. For further informations see introductory
fracture mechanics literature e. g. Ref. [Anderson, 2005]).

Therefore the equivalent stress equals the yield stress of the material and can be

expressed by the following equation:

01— 03 = 0y = Oeq Tresca (26)

10



2.1 Deformation of metals

where o, corresponds to the yield stress and o Tresca is the equivalent stress

expressed.

Von Mises criterion — Maximum distortional energy yield theory

The von Mises criterion states that yield will occur when the maximum distortional
energy is reached. In terms of principle stresses o1, 02, o3 the von Mises yield

criterion can be expressed as:

Uy:\/(U%+U§+032,—010'2—0203—010’3 (2.7)

The von Mises yield criterion in Cartesian coordinates is expressed by equation

2.3

+3- (12, + 75 +72) (2.8)

Oeq_vonMises —

\/(Um - Uy)2 + (oy — 0.)% + (0, — 04)?
2

where o; denote the normal stresses and 7;; are the shear stresses acting on the
planes of a material element, respectively. In a biaxial stress state several stress
components equal zero, leading to the simplified von Mises equivalent stress, where

only one tensile (normal) stress component and one shear component occur:

Ocqg = £\/O2 + 3 Ty (2.9)

(for plane stress, where o, is zero).

It has to be noted however, that the von Mises yield criterion is mainly valid
for ductile, isotropic materials, featuring similar behavior under tension and under
compression.

The Tresca and the von Mises criteria only slightly differ from each other, since
their approaches both base on critical shear stresses acting on a body. However,

the Tresca criterion is more conservative than the von Mises criterion.

11



2 Introduction

Rankine criterion - Maximum normal stress criterion

In the case of brittle materials yielding does not necessarily occur. A perfectly
brittle material is characterized by immediate fracture in the linear-elastic regime.
For this class of materials, the most reasonable predictions for “yield” (in this case:
fracture) are given by the maximum normal stress criterion, also known as Rankine
criterion [Fenner, 1999]. The model of the fracture behavior of brittle materials
assumes that they contain randomly oriented microscopic cracks. Hence, applied
stresses normal to those flaws cause them to grow. In compression, these flaws are
held together leading to a retardation of the crack growth and subsequently these
materials are less sensitive to compression than to tension. For the two dimensional

state, the Rankine criterion expressed in Cartesian coordinates is:

1

1
Oeq_Rankine = 5 (Ux - Uy) + 5\/(01 - O'y)2 + 47'121/ (210)

This yield criterion is widely used in applied geomechanics, where for example
the fracture of rocks is studied (see e.g. Ref. [Saksala, 2010]).

2.2 Fatigue of metals

2.2.1 Fatigue: definition and early research

Fatigue in materials science and akin disciplines refers to the weakening and degra-
dation of a solid exposed to cyclic loads. The nominal, maximum stress values
causing such damage may be much less than the (static) strength of the material
i.e. below the ultimate tensile stress limit or even below the yield stress limit.

Historically, this phenomenon is well-known since the mid of the 19" century. As a
consequence of the Industrial Revolution, metal working became more adapted and
structural engineering evolved rapidly in the Western world. Engineering disasters
such as the rail accident in Versailles in 1842 became key events associated to ma-
terial failure due to cyclic loading of engineering components, which initiated the
systematic research into fatigue of metals and materials in general [Suresh, 1991].
Some pioneers in early fatigue research were the metallurgists Wilhelm Albert and
Jean-Victor Poncelet. Albert is known as the first engineer who conducted sys-
tematic fatigue studies on engineering structures studying the fatigue behavior

of conveyor chains employed in the Clausthal mines (1837) [Albert, 1838]. Pon-

12
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celet already mentions “tiring” metals in his lecture at the military school in Metz
[Pook, 2007]. Among many other pioneers, which recognized the phenomenon of
fatigue as well as the importance of stress concentration during loading of a ma-
terial, a particular milestone for systematic studies was set by August Woehler
(1860). He summarized his work on railroad axles and concluded that the cyclic
stress range is more important than peak stresses. His results were later published
in Ref. [Woehler, 1870].

In the beginning of the 20*" century Ewing and Humfrey investigated the first met-
allographic micrographs revealing the evolution of surface cracks as the material
is further cycled (see Ref. [Ewing and Humfrey, 1903]). In Ref. [Basquin, 1910]
a double-logarithmic relationship of Woehler’s S-N data is proposed. Coffin and
Manson explain fatigue crack growth in terms of plastic strain in the tip of cracks
and Paris proposes methods for predicting the crack growth of individual fatigue
cracks in 1961, see section [2.2.3]

Even if more than a century has elapsed on the study of the fatigue of materials
it is still one of the most challenging phenomena in engineering applications since
the estimation of failure subsequent to repeated loads of an engineering structure is
not straightforward to predict. In the following section the most important aspects
on metal fatigue are summarized, according to e.g. [Pook, 2007], [Suresh, 1991],
[Dowling, 1999], [Anderson, 2005], [Gross, 1996] and [Ellyin, 1997].

2.2.2 Basic concepts of fatigue of materials

Conventionally, the fatigue behavior of a material or structure is experimentally
assessed by cyclically applying a defined stress range Ao = 0ymaz — —Omin, that is,

a defined applied stress amplitude o,

Omazx — Omin (2 11)

2

Oq —

leading to subsequent failure after a certain number of cycles to failure, Ny. Usually
the load ratio R plays an important role on the fatigue behavior and is taken into

account in the experiment:

R = Tmin (2.12)

Omazx
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a

stress amplitude o

log(N,)

Figure 2.3: Schematic Woehler curve showing the applied stress amplitude o, at
the ordinate and the corresponding cycles to failure Ny (log plot) at the abscissae.

where R= -1 corresponds to fully reversed loading and zero mean stress.

The obtained experimental data is usually visualized by a so-called Woehler curve,
where the stress amplitude o, is plotted as against the number of cycles to failure
Ny. Usually, a semi-logarithmical representation of the data is chosen. Fig.
shows a typical Woehler curve, also often called S-N curve.

Woehler curves reflect the total fatigue life of an investigated component en-
compassing different stages ranging from damage nucleation until ultimate failure.
According to e.g. [Suresh, 1991] the progression of damage can be classified into the
following regimes: 1. nucleation of permanent damage, 2. creation of microscopic
cracks, 3. growth and coalescence of microscopic flaws, 4. stable crack propaga-
tion of a macroscopic crack, 5. structural instability of catastrophic failure. Thus,
the described steps can be roughly subdivided into crack initiation (stage 1 & 2)
and crack propagation (stage 3 & 4), followed by ultimate fracture or catastrophic

failure (stage 5).

Low cycle fatigue (LCF) vs. high cycle fatigue (HCF)

In general, one can distinguish between low cycle fatigue (LCF) and high cycle

fatigue (LCF). Typically, a Woehler plot where the total strain amplitude Ae;/2 is

14



2.2 Fatigue of metals

log (Ag/2)

~  plastic

=
-

LCF HCF log(N,)

Figure 2.4: Double logarithmic Woehler plot expressed in the total strain ampli-
tude Aet/2 vs. Ny showing the linear dependency of the elastic and plastic strain
contributions: The cross-over separates the LCF and HCF regimes.

plotted over Ny is used to illustrate the difference between LCF and HCF. Here,
A€ /2 is the total strain amplitude and corresponds to the sum of the elastic Ae,/2
and the plastic Ae,/2 amount. As can be seen in the double-logarithmic Woehler
curve expressed in total strain vs. cycles to failure as shown Fig. both — elastic
and plastic — strains have a linear contribution to failure. In the LCF regime the
plastic strain amount dominates, in HCF the elastic strain amount. The cross-over
of both linear regimes relations defines the limit between low cycle fatigue and high
cycle fatigue.

In the HCF-regime the plastic strain contribution is negligibly small compared
to the elastic strain contribution and it follows that Ae;/2 ~ Ae./2. In this regime
the fatigue data can be described by the Basquin equation [Basquin, 1910], where

the (elastic) strain amplitude is correlated to the number of cycles to failure by

equation 2.13]

Aee_ff}
2 E

(2N;)° (2.13)

where 0} is a coeflicient, which is correlated by the static yield strength and ultimate

tensile strength of the material and the exponent b is empirically obtained by a fit of
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the fatigue data. In this regime microelastic mechanisms contribute to the fatigue
degradation of the materia.

In the LCF regime the plastic strain amount dominates. Typically these cyclic
loadings occur at amplitudes above the yield strength of the material. The obtained
fatigue data in this regime can be approximated by the Coffin-Manson equation,
first proposed in Ref. [Coffin, 1954] and[Manson, 1954].

% = ery (2N})~° (2.14)

The coeflicient e/f is related by the ultimate tensile strain obtained from the static
tensile test [Christ, 1991]. The exponent ¢ gives an information on the cyclic hard-
ening/softening behavior of the material. The combination of equations and
correlating the total strain amplitude % with the number of cycles to failure
Ny leads to the following relationship:

Aet g

2

“~

(2N;) " +erp (2Nf)~° (2.15)

b

2.2.3 Implications of fracture mechanics on fatigue

Concepts of linear elastic fracture mechanics (LEFM) are widely used in fatigue
analyses. This “defect tolerant” approach recognizes the fact that the investigated
structures are usually flawed. Thus, the growth of an initially introduced defect is
investigated under cyclic loading to estimate when crack growth is “subcritical” up
to “catastrophic” in the investigated structure[Johnson and Paris, 1968].

In the following section basic aspects of LEFM are introduced followed by the

discussion of fatigue crack propagation.

Griffith fracture theory

In the early 20" century Griffith formulated the crack growth behavior of an ideally
brittle material [Griffith, 1920]. He assumed that the formation or growth of a crack
corresponds to a decrease of the total energy of the system, balancing the surface
energy it costs to create the crack and the work energy reduction of the system.
Basing on the stress analysis by Inglis in [Inglis, 1913] for an elliptical hole in an
infinite elastic plate (see Fig. , Griffith formulated the following energy balance
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2.2 Fatigue of metals

|

Figure 2.5: A through-thickness elliptical crack in an infinitely wide plate with
thickness B subjected to a remote tensile stress (mode I) o.

for an incremental increase of the crack area dA:

dE dII  dW;

with E denoting the total energy of the system, II the potential energy of the sys-
tem, which is dictated by the internal strain energy and the external forces, Wy the
work required to create a new surface [Anderson, 2005]. Basing on Griffith’s ansatz,
Irwin later proposed an Energy Release Rate (ERR) approach [[rwin, 1956], which
was found to be more practically applicable for engineers.

Above described theories, however do not take into account plasticity and are only
applicable to materials featuring linear elastic behavior, which is the case for per-
fectly brittle materials. Moreover, Griffith’s theory is insensitive to the curvature
of the crack tip, which highly influences the resulting stress field and propagation

behavior, as will be discussed below.
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Figure 2.6: Illustration of R-curve for metallic materials showing the variation in
cyclic crack growth rates da/dN, as a function of the applied stress-intensity range

AK (redrawn after [Ritchie, 1977]).

Fatigue crack propagation

Above mentioned fracture mechanistic aspects have been further extended and suc-
cessfully applied to study the crack propagation of a notched material subjected
to constant cyclic load amplitudes. This approach is important since, especially
in engineering applications, materials are never flawless. Thus, crack propagation
investigations allow to design in a damage tolerant way. Crack propagation inves-
tigations under laboratory conditions consist in introducing a notch with defined
geometry, similar to Fig. and to apply several loading cycles causing the crack
to grow. The obtained data is plotted in a so-called R-curve or crack growth resis-
tance curve, as shown in Fig[2.6l The R-curve illustrates the crack growth behavior
da/dN, the change in the crack length as a function of the number of applied load-
ing cycles, vs. the change of the stress intensity factor range AK. The stress
intensity factor K depends on the applied loading mode and thus typically has a
an index I, IT, or III referring to the loading mode. According to the

stress intensity factor is defined as:

AK = f(a)Aoy/ma (2.17)
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2.2 Fatigue of metals

where AK is the difference of the stress intensity factor depending on the load
maximum and minimum, o is the applied stress range, a is the measured crack
length and f(a) depends on the loading mode, the sample geometry (thickness,
width) as well as on the notch geometry. Peterson has summarized different stress
intensity factors for given sample and load geometries and can now be found in
e.g. [Pilkey and Pilkey, 2008]. As shown in Fig. a typical R-curve for a ductile

material can be subdivided into three characteristic regimes:
Stage A, near threshold regime: In this regime subcritical crack growth occurs.

Stage B, Paris(-Erdogan)-regime: Intermediate region for crack velocities in the
order of 10 to 10°° m/cycle: Steady crack growth occurs, following the Paris
law (see equation [Paris and Erdogan, 1963)]).

Stage C, catastrophic failure: In this part, the crack grows catastrophically until it

reaches a critical value for the stress intensity factor K¢.

da

N = C(AK)™ (2.18)
where C' and m, also called the Paris exponent, depend on the material prop-
erties. For metals, typical values for m range between 2 and 4 [Ritchie, 1999],
[Pippan et al., 2011]. For brittle materials a very high stress intensity factor sen-
sibility of the crack growth rate is expected. For ceramics the Paris exponent m can
reach values as high as approximately 15 to 50 and above [Ritchie and Dauskardt, 1991].
Thus, the fatigue crack propagation behavior is vastly distinct between ductile ma-
terials such as metals compared to brittle materials like ceramics or intermetallics.
Fig. juxtaposes characteristic crack propagation curves (R-curves) of ceramics,

intermetallics and metals.

2.2.4 Overview of fatigue mechanisms

Ritchie first categorized the mechanisms promoting plasticity with crack advances
into intrinsic and extrinsic mechanisms (see Ref. [Ritchie, 1977], [Ritchie, 1988],[Ritchie et al., 2000]).
Since then, this classification has been widely adapted in the fatigue community see
e.g. Ref [Pippan et al., 2011], [Foulk, IIT et al., 2008], [Wegst et al., 2015]. Fig

'Reused under License Agreement between A. Lassnig and Elsevier Publishing Group provided
by Copyright Clearance Center (License Nr: 3655370185698)

?Reused under License Agreement between A. Lassnig and Nature Publishing Group provided
by Copyright Clearance Center (License Nr: 3655300699738)
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Figure 2.7: Representative R-curves for ceramics, intermetallics and metals
([Ritchie et al., 2000]).

summarized and illustrates those mechanisms occurring ahead of the crack tip (in-
trinsic) and in the crack wake (extrinsic). Roughly, it can be said that the intrinsic
mechanisms influence the crack propagation behavior ahead of the crack tip and
are governed by the inherent material properties. Therefore, they are insensitive
to the geometry of the crack. Intrinsic mechanisms are mainly responsible for the
crack initiation process.

In contrast, extrinsic mechanisms have little effect on the initiation processes and
are associated to shielding mechanisms inhibiting further crack propagation such
as zone shielding (creation of inelastic zones in the crack wake) or contact shield-
ing (crack bridging, corrosion debris, asperities leading to crack closure in metal
fatigue).

In ductile materials the shielding mechanisms are mainly intrinsic (dislocation ac-
tivity, crack tip plasticity). In the case of brittle materials intrinsic mechanisms
are purely associated to damage and extrinsic mechanisms allow to toughen the

material.
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Intrinsic toughening
Extrinsic toughening

<" Plastic
- Zone
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Behind crack tip

Figure 2.8: Schematic representation of the extrinsic and intrinsic toughening
mechanisms occurring in a material [Wegst et al., 2015]|.

Figure 2.9: Schematic representation of microelectronic package: (1) Cu ball bond
(1% level interconnect, (2) Al metallization layer, (3) Cu wire connecting package

to outside circuitry, (4) wedge bond (2" level interconnect), (5) mold compound
protecting the entire chip package, (6) imid layer covering and protecting pad metal-
lization from mold compound.

2.3 Thermosonic ball bonds in microelectronic devices

The following section is dedicated to thermosonic ball bonding, a commonly used
technology to create miniaturized interconnects in microelectronic devices. This
technology was first introduced in the 1970s and is a solid — solid joining technology
for first level interconnects, where a strong connection between a thin wire (typically
in the order of 25 pm to 75 pm diameter) and a thin pad metallization, which covers
the microchip, is created. A schematic cross section of a typical microelectronic
device is illustrated in Fig. 2.9 highlighting the ball bond interconnect.

Various materials combinations are eligible for this interconnection type. Previ-
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ously, the standard material combination were gold wires bonded on aluminum pads
(see e.g. [Wulff et al., 2007], [Wulff et al., 2007], [Wulff et al., 2007]). In the case
of Au-Cu ball bonds, various problems were encountered such as Kirkendall void
formation (see e.g. Ref. [Murali et al., 2004], [Li et al., 2006]) and detrimental in-
termetallic formation known as “purple plague” ([Philofsky, 1970], [Xu et al., 2010])
subsequent to high temperature exposure.

Nowadays, due to economic reasons, the ball bonding process has been adapted
to replace formerly employed gold wires by copper wires. In this present work the
focus is mainly set on Al-Cu ball bonds. First, the thermosonic ball bonding pro-
cedure including the involved mechanisms are discussed in [2.3.1] During service,
microelectronic devices are subjected to elevated operating temperatures leading
to microstructural changes at the Al-Cu interface due to marked interdiffusion.
The microstructural evolution leads to the formation of intermetallic compounds,
which are discussed in section Standard test techniques, currently employed
to assess the reliability of the bond interface, are summarized in followed by
a brief literature overview on the shear test results as a function of intermetallic
compound evolution in Al-Cu ball bonds. Finally, a novel fatigue testing method
specially designed for wire-bond interconnects utilizing an ultrasonic resonance fa-
tigue system is presented in

2.3.1 Thermosonic ball bonding process

The key process steps of thermosonic ball bonding are elucidated hereafter. A
miniaturized interconnect between a thin metallic wire (typically from 25 pm to
75 pm diameter) and a metallization “skin” (thickness of few pm) is created by
employing a compressive force, ultrasonic energy and heat.

During the bonding process both materials are in solid condition [Harman, 2010].
In Fig. 2.10] the ball bonding process is sketched. The thin wire to be bonded is
clamped and manipulated by a small capillary tool. As a first step the wire tip
is melted by an electric flame off (EFO) technique and subsequently solidified to
a free air ball (FAB) due to surface tension. Then, the FAB is brought closely to
the pad surface, where a compressive force is applied (around 140 MPa) ensuring
a strong contact between both materials to be bonded. Finally, ultrasound is ap-
plied between 120 — 140 kHz to soften the Cu ball and the Cu ball is rubbed into
the pad metallization, which creates the thermosonic ball bond. To facilitate the

creation of a sound bond interface and to spare the chip material, elevated tem-
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2.3 Thermosonic ball bonds in microelectronic devices

a) v b) c) d) e)
B I N D
Figure 2.10: Schematic of ball bonding process: The wire to be bonded is clamped
by capillary tool (a), followed by electric flame off to soften the wire tip resulting in
the creation of a free air ball due to surface tension (b). Then the wire tip is low-
ered to the bonding pad, where an additional normal force is applied to ensure a

close contact of both bonding surfaces (c). A frictional motion induced by ultrasonic
energy results in the creation (d) of a thermosonic ball bond, where high plastic de-

formation occurred (e). Redrawn and modified after e.g.[Harman, 2010].

peratures between 125 °C and 250 °C are applied during the ball bonding proce-
dure [Harman, 2010], |[Breach and Wulff, 2010], |Schneider-Ramelow et al., 2013],
[Xu et al., 2010].

Thus, it can be concluded that the following process steps and primary condition

of the bonding materials highly determine the quality of the future bond interface:

Initial pad condition: Pad roughness and absence of oxides and debris are crucial

to ensure a flat and parallel interface across the bonds. In [Pelzer et al., 2012]

a preliminary pad cleaning procedure ensuring optimum bond conditions is

mentioned.

Flame-off melting and creation of FAB: Usually, it is aimed at obtaining a per-
fectly spherical free air ball as it dictates stability throughout the bonding
process and ensures a homogeneous transmission of the bond forces through
the capillary. A study by Hang et al. discusses the optimum parameters

to reduce the weak heat affected zone (HAZ) and to create a homogeneous,

spherical FAB [Hang et al., 2009] by means of an electric sparking process ac-

cording to the previous studies in [Huang et al., 1995|, [Cohen et al., 1995].

