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Abstract

In this study mechanical fatigue behaviour of different types of Cu metallization film
stacks (consisting of Si/SiO,/TiW/Cu) on Si substrates was investigated in the high
cycle fatigue regime at room temperature. The influence of thickness, grain size
and texture as well as the composition of the diffusion barrier on the deformation
behaviour of Cu metallization layers in the thickness range of 5um to 20 um was
studied. The samples which consisted of Cu-metallized Si strips were subjected
to symmetrical tension - compression fatigue loading by using an ultrasonic reso-
nance fatigue testing systems working at 36 kHz at room temperature. Systematic
investigations of surface degradation and fatigue damage in the films showed dis-
tinct slip band formation in preferentially oriented grains. Evaluation of fatigue life
and the degree of damage was based on the determination of the slip band den-
sity as a function of loading cycles as measured by means of optical microscopy.
The degree of damage was found to be highly dependent on film thickness, grain
orientation and grain size. Moreover it was found that there exists a trend between
the adhesion strength of Si/diffusion barrier/Cu and the degree of surface damage
during the high frequency fatigue loading (higher adhesion strength of the diffusion
barriers to the silicon substrate resulted in a higher degree of surface deformation
of the Cu films). This result may be used as a measure for the evaluation of the
dynamic adhesion response of thin film stacks on Si substrates. Furthermore, in
order to study the effect of constraint on the lifetime and cyclic deformation be-
haviour of the Cu films, free standing miniaturized bar shaped fatigue specimens
were prepared by chemical removal of the silicon substrate. Fatigue life curves
(Wbdhler curves) were determined by using an ultrasonic fatigue system working
at 20kHz and a special set-up suitable for testing of free standing miniaturized
specimens. The comparison of fatigue tests on free standing Cu bars with Cu film



stacks of the same thickness and microstructure showed that cyclic induced plastic
deformation is noticeably suppressed in constraint films. Cu bars showed a higher
density of deformed grains, with rougher and broader extrusions compared to the
features observed in Cu films on a silicon substrate. The fatigue life curve of the
free standing Cu bars covered a stress range of 15-25MPa in the high cycle regime
(>10), while early stages of slip band formation on the surface of Cu metallization
on Si was observed first at stress levels in the range of 72MPa. The results of this
study are a contribution to understanding the mechanical fatigue response of con-
strained metallization films on substrates and provides a new efficient methodology
for fatigue studies of thin films on substrates in the very high cycle regime.



Chapter 1

Introduction

Since the earliest applications of microelectronics the demand for smaller and
faster components is ever increasing. Thin metallization film stacks which are used
for internal and external electrical connections in microelectronic devices cover a
broad range of products from power semiconductors to micro-electro-mechanical
systems (MEMS). While aluminium was the interconnect material of choice in the
beginning of microprocessor development, by using advanced metallization tech-
nologies copper has now frequently replaced aluminium in semiconductor com-
ponents. Cu exhibits superior electrical conductivity, better electromigration resis-
tance as well as higher thermal conductivity. The use of copper also allows further
miniaturization of the microelectronic components by using advanced etching tech-
niques. Due to the high diffusivity of copper into the silicon, the application of Cu
metallization requires suitable metallic diffusion barriers. Several years of research
have been spent for developing effective diffusion barriers with optimized adhesion
properties to Cu and the Si substrate. Advanced multilayered Cu interconnects are
comprised of thin refractory metal films such as Ti, W, Ta and/or their compounds
acting as diffusion barrier layers between Cu and the Si wafer. A typical cross
section of Cu thin films stacks used in power semiconductor devices is shown in
Fig. 1.1. These multilayered structured are composed of a variety of thin metallic,
dielectric and passivation layers with different physical and mechanical properties
and thickness ranges.
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Figure 1.1: SEM micrograph of a multilayer stack (copper bumps/barrier/Si sub-
strate), with interfaces similar to the ones investigated in our study, as an exam-
ple of usage in modern semiconductor devices [1].

The performance and robustness of thin film stacks depends highly on their elec-
trical, thermal and mechanical properties, the interaction between the neighbour-
ing layers and their response to alternating loading conditions. During the oper-
ation thermal fluctuations caused by the electric pulses result in high mechanical
stresses between the adjacent layers due to the difference in the thermal expan-
sion coefficient between the metallic film and the substrate. These high stresses
may lead to cracking, delamination, and degradation of the metallization and finally
result in the functionality loss of the devices. In order to evaluate the reliability of
metallization layers a variety of electrical, thermal and mechanical testing proce-
dures are available and are in use for product development or quality control pur-
poses [2, 3]. Since further miniaturization in microelectronic systems is strongly
related to advancement of thin film technology detailed knowledge of mechanical
properties and fatigue response of thin film stacks and the related degradation and
failure mechanisms is of utmost importance. It is well known that mechanical be-
haviour of small scaled structures with dimensions in the nano- and micrometer
range is significantly different to bulk materials [4]. There exists a considerable
amount of extensive investigations on the size effect on tensile (flow) behaviour
and failure mechanisms of free standing small scaled materials [5, 6]. The cyclic
response of scaled materials has not been investigated to such an extent but there
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are some elaborate studies on cyclic response of free standing miniaturized sam-
ples in which the related deformation mechanisms have been discussed [7]. How
far the material properties of free standing miniaturized materials are valid for two
dimensional multilayered films stacks is not clear yet. Several studies have shown
that constraint materials display other properties than their free standing counter-
parts [9, 36].

The cyclic response of thin film stacks is rather complex and not only related to their
geometrical constraint but factors like the composition of neighbouring layers, pro-
cessing conditions and internal stresses also play a major role. The main concern
during the lifetime of thin film structures seems to be stress induced local deforma-
tions, cracking, and delamination of metal layers. A considerable amount of investi-
gations has been performed on the electrical and thermo-mechanical performance
of Al metallization films and related failure mechanisms. The thermal fatigue re-
sponse of Cu film stacks has been studied to some extent; however investigations
on their mechanical fatigue response and the related degradation mechanism are
scarce. In a study by Zhang et al. [10] on thermal fatigue of thin film copper, a dif-
ferent damage formation mechanism is reported than under uniaxial mechanical
cyclic loading. Although the damage mechanisms of thermal fatigue are not fully
understood an important factor in the failure mechanisms seems to include grain
boundary grooving.