During flame off elongated coarse grains occur in the FAB, followed by the
heat affected zone (HAZ), as illustrated in Fig.

Bond process parameters: Applied thermosonic energy, compressive force, substrate

temperature and bonding duration need to be optimized to ensure a strong,
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Figure 2.11: Schematic grain size distribution subsequent to free air ball (FAB)
formation, showing elongated coarse grains in the FAB, a transition coarse grained
area called the heat affected zone (HAZ) and the small grained base wire material.
Redrawn after e.g. [Hang et al., 2009].

throughout bond interface. Xu et al. found in [Xu et al., 2011a] that the in-

crease of the bonding duration leads to an increase of the ball shear strength

but also to an increase in the formation of interfacial intermetallic compounds.
The same authors also found that an increase of the substrate temperature
leads to an increase of the ball shear strength, which is attributed to an ac-
celeration of the bonding process since diffusion is facilitated at elevated tem-
peratures. Qin et al. stated in |Qin et al., 2011] that the ball shear strength

should not be considered as the only quality criterion but also minimal pad

damage subsequent to the bonding process. In-situ pad stress tests were con-
ducted to monitor the bonding process parameters i. a. the ultrasonic energy
and applied bonding force. It was found that both need to be kept minimal

to minimize pad stress damage.

2.3.2 Mechanisms of thermosonic ball bond process

Various mechanisms contribute to the formation of the thermosonic bond interface
such as the frictional motion, elevated substrate temperature and the addition
of ultrasound. While it is intuitive that the frictional motion serves as plastic
deformation process and furthermore removes inhibiting debris of both bonding

partners, the effect of ultrasound on the metal deformation and phase formation still

remains unclear |[Breach and Wulff, 2010]. Some studies claim that intermetallic

phase formation during the bonding process is responsible for the creation of the
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2.3 Thermosonic ball bonds in microelectronic devices

bond. However, in the case of AI-Cu bonds the presence of nucleated intermetallic
compounds (IMCs) in the as-bonded state different statements could be found in
literature. E.g. in [Drozdov et al., 2008a] nucleated IMC were found, while in more
recent studies e.g. in [Pelzer et al., 2012] their presence could not be confirmed in
the as-bonded state.

2.3.3 Microstructural evolution of Al-Cu ball bonds

Thermosonic wirebonds are subjected to elevated service temperatures and thermal
fluctuations due to increased operating temperatures and Joule heating. It is well-
known that elevated temperatures (typically up to 150 °C ) foster interdiffusion of
both materials into each other at the bond interface, which leads to the formation
of intermetallic compounds (see e.g. Ref. [Drozdov et al., 2008b]). In previous
studies ([Xu et al., 2011b|, [Pelzer et al., 2012]) it was found that the growth of
the total intermetallic stack as a function of annealing time obeys a parabolic law

described by the following equations:

N[

x(t) = (D -t) (2.19)
where x denotes the total thickness of the interfacial intermetallic compounds
as a function of time ¢ and D is the diffusion coefficient (m?s!)depending on the

(absolute) temperature T":

D = Dy - exp (]_%g) (2.20)

where Dy is the diffusion constant depending on the material properties. Typ-
ically, this constant depends on the atomic distance, the number of point defects
(vacancies, interstitial sites allowing to “host” an atom) occurring in a lattice, @ is
the activation energy in Joule, R is the molar gas constant 8.3144621%, and T is
the absolute temperature in Kelvin. For the growth behavior of Al-Cu intermetallics
in thermosonic Al-Cu bonds Xu and co-authors reported in Ref.[Xu et al., 2011D]
that at 200 °C the growth rate constants for AloCu and Al;Cug are 7.80-10~m?2s!
and 2.10-1079m2s!, respectively. In the same study activation energies for Al,Cu

and Al;Cug were found to be 60.66k.J/mol and 75.61k.J/mol at temperatures be-
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Figure 2.12: Binary Al-Cu phase diagram ([Murray, 1985]).

tween 175 °C and 250 °C, respectively. The growth thickness x of the total stack
of intermetallic compounds obeys a parabolic law during thermal aging, which is

indicative that the main diffusion mechanism is bulk solid state diffusion.

Al-Cu intermetallic formation and their physical properties

When looking at the binary Al-Cu phase diagram in Fig. the possible inter-
metallic phases that are stable below 300 °C are AlaCu (), AlCu (12), AlsCuy ((2),
AlyCus () and AlyCug (72), which also appear in this order across the interface,
where the phase containing the highest aluminum concentration is closest to the
aluminum side and the phase with highest Cu amount is adjacent to the Cu side.
Intermetallic compounds are well-known to feature disparate physical properties
compared to their metallic parent materials. There exists a preponderance of stud-
ies concerning the static characterization of the physical properties of above men-
tioned intermetallic compounds mainly motivated by electronic applications: E.g.
in the following studies [Kouters et al., 2011], [Kouters et al., 2013], [Braunovic et al., 2010],
[Rabkin et al., 1970] various physical properties such as hardness, density but also

electrical properties of these materials are compared. In a study conducted by
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Table 2.1: Physical properties of Al-Cu intermetallic com-

pounds [Kouters et al., 2013] are summarized hereafter, where at.% Cu refers

to the atomic concentration of Cu in the investigated IMC, E is the Young’s mod-
ulus, p is the mass density, K¢ is the fracture toughness, form. E is the energy of
formation required to build such IMCs, CTE is the coefficient of thermal expansion.

Material at.%Cu E P Kic Hy form. E CTE  Crystal
(GPa) | g/cm® MPam!/? MPa | eV/atom ppm  structure
Al 0-2.84 70 2.7 14-28 20-50 23.5 fec

Alb,Cu  32-33 124+ 7 4.38  0.27+0.06 324 -0.1553 16.1  tetragonal
AlCu 50-52 180+13 | 5,36 0.20+0.03 628 -0.2134 11.9  monoclinic

AlgCuy  55-56 na na 0.21 £ 0.05 616 16.1  monoclinic

Al,Cus  59-62 na na 0.68+£0.15 558 15.1 trigonal

Al4Cug 63-69 187+ 9 6.85  0.67+0.10 549 -0.2105 17.6 cubic
Cu 80-100 120 8.93 12-22 60-100 17.3 fce

Lee et al. (|Lee et al., 2005]) a drastic increase of the electrical resistivity with
increased intermetallic compound evolution could be proved. The main findings of
the mechanical properties of the intermetallic compounds are summarized in table
proving that an increased hardness, increased brittleness (i.e. reduced inden-
tation toughness) compared to the parent materials could be found. This may be
attributed to their stronger atomic bonding type (while the parent materials have
metallic bonds, intermetallics typically have a more covalent bond) as well as to

their lower symmetries hindering plastic deformation.

2.3.4 State of the art test methods for ball bond interface

The standardized test techniques to assess the bond quality are the destructive
wire pull and ball shear tests, as illustrated in Fig. Both tests are static test
methods and have been widely discussed by e.g. [Bisschop, 2007], [Harman, 2010].
The wire pull test consists in pulling the loop between ball bond and 2" level
interconnect (usually of wedge bond type) until the weakest link fails, where the
force necessary to rupture the loop is recorded. If both interconnects are intact,
the wire loop is prone to fail at its weakest site, which is at the heat affected zone
due to the free air ball formation process. It follows that this test procedure only
indirectly tests the ball bond interface: a rupture of the bond would account for an
extremely weak bond. As opposed to the wire pull test, the ball shear test allows
to determine the reliability of the ball bonded interface. This method follows the
industrial JEDEC standard [JEDEC, 2009]. Here, a miniaturized chisel-shaped
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Figure 2.13: Schematic of wire pull (a) and ball shear (b) tests.
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Figure 2.14: Typical failure modes during ball shear testing (a) ball lift off, (b)
ball shear, (c) pad metallization lift off, (d) chip cratering and (e) metallization
cracking.

tool is placed at a defined height above the bond interface and shears the ball off
the bond pad. The force required to rupture the entire bond is recorded, followed

by a subsequent visual inspection of the fractured area.

Effect of microstructural evolution on ball shear test results for Al-Cu bond interface

In various studies the effect of intermetallic compound evolution on the static shear
strength of thermosonic Al-Cu ball bonds has been widely investigated. The results
though are not necessarily consistent:

E.g. Pelzer et al. have thoroughly characterized Cu-Al ball bond shear strengths

as a function of heat treatments in [Pelzer et al., 2012]: It was found that the ac-

tivation energy for the entire intermetallic stack is 1.26 eV. Static shear values

were compared to the annealing matrix but significant changes in the shear force
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values with increased IMC formation was not observed. In another study, Amis-
toso et al. found a slight decrease of ball shear strength as a function of time
and temperature [Amistoso and Amorsolo, 2010]. Bond degradation due to inter-
metallics formation has usually been associated to the formation of cracks and voids
subsequent to interdiffusion and not to the intrinsic physical properties of the in-
termetallics [Hang et al., 2008].

2.4 Ultrasonic fatigue testing of materials

The usage of ultrasonic resonance systems for fatigue testing purposes originates in
1950, where Mason built the first piezoelectric fatigue testing machine translating
electrical voltage signals into mechanical displacements operating at 20 kHz. The
main benefit lies in an extreme time reduction such that the high cycle fatigue
(HCF) and ultra high cycle fatigue (UHCF) regimes up to a total of 10'° loading
cycles can be tested in reasonable time. In this section the functional principle of
ultrasonic fatigue testing is briefly explained (see . Finally, a modification of
ultrasonic fatigue testing specially designed to test miniaturized interconnects and

bond interfaces occurring in microelectronic components is presented in [2.4.2]

2.4.1 Principles of ultrasonic resonance fatigue testing

The usage of ultrasound for fatigue testing dates back to the 1950s (see Ref.
[Mason, 1956]). The working principles of ultrasonic fatigue testing is explained
hereafter, according to e.g. [Roth, 1985|,[Stickler and Weiss, 1982].

In ultrasonic fatigue testing a sufficiently high strain amplitude in the specimen is
cyclically induced leading to subsequent fatigue failure of the specimen. Typically
the testing setup is comprised of a converter generating ultrasonic displacement
waves, an acoustic horn which transmits and amplifies the signal followed by an
extension horn and the specimen itself. Consequently, an acoustic signal leading
to mechanical strains travels through the entire setup. The velocity ¢ of this signal
depends on the material properties of each component and can be described by the
following equation [2.21]

. <E><é) (2.21)

p
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with £ denoting the dynamic Young’s modulus of the material and p its mass
density. c is usually referred to as the velocity of sound. Once the sound wave has
reached the end of the setup it is reflected by the front wall and travels back to its
origin. If the reflected soundwaves are exactly in phase with incoming soundwaves
a standing wave condition is fulfilled and the setup is in resonance. In this case the
displacement amplitude u (z, t) as a function of location x along the one dimensional

setup can be expressed by equation [2.22

u(z,t) = ug - cos (%x) - sin (wt) (2.22)

ug is the maximum displacement amplitude at the end of the bar, L the length of

the setup, A the wave length at resonance frequency and w ist the angular frequency:

L L £ (2.23)

The corresponding strain distribution ez, ¢ is obtained by the first derivative of

above mentioned displacement distribution.

€(z,t) = w = —% - - sin (%) - sin (wt) (2.24)
Thus, strain and displacement distribution along the resonating ultrasonic fatigue
setup follow a sinusoidal distribution and are 7/2-phase shifted. Fig. shows
a schematic ultrasonic resonance fatigue setup where the strain and displacement
distribution are illustrated. Thus, if the specimen is adequately designed maximum
strain occurs in the center - i.e. at \/4-, whereas maximum displacement occurs
at the end i.e. at A\/2 of the specimen. Assuming that the stresses induced in the

specimen are - mainly- purely elastic, Hooke’s law can be assumed, see equation

2.3l

2.4.2 Ultrasonic fatigue testing of miniaturized bond interfaces

A novel test technique as an alternative to conventional mechanical test methods
assessing the reliability of microelectronics bond interfaces utilizing an ultrasonic
resonance fatigue system was first introduced by [Khatibi et al., 2008], where
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Figure 2.15: Scheme of ultrasonic fatigue resonance system, redrawn and slightly

modified after [Roth, 1985].

the first mechanical fatigue measurements were conducted on 400 pm thick Al wedge
bonds occurring in IGBT (insulated gate bipolar transistor) modules. Recently this
test technique has been widely applied to assess the reliability of different wire bond
interconnect types (see e.g. Ref. [Khatibi et al., 2010], [Magnien and Khatibi, 2014],
[Walter et al., 2015]). The working principles of this novel technique are briefly elu-

cidated in the following section.

Specially designed to tackle the lifetime performance of miniaturized wire bond in-
terfaces, this method bases on the induction of cyclic -mechanical- shear stresses in
the targeted bonding interconnect utilizing an ultrasonic resonance fatigue system
operating at 20 kHz. Each part of this set-up including the sample holder fulfill
the resonance condition. Thus, strain and displacement signals follow a -7 /2-phase
shifted- sine-shaped standing wave along the set-up respectively. The test device is
mounted at the end of the specimen holder (i.e. where maximum acceleration node
is located) such that the tested interface acts as a coupling between two differently
inert masses: The bulk sample holder- part of the ultrasonic fatigue setup- and the
miniaturized active mass above the bond. Differently inert masses lead to a slightly
phase shifted motion resulting in cyclic shear stresses at the bond interface. The
subsequent fatigue failure type is a so-called bond lift-off, where the micro com-
ponent is detached at the bond interface, revealing the weakest link of the bond.

The average cyclic shear stress 7 acting on the bond during the experiment can be
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estimated by equation [2.25

m-a

A

(2.25)

T =

where m denotes the active mass above the bond, a the acceleration and A the
bonding area respectively. Both, active mass m and bonding area A are measured
post-mortem. In the case of thick Al wire bonds an upside down sample position
was chosen, where the wire was directly attached to the sample holder, which is
part of the ultrasonic resonance fatigue system. From equation it follows that
the shear stress amount leading to fatigue lift off in the bond is proportional to
the mass-to-area ratio determined by the sample geometry. The acceleration can
be varied either by tuning the power amplitude of the ultrasonic fatigue setup or
by choosing a suitable acoustic horn, which amplifies (attenuates) the signal pro-
portional to the ratio of the cross-sectional areas. A schematic of the functional
principle of ultrasonic fatigue testing of miniaturized joints in microelectronic de-
vices is illustrated in Fig. 2.16]

32



2.4 Ultrasonic fatigue testing of materials

displacement

distribution
mid- (acceleration)
) section
csit.rr:u.r;) " | micro-
istribution : component
- —— -
N~

~

active mass
fatigue lift off

micro-joint

Figure 2.16: (a) Overview of ultrasonic resonance fatigue system for fatigue tests
of bonded interconnects (b) Schematic close up: Shear stress at the bond leading to
fatigue lift off at the weakest site of the bond.
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3 Mechanical fatigue of miniaturized Cu-based
ball bonds

In this chapter high cycle fatigue (HCF) properties of copper-based ball bond in-
terfaces occurring in standard microelectronic components are studied. Special em-
phasis is set on thermosonic ball bonds, which are utilized in various technological
applications such as automotive industry. Therefore a tailored fatigue test tech-
nique was designed utilizing an ultrasonic resonance fatigue system in combination
with special sample preparation techniques to induce cyclic mechanical stresses in
the investigated bond interface. A main question in the context of bond reliability
is how the fatigue response of the bond interface is affected due to intermetallic
compound formation subsequent to thermal exposure.

Finally, two measurement series are conducted to tackle the following questions:

1. How does intermetallic compound formation as a consequence of high tem-
perature exposure influence the high cycle fatigue properties of miniaturized

Cu-Al interfaces? How does it compare to the standardized static shear tests?

2. How does the variation of pad metallization material influence the fatigue

properties of Cu-based thermosonic ball bonds?

In the investigated ball bond specimen is briefly described. The fatigue test-
ing methods specially designed for miniaturized ball bonds are presented in and
can be subdivided into single bond and multiple bond testing. Single bond testing
allows to test each ball bond individually, whereas multiple bond testing allows to
test several ball bonds belonging to one chip simultaneously.

In section [3.4] the role of intermetallics formation on the fatigue behavior of Al-Cu
bond interfaces is investigated including a detailed microstructural characteriza-
tion of selected interfacial conditions by means of electron microscopy techniques.
Therefore, fatigue tests were conducted on three microstructural states by means

of the above mentioned single bond test technique followed by a detailed analysis
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3 Mechanical fatigue of miniaturized Cu-based ball bonds

of the microstructure dependent fatigue fracture morphology in The main
results presented in these sections were published in [Lassnig et al., 2015]. In the
last section the fatigue behavior of Cu-Cu ball bonds is compared to the pre-
viously studied Al-Cu ball bonds by means of multiple bond testing, to prove the

applicability of the proposed test methods to several metallization materials.

3.1 Investigated Cu-Al ball bond specimen

The investigated specimens are from the same technology as in [Lassnig et al., 2012],
[Pelzer et al., 2012] and are typical thermosonic Al-Cu ball bonds in microelectronic
devices for automotive applications. They were provided in unmolded condition
by Infineon Villach. A 50 pm thin Cu wire of 99.99 % purity was thermosonically
bonded on a 5 pm thin Al (0.5 % Cu) metallization, which results in a final bonding
area of approximately 135 pm diameter and a Cu ball of about 30 pm height. The
sputter deposition of the metallization occurred in a Trikon SIGMA-FXP chamber.
Prior to bonding a pad cleaning process was conducted to allow optimum bonding
conditions by the reduction of debris. For the actual ball bond process an ASM
iHawk Xtreme bonder was utilized in combination with a standard reducing atmo-
sphere nozzle kit to avoid oxidation and debris of the Cu wire during free air ball
sparking.

In Fig. a SEM cross section of a typical loaf-shaped ball bond is shown, where
a pronounced splash of the soft Al pad is visible. Metallization splashing parallel
to the bonding direction occurs due to high plastic deformation of the soft pad
material during the bonding process. In Fig. a close up of the as-bonded
Al-Cu interface is depicted: A flat, plane interface is shown revealing no visible

interdiffusion zones or nucleation of intermetallic compounds.

3.2 Development of accelerated fatigue tests for miniaturized ball
bonds

As described in microelectronic components can be tested by means of an
ultrasonic fatigue resonance system. The component to be tested is mounted at
the end of the sample holder, which is part of the load train of the resonating
setup and thus the microcomponent is excited to longitudinal push-pull motion

following the excitation of the bulk sample holder. By additional usage of an “ac-
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3.2 Development of accelerated fatigue tests for miniaturized ball bonds

Figure 3.1: (a) SEM cross section of unmolded Cu ball bonded on Al. A pro-
nounced Al splash parallel to the bonding direction is visible. (b) High magnification
of Al-Cu interface showing no traces of IMC formation in the as-bonded state.
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3 Mechanical fatigue of miniaturized Cu-based ball bonds

tive” mass, which is located above the bond the longitudinal excitation leads to a
slightly phase shifted motion between two differently inert masses — the mass of the
specimen holder and the mass above the tested bond. Consequently, the bond acts
as coupling between both parts and is therefore subjected to cyclic shear stresses,
which lead to subsequent fatigue lift off. According to equation [2.25|estimating the
shear stress amount acting on the bond, this can only be achieved by a suitable
(active)mass-to-(bond)area-ratio, which can only be realized by a suitable specimen
setup. To check if sufficiently high stresses can be induced in the miniaturized loaf
shaped ball bonds, a rough estimate of the shear stresses is made hereafter.

The shape of a typical Cu ball as shown in Fig. [3.I] can be approximated by a flat
cylinder assuming a diameter of 135 pm and a height of 35 pm. This corresponds
to a bonding area of about 14300 pm? and a volume of about 500000 pm3 (i.e.
5-1077 cm?). With the mass density of copper being 8.92 gcm™ this leads to an
active mass of approximately 4.5 pg. In ultrasonic fatigue testing accelerations
in the order of 100 km/s? are typically achieved. Thus it follows from equation
that shear stresses are in the order of 3 - 10~8 MPa; however it is expected
that stresses leading to fatigue failure of bond interfaces shall be in the order of
MPa or tens of MPa. Consequently, a successful application of the fatigue test to
miniaturized, loaf-shaped ball bonds can only be realized by means of a sample
modification, where the mass of the Cu ball is artificially increased without wetting

the underlying metallization.