Concerning the fatigue response of thin films on substrates, the focus has been
mostly on studying the thermal cyclic response of thin films (below 3 um) on Si
or flexible substrates [10, 11, 12]. There exist only a few studies on the mechan-
ical fatigue response of Al thin films on Si substrates and systematic studies on
mechanical fatigue response of Cu films on Si substrate are not available yet. Me-
chanical fatigue studies on copper thin films on flexible polyimide substrates were
performed by Zhang et al. [10]. The thickness and grain size of the copper film was
varied to investigate the influence of the microstructure on the damage morphol-
ogy, crack initiation and propagation in the strain amplitude range of 8- 103 and
10* cycles. They proposed a model to correlate the observed fatigue damage be-
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haviour and dislocation structure with the length scale effect of the thin films. They
defined regimes of bulk like behaviour, a transition region and a small volume be-
haviour depending on the ratio of grain size to film thickness. Larger grains led to
extrusions on the surface and well defined dislocation structures. The extrusion
width and height increased with increasing the film thickness and crack initiation
occurred mainly along these extrusions. The extrusions crossed through the thick-
ness of the film, terminated at the interface with the substrate where void formation
was observed [9]. With smaller grains the primary crack initiation sites were found
to be at the grain borders. No similar experiments on a rigid substrate have been
performed to our knowledge.

The present study concerns the fatigue behaviour of thin Cu metallization films on
Si substrates under mechanical cyclic loading in dependency on the microstruc-
ture and layer composition. For this purpose an ultrasonic resonance testing sys-
tem working at 36kHz was adapted for a specific sample geometry consisting of
Si strips with Cu metallization coatings. The selection of the testing system was
based on the fact that lifetime data in ultra-high cycle fatigue (UHCF) is increasingly
required for development of microelectronic components with design lifetimes of up
to 10°- 1010 cycles. In order to fulfil these requirements, an ultrasonic resonance
testing system was successfully adapted and employed for fatigue experiments on
multilayered thin films on Si substrate. The present work consists of 4 parts. Fol-
lowing the above given introduction, a brief overview of Cu metallization technology
and internal stresses in thin films, followed by available thin film characterization
methods is given. Further fundamentals of plastic deformation and fatigue of ma-
terials is shortly discussed. Chapter 3 includes the experimental details including
the description of the sample preparation and characterization methods and the
equipment, analytical techniques and the experimental procedures used in this
work. The results of fatigue investigations on Cu metallization films as well as free
standing Cu bars are given in the last section of this work including data analysis
and discussion of the results.
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Chapter 2

Fundamentals

2.1 Thin film structures

Thin film stacks can be assumed as two dimensional structures composed of a va-
riety of different materials. The microstructure, especially the grain size, is strongly
dependent on the growth parameters such as the deposition technique and the
interfaces to the substrate and other neighbouring layers. In the following a short
overview on the structure and processing techniques, the state of stress in thin
films and their mechanical properties and on fatigue is given.

2.2 Thin film deposition

There are a variety of techniques for thin film deposition, two of which that are rel-
evant to our work, namely sputtering and electrochemical deposition methods, are
described below.

Sputtering of thin metal films is widely used because of its low cost compared
to chemical vapour deposition (CVD) methods. Common with all sputtering tech-
niques is the physical principle which is the momentum transfer between ionized
particles and the atoms of the surface of the target material. The substrate is

11
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placed together with the source material (target) in a vacuum chamber and an in-
ert gas is introduced at low pressure. The gas atoms are ionized by various tech-
niques and accelerated onto the target material. In addition to other processes,
target atoms or molecules are sputtered out of the source and transferred and de-
posited on the substrate. Due to the fact that the underlying principle can be utilised
with a wide range of target materials, sputtering is one of the most widespread de-
position techniques. A problem to overcome with sputtering techniques is a non-
uniform layer deposition when working with non planar topography for examples
holes or steps.

Electroplating copper films is a cost effective way to produce copper metallization
of more than 5um thickness and has been used in the semiconductor industry
for some decades. Several problems have to be overcome to receive a smooth
and uniform metal layer. Prior to deposition of Cu on the substrate a very thin
copper seed layer is sputtered on the barrier films to provide a conductive layer
for electroplating the Cu metallization. An electric current is then applied to de-
posit the copper layer on the device. Alongside the requirement of a uniform cur-
rent distribution to retrieve a metal layer of uniform thickness additives have to be
added to the electrolytes to obtain the desired microstructure and smoothness of
the metallization. These additives depend on the requirements of the metallization
layer. For copper electroplating organic molecules, the so called suppressor and
accelerator are added to the electrolyte. The suppressor inhibits deposition on the
edges, which is necessary to obtain a layer of uniform thickness. The accelerator
is responsible for grain refining and optimal crystal growth [13]. The surface and
microstructure of the barrier/seed layer stack play a significant role on the texture
and grain size of the electroplated copper which should be considered besides the
adhesion aspect, when choosing the barrier/seed layer stack to retrieve a copper
film of the desired microstructure. It is often necessary to make compromises in
the microstructure as certain electrical and mechanical properties have diverging
requirements. To stabilize the grain size, the thin film copper stacks have to be
annealed after deposition. In the case of the present study annealing of the de-
posited wafers was conducted at 400°C for 30 minutes.

12
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2.3 Diffusion barriers

As already stated in the introduction copper has more and more replaced alu-
minium and aluminium copper alloys as interconnect material of choice in the past
years. The bulk resistivity of Cu is 40% less than that of Al and electromigration
resistance of Cu is also highly superior to Al.

However these essential advantages are accompanied by new problems. Copper
diffuses rapidly into Silicon and SiO,, forming silicides, which can drastically dis-
turb the device performance. The adhesion of copper films on SiO; is also lower
compared to aluminium.

To avoid both these problems a diffusion barrier between the substrate and the
copper film is needed. A passive diffusion barrier which does not react chemically
with any of the adjacent layers is ideal for this purpose. The diffusion along grain
boundaries and dislocations is significantly faster than the lattice diffusion at low
temperatures, therefore an ideal barrier is one that has some or even no bound-
aries at all. Other functions and prerequisites for a diffusion barrier are:

e The diffusion barrier should be thermodynamically stable under standard
operating conditions and not interact with the adjacent layers.

e The density of the diffusion barrier should be close to the bulk density to
inhibit the development of dislocations.

e The diffusion barrier should have a good thermal and electrical conductivity.

e The diffusion barrier should exhibit a good adhesion with the substrate and
the Cu-film.

e The microstructure of the diffusion barrier should be amorphous at room
temperature and after thermal treatment.