Thus, improved sample preparation techniques basing on previously developed
prototypes [Lassnig et al., 2012],[Lassnig et al., 2013] are presented resulting in
two distinct ball bond test approaches, where soldering builds the basis of the

proposed sample modifications:

Single bond testing This test technique allows to evaluate each bond individually.
A special soldering technique called "solder jetting” is employed to increase
the mass of each Cu ball individually. Here each fatigue data point can be cor-
related to a specific bond. Furthermore, this technique is layout independent

and thus easily adaptable for different technologies.

Multiple bond testing Several bonds are simultaneously tested, where a sandwich-
type sample setup is chosen. A specially designed template allows a precise

application of the solder paste such that every bond is covered with solder.
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3.2 Development of accelerated fatigue tests for miniaturized ball bonds

For the fatigue test an upside down geometry is used, where the Cu balls
strongly adhere to the solder and where the mass of the chip serves as active
mass during fatigue tests. Here each obtained data point is representative for

an average bond quality per device.

A more detailed description of the sample preparation techniques will be given

below.

3.2.1 Single bond testing

For single bond testing each ball bond is prepared individually. This allows a
precise determination of the fatigue life of selected ball bonds. Therefore a soldering
technique, conventionally used in ball grid array (BGA) mounting called "solder
jetting” is employed to artificially increase the mass of the Cu ball. Solder jetting
allows to reflow solder spheres between 40 pm and 760 pm diameters to a desired
assembly, where a capillary tool manipulates the solder ball and places it to the
desired position. Finally, a laser beam instantly reflows the solder ball. Besides
from being an ultra fast soldering procedure the main benefit lies therein that the
components are soldered without mechanical contact nor with additional chemical
treatments. Potential stresses (chemical, thermal or mechanical) originating from
the preparation are kept minimal and therefore it can be assumed that the bond
quality is not impaired by this manipulation. Key steps of single bond solder jetting
are briefly sketched in Fig. 3.2 and explained below:

First, the wire is carefully removed by smooth wobbling leading to natural fracture
at the transition between the heat affected zone (HAZ) and the fine grained area
of the wire. Then, the bare Cu ball is soldered promptly after a cleaning procedure
with ethanol to ascertain a strong solder-Cu-adhesion. Several ball bonds on a chip
can be tested independently regardless of the design and arrangement of the ball
bonds. Fig. shows the SB2-M-Jet Solder Jetting assembly used for the specimen
preparation.

Two measurement series were conducted by means of single bond testing. For
both series eutectic Pbs7Sngs (low melting point at 183 °C) solder balls were utilized.
In the first measurement series -“MR17- solder balls with a diameter of 600 pm were
utilized resulting in an active mass of 0.57 mg. Fig. shows a cross section of
the prepared specimen. As can be seen, the flat solder ball touches the underlying
metallization showing a hint of wetting and thus it is assumed that the chosen solder

balls were too big for this purpose. Thus a second, improved measurement series
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Figure 3.2: Key steps for solder jetting of fatigue specimen:(a)Removal of bond
wire and degreasing ball bond surface with ethanol (b) a capillary tool clamping

the solder sphere is positioned above the ball bond to be soldered. (c) Finally, a

laser pulse is emitted leading to fast reflowing of the solder ball and the Cu ball.

(d) shows a sketch of the prepared ball bond for fatigue testing.

-“MR2”- was performed, where solder spheres of a diameter of 400 pm resulting
in an active mass of 0.29 mg were chosen. Fig. shows a cross section of the
improved specimen, where a small solder bump is precisely reflowed to the Cu ball
bond revealing a clear gap between the solder sphere and the bond metallization
and imid layer. Both fatigue tests were conducted on Al-Cu ball bonds of the same
technology. The obtained fatigue data of both MR1 and MR2 is summarized in
section

3.2.2 Multiple bond testing

The multiple bond test technique presented in an earlier work [Lassnig et al., 2013

consisted in covering several ball bonds with solder paste topped with a thin copper
plate to ensure uniform soldering of the ball bonds. During reflow however it was
found that solder contracted non-uniformly leading to an uneven coverage of the
bonds. Thus, to improve this test technique such that uniform soldering of each
ball bond is ensured, the previously employed sandwich type soldering technique
should be improved by introducing a dedicated template acting as a solder fixture,
where each Cu ball can be equally soldered. Therefore, the soldering template

should meet the following requirements:
e Precise positioning of the sample during soldering

e Uniform and reproducible soldering of each ball bond
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3.2 Development of accelerated fatigue tests for miniaturized ball bonds

Figure 3.3: (a) Overview of SB2-M-Jet Solder Jetting assembly. The PC screen
shows positioning of the selected ball bonds (top view) to be jetted (b) Close-up of
the laser jetting system when operating.
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3 Mechanical fatigue of miniaturized Cu-based ball bonds

Figure 3.4: SEM cross section of solder jetted ball bond (a) 600 pm diameter (ac-
tive mass 0.57 mg) (b) 400 pm diameter (active mass of 0.29 mg).
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a) b)

Figure 3.5: Overview of templates for multiple bond testing: (a) Si die with Bosch-
etched pad-location layout serves as basis for further template des1gns (b) Template
1: template coated with solderable Cu surface (¢) Template 2: template thinned

to have through holes (d) Template 3: Si template with shallow holes coated with
SnAg diffusion solder.

e Ideally, a layout — independent template should be designed (i.e. should be
flexible for ball bond position/technology)

Three template types are presented, where a 600 pm thick Si wafer builds the
base material. Adapted in-line lithography technologies are used to pattern the
Si template to a desired layout. 100 pm deep holes are Bosch-etched into the Si
template ensuring that each ball bond can be threaded in a corresponding hole,
such that each nailhead is isolated from its counterparts and soldering can occur
separately. Therefore the imid mask layout is used, resulting in octagonal holes of
a diameter of 100 pm, equivalent to the dimension and location of the bonding pad.
It can be distinguished between three templates, which are depicted in Fig.

The template designs and presumable usage are described hereafter:

Template 1

100 pm deep holes are Bosch etched into the 600 pm thick Si template. To ensure
a strong adhesion between the prospectively applied solder paste and walls of the
template, a Cu layer, which is easy to solder, is sputter deposited to coat the walls
of the etched holes. A tungsten interlayer establishes a strong adhesion between
silicon and copper. The deposited Cu layer serves as a guide and fixture of the solder
paste, which will be applied to grip the Cu ball bonds and supposedly enhances
uniform soldering of each ball bond. Due to manufacturing reasons the top side

of the template is also coated with copper and can be easily removed by manually
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3 Mechanical fatigue of miniaturized Cu-based ball bonds

Figure 3.6: Usage of Template 1: (a) overview of bare template; (b) template filled
with solder paste and chip facing setup upside down; (c) soldered template-chip-
sandwich; (d) cross section of soldered ball bond.

polishing the top face of the template. The holes are filled with a PbsySngs solder
paste. A flat and equal amount of solder per hole is ensured by striping off residual
paste with a miniaturized spatula tool. Prior to reflow soldering the chip-template
combination, the ball bonds are cleaned and prepared analogously to section |3.2.1
Finally, the chip is mounted to the solder template such that the ball bonds face the
holes filled with Pbs7Sngs solder. Reflow soldering of the template-chip-sandwich
is realized on a hot plate, where the setup is heated from the bottom leading to
a fast (i.e. less than a minute) reflow soldering procedure. Finally, the soldered
specimen is cleaned with ethanol and blow dried to remove potential flux residuals.

The main steps of this template application are sketched in Fig. [3.6

Template 2

Similar to the sample preparation procedure for multiple ball bond testing described
in[3.2.2] the perforated holes of the thin template 2 serve as guide for a prospectively
applied solder paste to connect the Cu ball bonds without wetting the underlying
pad metallization. Template 2 is a derivative of template 1 but thinned down to a
total thickness of 80 pm such that the holes are through.

In this setup the template is placed on top of the chip such that the ball bonds
are threaded through each hole. Then the solder paste is applied from above and

covered with a copper plate to ensure uniform and throughout soldering along the
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Figure 3.7: Usage of template 2: position template above chip such that Cu side
faces upwards (a and b); add solder paste layer and copper plate (c); cross section of
soldered chip (d).

Cu coated walls of the template up to the Cu ball bond surface. The soldering and
post-soldering procedures are the same as in section The main steps of the
sample preparation with this template are illustrated in Fig. 3.7

Template 3

Here, a 600 pm Si template with shallow holes is utilized, where its surface is coated
with a low melting SnAg diffusion solder layer. After a preparation and cleaning
procedure as mentioned in [3.2.2] the chip is positioned upside down on top of the
template, where each ball bond is located in a shallow hole. The soldering occurs
similarly to previously described sample preparations (see except that once
the solder layer melts, the chip is carefully pressed into the molten solder layer
such that capillary effects force the solder to rise and to strongly embed the Cu
ball. Afterwards the sample is immediately removed from the hot plate allowing
the solder to solidify; a subsequent cleaning procedure is conducted to remove
redundant flux (see[3.2.2). A schematic of this solution is shown in Fig. [3.8

The realization of the above mentioned sample preparation techniques turned out
to be tedious and difficult to perform manually. The most promising method was
found to be the soldering method with template 3 as described in The main
advantage is the already present diffusion solder layer. Furthermore, upside down
positioning of the chip such that each nailhead faces the shallow hole of the template
can be easily and rapidly performed manually. In Fig. the cross section of a
prepared specimen is depicted, where a strong soldering of several ball bonds to the

template can be shown. A third fatigue measurement series “MR3” was conducted
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3 Mechanical fatigue of miniaturized Cu-based ball bonds

a) b)

Figure 3.8: Usage of template 3: (a) Position chip on template with ball bonds
facing shallow holes; cross section of soldered ball bond (b).

Figure 3.9: Cross section of ball bond sample soldered to Template 3.

with this sample preparation technique. The fatigue data is presented in [3.2.3]

Layout independent template

The main limitation of above described soldering templates is the layout depen-
dency: The designed templates can only be applied to a specific technology. Fur-
thermore, since the imid mask pattern cannot be flipped the holes are etched on
the same locations as the pad layout, which means that template 1 and template
3 can only be applied to symmetrical chip layouts—outlying nailheads need to be
removed or excluded from the sample preparation.

Thus, a more versatile, layout independent template, which can be applied to sev-
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Figure 3.10: Usage of the layout independent template: (a) (Easy) positioning of
the chip with nailheads facing SnAg solder (b) Cross section: The solidified meniscus
grips each Cu nailhead without covering the pad material.

eral technologies is additionally proposed hereafter. The layout independent tem-
plate solely consists of a small, flat plate coated with a thin diffusion solder layer.
Soldering of the nailheads occurs by positioning the chip upside down such that
the nailheads are in intimate contact with the solder layer. During reflow sur-
face tension of the liquefied solder causes creeping of the solder upwards along the
Cu nailhead yet not reaching the pad metallization. Hence, the solder solidifies
in a meniscus shape surrounding the Cu nailhead and ensuring a strong adhesion
between copper and solder. The principle of the specimen preparation with the
layout independent template is schematically sketched in Fig. [3.10 Here, a Si
wafer material similar to above mentioned templates was employed without previ-
ously patterning its surface. A 6 pm thin AuSn layer is deposited on one side of
the template. Prior to soldering the chip to the template, the Cu ball bonds are
prepared and cleaned analogously to the previously described sample preparation
techniques. The fatigue samples are created by means of upside down positioning
of the chip such that the nailheads face the solder side of the template. For the
reflowing process the chip-template setup is inserted into an industrial diffusion
solder furnace, where the temperature and atmosphere program is illustrated in
Fig. 311} The entire run starting at room temperature back to room temperature
only takes about 12 minutes, where the reflowing phase including heating and cool-
ing lasts about 6 min. The peak temperature of 310 °C is only held for one minute.
During the reflowing phase formic acid is employed as gentle reducing atmosphere
inhibiting oxidation and debris during the soldering process. A cross section of the
result is shown in Fig.
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Figure 3.11: Temperature and atmosphere profile for industrial soldering of chip-
template pair.

Figure 3.12: Cross section of flat solder template: (a) Overview of several ball
bonds soldered in AuSn (b) close up of a soldered ball bond revealing a clear gap
between pad metallization and solder.
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3.2.3 Comparison of accelerated fatigue test techniques for Cu-Al ball bonds

Fatigue results obtained by the presented fatigue test techniques are compared and
discussed hereafter. In total four fatigue measurements series using the four pre-
sented sample preparation techniques were conducted on the same Al — Cu ball bond
technology in the as-bonded state, where similar fatigue behavior is expected. In
total, two generations of single bond test techniques, MR1 and the improved MR2,
and two alternative multiple bond test techniques, MR3 and MR4, are suggested.

In the first generation of single bond testing solder balls with a diameter of

600 pnm were utilized to increase the active mass of the ball bonds to prepare the
ball bonds for fatigue testing for measurement series MR1. Due to encountered
difficulties from too big solder bumps, an improved sample preparation technique
using smaller solder spheres of a diameter of 400 pm was successfully employed to
carry out an improved single bond fatigue measurement series MR2.
Typical fractographs resulting from the single bond fatigue experiments are shown
in Fig. [3.13] Regardless whether MR 1 or MR 2 were used, the fracture mor-
phologies in Fig. (MR1) and Fig. (MR2) are almost identical. In both
scenarios, the bond direction is parallel to the loading direction. Thus, due to the
aluminum splash in the bond periphery caused by the bonding process, a natural
notch is expected forcing crack initiation, followed by crack propagation towards
the center of the bond. The crack propagation regime is denoted by a flat mor-
phology with pronounced shear features parallel to the loading direction. Once
the crack advances to a critical point, final fracture occurs, as indicated by the
elliptical, dimple like morphology in the center of the bond. To confirm that this
morphology is purely caused by the loading condition and not by the thermosonic
bonding process, one fatigue experiment was carried out with the bond direction
perpendicular to the loading direction. The resulting fatigue fracture surface of the
pad is depicted in Fig. [3.13c. The elliptical feature attributed to the final fracture
and corresponding crack evolution regimes are now rotated by 90° compared to its
previous counterparts. Thus, it may be excluded that these fracture morphologies
arise from the thermosonic bonding process and can be entirely associated to the
loading mode acting on the bond during cycling. This specific fracture evolution
may be associated to a pronounced tilting mode due to the high point of gravity in
the single bond testing setup. To confirm this assumption, finite element analyses
(FEA) were conducted and will be treated in [3.2.4]
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3 Mechanical fatigue of miniaturized Cu-based ball bonds

Figure 3.13: Typical fractographs of the fatigued bond pad in dependence of the
single bond testing method (a) MR1; (b) MR2; (c) fatigued pad with MR1 with per-
pendicular loading direction. All images are oriented parallel to the original bond
direction, the loading directions (LD) in each image are indicated by the arrow.

For the multiple bond test series the most suitable soldering templates presented

in section were chosen. In MR3 a layout dependent SnAg template (see tem-
plate 3 in was used and in MR4 the layout independent flat AuSn template
was utilized.
The fatigue measurement series were conducted on as-bonded Al-Cu bonds of the
same technology featuring similar bond quality. Fig. and Fig. show the
typical fatigue fractographs obtained by method MR3 and MR4, respectively. The
fatigue fracture morphologies obtained by multiple bond testing slightly differ from
the typical morphologies from single bond testing: The elliptical feature in the
center of the bond as observed for single bond testing is absent. Here, the obtained
fracture surface is denoted by a homogeneously smeared, shearing morphology of
the aluminum pad. The shear features are oriented parallel to the loading direc-
tion. On the corresponding copper wire side, where the copper ball is still strongly
attached to the soldered templates, complementary aluminum residuals are located
on the bottom of the bond.

The fatigue data of the four measurement series is summarized in Fig.[3.16] where
the average shear stress 7 estimated by equation [2.25|is plotted against the number
of loading cycles to failure N¢. The dashed lines in the plot serves as guide for the
eye.

As can be seen, the obtained fatigue data highly differs among the corresponding
test techniques even though the bond quality should be identical. In the case of sin-
gle bond test techniques a data shift of about 40 % is observed. In MR1 the average
stresses range from 25 MPa to 15 MPa between 10° and 10° loading cycles, whereas
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Figure 3.14: Fatigued specimen with method MR3: (a) chip side showing removed
ball bonds (b) template side: all ball bonds are embedded in solder template (c)
close up of fatigued aluminum pad (d) corresponding fatigued copper ball.

Figure 3.15: Fatigued specimen with method MR4: (a) close up of fatigued alu-
minum pad and (b) corresponding fatigued copper ball.
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in MR2 average stress values between 14 MPa and 11 MPa already lead to fatigue
lift-off in the same range of applied loading cycles. A higher scatter of the data in
MR1 can be observed compared to the data in MR2, which may be explained by the
fact that in MR1 the bigger solder ball may slightly adhere to the underlying pad
metallization. Therefore, the fatigue results may be falsified (due to an artificial
increase of the bond area) and moreover not be reproducible. Fig. compares
the cross sections of the single bond fatigue test specimens, where Fig. shows
the solder-jetted sample with solder ball diameter of 600 pm employed in MR1.
Fig. shows its improved counterpart with a smaller solder bump of 400 pm
diameter. It can be seen that due to the flat geometry in Fig.[3.4h, where the solder
bump almost reaches the pad metallization and the chip, whereas in Fig. the
solder ball is clearly does not contact the chip nor the metallization. This also leads
to a higher location of the center of gravity resulting in an increased tilting mode
during the to and fro excitation of the ultrasonic resonance setup. In this case, the
solder ball acts as a lever on the bond interface, which explains the lower stress
amount necessary to rupture the bond. In contrast, the flat, loaf-shaped solder
bump-ball bond-geometry in MR1 leads to an elevated shear loading mode, which
explains the higher stress values required for bond fatigue fracture.

The multiple bond test techniques reveal an even higher data offset relative to each
other: In MR3 the fatigue data ranges from 35 MPa to 25 MPa, whereas in MR4 the
fatigue data lies between 11 MPa and 5 MPa. The discrepancy of both datasets
may be explained by the difference of the employed solder material. In MR3 a
SnAg diffusion solder with a melting point of 220 °C was employed. The soldering
procedure only lasts less than one minute whereas in MR4 AuSn with a melting
point of 280 °C was used. Furthermore, during the soldering procedure the samples
are exposed to elevated temperatures above 200 °C during 4.5 minutes, whereof 1
minute is held at 310 °C. This leads to thermo-mechanically induced stresses and

may cause pre-straining of the sample weakening the bond prior to fatigue testing.

3.2.4 Finite element (FE) analyses of MR1 -MR4

To gain a deeper understanding on the presented fatigue test techniques and fa-
tigue life results of the investigated Al-Cu bonds, additional finite element (FE)

calculations were conducted to elucidate the following questions:

e How does solidification of the soldered template-chip sandwich affect the bond
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Figure 3.16: Comparison of fatigue data obtained by different measuring tech-
niques, the dashed lines serve as guide for the eye: MR1: single bond testing (solder
ball 0.57 mg); MR2: single bond testing (solder ball 0.29 mg), MR3: multiple bond
testing (template 3, AgSn diffusion solder); MR: multiple bond testing (Si plate cov-
ered with 6 pm thin AuSn diffusion solder.

53



3 Mechanical fatigue of miniaturized Cu-based ball bonds

interface?

e What are the predominant loading modes resulting from the proposed speci-

men setups in the measurement series MR1 — MR47?

Complementary finite element analyses (FEA) were conducted by Dr. Martin
Lederer using the ANSYS code to answer the above mentioned questions. The main
findings presented in [Lederer et al., 2015] are briefly summarized in the following

section.