Because fulfilling all these requirements is difficult or sometimes even impossible
to achieve due to mutual exclusive prerequisites a compromise has to be made to

13
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find the best barrier for each purpose. Generally speaking metals or compounds
with high melting temperature are suitable candidates for diffusion barrier material,
because they show a smaller amount of grain boundaries. Therefore refractory
based materials seem to be the best choice due to the high melting point and
good electric conductivity. The most commonly used barriers are binary or ternary
barriers based on the refractory metals Ti, Ta, Cr and W.

Binary barriers consist of an intermetallic compound of two refractory metals or of
refractory nitrides. A commonly used binary intermetallic barrier is TiW, as it was
also already used in Al interconnects.

Using Nitrides in diffusion barriers has the great advantage that the nitrogen can
be used to block possible grain boundaries in the barrier, inhibiting the Cu in using
these as diffusion paths. A problem that can occur with these binary barriers is, that
they can recrystallize at higher temperatures forming again grain boundaries, that
one wanted to avoid in the first place. The solution to this problem can be adding
a third element to the binary matrix that can inhibit recrystallization processes. A
commonly used example of such a ternary diffusion barrier is TIWN [14].

2.4 Stresses in thin films

During the deposition and processing of thin film samples intrinsic stresses will
occur in the metal layer. The sources for these intrinsic stresses are mainly differ-
ences of the coefficients of thermal expansion of the film and the substrate, differ-
ent lattice spacing, and recrystallization processes. These misfits and constraints
are compensated by the film material through elastic and plastic deformation. Fig-
ure 2.1 shows schematically the generation of the residual, in this case tensile,
stresses in the thin film during deposition. Due to surface tension forces or misfits
accompanying epitaxial growth the growing film initially shrinks relative to the sub-
strate. As the film is finally required to fit to the substrate the film stretches and the
substrate will contract. The tensile forces in the film are compensated by compres-
sive forces in the substrate resulting the stack bending concavely upwards [15].

14
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Figure 2.1: Sequence of events leading to residual tensile stress in films [15].

A good approximation for the stress in the film of a film-substrate composite (o)
was first published by G.G. Stoney [16] in 1909:

1 Ed’

of=———"—
77 6R (1—vy)dy

(2.1)
E; and d; are the Young’s modulus and the thickness of the substrate, dy the film
thickness and R the radius of the curvature. The 1/(1 — vy) factor is a correction
term to account for biaxial stresses. The Stoney formula is useful for determination
of film stresses by measuring the bending of thin substrates. The stress increases
with larger thickness of the film which was also confirmed on wafer bow experi-
ments performed on the deposited samples as shown in section 2.4.2.

2.4.1 Thermal stresses

Thermal stresses are a further source of residual stress in the deposited films.
Thermal stress appears in the film-substrate stack as the deposition process is
usually performed at elevated temperatures and the stack is then cooled to room
temperature. Using the difference of the thermal expansion coefficients (Ac) of
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the film and the substrate one can calculate the residual stress of an elastically
deformed sample by
oc=Ao-AT-E (2.2)

where AT is the temperature gain and E the Young’s modulus.

Wafer bow experiments on the stack samples used in this study showed the tensile
stress in the Cu films.

Tensile residual stresses tend to lead to plastic deformation in form of film fracture
while compressive stresses can cause wrinkling and local delamination.

2.4.2 Wafer curvature measurements

Wafer curvature experiments are a method to describe the temperature dependent
mechanical properties of thin films. The principle of the measurement is based on
the change of the curvature of the substrate-film stack of the wafer during the ther-
mal cycling due to the difference between the coefficients of thermal expansion of
the film and the substrate. The wafer curvature can be measured by using laser
beams or X-ray diffraction methods. The strain in the thin film which is dependent
on the thickness of the substrate and the film and their coefficient of thermal ex-
pansion can be calculated based on Equation 2.1 [17]. An example of application
of wafer bow experiments for stress measurements in thin films used in this work
is given in Fig. 2.2. The results show that increasing the thickness of the TiW
barriers from 300nm to 1300 nm leads to reduction of compressive stresses from
about 1600 MPa to about 1100 MPa.

2.5 Adhesion measurement of thin films

Measuring adhesion is of great importance for microelectronic components. While
fundamental adhesion as a physical phenomenon can hardly be measured or cal-
culated there are several recognized methods to measure practical adhesion and
to determine how well a film is bonded to a surface. Adhesion tests can be divided

16
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Figure 2.2: Results of a waver curvature measurement of TiW films of different
thickness on a silicon substrate. The tensile stress decreases with increasing
film thickness.

into two groups, depending whether tensile or shear stresses are generated at the
interface during the testing [15, 19].

2.5.1 Peel tests

Peel tests are often used to do a qualitative analysis of the adhesion strength of
flexible films. In case of the most commonly used 90 degree peel test the film is
fixed with its free end to a loading cell perpendicular to the interface. By moving
the loading cell and the interface perpendicular at the same speed, to keep the
peel angle fixed, the test can be performed in a steady state condition. The force is
measured to determine the bonding strength. Only in special cases the quantitative
results of these peel tests can be directly related to the adhesion strength as it
would require the film only to deform elastically which is often not the case for thin
films. Fig. 2.3 shows schematically the development of the plastic zone in the film
during the peel testing.

17
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Figure 2.3: Plastic deformation arises in the peeled off layer due to forces during
detachment (a) and also forces due to straightening of the film required by the
applied loading (b) [19].

2.5.2 Scratch and impression tests

The basic principle of all scratch tests is that a stress induced through indentation
results in delamination of the film from the substrate. The tip of a spherical inden-
ter is used to induce a scratch in the film along a certain distance with increasing
the load until delamination occurs. Scratch tests have the advantage to work with
almost all different kind of film/substrate stacks and also for interfaces that show
a strong adhesion. The scratch pattern can be observed by different methods for
example by optical or electron microscopy or acoustic detection [20]. The indenter
imposes a force to film and the substrate which provides the driving force for sepa-
ration of the interface. Impression tests are commonly used on brittle coatings with
weak adhesion strength to ductile substrates [20].

18
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2.6 Deformation mechanisms under tensile
loading

2.6.1 Deformation of a single crystal

When a single crystal is subjected to a certain external load, plastic deformation
occurs. The most common way of plastic deformation in crystalline solids is gliding,
that is the movement of a dislocation through the crystal. If multiple dislocations
glide through the crystal it’s called slipping. The preferential orientation for slipping
is usually along the closest-packed planes which in the case of face-centred cubic
(fcc) crystals such as copper and aluminium are the {1, 1, 1}-planes. The direction
of the gliding is the direction in the slip plane corresponding to one of the shortest
lattice translation vectors which is the (110) direction for fcc crystals [21]. Face-
centred cubic crystals have four {1, 1, 1}-planes with three (110) directions each,
and therefore have twelve equivalent slip systems. Depending on the stress and
the loading direction only some of them, if any at all are active.

The critical stress and the tensile force required for slip can be calculated by Eq.
2.3 as illustrated in Fig. 2.4. A force F is applied along the axis of the cylindrical
single crystal.

T= gcosq)cos?t (2.3)

The quantity cos@cosA is known as the Schmid factor. Its maximum value is 0.5
when both ¢ and A are at 45° to the loading direction.

2.6.2 Deformation of polycrystalline material

The deformation of a polycrystalline material is subject to restraints, in such a way
that the whole piece of material, with all its differently aligned grains has to be
deformed without falling apart. Therefore all grains have to participate in the de-
formation in a way that each grain influences its neighbouring grains. As explained

19
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Figure 2.4: Determination of the yield stress depending on the direction of the ten-
sile force in respect to the orientation of a single crystal.

above when applying a load, at first only the grains that are orientated in such a
way that they have a slip system with the highest Schmid factor will start to glide. To
avoid crumbling of the whole crystal, while the grains exhibit different deformations,
geometric dislocations at the grain boundaries are necessary (Figure 2.5).

2.6.3 Deformation mechanisms in small scale materials

In the following paragraphs deformation mechanisms with special attention to dislo-
cation motion as the main source for damage accumulation in small scaled metallic
materials is briefly described.

Principally it has been accepted that dislocation motion in thin metal films or small
grained materials is inhibited which results to an increase in the yield strength of
the material [4]. The strengthening effect due to a decrease in film thickness was
first systematically discussed by Nix in [22], where a model of dislocation chan-
nelling between two interfaces was proposed and has since then been confirmed
by several experiments. The Nix model was later advanced and expanded to in-
clude also an effect of the grain size and other strain hardening effect such as

20
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Figure 2.5: Geometrically necessary dislocations prevent a polycrystalline material
from decomposing due to the rotation of the single grains under tensile loading.

dislocation pileup against grain boundaries and interfaces. It was shown in several
studies that also the ratio of grain size to the film thickness and the film texture
strongly influence this strengthening effect.

Mechanical properties of thin films

Several models have been developed to describe the underlying mechanisms that
are responsible in the strength increase of thin films on a substrate. An early model
by W.D.Nix proposes the so called "threading" dislocations that have their origin in
the substrate-film interface and move along the slip planes of the metal grains when
an external stress is applied (Fig. 2.6). Thus strain energy is reduced leading to
a stress threshold that is decreasing with increasing film thickness necessary for
dislocation motion [22].

Grain boundary strengthening
Grain boundary strengthening is a phenomenon of polycrystalline metals. One can

find an empirical relation between the yield stress and the grain size of a material,
the so called Hall-Petch equation:

21
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Figure 2.6: Mechanisms for dislocation motion in a thin film on a substrate pro-
posed by W.D.Nix. "Threading dislocations" lead to a dislocation deposition at
the interface between film and substrate [22].

O =0p+ i (2.4)
VD

where oy is the flow stress of an undeformed single crystal and D a measure for
the grain size. The additional term can be considered as a strength contribution
due the additional resistance to dislocation motion caused by the presence of grain
boundaries. There is also an increasing chance that favourable slip directions in
one grain may be neighboured to unfavourable slip directions in an adjoining grain.
Although experimental results for many materials across a great range of grain
sizes show strong conformance with the Hall-Petch relation, the underlying mech-
anisms may vary.

Another effect that frequently occurs in thin metals films is the strain hardening.
The dislocation density increases during plastic deformation. The intersections
of dislocations can again inhibit dislocation movement which then leads to an in-
creased yield strength [23].

Thompson [24] proposed a model that includes a threshold for grain size and film
thickness and also takes grain orientation into account. The model, which con-
siders grain boundaries as obstacles for dislocation motion was a better model
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to describe experimental results than the Nix model or the simple Hall-Petch be-
haviour.

The influence of a substrate and/or a capping layer on the thin film deformation
response has been investigated in [25]. It was found that a substrate also increase
the yield strength, due to constraints of dislocation motion at the substrate-film
interface. Based on discrete dislocation simulation studies [25] it was concluded
that considering the film thickness (d) and grain size (D), the flow stress in thin
films is controlled by the smaller dimension between d and D. Furthermore their
calculations showed that the stress threshold for "threading" dislocations is about
20 % higher with a rigid substrate than with substrates and capping layers of elastic
constants comparable to the metal film.

Influence of the substrate

If a free-standing metal film is subjected to tensile strains it can deform plastically.
Experimental results by Xiang [26] showed that for a metal film deposited on a
polyimide substrate, due to the geometric constraints from the substrate, the strain
localization was suppressed and the film deforms rather uniformly. One can expect
to see this constraints effect even enhanced with a rigid silicon substrate, as used
in our studies compared to the polyimide substrate in the study mentioned above.
It was also shown in this study that the adhesion between the film and the substrate
influences these constraints significantly. If the adhesion is poor, local delamination
can occur which again leads to localized stress concentrations and crack initiation.
The well bonded films could sustain much higher strains than films poorly bonded
to the substrate.