Effect of soldering process on the bond interface

Both multiple bond test techniques presented in MR3 and MR4 lead to a similar
loading mode. However, a huge discrepancy of the obtained fatigue life curves
is observed, although samples of comparable bond qualities were measured. This
discrepancy may be attributed to the different solder materials employed, which
cause interfacial stresses during the solidification, depending upon the melting point
of the used solder material. While SnAg, used in MR3, has a melting point of
220 °C , AuSn melts at 280 °C. Finite element computations were conducted to
quantify the permanent stresses at the Al-Cu bond interface caused by the cooling
process from the corresponding reflow temperature to room temperature. Thus,
the difference of the melting points of both solder materials is taken into account.
Additionally, AuSn solder is known as high quality solder, which shows very little to
no creep. This implies that stress relaxation of the solder is almost impossible after
solidification. This means that soldering with SnAg leads to a very stiff specimen
causing plastic strain in the bond interface. The computed plastic strain values
after the solidification process are up to 16.7% at the interface, when AuSn was
employed. In the case of SnAg solder the residual plastic strain in around 7.1%.
Fig. illustrates both solidification scenarios, where Fig. and b show the
permanent plastic strain for the setup soldered with AgSn and AuSn, respectively.
Fig. and d show a cross section of the soldered templates revealing the von

Mises stress distribution in the SnAg template and AuSn template, respectively.

Comparison of FE-computed von Mises stress: analysis of single vs. multiple bond

test setup

In Fig. the fatigue data is expressed by the analytically obtained average

stress, which is only a rough estimate, but the only possibility to determine the
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Figure 3.17: FE simulation of induced plastic strains resulting from the solidifica-
tion of the template-chip assembly for (a) SnAg (Tm,snag=220 °C ) and (b) AuSn
(Tin,Ausn=280 °C ). The von Mises stress distribution is shown in the cross sectional
plots, where (c) is for SnAg template and (d) for AuSn.

stresses experimentally. The dashed lines for each data set serve as guide for the
eye. However, the different loading modes, which have a different impact on the
bond interface, are neglected in this representation of the data. Complementary FE
computations are necessary to express these complex stress states by an equivalent
stress to directly compare both fatigue testing scenarios. Here, the von Mises stress
is computed to compare the improved single bond test method (MR2) with the
multiple bond test technique using SnAg solder (MR3), where a loading condition
extracted from the experimental data in Fig. corresponding to the fatigue life
of 10° cycles for both setups are chosen. A time dependent transient analysis with
elasto-plastic material models was computed by means of FE methods. Fig.
shows the resulting von Mises stress distribution for single (Fig. ) and multiple
bond (Fig. ), where the time step corresponding to the maximum load is
depicted, respectively. The fatigue fracture surfaces reveal in either case — single
or multiple bond testing — that the crack evolution solely occurs in the aluminum,
which is the softest material compared to copper. Therefore, the von Mises stresses
occurring in the aluminum at loading conditions leading to final fracture after 10°
and 10® were computed for the single and multiple bond test setup, basing on the

experimental data. The modelled fatigue life curves for both setups are shown
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Figure 3.18: FE simulation of von Mises stress distribution of the single bond test-
ing method (a) and multiple bond (b).

in Fig. It can be seen that here the equivalent von Mises stress occurring in
both bonds with improved fatigue setups are in good agreement. Consequently, the
choice of fatigue testing needs to be constant during a measurement series, where

several material bond parameters need to be compared.

3.3 Growth kinetics of intermetallic compound formation

In the following section, basing on a study presented in [Pelzer et al., 2012], the
aim is to quantify the intermetallic compound growth kinetics of the Al-Cu bond
interface of the investigated ball bond technology. The manufacturer has to ascer-
tain reliable bonds corresponding to a heat treatment at 150 °C up to 10 000h.
Therefore, accelerated annealing treatments were conducted under inert No atmo-
sphere at elevated temperatures. The as-bonded samples were annealed after a 2
h purging step to ensure a clean atmosphere prior to ramping up the furnace to
a desired temperature. After the desired heat treatment the furnace chamber was
cooled below 50 °C under inert atmosphere. To ensure a comparable bond quality
of the as-bonded step all the samples were taken from one wafer and the same
assembly. It is aimed at conducting accelerated heat treatments corresponding to
the maximum value at 150 °C during 10 000 h in reasonable time at increased

temperatures. Therefore the following annealing treatments were chosen:
e at 175 °C for the annealing times: 50, 100, 200, 300, 500 and 1000 h.
e at 200 °C for the annealing times: 50, 100, 200, 300, 500 and 1000 h.

e at 225 °C for the annealing times: 25, 50, 100, 200, 500 and 1000 h.
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Figure 3.19: Lifetime models of single bond vs. multiple bond fatigue testing ex-
pressed by the von Mises stress occuring in aluminum, where fracture occurs.

e at 250 °C for the annealing times: 100, 200, 300, 500 and 1000 h.
e at 300 °C for the annealing times: 50 h.

To measure the total intermetallic stack evolution after the heat treatments the
samples were sectioned at the full radius of the bond by means of FIB. Then the
evolved intermetallic stack thickness is measured at 10 positions across the bond for
each annealing condition. In Fig. a bi-logarithmic graph of the experimentally
obtained median of the IMC thickness values as a function of the annealing duration
at a given temperature is plotted.

An empirical relationship between the IMC growth thickness Az and annealing

time t at a given temperature T can be described by the following equation

A$:\/Do-exp(;£f> -t (3.1)

where E, is the activation energy in J/mol, R is the gas constant and Dy is the

diffusion constant. In the bi-logarithmic representation of the data equation (3.1

can be expressed by a linear equation of the type z = a 4+ bx 4 cy leading to the

57



3 Mechanical fatigue of miniaturized Cu-based ball bonds

g 10000 _300C — 275°C— 250°C_—= 225°C
S I 7 e 200°C
= ] _____ —_— _______._:___ e == S _J}__:F_-E
E Im}_;__________l Lot ..-!___:—_L_.__‘____....--' ISI}:"C
LS ] __._.__H_._—---"'"_ __________.--
U - P L 125°C
s woy— oo
= G o

o - —

b I'} 1 1 1 1 1 1 LI ;_ 1 1 1 1 1 1 LI I T

S
=
=

Annealing Time [h]

Figure 3.20: Double-logarithmic graph of experimentally obtained IMC thickness
vs. annealing duration at different temperatures. Obtained data using the empirical
expression in equation |[Pelzer et al., 2012].

following expression:

E, 1

2In (Az) = In(Dp) + In(t) — 7T (3.2)

With equation [3.2] and the experimentally obtained data summarized in Fig. [3.20
the following fit equation could be calculated for the investigated samples annealed
at temperatures between 175 °C and 300 °C:

21n (Az) = —10.2[£0.8] + 1.03[£0.04] - In (£) — 14650[%400] - % (3.3)

resulting in an activation energy E, 1.26 kV (i.e. 121.8 kJ/mol) and a diffusion
constant Dy = 3.7 - 107°m?/s. Basing on the fit equation in the following
acceleration with respect to the reference stress temperature 7;..y of 150 °C can be

achieved:
e 175°C: 7 times
e 200 °C: 39 times
e 225 °C: 180 times

e 250 °C: 750 times
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Figure 3.21: Extrapolation of IMC growth according to Arrhenius regression be-
yond the 1000 h time range basing on the experimental matrix using equation

3.4 Effect of microstructural evolution on high cycle fatigue of
Al-Cu bonds

One of the main objectives of this study is to reveal the effect of intermetallics
formation on the fatigue behavior of the miniaturized Al-Cu interfaces. Therefore
the investigated specimens were subjected to isothermal heat treatments to force
intermetallics formation at the bond interface. High cycle fatigue tests were con-
ducted by means of the improved single bond test technique (see . Three
microstructural states of Al-Cu ball bonds were chosen. This section is structured
as follows:

In the first part the microstructural evolution subsequent to high temperature ex-
posure is characterized by electron microscopy (see , where scanning and
transmission electron microscopy is employed. Then in the fatigue data are
presented followed by a detailed investigation of the crack path to reveal the in-

volved mechanisms during the fatigue experiment (see [3.4.3]).

3.4.1 Microstructural evolution of Al-Cu ball bond

During service microelectronic devices are subjected to elevated temperatures lead-
ing to microstructural changes at the bond interface. In the case of bimetallic Cu-Al
bonds marked interdiffusion among the parent materials occurs leading to the for-

mation of intermetallic compounds. Heat treatments were conducted to study the
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Figure 3.22: SEM Cross section of investigated ball bond specimen with close-
up of interfacial evolution of three investigated states (a) as-bonded state, (b)
200 °C 200 h, (c¢) 200 °C 2000 h.[Lassnig et al., 2015|.

microstructural evolution of Cu-Al bonds, which are representative for intermedi-
ate and highly aged conditions compared to the end of life state after 10000 service
hours at 150 °C. The following interfacial states were chosen and will be discussed

hereafter:

1. as-bonded

2. intermediately aged: high temperature storage at 200 °C for 200 h (under

vacuum)

3. highly aged: high temperature storage at 200 °C for 2000 h (under vacuum)

An overview of the evolved interface corresponding to above mentioned states is
shown in Fig.

In the intermediately aged state (200 °C 200 h) two thin intermetallic compound
layers evolved whereas in the highly aged state (200 °C 2000 h) three intermetallics
are present. The total stack thickness as a function of storage time at given tem-
perature are in agreement with a previous study about the intermetallic compound
formation kinetics of annealed Cu-Al ball bonds in [Pelzer et al., 2012]. A total
IMC stack of approximately 1.4 pm after 200 h and 3.9 pm after 2000 h at 200 °C are

measured. To avoid oxidation during the isothermal heat treatments, the specimens

were annealed in evacuated quartz tubes. The intermetallic compounds were mea-
sured via SEM EDX and could be identified as AloCu and Al;Cug present in the
intermediately aged state. Additionally, the third intermetallic formed between
both adjacent intermetallics in the highly aged state was identified as AlCu.
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Figure 3.23: SEM Cross section of intermetallic compound evolution in highly
aged state after 200 °C 2000 h (a) section from bond periphery (b) section from
bond center (same magnification in both micrographs).

While some studies claim that interfacial evolution subsequent to high tempera-

ture storage occurs uniformly across the entire bonding area in intermediately aged

conditions(e.g.[Pelzer et al., 2012]), a comparison of cross sections at several loca-

tions in the highly aged state revealed heterogeneous microstructural evolution: In
the center of the bond a throughout interfacial evolution occurs, whereas in the
bond periphery inhomogeneous intermetallics formation is observed (see Fig. [3.23):
The cross section taken at the bond periphery is characterized by an undulating
interface with non-uniform Al consumption (see Fig.|3.23h) as opposed to a trans-
verse cross section taken at the center of the bond revealing uniform, parallel IMC
layers and an entire consumption of the aluminum metallization (see Fig. )

(S)TEM study of highly aged (200 °C 2000 h) Cu-Al ball bond interface

A more detailed characterization of the highly aged interface was conducted by
means of (scanning) transmission electron microscopy ((S)TEM) to determine the
formed intermetallic phases and to study the presence of potential voids or microc-
racks at high resolution. Three TEM lamellae — called lamella 1, 2 and 3 hereafter
— were cut by means of focused ion beam (FIB) and taken from the same ball
bond aged at 200 °C for 2000 h. Lamella 1 was extracted in the bond periphery,
lamellae 2 and 3 were taken from the center of the bond interface. In Fig.
STEM images of the three lamellae are shown, where Fig. [3.:24h-c are high angle
annular dark field (HAADF) and Fig. [3.24d-f are the corresponding annular dark
field (ADF) images. HAADF gives phase sensitive contrast, where the intensity is

directly proportional to the square of the atomic number, thus the brightest region
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Figure 3.24: STEM images of three FIB lamellae of the highly aged inter-

face (200 °C 2000 h) comparing phase contrast (HAADF) with diffraction con-
trast (ADF): (a+d) HAAD and corresponding ADF image of lamella 1. (b+e)
HAADF and ADF image of lamella 2, (c+d) HAADF and ADF image of lamella
3.|Lassnig et al., 2015].

corresponds to pure copper, whereas the darkest region corresponds to aluminum
and the intermetallics are in according greyscales depending on their composition.

A comparison of the three lamellae taken from the same ball bond interface
reveals inhomogeneities in void formation and aluminum consumption:

Whereas the aluminum pad metallization is still present in lamella 1, it is almost
entirely consumed in lamella 2 and 3. On the other hand, void formation is clearly
visible in the latter whereas no voids could be detected in lamella 1. Especially
lamella 2 is denoted of marked void agglomeration between two intermetallic com-
pound layers. To identify the intermetallic compound layers quantitative elemental
maps were recorded followed by diffraction patterns to reveal their corresponding
crystal structure.

In Fig. an EDX (energy dispersive X-ray spectroscopy) elemental map
of lamella 1 reveals 5 different material layers along the bond interface aged at
200 °C for 2000 h, the results from the 5 material layers are shown in Tab.
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Figure 3.25: Elemental map of highly aged (200 °C 2000 h) Cu-Al ball bond inter-
face: a) HAADF image b) Al distribution ¢) Cu distribution revealing 5 distinct ma-
terials: aluminum (1), Al-Cu intermetallic compounds (2-4) and Cu (5); see Tab.
for detailed analyses.|Lassnig et al., 2015].

where the measured values are mass percent of the corresponding materials. It has
to be noted that further materials have been omitted in this study and thus the
atomic percent are restricted to copper and aluminum. Atomic percent of of the

material i of the EDX results were obtained by means of the following equation

Wy

Ty = e (34)

WAL WCou

aAl + aCy
where x; denotes the atomic percent of material i, w; denotes the mass percent
and a; its atomic weight, where i can be either aluminum or copper. The atomic

mass for aluminum a4; is 26.98 u and for copper acy,, is 63.54 u.

3.4.2 Fatigue results

The S-N data is summarized in Fig. [3.26] and is expressed by the experimentally
obtained average shear stress amplitude (according to equation as a function
of loading cycles to failure N¢, where fatigue lift off occurs. In the as-bonded state
the fatigue data ranges from about 14 MPa to 11 MPa along 10° to 10% loading
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Table 3.1: Quantitative EDX map results of highly aged (200 °C 2000 h) Cu-Al
bond interface. For the corresponding region compare with lamella in Fig. [3.25

Al Cu Al Cu Cu
region measured measured calculated calculated comp. lit.[Kouters et al., 2013] material
mass % mass % at. % at. % at. %
1 94 6 97 3 0-2.84 aluminum
2 45 55 65 35 32-33 Al2Cu
3 29 71 50 50 50-52 AlCu
4 17 83 33 67 63-69 Al4Cug
5 2 98 4 96 80-100 copper

cycles. Runouts, that is, bond specimens without fatigue failure up to 10° loading
cycles- were observed at 9 MPa. In the as-bonded state, the fatigue limit is reached
at stress amplitudes below 10 MPa, whereas in the intermediately aged state at
200 °C 200 h a slight downward shift of the fatigue data is observed, ranging
from 12 MPa to 8 MPa. It has to be noted that in this state no run outs were
measured. In the highly aged condition (200 °C 2000 h) significantly lower fatigue
resistance is shown. Here, the data ranges from 10 MPa to 6 MPa at loading cycles
to failure ranging again from 10° to 10%, respectively. It can be shown that the
fatigue life drastically decreases when compared to the as-bonded counterpart. In
each scenario fatigue tests were conducted such that the loading direction coincides
with the direction of the thermosonic bonding process, which is denoted by the

orientation of the aluminum splash.

3.4.3 Fatigue fracture morphology

An overview of the characteristic, microstructure dependent fracture surfaces ob-
served after the high cycle fatigue tests of the miniaturized Cu-Al bond interfaces
are depicted in Fig. [3:27 The fractographs juxtapose the fracture surfaces of the
fatigued pad and corresponding Cu bond bottom revealing typical fracture mor-
phologies and crack orientation, which occurred in the as-bonded, the slightly aged
and highly aged states. In all three conditions two different fracture morphologies
can be identified and related to characteristic failure which are: (i) crack propaga-
tion and (ii) final fracture:

The given bond geometry forces crack initiation at the bond periphery as the notch
shaped gap between the Al splash and the Cu ball acts as a stress concentrator
(see Fig. . During cycling, the crack propagates symmetrically from the bond
periphery inwards until only a small area remains bonded. Consequently, the re-

sulting stresses according to equation become significantly high due to area
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Figure 3.26: Fatigue life curves of Cu-Al ball bonds: applied shear stress A7 vs.
loading cycles to failure Ny. The dashed lines serve as guide for the eye for the fa-
tigue data of each microstructural state.

reduction leading to ultimate —abrupt— fracture. The ultimate fracture regime is
characterized by the elliptical feature in the center of the bond, where the short
dimension of the ellipse is parallel to the load direction. This regime highly differs
in its morphology compared to the crack propagation regime. In the case of inter-
metallic compound formation, final fracture occurs in a different material than the
crack propagation regime.

Both fracture morphologies were observed in the three investigated conditions how-
ever the crack path differed depending on the formed intermetallic compounds as
well as on the thickness of residual aluminum pad. In the as-bonded state, where
the soft and ductile parent materials constitute the bonding interface, crack propa-
gation occurs within the soft Al metallization, whereas final fracture occurs at the
bond interface as confirmed by the fractographs of the separated bonding surface
in Fig. B:27h, d since no traces of aluminum are shown on the Cu bottom and
no traces of Cu remained on the pad metallization. While the crack propagation
regime, going from the bond periphery (aluminum splash) inward (towards the
elliptic feature in the center of the bond), is characterized by marked striations
parallel to the loading and crack propagation direction, final fracture is character-

ized by ductile dimples perpendicular to the bond interface and load direction.
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Table 3.2: Summary of EDX results of crack path: (ia) crack propagation (ib)
crack deflection (ii) final fracture

200 °C200h 200 °C2000h
Material (at.% Cu) Material (at.% Cu)
stage (ia) Al (1 at.% Cu) Al (1 at.% Cu)

stage (ib) - AlyCug (56 at.% Cu)
stage (ii)  AlaCu (24 at.% Cu) AlCu(46 at.% Cu)

For the aged specimens SEM-EDX maps of representative fatigued pads were ob-
tained to identify the phases involved in the fracture path, see Fig.[3.28] The data
is summarized in table A discrepancy between the measured at. % of Cu com-
pared to literature values in [2.1] can be explained by the underlying aluminum-rich
material layers leading to an underestimation of the Cu at.%. In the case of inter-
mediately annealed samples (200 °C 200 h) the crack propagation stage occurs in
the soft Al pad, since this is the softest material, which is easiest to deform. Crack
path deflection in both — as-bonded and slightly annealed states — is similar and is
mainly enhanced due to a tilting component during the fatigue test (as previously
described in [Lassnig et al., 2013]). It can be assumed that since sufficient Al met-
allization remains in both conditions, a similar fatigue performance depending on
the selected method can be explained. Final fracture however could be identified
at the interface between Al and Cu in the as-bonded state, whereas in the inter-
mediately annealed state final fracture occurred In the highly aged state, however,
crack propagation occurred in two different materials due to irregular aluminum
consumption. Thus, if Al metallization is still present, crack growth occurs through
the soft material — analogously to the previous microstructural states. In regions,
where Al has been entirely consumed and intermetallics are fully developed, crack
is kinked towards Cu for further crack growth. Ultimate fracture could be iden-
tified in the third formed intermetallic AlCu, which is hardest but also the least
tough material present in this multimaterial system. Since the crack propagation
in the highly aged state cannot be predicted in a straightforward way, it follows
that the underlying microstructure needs to be taken into account to understand
possible crack deflections. Therefore FIB cross sections were realized parallel to the
loading direction along the fatigued pad to correlate the EDX measurements and
the underlying microstructural evolution with the fracture surface morphologies of
the fatigued specimens. Fig.[3.29]confirms previously gained assumptions about the
preferential crack paths. Fatigue fracture paths as a function of the microstructural

evolution are sketched and summarized in Fig. [3.30
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Figure 3.28: EDX maps of fatigued pads in the annealed states: (a-b) correspond
t0 200 °C 200 h and (c¢-d) correspond to 200 °C 2000 h. Left at. % Al and right at.