2.7 Fatigue

Fatigue is the damage or failure of a material subjected to continuous cyclic load-
ing. Above a certain threshold of the stress or strain applied, microscopic cracks
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will appear, preferentially at notches, defects or grain interfaces. The fatigue dam-
age of face-centred cubic (fcc) metals, as used in this study, shows very distinct
dislocation structures, surface damage and cracks schematically shown in Fig. 2.7.
Under continuous cyclic loading these cracks will grow and the device will eventu-
ally fail. The strain that can lead to those cracks can be well below the tensile or
yield strengths. Even strains in the elastic range if applied continuously can lead
to a change in the microstructure and thereby produce plastic deformations.

extrusion
/ Intrusion

/

o,,]]e

,/ A

Figure 2.7: A rough surface consisting of hills and valleys produced by plastic strain
[18].

In Fig. 2.8 important terms and definitions of a fatigue test are given. The stress
amplitude o, is defined as 6, = Gjux — Omin- The mean stress o, (Eq. 2.5) and
more often the load ratio R (Eq. 2.6) are common ways to specify the type of the
load:

Omax 1 Omin

R= Jnax (2.6)
Omin
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R = —1 for example means fully reversed cyclic loading, which was the case with
all set-ups used for our measurements.

Load cycle

AG /2 = 0, ... stress amplitude
Gpin --- Maximum stress

Gppay --- Minimum stress

'max

R = 6,ax/Opmin - --l0ad ratio

Figure 2.8: Typical cyclic loading parameters in this case for fully tensile cyclic load-
ing (R > 0)

There are two different phenomenological approaches to fatigue life, the stress life
approach, first introduced by Wéhler in 1860 and the strain life approach proposed
by Coffin and Manson independently in 1954.

In the stress life approach the relation of the fatigue life, which is defined as the
total number of cycles until failure (2Ny) to the stress amplitude can be expressed
by the so called Basquin equation [18]:

— =0,=0}-(2Ny)" (2.7)

where AT" is the stress amplitude, G} the fatigue strength coefficient, which corre-
lates with the fracture strength of a material and b the fatigue strength exponent.
The latter two being material dependent constants.

In 1954 Coffin and Manson independently found a relation to describe the fatigue
life by the strain amplitude in the low cycle fatigue (LCF) range as

A€,
T” =€} (2Nyf)¢ (2.8)
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where # is the plastic strain amplitude, 8} the fatigue ductility coefficient, which
correlates in monotonic tension to the true fracture ductility and c the fatigue duc-
tility exponent, both being material parameters. 2N, is the number of cycles till
failure.

As the total strain is the sum of elastic and plastic strain, in a constant strain am-
plitude test:

Ae  Ag,  Ag,
= —= 2.9
2 > "2 (9)

the Coffin-Manson relationship, Eq. (2.8) provides a practical way to describe the
total fatigue life.

If you consider the linear dependency of the elastic portion of the strain with the
stress by the Young’s modulus (E) to be

Ag, Ao oy

=—=— 2.10
2 2E E ( )
the elastic strain can be given by
Ag 0} b
—=—=-(2N 2.11
5 =5 (2Ny) (2.11)
By combining Egs. (2.7), (2.9) one obtains for the total strain:
Ae, Ag, Ag, O .
P 22l T8 T (o) 4 €} - (2N (2.12)

2 2 2 E

In the low cycle fatigue (LCF) range the fatigue behaviour is predominately gov-
erned by the plastic strain. For high cycle fatigue (HCF) the elastic strain becomes
the dominant part.

A common way to display fatigue life of materials is a S-N curve, also known as

Wodhler curve. The stress amplitude (AT") is plotted versus the number of load
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cycles (N). Usually the number of cycles is plotted in a logarithmic scale. A typical
example for an § — N curves for different load ratios (R) of a metallic material are
shown in Fig. 2.9.

[

ml

Stress amplitude (c,)

Om3

Om3 > Om2 > Om1

Cycles to failure (log Ny)

Figure 2.9: S-N curves showing the fatigue life dependency on the mean stress

One can observe that generally a higher mean stress leads to a decreasing fatigue
life. This important role of the mean stress has to be taken into account when com-
paring fatigue results under different loading conditions. There are different theo-
retical approximations to quantitatively estimate the influence of the mean stress
effect on the fatigue life, some of which are plotted in Fig. 2.10. The Gerber rela-
tion (Eqg. 2.13) has been found to be in good compliance with experimental results
of fatigue life of ductile alloys.

Om

op = 0ps(1 = (——)?) (2.13)

ours
The behaviour of materials in the ultra high cycle fatigue (UHCF) regime is still
a matter of ongoing discussion. In the early studies it was assumed that Wéhler
curves showed a hyperbolic relationship with a horizontal asymptote for the HCF
range, which would yield an infinite lifetime below a certain stress threshold. It
was later found out, that especially ductile materials such as copper do not seem
to have such a conventional fatigue endurance limit. A multi stage S-N curve (Fig.
2.11) was proposed to describe the fatigue behaviour in the UHCF regime [33]. For
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Oy ... Yield stress
Oyrs --- Ultimate (tensile) strength
Opp ... True fracture stress

Figure 2.10: Different approximations to estimate the load ratio influence on fatigue
experiments

ductile materials like copper at strains below the so called PSB-threshold, where
one would not expect to see any more slip bands appear, continuous cycling can
lead to surface roughening, because of non-negligible irreversible strain compo-
nents. These unreversed slip steps will serve as stress concentration factors that
increases the localised stress above the PSB-threshold (Fig. 2.12). It is yet un-
clear at present if there is an actual irreversibility threshold, as shown in Fig. 2.11
and at which stress level it would occur [33].

2.7.1 Thermal fatigue

The main reason for stresses in semiconductor devices is the so called thermal
mismatch, that is the difference of the coefficients of thermal expansion of the
metal film and the silicon substrate. According to the formula

6 =Aa-AT-E (2.14)

one can estimate the stress in the Cu film on the Si substrate with a thermal mis-
match Ao = 14- 107 and a Young’s modulus (E) of about 120 GPa during a tem-
perature change of 1°C reasonably well to be in the range of 1.5-2MPa.

Many of the mechanisms of mechanical fatigue also take place and are compa-
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Figure 2.11: Schematic Coffin-Manson type fatigue life diagram for ductile material
[33].

(a) (b) (c)

Figure 2.12: Schematic illustration of (a) initial state, (b) early stage of surface
roughening and (c) PSB formation at a later stage [33].
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rable to thermal fatigue processes as long as temperatures stay below half the
melting point. If the maximum temperature is above that limit processes like creep
become the dominant part of the deformation. The temperature difference during
a thermal cycle is the most important parameter in thermal fatigue, but the mean
temperature and also the holding time at the maximum temperature as well as the
cycling frequency play a significant role, and makes is hard to compare different
results [34].

Generally thermal fatigue experiments are performed in the LCF range, and it is
assumed that low cycle thermal fatigue is always somewhere between creep and
mechanical fatigue.

The major experimental data on fatigue of thin films is related to thermal cycling
experiments on Al and also Cu films as given in the following overview.

All experimental data of fatigue in thin films shows a fatigue response different to
that of the bulk material counterpart [8, 10, 11, 27].

Systematic thermal fatigue investigations on 100-300nm thin Cu films were per-
formed by Ménig et.al [11] with temperature cycles between 100°C and 250°C
leading to a total strain range of 0.21%. They found that with decreasing film
thickness the damage mechanisms change from predominantly dislocation glide
similar to that in bulk material to a diffusion controlled fatigue damage formation in
the very thin films.

TEM investigations of Zhang et al. [10] on thermally fatigued Cu lines with a thick-
ness of 200nm found "parallel glide" dislocations, void formation at twin bound-
aries and threading dislocations with grain boundaries as main deformation mech-
anisms.

Heinz et al. [27] performed fatigue experiments on epitaxial Al on (0001) & - AL, O3
and polycrystalline Al films on Si substrate. Additionally to the influence of the film
thickness they found a strong influence of the texture on the deformation response.
Their SEM investigations showed heavy surface deformation caused by dislocation
activity and a change in the texture of the thermally cycled polycrystalline 600 nm
Al films on the Si substrate. The initial typical (111) structure for sputtered alu-
minium changed to a (112) fibre texture. The epitaxial Al showed only a small

30



Chapter 2 Fundamentals

increase in surface roughening and orientation of the grains was unaltered even
after 10000 thermal cycles. They assumed that interfacial threading dislocations
could annihilate each other forming voids at the film substrate interface.

2.7.2 Influence of the environment

Another effect on the fatigue life of the material comes from the environmental con-
ditions. Exposing the material to ambient air, decreases the fatigue life significantly
compared to fatigue in vacuum. During the cyclic loading slip steps form and an
oxygen layer forms almost immediately on the freshly exposed metal surface. This
formation of an oxide makes reverse slip difficult on the same slip plane upon load
reversal. This effect becomes amplified at higher temperatures and with increasing
humidity of the ambient air [18].
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Experimental

To determine the fatigue behaviour of the thin copper films, free standing copper
bars as well as copper films on a rigid silicon substrate were used. Two series of
samples were fabricated for this purpose.

3.1 Sample Overview and Preparation

3.1.1 Copper films on silicon substrate

All copper multilayer samples were produced at Infineon Technologies AG in Re-
gensburg on (100) oriented silicon wafers and had two different basic layer compo-
sitions shown in (Fig. 3.1). For preliminary tests on copper films and determining
a possible influence of the adhesion on their fatigue behaviour a simpler version of
the stack than usually used in semiconductor industry was produced. The samples
were prepared in several different steps. On the top of silicon wafers with a thick-
ness of 725 um a thermal 100 nm SiO, layer was grown. On top of this silicon oxide
layer a diffusion barrier was deposited by the sputtering technique. Four barriers of
different thickness and composition were deposited. An overview of these barriers
is given in table 3.1. On top of the barrier a 300 nm Cu seed layer was deposited by
sputtering which was then electrochemically grown to form a 20 um thick copper
film. For this first set of samples with the stack 7 only one kind of electrolyte was
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Name Composition

TiW - #1 300nm TiW (20 wt. % Ti)

TiW - #2 | 200nm TiW (20 wt. % Ti) + 100nm TiW (29 wt. % Ti)
TiWN - #1 | 200nm TiW (20 wt. % Ti) + 100nm TiWN (N/Ar=60/100)
TiWN - #2 | 200nm TiW (20 wt. % Ti) + 100nm TiWN (N/Ar=100/100)

Table 3.1: Overview of the four diffusion barriers of different composition, each of
300nm total thickness that were used for determining the influence of the adhe-
sion on the fatigue behaviour

used for deposition which hereinafter is referred to as type A electrolyte and type A
copper respectively. A FIB image of the cross section of one of the stack I samples
is given in Fig. 3.3.

((a) ((b)

(300nm)

(300nm)
Si(725um) + SiO, (100nm)

Si(725um) + SiO, (100nm)

L /

_L PECVD passivation

Figure 3.1: Schematic illustration of the Si/SiO,/barrier/Cu stack stacks used for
the fatigue experiments: (a) stack I with 20 um type A copper only (b) stack 17
samples were fabricated with three microstructuraly different copper layers of
different thickness.

For further tests a stack according to custom and usage in semiconductor com-
ponents, with additional layers compared to the simpler stack I described above
was used. In addition to the thermal oxide layer another SiO, layer of 200nm as
well as a 300nm thick SiN, layer were deposited by plasma enhanced chemical
vapour deposition (PECVD). A TiW barrier of 300nm such as those used in the
stack I was sputtered on top of the silicon nitride. Then the split of three different
copper films was deposited on top of the wafers, in each case with two different
thicknesses. Besides the type A electrolyte a second electrolyte differing in various
organic components hereinafter referred to as type B electrolyte was used. The

33



Chapter 3 Experimental

third kind of copper film was deposited by the sputtering technique. The different
deposition methods and electrolytes led to copper layers of different microstructure
that are described in detail in section 4.1. The wafers were then cut with a dicing
saw in strips of 10 mm width. The further steps of sample preparation were per-
formed at our own laboratory (section 3.2.1). A complete overview of the samples
is given in Figure 3.2.

stack | 20um

stackll 5Km 20um 5Um 20um 5um 10pm

Figure 3.2: Overview of the different copper layers and stacks used for fatigue
experiments

double - layered
barrier

Si-Wafer

100 nm

Figure 3.3: SEM image of the cross section of a stack I sample, prepared by FIB
technique (image contrast increased to improve interface visibility)
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3.1.2 Free standing copper bars

The free standing copper bars were fabricated at Infineon Technologies AG in Re-
gensburg and were initially fabricated in the same way as the thin film samples
described above. To retrieve free standing copper bars, the substrate and the dif-
fusion barriers had to be chemically removed.