% Cu. [Lassnig et al., 2015].
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Figure 3.29: FIB cross sections parallel to the bond and load direction (LD) re-
vealing the two states (i) crack propagation (ii) final fracture characteristic for each
microstructural state. (a) as-bonded: (i) in Al and (ii) at Al-Cu interface; (b) 200
°C200 h: (i) in Al and (ii) at the interface between Cu and Al4Cug; (c): (ia) in Al
followed by crack deflection (ib) at the the interface between Cu and Aly;Cug (ii)
AlCu. Note: the three fractographs are coated with Pt! |Lassnig et al., 2015]|.

AlLCu

~residual Al

Figure 3.30: Typical fracture of (a) as-bonded (b) 200 °C 200 h (c) 200 °C 2000 h
state. In (a) crack propagation (i) occurs in the soft Al until final fracture (ii) oc-
curs at the original Al-Cu bond interface. (b) crack propagation (i) occurs in the

Al pad final fracture occurs (ii) at the interface between both intermetallics AloCu
and Al;Cug in (c) crack propagation occurs in Al (ia) once Al is entirely consumed
it is deflected into the interface between Cu and Al,Cug (ib) final fracture occurs in
AlCu. |Lassnig et al., 2015].
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Figure 3.31: Fatigue data of Cu-Cu interface and Al-Cu interface

3.5 High cycle fatigue behavior of Al-Cu vs. Cu-Cu ball bond

interfaces

Since the material combination in thermosonic ball bonding is not limited to Cu-Al
bonds, novel ball bond technologies with different material combinations are envi-
sioned for future technologies. Recently, ball bonding procedures were adapted to
harder material metallizations compared to the relatively soft aluminum pad mate-
rial. Thus, it is aimed at proving the applicability of above mentioned fatigue test
techniques to an arbitrary, solderable metallization material. The fatigue data of
two different ball bond techniques, namely Cu-Al and Cu-Cu ball bonds are juxta-
posed. Here the layout independent multiple bond specimen preparation technique
described in was utilized. It has to be noted that both ball bond types, Al-Cu
and Cu-Cu, are made of the same wire dimensions, resulting in comparable bond
dimensions. Thus, both Cu balls were soldered to a layout independent Si template
coated with 6 pm AuSn diffusion solder, following the previously described working
steps including copper wire removal prior to reflow soldering. The obtained life-
time curves comparing the fatigue of Al-Cu and Cu-Cu bonds are summarized in
Fig[3:31] which prove a higher fatigue performance in the case of the novel tech-
nology of Cu-Cu bonds.

Typical fatigue fracotgraphs are illustrated in Fig. [3.32] showing that no sol-
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Figure 3.32: Fatigue fractographs of Cu-Cu bond interfaces

der traces were present on the small grained Cu pad. Cu ball bottom reveals
pronounced shear features below the Cu ball, which indicates that the fracture

occurred along the bond interface.

3.6 Summary

In this chapter the high cycle fatigue properties of miniaturized ball bond inter-
faces have been discussed, where a novel accelerated mechanical test technique has
been introduced. A combination of an ultrasonic resonance fatigue testing system
and a specially developed specimen design is employed to obtain lifetime curves of
ball bond interfaces when subjected to cyclic shear loading. This test technique is
especially designed for miniaturized ball bond specimens and is based on the cyclic
induction of shear stresses at the bond interface due to inertia of the setup. In
contrast to standardized static test techniques this method is particularly sensitive

to interfacial changes like intermetallic compound formation can reveal the weakest
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link in a bonding interface.

Two sample setups for accelerated fatigue testing of miniaturized copper-based
ball bonds were proposed: single bond and multiple bond testing. Single bond
testing allows to assess the fatigue life of each bond individually and is realized by
increasing the copper ball with a reflow jetted solder bump without wetting the
underlying metallization. Thus, the active mass results in the mass of the solder
bump including the mass of the copper nailhead. In the case of multiple bond
testing several ball bonds located on one device are tested simultaneously. Here,
an upside-down specimen setup is chosen to load the bonding interfaces. Conse-
quently, the chip device is used as an active mass i.e. everything belonging to the
chip below the bonding interface. To attach the Cu nailheads to the specimen
holder of the ultrasonic resonance system a Si-based template coated with diffusion
solder was designed. The Cu balls are directly reflow soldered to the solder side of
the template such that a strong adhesion between template and Cu bonds occurs
resulting in a template-chip-sandwich setup, where the template is mounted to the
sample holder.

The comparability of both specimen setups was demonstrated by means of finite el-
ement computations of the von Mises equivalent stress, which occur at the bonding
interfaces during the fatigue tests. Whereas experimentally approximated stress
ranges differ in both setups where comparable bond qualities were tested, the life-
time curves expressed by the von Mises stress nicely coincide for comparable bond
qualities, regardless of the chosen testing setup.

A main aspect of this chapter was to study the interfacial evolution of the Al-Cu
bond interface due to high temperature exposure. Selected isothermal heat treat-
ments were conducted to induce interfacial intermetallic compound formation at
the Al-Cu interface. Electron microscopic methods confirmed the presence of three
intermetallic compounds in the highly aged state (which was obtained at a high
temperature exposure at 200 °C for 2000 h) and could be identified as AloCu, AlCu
and AlyCug. In the intermediately aged state (200 °C for 200 h) only two inter-
metallic compounds could be found: AlsCu and Al;Cug. While in the case of ball
shear tests little conclusion can be drawn from the impact of interfacial evolution
on the reliability of the bond interface, the fatigue tests proved a clear degradation
with increased intermetallics formation. Characteristic fracture morphologies re-
vealed that two stages occur during the fatigue experiment conducted via the single

bond test method: (i) crack propagation followed by (ii) final fracture. The crack
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3.6 Summary

path highly depends on the microstructural evolution of the bond. It is shown that
the crack propagates easily through the softest material, final fracture however oc-
curs at the most brittle site.

Finally, the fatigue life of Al-Cu ball bonds was compared to Cu-Cu ball bonds,
where it is shown that Cu-Cu interfaces feature a higher fatigue life. While in the
as-bonded state in the case of Al-Cu ball bonds the crack initiates and propagates
in the soft aluminum metallization, in the case of a copper metallization, the fatigue

fracture occurs along the bond interface.
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4 High cycle fatigue of bulk Al-Cu interfaces

In the following chapter high cycle fatigue properties of bulk Al-Cu interfaces cre-
ated by diffusion bonding are studied to compare the fracture behavior with previ-
ously investigated miniaturized ball bond specimens. The aim is to obtain the same
materials combination including the same intermetallic compounds to mimic the
interface of highly aged Al-Cu ball bonds in a bulk testing setup allowing defined
loading conditions.

The focus is set on the effect of interface orientation relative to the loading direc-
tion to investigate the effect of load mixity on the fatigue behavior of such bond
interfaces. Therefore three fatigue measurement series were conducted, where the
amount of tensile and shear components are varied. This is achieved by inclining
the bonding interface at a predefined angle with respect to the loading direction.
Diffusion bonded specimens are created with optimized bonding parameters to ob-
tain sound diffusion couples, specially designed for ultrasonic fatigue tests. Thus,
bonding conditions were optimized (see to obtain sound interfaces featuring
the same intermetallics occurring in highly aged ball bonds i. e. AlyCu, AlCu and
Al4Cug. The obtained microstructure of the fatigue specimens is discussed in
by means of electron microscopical methods in conjunction with nanoindentation
measurements to characterize the microstructure and mechanical properties of each
present intermetallic compound.

In section the fatigue testing setup with emphasis on the specimen design is
presented. In the last sections, [4.3]and [4.4] the main results of the conducted fatigue

tests including detailed fractographic analyses are presented.

4.1 Diffusion bonding of bulk Al-Cu couples

Specimen preparation of bulk Al-Cu diffusion couples created by diffusion bonding
is discussed, where a rationale of the selected bonding parameters is given. Spe-
cial emphasis is set on the evolved microstructure and morphology of the created

Al-Cu interface as a function of the variation of the bonding parameters. Hence,
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4 High cycle fatigue of bulk Al-Cu interfaces

this section is subdivided into two main parts: In the first part in preliminary
diffusion bond experiments were conducted to assess optimized bonding conditions
for the prospective fatigue specimen. The variation of the employed process pa-
rameters is juxtaposed in combination with a detailed discussion of the resulting
diffusion bonding interface morphologies. In the second part in a detailed
microstructural characterization of the fatigue interface is given. Finally, isother-
mal heat treatments were conducted to entirely consume aluminum and to conduct
a second fatigue series to study the fatigue initiation when aluminum is entirely

consumed.

4.1.1 Influence of process parameters on diffusion bonded specimens

According to e.g. [Kazakov, 1985 or [Bauer and Lessmann, 1976] the quality of a

diffusion bond depends on the following process parameters:

The applied pressure should ensure a tight contact between the faying surfaces
aiding the deformation of surface asperities. Additionally, the applied load
should be high enough to avoid unbonded regions within the bond [Kazakov, 1985].

The process temperature should typically correspond to a homologous temperature
of 50% to 70% of the melting point of the most fusible material. In a study
by Lee and co-authors Cu-Al bonds created by vacuum hot pressing was con-
ducted at temperatures ranging from 623 K to 923 K [Lee and Kwon, 2013].

In the current investigation higher temperatures are chosen.

The duration of the bonding process should typically be kept minimal to inhibit the
extensive formation of brittle intermetallic compounds. On the other hand
the bonding duration should be long enough to allow diffusion processes to
occur. In this study, however, we want to achieve a microstructurual state,

where bulk intermetallics are fully developed.

An excellent surface condition of the faying surfaces is crucial for a high quality of
the bond. First, the surfaces must be degreased and in clean condition. An-
other important parameter is the surface roughness, which highly dictates the
progression of the bonding process. Orhan et al. claim in [Orhan et al., 1999]
that an increased surface roughness necessitates an increased diffusion bond-
ing process duration. In [Zuruzi et al., 1999], however, it is shown that an

increased surface roughness is beneficial to obtain a sound bond interface.
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4.1 Diffusion bonding of bulk Al-Cu couples

Preliminary experiments were conducted on aluminum copper pairs to find the op-
timum process parameters, followed by a metallographic inspection of the resulting
bond. Diffusion bonding occurs by joining two small cylindric specimens machined
from high purity aluminum (99.999%) and copper (99.99%).

For the diffusion bonding process a “mini hot press”-furnace equipped with a load
ram is used in combination with a constraining device specially designed to pre-
vent both bonding materials from early creeping during the process. The “mini
hot press’-furnace and the constraining device are depicted in Fig. [£.Th, where the
functional principle of the device is illustrated in Fig. f.Ip. The device contains a
thick walled hollow graphite cylinder with a machined hole of the same diameter
as the diffusion couple. In its center a hole of the same diameter as the diffusion
couple was machined such that the samples can be threaded into the cylinder.

To be able to apply the desired load perpendicular to the prospective bonding in-
terface, two graphite rods of the same diameter are inserted on both sides of the
diffusion couple and act like a piston. With this setup the original shape of the

parent materials can be maintained throughout the bond process.

Depending on the process requirements, the furnace can be run under vari-
ous atmospheres. To maintain optimum surface conditions and to prevent from
process-induced oxidation and debris of the diffusion couple the furnace chamber
is constantly purged with reducing atmosphere consisting of 95% argon and 5 %
hydrogen.

The preliminary diffusion bonding experiments are listed in table summarizing
the employed bonding parameters per run. The temperature profiles used for the
diffusion bonding experiments can be subdivided into two or three sections. In the
first stage, the furnace is slowly heated up to 50 °C to ensure that the heating
elements and further components are in equilibrium and to have a defined and re-
producible initial state. In the second stage, the chamber is heated to the desired
peak temperature, which is held for several hours. This is the stage, where the ac-
tual bonding occurs. The dwelling time is varied across the diffusion experiments
and applied loads are varied during the experiments. Finally, a third stage is in-
troduced, where the setup is slowly cooled down to 200 °C to ensure equilibrium
conditions and to ensure that stresses due to a change of temperature in the cre-
ated bond containing several intermetallic compounds with different coefficients of
thermal expansion. In this stage the load is also released to allow the bond to cool

down in a relaxed state. Finally, after the run is finished, rapid cooling is enhanced
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4 High cycle fatigue of bulk Al-Cu interfaces

Figure 4.1: Mini hot press for diffusion bonding of Al-Cu couples: a) Hot press fur-
nace with (1) load ram, (2) thermocouples, (3) heating elements, (4) constraining
device (see b) , (5) valve for reducing atmosphere ArgsHs . b) Schematic represen-
tation of constraining device preventing the diffusion couple from “mushrooming”
(creeping) during the diffusion bonding process.
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4.1 Diffusion bonding of bulk Al-Cu couples

due to an external cooling circuit once the heating zone is switched off. Back at
room temperature, the processed diffusion couples can be removed safely from the

furnace.

Effect of temperature on diffusion bonding

The effect of temperature on the quality of the diffusion bond has not been system-
atically studied in this work. However, it was found that at temperatures below
450 °C the diffusion couples were weakly bonded, whereas bonding temperatures
of 530 °C resulted in strongly bonded Al-Cu couples. If not otherwise mentioned, a
set temperature of 530 °C was kept throughout the diffusion bonding experiments
and the influence of other parameters such as surface condition, applied load, and

dwelling time were investigated and are discussed hereafter.

Effect of surface condition on diffusion bonding

Optimum surface condition is crucial to ensure a high bonding quality. As pre-
viously mentioned, contaminations during the process are prevented by purging
the furnace chamber with reducing atmosphere during the entire process. However
the surface condition of both faying surfaces is even more delicate. After machin-
ing, the prospectively bonded surfaces were ground with SiC sandpapers to remove
the casting zone resulting from electric discharge machining (EDM), followed by a
cleaning procedure in an ultrasonic bath of isopropanol. It is claimed that ideal
diffusion bonding condition is ensured if the faying surfaces can be brought to-
gether at atomic distance i.e. perfectly parallel and smooth surfaces enhancing
atomic motion of both materials into each other. Since this scenario is impossi-
ble to achieve at a bulk length scale, another theory claims that diffusion bonding
involves plastic deformation of the rough surfaces [Cline, 1966]. Especially since
aluminum has a tenacious oxide layer (Alumina) [Wu and Lo, 2002], which only
melts at temperatures exceeding the melting point of copper and aluminum, re-
spectively [Celik et al., 1997]. Thus, it is assumed that plastic deformation of the
tips on the rough surface leads to breakage of the oxides, which inhibit bond for-
mation and in this case a higher surface roughness favors the formation of the
diffusion bond. The effect of surface roughness on the bond quality is shown on
two samples 23 and 25, where all the other process parameters were kept identical
(see table . In sample 23 the surfaces were ground up to 600 grit size, whereas

in sample 25 the surfaces were ground up to 1200 grit size, leading to a smoother
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Table 4.1: Overview of selected preliminary diffusion bond samples

r1 Ty dq f1 ro To do fo T3 Ts ds f3  surface roughness investigated parameter
sample °C/min °C  min N °C/min  °C  min N °C/min °C  min N
pipsl 5 50 5 2000 10 530 180 2000 5 200 0 0 600 SiC
11 5 50 5 500 10 530 180 500 - - - - 600 SiC dwelling time
13 5 50 5 500 10 530 120 500 - - - - 600 SiC dwelling time
14 5 50 5 1000 10 530 60 1000 - - - - 600 SiC force
15 5 50 5 1000 10 530 120 1000 - - - - 600 SiC dwelling time
16 5 50 5 1000 10 530 180 1000 - - - — 600 SiC dwelling time
17 5 50 5 1000 10 530 30 1000 - - - - 600 SiC dwelling time
20 5 50 5 2000 10 530 60 2000 - - - - 600 SiC force
21 5 50 5 3000 10 530 60 3000 - - - - 600 SiC force
22 5 50 5 4000 10 530 60 4000 - - - - 600 SiC force
23 5 50 5 1000 10 530 180 1000 - - - - 600 SiC force
24 5 50 5 2000 10 530 180 2000 - - - - 600 SiC force
25 5 50 5 2000 10 530 180 2000 - - - - 1200 SiC surface roughness

4 High cycle fatigue of bulk Al-Cu interfaces
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4.1 Diffusion bonding of bulk Al-Cu couples

voids and pores

L
7]
-

A

@ . 3 » = : » L |
™ . S L A - \ E St ¥ . .

Figure 4.2: Effect of surface roughness on diffusion bonded interface: (a & b): SE
and BSE image of sample ground with 600 SiC; (c & d): SE and BSE image of sam-
ple ground with 1200 SiC.

surface. Metallographic cross sections were inspected by means of scanning elec-
tron microscopy (SEM), where a secondary electron (SE) and back scatter electron
(BSE) detector were employed. The cross sections are shown in Fig. Fig.
and b show the cross section of the sample with rough bonding surface (sample 23)
compared to the bond with smooth bonding surface (sample 25) in Fig. and d.
It can be concluded that in the case of bulk diffusion bond formation the best suc-
cess for diffusion bonding is achieved by creating an intermediately rough surface
with defined surface roughness as opposed to using a perfectly smooth surface. A
measurement of the entire diffusion zone featuring three intermetallic compounds
was carried out in both cases showing that the diffusion zone is 30 pm thick in the
case of the rough surface whereas in the case of sample 25 the diffusion zone is
only 26 pm thick, which also indicates that a smooth surface leads to retardation
of the diffusion process. In the second case bigger voids are visible which may be
attributed to the reduced plastic deformation at the bond interface, as proposed
by [Zuruzi et al., 1999].
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4 High cycle fatigue of bulk Al-Cu interfaces

Effect of applied pressure on diffusion bonding

The effect of the applied force (pressure) perpendicular to the the diffusion bond
was investigated in two steps. First, low force at 500 N was applied on two sam-
ples — 11 and 13 — to primarily investigate the dwelling time from 120 min to 180
min at a peak temperature of 530 °C. In Fig. [4.3] metallographic cross sections are
shown. For the specimen 11 bonded during 2 h at 530 °C in Fig/.3h the bond
interface is poorly developed featuring several voids. The diffusion zone thickness
is inhomogeneous ranging from 26 pm to only 15 pm, where the third intermetallic,
AlCu, has yet not been evolved. In Figlf.3p a slight improvement of the bond is
visible featuring a continuous interface but it can be seen that the bonds are weak
featuring unbonded regions. No improvements were found with a higher dwelling
time. It can be concluded that an applied force of 500 N resulting in a bonding
pressure of 3.9 MPa is insufficient.

Finally, a second measurement series to investigate the effect of applied force (bond-
ing pressure), where all the other bonding parameters were kept identical, was con-
ducted at elevated ram loads starting at 1000 N (7.8 MPa) up to 4000 N (31.6 MPa)
— see samples 14, and 20 — 22 in table Metallographic cross sections of the re-
sulting bond interfaces are shown in Fig. [£.4] Some inhomogeneities in the bond
formation as a function of bonding force were found: The bond formed with a force
of 1000 N (7.8 MPa) revealed an inhomogeneously formed bonding interface with a
diffusion zone thickness varying between 6 and 12 pm accompanied with abundant
presence of pores and gaps (see Fig. 4.4p). In contrast specimen 20 — bonded at
2000 N (15.78 MPa) (see Fig. 4.4p) — features a plane interface of a bond thickness
of approximately 11 pm. The samples created at 3000 N (23.4 MPa) and 4000 N
(31.6 MPa) (see Fig. and Fig. respectively) resulted in similarly sound
bonding interfaces, where no voids could be detected. The interface thickness was
19 pm and 18 pm, respectively. Accordingly, it can be concluded that an increase
of the bonding force favors plane and homogeneous interfacial formation and thus
accelerates the bonding process. To reduce the formation of inherent stresses the
usage of very high bonding forces was renounced. It was found to be a good com-
promise to increase the bonding duration to 180 min but to decrease the applied
load to 2000 N (approximatelyl6 MPa).
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4.1 Diffusion bonding of bulk Al-Cu couples

b vl
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Figure 4.3: Effect of diffusion bonding time at 500 N force (a)120 min at
530 °C and (b) 180 min at 530 °C. The latter reveals a throughout interface with

parallel intermetallic compounds, however voids are still present between Al;Cug
and AlCu.

Figure 4.4: Effect of variation of force during bonding for 60 min at 530 °C.
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Figure 4.5: Dependence of interfacial thickness on bond time achieved at 530 °C at
pressures of 3.9 MPa (500N) and 7.8 MPa (1000N).