For this purpose the substrate layers were etched off in a multi step process. First
the silicon wafer is wet etched using a 30% KOH solution at an elevated temper-
ature for several hours. Then the SiO, layer and the TiW diffusion barrier were
etched using a solution consisting of HF and NH,4 and a solution of H,O, and NH3
respectively. As a last step the sputtered Cu seed layer was removed using a
H,O,/H3PO4 solution to receive a free standing copper bar of the desired dimen-
sion. A more detailed description of the whole process can be found in [5].

In this work Cu-bars with a cross section 20 x 20 um and gauge lengths of 130 um
were used for the fatigue tests. The samples used to for the fatigue life experiments
are shown in Fig. 3.4 and Fig. 3.5. The experimental set-up is described in section
3.2.1.

Figure 3.4: (a) Schematic illustration of the Cu bars: The Si/barrier/seed layer stack
has been etched off to retrieve a free standing copper bar (b) Free standing
copper bar with a width of 200 um used for preliminary tests.
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Figure 3.5: SEM image of a free standing Type B copper bar with a width of 80um
before fatigue

3.2 Experimental techniques

3.2.1 Ultrasonic resonance system
Basics

The velocity of a longitudinal wave travelling through a homogeneous solid is:

E(1—v)
Cl:\/p(l—i—v)(l—Zv) S

E being the Young’s modulus, p the density and v the Poisson ratio of the material,

the latter being a parameter for the contraction perpendicular to the applied load
which can be neglected for our experiments yielding a simpler form for Eq. 3.1:

E
c=4/— (3.2)
T

Combining this with the simple relation of the velocity ¢; to the frequency (f) and
the wavelength (1) of the acoustic wave

()
cszkleﬁ (3.3)

yields a term for the angular frequency of
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_27r E

w/lp

(3.4)

Solving the wave equation, using the boundary conditions of the displacement
becoming a maximum at x = 0 and x = L, yields a term for the displacement am-
plitude:

u(x,t) = uocos(%)sin(a)t) (3.5)

As the strain being the derivative of the displacement with respect to the position

0 /4 T

B_Z =g(x,t) = —Zuocos(fx)sin(a)t) (3.6)
one can show that the maximum of this strain function is at x = % and that it be-
comes zero at x = 0 and x = L. These relations are also shown in Fig. 3.6.

= (3.7)

Set-up

The ultrasonic resonance system for material fatigue consists of a computer con-
trolled ultrasonic-generator that induces the oscillation, which is used to excite a
piezoelectric oscillator. The electric oscillation is transformed into mechanical mo-
tion. The acoustic wave is then transmitted and amplified through an acoustic horn.
The amplification factor mainly depends on the ratio of the cross-section areas on
both ends. All the parts, including potential extensions have to be designed in
such a way that a standing wave can be exited in the sample or the sample holder
respectively. The inherent properties of this set-up lead to a tension-compression
load with a stress ratio R = —1. The schematic set-up is shown in Fig. 3.6.

The fatigue experiments of the present thesis were accomplished by using two
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Piezoelectric ~ Acoustic Elongation Sample
transducer horn horn

'—)\/2 i N2 i N2
I S B _| ................... 4 !

N2

Strain
Displacement

A ... Wavelength
€ max ---Maximum strain amplitude
Uy ... Maximum displacement amplitude

Figure 3.6: Principle of the ultrasonic fatigue testing set-up

ultrasonic resonance fatigue testing systems working at different frequencies of
20kHz and 36kHz. The free standing copper bars were fatigued with the 20kHz
system and for the metal layers on the Si substrate a 36 kHz system was used. For
further details on the ultrasonic resonance fatigue testing system, refer to [29].

Experimental set-up for fatigue testing of Cu film stacks on Si substrate
(36kHz system)

The samples where cut with a glass cutter to a length of 105.7mm. This length
corresponds to the exact length of the Si samples for excitation at a resonant fre-
quency of 36kHz (L = % half wave length) which was determined by calculation
using Eq. 3.7. Furthermore finite element (FEM) simulation was used to design
the acoustic horn and confirm the calculated specimen dimensions. Using AN-
SYS software a modal analysis of the specimen oscillation was performed as well
to rule out unwanted parasitic oscillations with a frequency near to the desired
36kHz (see section 3.2.5). Both ends of the Si strips where polished with an abra-
sive paper to obtain an even surface. To reduce the inherent stresses in the Si
strips, resulting from the copper deposition on the silicon wafer, the copper layer
was removed from the surface of the Si strips from both ends leaving only a small
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copper layer in the middle of the samples symmetrically around the point of maxi-
mum strain. The samples where then fitted into the slot of the horn and then glued
using a 2-component epoxy glue ("UHU Plus Endfest 300"). The glue was hard-
ened at temperatures of approximately 50-70°C for at least 8 hours which lead to
a nominal hardness of the glue of 2000 N /cm?.

A schematic overview of the 36 kHz system is shown in Fig. 3.7. Strain measure-
ments were performed through direct measurements by using strain gauges (type
HBM 1LY11-0.6/120) which were glued onto the backside of the specimen at the
site of maximum strain. Additionally displacement measurements were conducted
by means of a laser Doppler viborometer as described in section 3.2.5, which could
then be used to calculate the maximum strain.

acoustic
horn

Cu film

displacement
meassurement
€ withlaser

\ Doppler
vibrometer

Si - substrate

strain
gauge

»eesssesnss displacement

Figure 3.7: A schematic overview of the 36 kHz ultrasonic resonance system set-
up by Telsonic that was used to perform the fatigue tests of the Cu films on the
silicon substrate

Experimental set-up for fatigue testing of free standing Cu bars (20kHz
system)

In order to perform fatigue tests on free standing miniaturized samples a special
set-up in combination with an ultrasonic resonance system, working at 20kHz was
used. The samples were mounted over a hole which was introduced in the mid-
center of a resonant bar of Ti alloy which was used as a sample holder (Fig. 3.8).
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The length of the bar was 125mm corresponding to the half wave length of tita-
nium at a resonance frequency of 20kHz, the cross section was 20x8 mm and the
diameter of the hole was 1.2mm. A commercial cyanoacrylate adhesive (Z70 by
HBM) was used to glue the samples across the hole in the holder. A similar set-up
was already successfully used to measure fatigue properties of thin wires [35] and
miniaturized Cu bars prepared by high pressure torsion [32].