Effect of process duration (dwelling time) on resulting bond interface

The diffusion bonding kinetics were studied by measuring the entire intermetallic
stack thickness as a function of bonding duration on samples 14 — 17 (see table
and 11 and 13. In both series the process temperature was set at 530 °C and thus
they only differ in the applied load: Samples 14 — 17 were held at 7.8 MPa, whereas
in the case of 11 and 13 a load of 3.9 MPa was used. In Fig. the stack thickness
as a function of bond duration is plotted for both series. It can be seen that at a
holding pressure of 3.9 MPa no significant changes in the intermetallic thickness
was observed, whereas in the case of an applied load of 7.8 MPa a parabolic rela-
tionship between intermetallic thickness and dwelling duration is confirmed. This
again concludes that at loads below 7 MPa the load ram is not stable and thus no

reproducible processes can be performed.
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4.1 Diffusion bonding of bulk Al-Cu couples

Figure 4.6: Interfacial evolution during diffusion bonding process with applied load
1000 N (7.8 MPa) (a) after 30 min (sample 17), (b) after 60 min (sample 14), (c)
after120 min (sample 15), and (d) after180 min (sample 16).
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4 High cycle fatigue of bulk Al-Cu interfaces

4.1.2 Summary of preliminary diffusion bond experiments

Summarizing the described diffusion bond experiments above in the following
conclusions can be drawn on the choice of the optimum processing parameters for

the prospective fatigue specimen preparation:

e Increased surface roughness of the bonding surface favors diffusion bond for-

mation due to plastic deformation at the surface tips when pressure is applied.

1. The plastic deformation of the rough tips allows a close contact of the

bonding elements.

2. The tenacious aluminum oxide layer, inherent to the aluminum surface,
inhibits chemical reactions. The rough surface tips can break this layer
and thus interdiffusion of aluminum into copper and vice versa is en-

hanced.

e Increase of normal pressure reduces void formation and leads to plastic de-
formation of the bonding surface. On the other hand bonding pressures ex-
ceeding 15 MPa increase stresses in the bond causing cracking of the brittle
intermetallics, which is not desired for the bonding process. Thus bonding

pressures around 15 MPa were found to be optimal for this purpose.

e Interfacial evolution (i.e. the thickness of the diffusion zone) follows a parabolic

dependence from interfacial thickness with increasing bonding duration.

e The energy release rate is decreased by orders of magnitude if a symmetrical
material sequence is chosen. A specimen setup is chosen, where a high purity
50 pm thin aluminum foil is sandwiched between two bulk high purity copper

rods.

4.1.3 Characterization of diffusion bonded fatigue specimen

For the following experiments fatigue samples containing bulk intermetallic com-
pound layers are desired. Hence, a total bonding duration of 180 min was chosen
at which the peak temperature is held. The bonding pressure was set to 15 MPa
during the process and was released for the cooling period, which is separated into
two stages: From a set temperature of 530 °C to 200 °C a controlled slow cooling
rate of 5 °C/min was chosen to achieve equilibrium conditions and to avoid internal

stresses. In the second stage, the furnace chamber is rapidly cooled down to room
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Figure 4.7: (a) Specimen setup for bonding process: thin Al foil sandwiched be-
tween two bulk copper rods. (b) Final temperature profile monitored with thermo-
couple. It can be subdivided into four process steps: (1) heating to desired peak
temperature with a heating rate of 10 °C/min, (2) dwelling at 530 °C, 3: slow cooling
down 5 °C/min, 4: rapid cooling to room temperature. During 1 and 2 a bonding
pressure of 15 MPa was applied to the parts to be bonded, in the cooling phase the
load was released.

temperature by means of an external water cooling circuit. The actual tempera-
ture was monitored during the entire run with a K-type thermocouple, which was
inserted into the chamber and brought close to the specimen surface. The specimen
setup consisting of a thin Al foil sandwiched between two bulk Cu rods and the
final temperature profile are depicted in Fig.

A detailed characterization of the resulting diffusion bond interface is given in
the following section. First, in [£.1.3]the microstructure of the interface is discussed
followed by nanoindentation measurements to determine the mechanical properties
of the formed intermetallic compounds in

Interfacial microstructure

Metallographic cross sections were created out of the resulting diffusion bond, made
by hot pressing of a thin Al foil sandwiched between two Cu rods using the process
parameters described in

The resulting bond interface was metallographically sectioned followed by mechan-
ical grinding and polishing procedures up to final polishing with a 0.1 pm diamond
suspension. Residual mechanical stresses and scratches at the surface were re-

moved by ion milling with a precision ion polishing system (PIPS) from GATAN,
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4 High cycle fatigue of bulk Al-Cu interfaces

which is typically used for TEM specimen preparation. Here, low current argon
beams smoothly ablate the surface of the specimen, where flat incident angles of
5° between the surface and the beams are chosen. During the milling process the
specimen rotates to allow even material removal. For the analyses a high resolu-
tion field emission gun (FEG) FEI XL 30 SEM equipped with an EDAX camera
to record electron backscatter diffraction (EBSD) patterns was used.

Fig. shows a high resolution back scattered electron image giving a phase sen-
sitive contrast and thus clearly showing the symmetrically evolved intermetallic
phases across the bond, where the brightest region is the copper richest and in the
darkest region aluminum is the predominant element. Additional EDX scans con-
firmed the intermetallic phases, which could be identified as AlyCu (located next
to the thin remaining aluminum layer), followed by AlCu and Al;Cug (located next
to the bulk copper). Additionally, electron backscatter diffraction scans (EBSD)
were recorded from selected areas, as shown in Fig[d.9, Therefore, the specimen
was inclined at a tilt angle of 70° and the diffraction patterns were observed with
an EDAX camera. Figl.9b shows an EBSD scan of 158 pm x 273 pm that was
chosen along the diffusion bond, where a scanning step size of 0.2 pm was chosen,
resulting in a total of approximately 10° scan points. The resulting EBSD data was
optimized with the data analysis software TSL analysis OIM, where grain dilatation
algorithms were employed. In all material layers no preferential crystallographic
orientation can be seen in the resulting inverse pole figure maps. However, a con-
siderable inhomogeneity of grain sizes occurs across the material layers. Whereas
copper and aluminum feature an average grain size of 60 pm and 40 pm, respec-
tively the intermetallics have a significantly lower average grain size. AloCu has an
average grain size of 30 pm and is the coarsest grained material. Its counter part
Al4Cug and AlCu have average grain sizes of 15 pm and 3 pm, respectively. The
residual aluminum layer solely consists of a one grain size thick layer. To obtain
more statistics on the grain size distribution in the bulk copper, a second scan at
lower magnification was conducted afar from the bond interface (see Fig[i.9pb).

Mechanical properties of Al-Cu intermetallic compound

Nanoindentation tests were conducted to assess the mechanical properties of the
evolved intermetallic compounds in the resulting diffusion bond with above de-
scribed microstructure (see section [4.1.3)). Therefore, an unmounted plane-parallel

sample was machined from the diffusion bond and metallographically sectioned in-
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4.1 Diffusion bonding of bulk Al-Cu couples

Figure 4.8: Cross section of diffusion zone featuring the present intermetallic com-
pounds formed between copper and aluminum. The present intermetallic compounds
are symmetrically distributed ranging from Al richest up to Cu richest.

cluding fine polishing with a 0.1 pm diamond suspension followed by a precision
ion polishing procedure of the investigated cross-section. The small specimen with
mirror like finishing was directly glued to the sample holder of the nanoindenter.
The measurements were conducted with an ASMEC Unat device in combination
with a Vickers indentation tip. More than 10 indents per intermetallic compound
layer were sampled. In Al4Cug and AICu a total of 13 measurement points were
chosen respectively. For the AlyCu layer 17 points were necessary due to its slightly
uneven surface. The indentation process was controlled by an implemented ISO
standard program, which determines the indentation velocity, holding time, pre-set
maximum indentation load and load relieve rate. The maximum indentation load

was chosen as a function of the corresponding phase layer thickness and its hard-

ness known from literature [Kouters et al., 2013|: To avoid plastic interactions with

adjacent interfaces a rule of thumb dictates that the resulting indent should not ex-
ceed one third of the relevant feature. Here, special regard was set to the resulting
indent is smaller than one third of the layer thickness to inhibit interactions be-
tween the plastic zone emanating from the indent and the adjacent interfaces. The

obtained results are summarized in table 4.2 including the number of measurement
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Figure 4.9: Microstructure of bulk Cu-Al-Cu diffusion bonded interface (a) SEM overview of bond interface, (b) low magnifi-
cation inverse pole figure (IPF) map of copper afar from bond interface and (c¢) close-up and IPF map of the present materials
1: copper, 2: Al;Cug, 3: AlCu, 4: Al;Cu, and 5: thin aluminum layer in the center of the bond. The IPF pole legend for cubic
(copper, aluminum, Al,Cuy), tetragonal (AloCu) and monoclinic (CuAl) lattice are given.
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Figure 4.10: Nanoindentation results comparing the different intermetallic layers:

Average force—displacement curves for AloCu, AlCu and Al;Cug.

Table 4.2: Nanoindentation results of Al-Cu intermetallic compounds. With F de-
noting the maximum load, E the Young’s modulus and Hy the Vickers hardness. All

values are presented with their statistical uncertainties (standard deviation).
E Hy

Material  # data points F
(mN) (GPa) (MPa)
Al3Cu 16 30.06840.002 111.14+6.8 442425
AlCu 12 100.182+0.001 168.0£5.5  651+19
Al4Cug 12 100.188+0.004 183.8+10.8 606431

points (i.e. indents) per layer, maximum indentation load and hardness values,
elastic moduli, and Vickers hardness including the corresponding uncertainties (i.e.

standard deviation); representative load-displacement curves averaging the single
measurement points for each tested intermetallic phase are depicted in Fig.

After excluding the outliers, these curves were directly obtained from the software.

The zero point calibration occurred by optimizing a Hertzian fit in the first section
of the load-displacement curve. Due to the increased hardness of AlICu and Al4Cuy,

respectively, a maximum load of 100 mN was set, whereas for Al,Cu a maximum
load of 30 mN was chosen.
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4 High cycle fatigue of bulk Al-Cu interfaces

4.1.4 Heat treatments of diffusion bond interface

Isothermal heat treatments were conducted to study interfacial reactions among the
present materials in the as-bonded state when subjected to further heat treatments.
In the following fatigue experiments another question will be to understand the role
of the soft aluminum sandwiched between the hard intermetallic compound layers.
Additionally, it was the aim to obtain a microstructure similar to the as-bonded
state, but with entirely consumed aluminum in order to investigate the role of the
presence or absence of aluminum layer on the high cycle fatigue properties of the
diffusion bond. The heat treatments were conducted at 500 °C from 1 h up to 4 h
under inert atmosphere (Nj).

Four as-bonded diffusion bonds were subjected to the heat treatments and subse-
quently metallographically sectioned to study their morphology, interfacial thick-
ness and microstructure. In Fig. SEM-micrographs of the aged diffusion bonds
are juxtaposed in combination with transverse EDX line-scans revealing the atomic
distribution across the bonds to identify the layers. As can be seen, in all four cases
the intermetallics are the same as in the as-bonded state again AlyCu, AlCu and
Al4Cug. For each heat treatment secondary electron images highlighting different
layers the microstructural morphology in combination with back scattered elec-
tron images and EDX linescans revealing the different layers were conducted. The
resulting intermetallic compound layer thicknesses and the total diffusion bond
thickness (i.e. the thickness of the entire stack of intermetallic layers including the
aluminum layer-if still present) is shown in table After 2 hours of annealing
the aluminum layer is still partly present (due to inhomogeneities of the initial
thickness of the aluminum) and is only entirely consumed after 3 hours. When
comparing the individual layer thicknesses of the evolved intermetallic compounds
it can be concluded that the intermetallic reactions occur as follows: While the
overall diffusion bond thickness remains approximately constant regardless of the
annealing time the following interfacial reactions occur: Firstly, the aluminum layer
is entirely consumed, and further transformed into CuAlsy. Finally, the AlCu layer
grows. In Fig. +d the microstructure of the annealed specimen (3 h/500 °C)
is compared to the microstructure obtained after 4 h annealing at 500 °C revealing

a pronounced grain coarsening in the present intermetallic compound layers.
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Figure 4.11: Microstructures after heat treatment for (a) 1 h at 500 °C (b) 2 h
at 500 °C (c) 3 h at 500 °C (d) 4 h at 500 °C. Left: SEM-EDX profiles showing the
distribution of Al and Cu across the bond, middle: secondary electron microscope,
right: back scatter electron image. The scale is identical for all micrographs.
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4 High cycle fatigue of bulk Al-Cu interfaces

Figure 4.12: Inverse pole figure maps of specimens annealed for (a) 3 h at
500 °C and (b) 4 h at 500 °C.

94



4.2 Ultrasonic fatigue testing of bulk Al-Cu interfaces

Table 4.3: Material layer thickness as a function of annealing time

Material aluminum Al3Cu AlCu Al4Cug total diffusion zone
heat treatment  thickness (um)  thickness (pm)  thickness (pm)  thickness (pm) thickness (pm)
as-bonded 1.8-7.1 10.8 6.1 23.9 88.0
1h at 500°C 1.2 -4.38 10.7 5.8 25.1 87.4
2h at 500°C 1.6 -4.1 9.2 -11.6 5.1 26.3 86.4
3h at 500°C — 23.1 6.9 26.0 90.4
4h at 500°C — 16.5 8.1 26.5 91.5

4.2 Ultrasonic fatigue testing of bulk Al-Cu interfaces

High cycle fatigue tests were conducted on bulk Al-Cu diffusion bonds featuring
the microstructure and intermetallic compounds described in section 4.1.3] It was
the aim to understand the influence of brittle intermetallic compounds on crack ini-
tiation, propagation, deflection processes and final fracture behavior of the entire
Al-Cu bond an thus to reveal the lifetime limiting, weakest link when subjected to
cyclic mechanical loads. Emphasis is set on the effect of load mixity on the fatigue
behavior of the bond and to vary the amounts of shear and tensile stress acting
on the investigated Al-Cu bond. Three lifetime curves were measured, where the
diffusion bond interface was subjected to three different load conditions to reveal

which stress contribution is most harmful to the bond.

The diffusion bonds, processed as previously described in were tested by
means of an ultrasonic fatigue testing setup operating at 20 kHz. Dog-bone shaped
fatigue specimens fulfilling the longitudinal resonance condition at the operation
frequency were machined from a bulk diffusion bonded Cu rod-Al foil-Cu rod-
sandwich such that the investigated bond is located at the center of the gauge
section, where maximum strain occurs. Attached to the ultrasonic resonance fatigue
setup the specimen is stimulated to resonance vibration causing cyclic stresses at
the center of the sample resulting in subsequent fatigue failure. The setup and
specimen design are shown in Fig. The stress amplitude acting cyclically at
the bond interface is measured by a strain gauge, which is glued to the specimen
in a way that the bond is located at the center of the 3 mm long strain gauge
section. Thus, the strain €, acting parallel to the loading direction on the bulk
copper and on the diffusion zone respectively is integrally sampled. The resulting
stress amplitude o, is obtained by applying the one dimensional Hooke’s law since

in the high cycle fatigue regime the induced stresses are mainly elastic. Thus it
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4 High cycle fatigue of bulk Al-Cu interfaces

Figure 4.13: Setup for ultrasonic fatigue testing of bulk specimen: (a) Ultrasonic
resonance fatigue system with attached specimen to horn (b). Technical drawing
of fatigue specimen with bond interface located at the strain node, resonating at
approximately 20 kHz (c).

follows for the measured and adjusted stress amplitude:
oy=FE ¢ (4.1)

where €, is the measured strain parallel to the loading direction. Since the strain
gauge section is 3 mm long and the diffusion bond thickness is only approximately
100 pm thick, copper accounts for the main strain contribution and thus its Young’s
modulus E of 120 GPa is employed. Pure tensile stress loading condition, i.e mode
I, acting at the bond interface is achieved, when the bond is oriented perpendicular
to the loading direction. A combined loading condition, resulting in a mixed mode
of mode I (tensile) and mode II (shear) loading, is obtained by inclination of the
bond at a certain angle 6, which is schematically illustrated in Fig. The stress
state at the interface can be described as plane stress condition and the problem
can be described by a two dimensional cartesian coordinate system. The coordinate
system x-y describes the external loading condition, where the y-axis is parallel to
the load train of the setup. To quantify the contributions of tensile stress ¢ and
shear stress 7 acting on the inclined bond the coordinate system x’-y’ is introduced,

which is rotated at an angle § with respect to x-y such that the x’-axis coincides
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4.2 Ultrasonic fatigue testing of bulk Al-Cu interfaces

Figure 4.14: Orientation of the bond interface with respect to the loading direction
(LD). The coordinate system x-y describes the externally applied loading condition.
The coordinate system x’-y’ rotated at an angle 6 from x-y describes the stress con-
ditions occurring at the bond interface.

with the inclined interface.
The correlation between tensile o,, and shear stress 7, acting at the bond interface
due to the longitudinal excitation parallel to the loading direction o, are obtained

by the following relations:

Fy, Fy- cos @

2
-y _ Yy P . 4.2
A, " Ayfcos0 oy - cos” 6 (4.2a)

O'y/ =

Fy  F,-sinf

where the nomenclatures are explained in Fig.
For the following fatigue experiments three interfacial orientations were chosen

and are described hereafter:

1. 0°(interface perpendicular to LD, 100% tensile stress acting at the bond)

2. 45°(50% tensile stress, 50% shear stress)
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4 High cycle fatigue of bulk Al-Cu interfaces

3. 67°(30% tensile stress, 70% shear stress)

Prior to each measurement the resonance frequency of the load train is man-
ually adjusted, where the incoming and reflected signals are monitored with an
oscilloscope. The resonance frequency of the setup corresponds to the adjustment,
where maximum amplitude of the feedback signal is observed. Once the resonance
frequency is found, a frequency controlled mode is set. Finally, a calibration proce-
dure is conducted, that operates the setup such that a desired stress amplitude is
reached, where the strain is linearly related to the power amplitude of the setup. To
prevent the specimen from excessive heating, the experiments are conducted under
discontinuous pulse/pause-mode, where the pulse duration lasts 200 ms followed
by a pause mode of 250 ms. Compressed air cooling is additionally used at the
gauge section during the entire fatigue test. The used ultrasonic fatigue setup and
the chosen specimen constellation including a technical drawing of the specimen
are shown in Fig. [f.13] The end of the fatigue test is determined, when the pre-set
amplitude can only be achieved by a significant drop of the frequency indicating
that increased fatigue damage has evolved, which disturbs the resonance condition

due to decreased coupling of the specimen.

4.3 Influence of loading mode on the fatigue behavior of bulk
Al-Cu bonds

The high cycle fatigue behavior of the bulk Al-Cu diffusion bond with above de-
scribed microstructure and intermetallic compounds (see section was studied
under three different, well-defined load conditions with variable amounts of mode I
(tensile loading) and mode II (shear loading). The desired loading condition could
be obtained by inclining the interface at a certain angle as illustrated in Fig.
In all three cases, the center of the interface coincides with the strain node of the
setup (i.e. the center of the gauge section of the fatigue specimen).

The chosen orientations for this study are 0°, 45° and 67° leading to 100%/0%,
50%/50% and 30%/70% normal stress/shear stress contributions, respectively.

Three fatigue data plots depending on the interface orientation relative to the
loading direction are summarized in Fig Two representations of the data are
chosen: In Figlf.T5h the applied stress o, parallel to the loading direction is plot-

ted against the number of loading cycles to failure N;. Ny is easily determined as

98



4.3 Influence of loading mode on the fatigue behavior of bulk Al-Cu bonds

a significant loss of the resonant frequency automatically stops the experiment. A
drastic decrease of the resonant frequency is typically due to a loss of coupling
caused by a significantly evolved fatigue crack within the sample. This represen-
tation, however, does not give any information on the stresses occurring at the
interface but only on the applied stress amount necessary to rupture the bond after
a defined number of loading cycles.

When comparing the fatigue behavior of a material undergoing complex stress
states, suitable yield criteria need to be introduced, as previously discussed in sec-
tion [2.1.2l While the representation of equivalent stresses according to the von
Mises yield criterion is widely applied to ductile, engineering materials, the investi-
gated material combination is composed of brittle intermetallics, which are involved
in the crack propagation and fatigue failure process. Therefore, the Rankine yield
criterion is used in the present study to compare the equivalent stresses depending
on the loading modes and the fatigue data expressed in equivalent stress oeqnankine
vs. Ny in Fig[d.15p.

From this representation of the fatigue data it can be concluded that the bulk
Al-Cu bond is less sensitive to loading in tension-compression than to an increased
amount of shear loading contribution. The obtained results are different to pre-
vious investigations, where the high cycle fatigue behavior of ductile materials is
compared under pure tension-compression loading vs. pure torsional loading (i.e.
pure shear loading) (e.g. [Mayer, 2006] and [Akiniwa et al., 2008]). In both studies
the investigated materials (aluminum and high strength steel, respectively) show a
higher fatigue performance under pure shear than under pure tensile loading. In
contrast, in a previous study (Ref. [Tanaka et al., 1984]) it was reported that Ot-
suka et al. (see Ref. [Otsuka et al., 1980]) compared the crack propagation modes
of A7076-T6 aluminum under mode I and mode II and proved that the fatigue crack
propagates faster in mode II. Zimmermann and co-authors compared the fatigue
behavior of laser welded steel-steel and iron-steel joints under pure torsional and
a combination of axial and torsional loading (see Ref. [Zimmermann et al., 2014].
Again, it was shown that the joints subjected to pure torsional loads have a higher
fatigue performance than in the specimens subjected to a load combination be-
tween torsional and axial mode. According to Ref. [Li et al., 2009], which reviews
the multiaxial fatigue models for ductile, semi-ductile and brittle materials, the
controlling parameter of brittle materials is the amplitude of maximum normal

stress/strain. When comparing the fatigue data of the specimens with an interface
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Figure 4.15: Fatigue data of bulk Al-Cu diffusion bond interface: (a) plot of ap-

plied stress o, (b) plot of equivalent stress using the Rankine criterion oeq, Rankine-
Arrows indicate run-outs.
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4.3 Influence of loading mode on the fatigue behavior of bulk Al-Cu bonds

orientation perpendicular to the loading direction (see Fig. with literature,
the data is comparable to the data of obtained for high cycle fatigue investiga-
tions of polycrystalline bulk pure copper which ranges at loading cycles to failure
between 115 MPa to approximately 95 MPa, respectively. A fatigue limit was
set around 92 MPa for cycles up to 10!V see e.g. Ref. [Phung et al., 2013] or
[Stanzl-Tschegg and Schénbauer, 2010]. In the case of coarse-grained, pure alu-
minum the high cycle fatigue values are around 35 MPa for loading cycles of 10°.
A so-called “fatigue limit” of this material was set around 30 MPa, see e.g. Ref.
[Hoppel et al., 2010].

Furthermore, a study was conducted on how the different stress amounts vary in
relation to the applied stress o, as a function of inclination angle 6, which was
previously described in Fig[f.14 The results are summarized in Fig. [£.16] where
the stress ratio of the corresponding stress over o, as a function of inclination an-
gle ranging from 0°(corresponding to 100% tension-compression, which is when the
interface is perpendicular to the loading direction) up to 90°(here, the interface
would be parallel to the loading direction). In this plot a comparison of the pure
tensile stress o,, and pure shear stresses 7,/,, acting at the interface and the re-
sulting equivalent stress distributions applying the Tresca, von Mises and Rankine
criteria. From this analysis it can be deduced that both, the von Mises and Tresca
criterion, overestimate the stresses occurring at the bond, which was a further con-
firmation to apply the Rankine criterion in this fatigue study since brittle materials

are involved.

4.3.1 Fractographic observations

Fractographic investigations were conducted on the obtained fracture areas to fur-
ther understand the failure mechanisms involved in this material combination.

In the case of the specimens subjected to 100% tension-compression loads (pure
mode I) a very clear fracture morphology could be identified. The specimens sub-
jected to this loading mode all ruptured entirely at the end of the fatigue ex-
periment. Representative fracture areas are shown in Fig[dI7 In Figll.I7h and
Fig[.17b an overview of two corresponding fractured bonds are shown. The crack
initiated in the aluminum layer in the center of the bond followed by a deflection
into the neighboring layer, AloCu, where a radially outwards crack propagation is
observed. In the last step final fracture occurred in the most brittle layer AICu. At
higher magnification images in Fig[4.17c-d show the crack path from the initiation
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Figure 4.16: Stress measures as a function of inclination angle of the interface:
pure shear stress 7,,, pure tensile stress o,/, and comparison of equivalen stresses
obtained by: Rankine o¢q rankine, von Mises Ocq vonirises and Tresca oeq rresca-

site, denoted by ductile dimples parallel to the loading direction and the surround-
ing crack propagation morphology, which evolves radially in AlyCu. In Figlf17e-f
the ductile dimples in the aluminum are highlighted. In further specimens the same
fracture pattern was observed, where each process is denoted by a characteristic
morphology, as shown in the SEM micrographs in Figlf.18] Fig[4.18h highlights
the transition from the crack initiation site (aluminum) to the crack propagation,
which occurs in the neighboring layer. It can be seen, that in the propagation zone
the grains are deformed and that transgranular fracture occurred. Partially some
highly deformed grains could be identified, as highlighted in Fig[d.18b. The final
fracture regime is characterized by a purely brittle intergranular fracture, which
occurred in the small-grained Al-Cu area.

The interfaces inclined at 45° to the loading direction showed a very complex
fracture morphology, as shown in Fig. 4.19] Here, crack initiation was found to
occur close to the sample surface, located at the position of the strain node. From
fracture mechanistic approaches where the crack propagation of a notch oriented
45°to remote tensile loads (see e.g. [Broek, 1986], [Anderson, 2005] or [Gross, 19906])

it is expected that finally the crack propagates perpendicular to the remote tensile
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4.3 Influence of loading mode on the fatigue behavior of bulk Al-Cu bonds

initiation

initiation

Figure 4.17: Typical fatigue fractographs of mode I fatigue specimen (0°): (a &

b) give an overview indicating the fatigue initiation in the center of the bond in alu-
minum, followed by a radially outwards crack propagation in AloCu . Final fracture
occurred in the bond periphery in the most brittle intermetallic, AlCu, denoted by
an intergranular fracture type. (¢ & d): close-up of crack deflection. (e & f): high-
light of dimples in Al
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Figure 4.18: Close up of crack path morphologies of fatigued Al-Cu bonds (pure mode I): (a) Crack deflection from initiation
site (Al) to crack propagation regime (Al;Cu, (b) high magnification of fatigued Al;Cu highlighting highly deformed grain,(c)
crack deflection from AlyCu into AlCu (d) brittle, final fracture in AlCu (intergranular fracture).
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4.3 Influence of loading mode on the fatigue behavior of bulk Al-Cu bonds

load. In this case, however, the crack remained in the bond interface, which is
oriented 45°to the load direction. The crack meandered between the intermetallic
compounds until throughout the diffusion bond. This fracture behavior is indica-
tive for a fracture type of brittle nature. Additionally, cracks perpendicular to the
fracture surface could be identified, which may have occurred during final fracture
due to stress release. In Fig. & d a close-up of the selected region is shown to
highlight the intermetallic phases (c¢) by a BSE image and the shear morphology
(d) by a SE image. In (d) a clear delamination of the involved layers are shown.
The specimens inclined at 67° did not rupture, when the experiment stopped. The
resonance condition was disrupted due to a remarkable decrease of the eigenfre-
quency, which is typically considered as evidence for a significant crack evolution.
However, in the highly inclined samples it is assumed that due to the high area of
the bond interface crack deflection into the soft and ductile copper, which does not
result in a separation of the fatigue specimen. Further investigations are necessary

to confirm this assumption.

While there exists no studies on the fatigue behavior of the investigated ma-
terial combination, few publications on the static fracture behavior of bulk Al-
Cu diffusion couples exist (see Ref. [Kouters et al., 2011], [Kouters et al., 2013],
[Koberna and Fiala, 1993]). While in the studies conducted by Kouters and coau-
thors it was shown that an overall degradation of the bond occurred, Koberna
et al. identified Al,Cu as the most fracture sensitive material and correlated
the induced stresses due to the formation of intermetallics with their change in
density compared to the density of its two neighboring material layers (see Ref.
[Koberna and Fiala, 1993]). In another study conducted by Chen and co-authors
(see Ref. [Chen et al., 2006]) static fracture tests on Al-Cu bonds created by roll
bonding followed by a subsequent sinter treatment to grow the intermetallic com-
pounds again confirmed that fracture occurred in the same IMC layer, AlsCu.
These studies however are static studies and the fatigue behavior of such bonds is

still unknown.

In a previous study [Cremer et al., 2013], where the fatigue behavior of a welded
seam was ultrasonically tested the crack initiation was mainly attributed to incom-
plete fusion sites, which act as stress concentrators according to the \/area-law

suggested by [Fatigue and Murakami, 2002]. In the present study, however, such
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Figure 4.19: Fatigue fracture morphologies of specimens inclined at 45°.
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unbonded regions could not be found.

4.4 Role of aluminum on the fatigue behavior of bulk Al-Cu bonds

The fatigue fractographs of the as-bonded diffusion bond interfaces oriented per-
pendicular to the loading direction the crack initiation site could be identified as
aluminum. To understand the role of the thin aluminum layer and to compare with
the case of its absence in the Al-Cu diffusion bond interface with several brittle in-
termetallic compounds a comparative study, where the fatigue behavior of bulk
Al-Cu diffusion bond interfaces with entirely consumed aluminum was conducted.
The diffusion bonded fatigue specimens were subjected to additional isothermal
heat treatments (at 500 °Cfor 3 h under inert atmosphere), as described in [4.1.4]
The aim was to achieve a comparable microstructure of the prevailing materials,
where especially excessive grain coarsening was avoided. Fig[.20] compares the
fatigue life data of the previously investigated as-bonded specimens with the spec-
imens with the aged specimens, where the aluminum was entirely consumed. It
could be shown that, even though aluminum is the site of crack initiation, it acts as
buffer. The fractographs of the aged specimens shown in Fig. again revealed
a crack propagation and a final fracture regime being in agreement with previous
observations in the previous section in However the crack initiation regime
was difficult to identify and still need further systematic investigations. Highly
magnified of the crack propagation, which again occurred in AloCu and final frac-
ture in AlCu of the aged fatigue specimens are shown in Figl4.22]

The experiments are in agreement with the comparison of the high cycle fatigue
behavior of the miniaturized ball bond specimens presented in section Even
though aluminum could always be identified as the responsible crack initiation site,
highly annealed specimens where the aluminum has been entirely consumed fail

catastrophically at lower stress amplitudes when subjected to cyclic loads.

4.5 Summary

In this chapter the aim was to study the fatigue behavior of bulk Al-Cu pairs with
a geometry that allows a predefined loading setup in contrast to the inevitable,

“complicated” loading condition during the fatigue test of the miniaturized speci-
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Figure 4.20: Fatigue data of bond interface oriented perpendicular to loading di-
rection: as-bonded (with aluminum) aged for 3 hours at 500 °C, where the aluminum
is entirely consumed. Arrows indicate run-outs.

mens as presented in chapter [3| The bulk fatigue experiments were conducted on
bulk Al-Cu pairs, which were created by diffusion bonding. Therefore the first part
of this project was dedicated to optimize the diffusion bond parameters such that
bulk intermetallic layer evolve at the interface and to reduce process induced flaws
such as unbonded regions or cracks. Furthermore, the aim was to obtain the same
three intermetallic compounds AloCu, AlCu and Al;Cug to mimic the highly aged
state of the miniaturized Al-Cu ball bonds.

It was found that optimum conditions for this purpose were to sandwich a thin
aluminum foil between two bulk copper rods. To aid the diffusion process and
to maintain the original rod shape of the components a constraining die was ma-
chined. The bonding process was conducted at 530 °C for 180 minutes under inert
atmosphere to minimize contaminations of the faying surfaces during the process.
The resulting diffusion bond was composed of the same intermetallics as the highly
aged ball bond specimens, which were confirmed by EDX and EBSD scans: Al;Cu,
AlCu and Al4Cug. This solid-solid joining method was chosen over other tech-
niques as it ensures a flat bond interface with parallel intermetallic compounds at

a macroscopic length scale.
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Figure 4.22: Close-up of the typical crack propagation and final fracture morphologies: (a) Crack propagation in AlyCu show-
ing the crack propagation direction along the deformed grains (b) highly magnified deformed grain in crack propagation regime
(c) transition between propagation and final fracture (d) final fracture in AlCu denoted by brittle, inter granular fracture.
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4.5 Summary

Dogbone-shaped, high cycle fatigue specimens were created and tested with an
ultrasonic resonance fatigue setup operating at 20 kHz. The resonating samples
were created such that the diffusion zone is located at the strain node of the load
train of the setup.

To achieve mixtures of mode I and mode II loading, specimens were created where
the diffusion bonded interface is inclined at a certain angle relative to the loading
direction. It could be shown, by usage of the Rankine equivalent stress criterion,
that the specimens with a higher shear loading mode (mode II) feature a lower
high cycle fatigue performance compared to the specimens loaded at pure tension-
compression (mode I) loads.

In the case of the specimens loaded at mode I, fractographic investigations revealed
that the crack initiation site was aluminum followed by crack propagation through
Al,Cu and final fracture in AlCu. The crack propagation regime was denoted by
highly deformed grains, which gave a hint of plasticity involved in the fracture
process.

Additionally, the high cycle fatigue behavior of aged diffusion bond samples, where
aluminum has been entirely consumed, was compared to the as-bonded samples
under pure mode I loading. In agreement to previous investigations on miniaturized
ball bond specimens it could be demonstrated that the presence of aluminum is
crucial for the high cycle fatigue behavior and thus, the samples with aluminum
have a higher fatigue performance than the samples, where aluminum has been
entirely consumed.

It can be concluded from these high cycle fatigue experiments that the lower the

ductility of the investigated material, the more it will fail in a catastrophic way.

111



112



5 In-situ TEM fatigue test of Al-Al,Cu interface

In the following chapter the aim is to observe crack initiation, propagation and
crack deflection processes, which are involved during cyclic loading of the highly
aged Al-Cu system, in-situ.

In chapter 3] the fatigue behavior of miniaturized Al-Cu interfaces was investigated.
It was found that due to the inherent bond geometry, where the transition between
the bonded and unbonded regime in the bond periphery acts as natural notch and
crack initiation is forced in the aluminum. In the highly aged state as described
in where the three intermetallics AloCu, AlCu and Al;Cug are developed,
crack initiation and propagation were again observed in aluminum at the bond pe-
riphery. However, at locations where the aluminum was entirely consumed, crack
deflection was observed into the copper rich intermetallic compound, followed by a

final fracture in the intermetallic AlCu.

To exclude the above mentioned geometry effects and to thoroughly understand
how this material combination performs under well-defined cyclic loading condi-
tions, a bulk “handable” and well-defined geometry with a bond interface featuring
the same intermetallic compounds, as previously described, was chosen and studied
in chapter 4l Analogous to the miniaturized Al-Cu interface aluminum was respon-
sible for the crack initiation process. However, crack propagation was observed in

AlyCu followed by final fracture in the brittle AICu intermetallic compound.

While in the previous chapters integral fatigue lives were studied, where the to-
tal lifetime under a pre-set load condition is measured, it is aimed at observing
and comprehending the involved mechanisms behind fatigue failure in this ma-
terial system. Therefore, a micron scale fatigue test in a TEM is designed and
conducted on the Al-Al,Cu system to study crack initiation, propagation — and
possible crack deflection — up to final fracture. In situ nanomechanical testing

in the TEM has provided great insight into fundamental deformation mechanisms
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by imaging defect interactions during the experiment with nanoscale resolution
and correlating them with the resulting load-displacement curve. First advances
in the field of in-situ testing and nanomechanical testing under TEM have been
reported in e.g. Ref. [Takeuchi et al., 1973]. Since then, in-situ TEM has been
widely developed and has become a versatile investigation technique to study (size
dependent) dislocation behavior, grain boundary interaction, etc., as reviewed in
[Legros, 2014], [Yu et al., 2015], [Kraft et al., 2010] where the latest advances in
this field are reported. The success of in-situ testing is mainly attributed to the
milestones in the development of MEMS (microelectromechanical systems) devices,
which are now implemented in TEM sample holders as capacitive sensors but also
as push-to-pull devices. Furthermore, focused ion beam (FIB) machining allows
a precise and selective sample preparation down to the sub-micron scale. While
in-situ TEM deformation is widely used to understand deformation processes in
a wide range of materials. To date only few in-situ fatigue TEM experiments
exist [Zhong et al., 2006] [Hosseinian and Pierron, 2013] and fatigue or crack prop-
agation testing of interfaces in bi-layer and multi-layer materials has been mainly
conducted at higher lenght scales under the SEM [Volker et al., 2015].
In the present chapter a design for an in-situ fatigue setup is presented allowing to
test specific interfaces by machining a micron sized fatigue specimen with a sharp
notch, to force crack propagation at the Al-AloCu interface under repeated loads.
It is aimed at understanding the role of the interface, which separates the ma-
terial, where the crack initiates (that is aluminum) and the neighboring material,
Al;,Cu and to further observe how the materials contribute to the crack evolution
under cyclic deformation. To combine both questions an in-situ test setup was
chosen, where the investigated materials Al and AloCu separated by an interface
are cyclically loaded and observed simultaneously by means of TEM. In the first
section in the specimen design and the idea of the fatigue setup are presented.
In the results from the in-situ fatigue experiment are shown, where five stages

from the first loading cycle to final failure are observed and described.

5.1 Specimen design

In this study crack initiation and propagation properties of the aluminum-Al,Cu
interface are investigated and the involved physical mechanisms are observed in-

situ under TEM. Therefore, an electron transparent lamella is extracted from a
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5.1 Specimen design

Figure 5.1: In-situ TEM fatigue setup: Cantilever-type TEM lamella displaying
notch geometry at tested interface of two adjacent materials. One side of the spec-
imen is fixated to the Omniprobe sample holder, the free-end of the specimen is
cyclically indented with a picoindentation diamond tip.

metallographic cross section of the previously described (see highly aged
(200 °C 2000h) Cu-Al ball bond interface. The lamella is shaped to a miniaturized,
cantilever-type fatigue lamella, which is cyclically bent by means of a picoindenter
at its free end. A small notch is introduced at the edge of the gauge section, to
study the toughness of the Al-AyCu-interface. Specimen geometry and indentation
set-up are schematically illustrated in Fig. [5.1}

For the specimen preparation a FEI Strata 235 dual beam Focused Ion Beam (FIB)
was used and observed in a field emission scanning electron column. The key steps
of the specimen preparation procedure are summarized in Fig.[5.2] First, a trench is
cut out of the metallographic cross section (a) followed by a lift-out procedure car-
ried out with an Omniprobe micromanipulator tool. Then, the lamella is mounted
and fixated on the Omniprobe transmission electron sample holder where the in-
vestigated interface is oriented relative to the prospective loading axis (b). Finally,
the lamella is cut into its desired shape, where the geometry of the gauge section
is oriented as the interface (c, d).

A Hysitron PI95 sample holder equipped with a picoindentation diamond tip is
employed for the fatigue experiment, as shown in Fig. [5.3] which is operated under

load control and records the corresponding displacement behavior.
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5 In-situ TEM fatigue test of Al-Al,Cu interface

Figure 5.2: Preparation of in-situ fatigue test specimen during omniprobe lift out
and FIB cutting: (a) Liftout cut for future lamella, (b) Omniprobe lift out of lamella
and positioning to omniprobe sample holder, (¢) FIB cut fatigue specimen with test-
ing interface in center of gauge section, (d) Close up of notched specimen, where
notch is located at interface to force crack propagation.
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5.1 Specimen design

Figure 5.3: Hysitron PI95 picoindenter aligned to perform in-situ deformation ex-
periments under TEM: (a) overview, (b) close-up showing (1) indenter tip (2) spec-
imen holder, (c) optical microscopy image showing TEM lamella for in-situ fatigue
test.
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5 In-situ TEM fatigue test of Al-Al;Cu interface

5.2 In-situ fatigue experiment

The fatigue experiment is observed by means of a JEOL 3010 transmission electron
microscope, which operates at 300 kV enhancing a higher penetration of electrons
through the relatively “thick” metallic specimen. A lamella thickness of approxi-
mately 300 nm was chosen to avoid buckling of the sample during the test. After
TEM alignment the indenter tip is positioned close to the free-end of the small
cantilever specimen, which requires precise alignment. To ascertain that indenter
and lamella are in the same planar axis, both are brought into the position of
minimal contrast. Then, to ensure the onset of loading, the indenter is smoothly
brought into contact with the lamella, where small loads can be recorded. Once the
pre-adjustments are conducted, the fatigue experiment can start. A low magnified
TEM image of the specimen setup under the microscope is shown in Fig. A
to-and fro motion of the indenter tip results in a mode I loading of the interface.
Thus, a load controlled cyclic loading condition is programmed, leading to a load
maximum of 100 pN and a load minimum of 10 pN, which corresponds to a load ra-
tio R=0.1. Each cycle lasts two seconds and consists of a loading (up to maximum
preset load) and unloading (to the minimum preset load). The load and resulting
displacement profile of the fatigue test run including representative figures of the
fatigued specimen is depicted in Fig. [5.5

The fatigue process of the Al — AlsCu — specimen in this experiment can be

summarized by five characteristic stages:

Stage i In the first stage of the cyclic loading experiment an — almost — purely
reversible deformation behavior of the specimen is observed, denoted by a

constant displacement amplitude, which ranges from cycles 0 — 100.

Stage 4 Crack nucleation and slow crack propagation occurs, ranging from cycle
numbers 101 — 160.

Stage i1 Steady crack growth and identification of multiple crack branching during
cycles 161 — 280.

Stage w Unstable and “catastrophic” crack growth occurs in the last cycles from
281 — 295.

Stage v The end of the fatigue experiment is denoted by total rupture of the spec-

imen, which occurred during cycles 296 — 300.
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5.2 In-situ fatigue experiment

Figure 5.4: Setup overview transmission electron microscope.

Figure 5.5: Load curve vs. number of loading cycles and corresponding displace-
ment measurement vs. number of loading cycles
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5 In-situ TEM fatigue test of Al-Al,Cu interface
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Figure 5.6: Fatigue experiment cycles 0 — 100: close-up of load and displacement
curve vs. number of loading cycles.

5.2.1 Stage i — reversible (elastic) cyclic loading

In Fig. the load and displacement curves of the first 100 loading cycles of
the fatigue experiment are shown. The pre-adjusted, constant loading condition
— 100 pN loading and 10 pN unloading resulting in a R =0.1 load ratio of the
fatigue experiment — could be maintained accurately during the experiment. The
corresponding displacement curves, which were simultaneously monitored show a
perfectly reversible behavior leading to a displacement amplitude of approximately
150 nm per cycle. In Fig. [5.7] characteristic screenshots of the in-situ observation
of the experiment are shown. Three selected loading cycles — cycle number 2, 67
and 100 — are shown, where the load maximum is compared to the load minimum.
Along the experiment no deformation of the notch such as closing of opening at
the Al-Al;Cu interface was observed. Main deformation was observed in the soft
aluminum, where high dislocation densities appear and vanish during loading and
unloading. It has to be noted, that very few dislocations were also observed in the
Al Cu intermetallic. Fig. illustrates the final condition of the specimen after

100 loading cycles, where only few permanent dislocations can be identified.
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5.2 In-situ fatigue experiment
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Figure 5.7: Selected screen shots of in-situ cyclic loading of Al-AlyCu-interface

at different loading cycles: 2"¢ loading cycle: (a) loading and (b) unloading; cycle
number 67 (c) loading and (d) unloading; cycle number 100: (e) loading and (f) un-
loading.



5 In-situ TEM fatigue test of Al-Al;Cu interface

Figure 5.8: Fatigue experiment cycles 100 — 165: close-up of load and displacement
curve vs. number of loading cycles.

5.2.2 Stage ii-crack initiation and slow crack propagation

In the second part of the fatigue experiment, which encompasses 100 — 165 loading
cycles at the same load condition, crack nucleation and slow crack propagation are
observed. Again, the load curve reflecting this section of the experiment in Fig.[5.8
proves constant and defined loading conditions throughout the experiment. The
displacement curve however shows a steady increase in the displacement amplitudes,
which indicates further deformation and could be correlated to the crack initiation
process involved in Fig. [5.9] which could first be identified at cycle 131. The
following cycles up to approximately 160 do not reveal any changes in the crack

length or shape as can be seen in Fig. [5.10
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5.2 In-situ fatigue experiment
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Figure 5.10: Constant crack length during further cycling: (a-d) loading and corresponding unloading conditions (e-h). Cycle
141: (a,e) ; Cycle 151: (b, f) ; Cycle 157: (c,g); Cycle 161: (d, h).

5 In-situ TEM fatigue test of Al-Al;Cu interface
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5.2 In-situ fatigue experiment

Figure 5.11: Fatigue experiment cycles 160 — 285: close-up of load and displace-
ment curve vs. number of loading cycles.

5.2.3 Stage iii: Slow crack growth

In the third stage slow crack growth is observed, which approximately lasts 125
cycles and encompasses one third of the entire fatigue experiment. Thus, it may
be concluded that crack propagation is the main contribution in the fatigue exper-
iment. In this part of the experiment the crack, which initiated in an aluminum
grain in the vicinity of the notch and branches towards the aluminum layer and
grows within the first grain. Characteristic loading and unloading conditions are
summarized in Fig. [5.12] The majority of the cycles show a crack opening at the
load maximum and a closing in the unloading state. Few cycles (approximately

10) were observed, where the wake of the crack remains closed during loading (see
Fig.|5.12p and e).
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5 In-situ TEM fatigue test of Al-Al;Cu interface
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Figure 5.12: Key steps in slow crack propagation regime: Crack grows inwards the
aluminum, grain boundary in Al serves as obstacle for further crack growth. Selected
cycles in loading and unloading condition: (a-c): loaded and (d-f) corresponding
unloaded states; (g-i) loaded and (j-1) unloaded.
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5.2 In-situ fatigue experiment

Figure 5.13: Fatigue experiment cycles 280 - 295

5.2.4 Stage iv & Stage v: Rapid crack growth and catastrophic failure

In the fourth stage rapid crack growth occurs once the crack overcomes the grain-
boundary, which represented a major obstacle in the previous stages. Once the
grain boundary is passed, crack growth and propagation are unstable and high
deformations in the wake of the crack tip can be identified. Thus, this stage is par-
ticularly short and only lasts approximately 15 cycles and result in total rupture of
the lamella. The final fracture — stage v — is shown in Fig. where a highly de-
formed aluminum residual is shown. Several shear features indicate that aluminum

failed in a ductile way, where multiple cracks branched during the experiment.

Fig. [5.16| represents the crack growth as a function of loading cycles to failure

including representative images of the loaded in-situ fatigue experiment.
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5 In-situ TEM fatigue test of Al-Al;Cu interface

Figure 5.14: Final failure of fatigue experiment.

5.3 Summary

For a closer understanding of crack propagation and crack deflection behavior of the
Al-AlyCu interface as observed in the previous studies (see chapter [3[ and chapter
to be involved in the initial crack formation, an additional more detailed investi-
gation was undertaken. One aim was to study the role of that interface under cyclic
loading to determine the weakest site responsible for fatigue failure. For this pur-
pose an electron transparent lamella was extracted from a highly aged miniaturized
Al-Cu ball bond interface, where the intermetallics Al{textsubscript2Cu, AlCu and
Al4Cug are present in addition to the parent materials. A gauge section has been
shaped by means of focused ion beam techniques, and a notch was introduced at
the edge of the interface to force crack initiation at the interface or in the vicinity
thereof. Surprisingly, it was found that the notch did not force crack propagation
along the interface, but in the aluminum grain in the vicinity of the notch, where
a dislocation concentration could be identified. The crack fully developed within
this aluminum grain and entirely evolved through the aluminum. Once the crack
encountered the grain boundary, a retardation of further crack growth could be ob-
served. Thus, the grain boundary acted as a main obstacle, leading to retardation
of the crack evolution for several cycles. Once the grain boundary was overcome,
catastrophic crack growth occurred leading to total failure within the aluminum

layer. Though the crack propagation processes could solely be observed within the
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5 In-situ TEM fatigue test of Al-Al;Cu interface

Figure 5.16: Crackpath during in-situ experiment
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5.3 Summary

aluminum it was also found that high stresses occurred in the neighboring AloCu
grains. Thus it can be concluded that the resistance of the brittle intermetallic
phase against plastic deformation increases the stresses in the vicinity of the crack,
which leads to early failure of the specimen in the aluminum. Thus, this experi-
ment is in agreement with the results of preceding miniaturized and bulk high cycle

fatigue experiments.
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6 General summary and conclusion

The combination of different metallic materials to bimetallic bonds is of high tech-
nological significance as it is widely employed in various applications due to the par-
ticular physical properties. One key application is for example Al-Cu wire bonds,

which connect microelectronic devices to their outside circuitry.

When these bonds are subjected to elevated temperatures, interdiffusion of both
materials into each other occurs, leading to the formation of intermetallic com-
pounds at the bond interface. It is well known that such intermetallic compounds
feature disparate physical properties compared to the parent materials, copper and
aluminum. Thus, an overall change of the Al-Cu bond reliability is expected as
Al-Cu intermetallics are known to be harder, denser and more brittle than the
ductile aluminum and copper. An increased brittleness is typically associated with
a drastic decrease of the toughness of a material, thus a high degree of formation
and growth of intermetallic compounds at the Al-Cu interface leads to a reduced
damage tolerance and a general degradation of the bond. While the physical and
mechanical properties such as the Young’s modulus, indentation fracture toughness,
hardness and density of Al-Cu intermetallics have been thoroughly characterized in
literature, only few studies exist on the fatigue and static fracture behavior of Al-
Cu bonds with high intermetallic compound evolution. In service above-mentioned
bonds are not only subjected to elevated temperatures but also to various cyclic
loads, which may be caused by mechanical vibrations or thermo-mechanically in-
duced leading to cyclic stresses at the bond interface.

Because of the reasons mentioned, it was the main aim of this thesis to
investigate the mechanical fatigue behavior of such bonds in as-bonded
condition and, as a second step, to further study the impact of interfacial
intermetallic compound evolution on the mechanical fatigue behavior.

Another aim of this thesis was to reveal the fracture mechanisms occurring
in bimetallic Al-Cu interfaces under cyclic loading, again with the aspect

to quantify the influence of intermetallic compound evolution.
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6 General summary and conclusion

To realize these aims, this thesis has been divided in three parts:

The first part was concerned with a technological application, with the goal to
measure for the first time the fatigue behavior of thermosonic wire intercon-
nects made of copper wires bonded on aluminum pads. These interconnects are
used by standard in the microelectronics sector. State-of-the-art test methods to
assess the bond reliability of such miniaturized bimetallic joints are static destruc-
tive shear tests, which do not reflect the service conditions nor do they give any
information on the mechanical fatigue behavior of such bonds; thus, a specially de-
signed accelerated fatigue test setup had to be developed in the frame of this work.
This setup consists of a novel ultrasonic resonance fatigue system in combination
with a special, solder-based specimen preparation allowing to induce cyclic mechan-
ical stresses at the bond interface. Two approaches were achieved in this work: A
single bond test technique, which allows to study the mechanical fatigue behavior
of each bond individually, and a multiple bond test technique allowing to assess the
average fatigue behavior of several bonds located on the investigated device. The
end of life was determined by a so-called fatigue lift-off failure, where the specimens
are detached at the bond interface due to cyclic loading. Finite element computa-
tions proved that the lifetime curves from both of these techniques are in similar
ranges when they are part of plots of von Mises-stress vs. loading cycles to failure.
One focus of the first part of this thesis was to study the role of intermetallic
compound formation on the mechanical fatigue behavior of thermosonic Al-Cu
bonds. Therefore three microstructural states obtained by isothermal annealing of
the bonds were investigated: (i) the as-bonded state, (ii) an intermediately aged
state and (iii) a highly aged state. In case of (ii) two intermetallics, AloCu and
Al4Cug, and in case of (iii) even three intermetallics, AloCu, AlCu and Al4Cug
developed. While ball shear tests did not reflect the application relevant loading
conditions and impact of interfacial evolution on the reliability of a bond, fatigue
tests proved a clear degradation with increased intermetallics formation. Charac-
teristic fracture morphologies revealed two stages to occur during fatigue failure
not at least due to the specific geometry of the ball bonds: (i) crack propagation
and (ii) final fracture. It turned out that the crack path highly depends on the mi-
crostructural evolution of the bond. However, in final fracture or when the Al pad
material is entirely consumed, interfacial intermetallics are responsible for failure.

The failure mechanisms can be summarized as follows:

as-bonded: (i) crack propagation in Al pad (ii) final fracture at the original Al-Cu
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bond interface

200 °C, 200 h: (i) crack propagation in Al pad (ii) final fracture at the interface
between Al,Cu and Al;Cug

200 °C, 2000 h: (ia) crack propagation in remaining Al and deflection (ii) at the
interface between Cu and Aly;Cug (ii) final fracture in AlCu

It has been shown that the crack propagated through the Al pad material; final
fracture, however, occurred in the most brittle site. This study revealed that life-
time of Al-Cu bonds is directly related to the amount of residual aluminum pad
metallization.

In the second part of this thesis the aim was to mimic the highly aged
microstructure of the miniaturized ball bonds by bulk samples, in order to
test the high cycle fatigue properties of the Al-Cu multilayer under well-defined
loading conditions. Combinations of the mode I (tension-compression) and mode
IT (shear loading) could be realized. To optimize the fatigue test conditions, prelim-
inary diffusion bond experiments were conducted. Because bulk, flat, parallel and
thoroughly developed intermetallic compound layers were required for the fatigue
investigations, special diffusion bond treatments were achieved under accurate con-
trol of temperature (about 530 °C) and pressure (about 16 MPa for 180 min). As a
final fatigue diffusion bond, a thin aluminum foil was placed between two bulk cop-
per rods featuring the same intermetallic compounds as before: AloCu, AlICu and
AlyCug. For the fatigue experiments, again a resonance fatigue system operating
at 20 kHz was employed. Here, the bulk fatigue specimens were machined out of
the diffusion couples and designed such that the longitudinal resonance condition
of the fatigue setup has been fulfilled. The investigated diffusion zone was located
at the strain maximum of the load train (i.e. in the center of the bond). The
loading combination of mode I and mode II was realized by inclining the diffusion
bond at a defined angle relative to the loading direction. To compare the fatigue
properties of three datasets obtained by a certain inclination, the Rankine yield
criterion was used since it is suited best for brittle materials. It was shown that
this material combination is more susceptible to mode II (shear) loading than to
mode I (tension-compression) loading. Furthermore, fractographic investigations
showed that in the case of pure mode I fatigue loading, a clear fracture path was
traced back: Again, crack initiation occurred in the aluminum layer in the center

of the specimen, crack deflection and propagation occurred circumferentially in the
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6 General summary and conclusion

neighboring layer AloCu. The final fracture was observed in the most brittle layer
AlCu. In an additional study on fully aged specimens, it was shown that when
the aluminum is entirely consumed under mode I-loading, a lower fatigue behavior
results. The fractographs showed entirely brittle behavior.

The scope of the third part of this thesis were in-situ transmission elec-
tron microscopic observations of the crack initiation and propagation of
the aluminum—Al>,Cu interface on a micron scale. Here, the fatigue test was con-
ducted on a pre-notched, cantilever-shaped electron transparent lamella extracted
from the highly aged miniaturized ball bond interface by means of focused ion
beam. Cyclic testing of the Al-AlsCu interface could be realized by the usage of a
pico-indenter, which was implemented in the TEM sample holder. It was expected
that crack propagation occurs along a pre-notched interface but, in contrast, the
entire propagation process occurred in the aluminum. Therefore, also this result
showed that — in accordance with all previous findings of this thesis - an interfacial
crack in a ductile- brittle interface tends to propagate in the ductile layer.

In general, in all investigations of this thesis - in applying fatigue test techniques
at different length scales - it was found that cracking is easiest to initiate in the
most ductile layer. Moreover, it was found that intermetallic compound formation
is detrimental for the fatigue behavior of Al-Cu bonds as it shows increasing brit-
tleness and high intrinsic stresses caused by the disparate physical properties of

each intermetallic within the material system.
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7 Outlook

Each study gives rise to further investigations. Thus, an outlook for prospective
investigations in this field shall be given hereafter:

Fatigue investigations of thermosonic ball bonds by means of a specially developed
fatigue testing setup allowed to determine the weakest sites of the bond interface.
Furthermore, this method proved a high microstructural sensitivity compared to
the state of the art static ball shear tests. It could be shown that the accelerated
fatigue test technique specially designed for miniaturized ball bonds serves as a
rapid screening tool, which reflects accelerated loading conditions. Thus, this novel
fatigue test method is a powerful tool, which can be implemented in prototyping
of future bond technologies and material combinations. A further improvement of
the suggested method would be the possibility to implement the effect of elevated

temperatures during the fatigue tests.

In the second part of this thesis, the high cycle fatigue behavior of bulk, diffusion-
bonded Al-Cu bonds featuring three different intermetallic compounds (AlyCu,
AlCu, Al;Cug) could be successfully tested. Extensive efforts in the specimen de-
sign led to a successful fatigue testing setup, which allowed to test these bonds under
well-defined loading conditions being a combination of mode I and mode II loads by
means of an ultrasonic resonance fatigue setup. Thus, a novel test method allow-
ing to test various bulk joints under combined loads could be successfully created
and is adaptable to further weld types and material combinations. Nevertheless,
in the frame of this study on the high cycle fatigue behavior of bulk Al-Cu joints,
the presented project gives rise to further investigations: First, it still needs to be
clarified what the involved crack initiation mechanisms are and how many cycles
of the lifetime are consumed for the initiation and propagation processes, therefore
interrupted tests should be conducted in combination with metallographic section-
ing to reveal the crack initiation site. A more sophisticated method to study the

crack initiation studies would be 3-D computer tomographic methods, which allow
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7 Outlook

to observe these processes in-situ. Additionally, analyses of the mixed mode load-
ing by Finite Element computations would be useful to understand the internal
stresses as a function of the present intermetallic compounds. Furthermore, the
fracture behavior of the highly inclined specimens needs to be clarified. A further
interesting investigation could be to measure crack propagation resistance curves,
where miniaturized notches are introduced at the interfaces and within the mate-
rial layers, in order to reveal the toughness of each material and the role of the
neighboring intermetallic compounds under cyclic loads. Again, since such bonds
are subjected to temperature extremes, it would be certainly of interest to conduct

these tests at different temperatures.

The in-situ observations of the interfacial crack growth performed in the third
part of this thesis were conducted for a better understanding of the micro-mechanisms
of failure in the interface of miniaturized bi-materials. The chosen Al-AlI2Cu inter-
face was examined since this material combination was found to be responsible for
the fatigue behavior of the previously investigated samples, and due to its high rele-
vance for microelectronic applications being a main subject of the present study. It
would be definitely of utmost interest to repeat similar in-situ fatigue tests, where
the notch is shifted either into the aluminum or in the intermetallic to observe the
crack path and deflection. Furthermore these experiments can be extended to other
interfaces and material combinations.

In the case of the investigated Al-Al,Cu interface, another interesting question
would be to directly compare if the presence of the brittle AloCu promotes the
crack growth in the aluminum due to increased stresses; in this connection, a com-
parative crack propagation study only in a pre-notched aluminum cantilever lamella
would be of interest. The specimen preparation of the test lamella was conducted
with a FIB with an Argon ion source. The heavy ion source may contaminate the
specimens and influence their micromechanical behavior. An attractive alternative
would be to prepare these specimens with Helium ions, which will probably be the
future in the preparation of sensitive specimens for in-situ testing and transmission

electron microscopy in general.
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