-

. . 1\
(a) titanium sample holder Free standing gauge length

< loading direction >

(. AN

Figure 3.8: (a) Schematic setup of the copper bar mounted across a hole in the
centre of a titanium holder; (b) Optical microscope image during fatigue exper-
iments on a pair of type B free standing copper bars with a cross section of
20x20 um and a gauge length of 130 um

Calibration of strain

In the present study strain measurements for the free standing copper testing were
conducted using strain gauges (type HBM 1-LY11-1.5/120). Strain gauges were
glued onto the side of the titanium holder at the location, as well as on the trans-
ducer, both at the point of maximum strain. Calibration and measurement of the
strain in the free standing Cu bars glued over the notch was performed as below:

The stress concentration factor K; is defined as the ratio of the peak stress (0.qx)
due to a notch or an abrupt change in the cross section, to the nominal stress
(0nom) far away from the notch [30]. This is often used in fatigue experiments to
reach a certain stress threshold and to increase the stress locally to yield crack
initiation at a preferential site. The stress concentration factor can be derived from
calculations based on the theory of elasticity, or from stress analysis experiments.
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In case of a small circular hole in the centre of a finite width element under uniaxial
tension the theoretical stress concentration factor can be calculated using

d d d
Kt:2+O.284(1—E)—0.6(1—ﬁ)2+1.32(1—ﬁ)3 (3.8)
where d is the diameter of the hole and H the width of the bar [30].
As the theoretical stress concentration factor is only valid for the edge of the hole,
the actual stress concentration and therefore the actual strain in the Cu bars had
to be experimentally determined. For this purpose Cu bars with a width of about
400 um were prepared out of the Cu films and glued over the hole. This thick-
ness allowed application of miniaturized strain gauges (type VISHAY FSE-007-12-
S6EC) of the film and for direct strain measurements. The calibration measure-
ment was performed using two different transducers over a wide range of ampli-
tudes. The results showed, with all amplitudes a fatigue notch factor (Ky) of 2.35
in comparison with the theoretical stress concentration factor K; = 2.83 calculated
using Eq. 3.8.

Due to the small dimension of the samples in comparison to the titanium holder,
fracture of the copper bar has no measurable effect on the oscillation behaviour of
the whole resonating system. Thus a frequency shift resulted by cracking and frac-
ture of the bulk samples which is commonly used for failure detection in ultrasonic
fatigue systems is not relevant in this case. Therefore the detection of failure of
the Cu bars was accomplished by using an optical microscope in combination with
a CCD camera during the fatigue testing. The optical set-up was mounted above
the sample in order to capture high resolution sequential images from the surface
of the Cu bars from which the number of cycles to failure was determined (Fig. 3.9
shows an image of a fractured sample after 1.7- 107 cycles at a strain amplitude of
2.6-1074).

The ultrasonic resonance fatigue testing system operating at 20 kHz equipped with
a microscope for in-situ deformation (crack growth) measurements is shown in Fig.
3.10.

Since the images of the deformation of the samples during the fatigue testing were
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crack

Figure 3.9: Optical microscope image of a ruptured type A free standing copper
bar (N =1.7-107, 4 =2.6-107%)

not taken continuously, the time of fracture was determined within a certain error
margin. The minimal interval was set to 5 s resulting in the worst case to an
error of well below 1%. Because the results of fatigue measurements have a high
inherent statistical spread, this error can be neglected. Further due to the very
limited amount of samples available, only minimal statistical planning and analysis
could be performed.

optical f J/

_ microscope US-transducer

Figure 3.10: The set-up of the 20kHz ultrasonic resonance testing system, used
for fatigue experiments on the free standing copper bars
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3.2.2 Optical Microscopy
Image Analysis

Conventionally fatigue life is described as the time to fracture of a material. In case
of thin films on substrates fracture does not occur in this classical manner and fa-
tigue life can be measured based on the plastic deformation and degradation of the
metallic film. Thus in this work the degree of surface deformation was defined as
a parameter for the determination of fatigue life which was calculated by using the
percentage of deformed area to the whole surface area of the Cu film. The sam-
ples were fatigued up to a certain number of loading cycles, the test was stopped
and the deformation density was measured. This procedure was repeated several
times in certain intervals up to about 2 - 10° loading cycles. For this purpose optical
microscope images were used, in which deformed parts of the grains were clearly
visible as dark spots. Data analysis was conducted by using the software "Image
processing and analysis in java"(Imaged) [38]. The images were converted to a
suitable format and a mask was applied leaving only the spots above a certain
grey level threshold visible as can be seen in Fig. 3.11. Manual filtering of the
remaining spots had to be performed on each image to ensure that only deformed
regions contributed to the total area, as scratches or other damage not caused by
the fatigue test could leave similar dark reflections on the images. As the deformed
regions vary in size and shape and are hard to distinguish from other damages no
automatic filtering script could be applied.

The measured value of the percentage of deformed area to the total area which
is called the "deformation density" was then plotted versus the number of loading
cycles.
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Figure 3.11: (a) Optical microscopy image of the fatigued copper surface(type B
copper, stack 11 after 1.5 - 10° cycles) (b) after pre-filtering the area of the dark
spots (deformations) using “Imaged” software. Manual filtering had to be per-
formed so that damage not caused by fatigue (e.g. scratches), contamination
or grain borders (all marked here with blue circles) did not contribute to the de-
formation density (red circles mark some of the fatigue damage). The images
shown here are only a detail of the total area used to determine the deformed
area.

3.2.3 Scanning Electron Microscopy (SEM)

SEM-images were used to determine the type and degree of the surface defor-
mation, as well as to determine the microstructure of the material before and after
fatigue tests.

Electron channelling contrast imaging was performed on electropolished samples
to visualize and investigate the microstructural details such as dislocation struc-
tures and twin boundaries within the grains.

Also electron backscatter diffraction (EBSD) maps were recorded to evaluate the
texture and grain size of the undeformed and deformed samples and to determine
the orientation of the deformed grains.

In our case all SEM investigations were performed on a field-emission SEM (Zeiss
Supra 55 VP), which was equipped with an EBSD and EDX detector by Oxford
Instruments.
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Figure 3.12: Principle of channelling contrast imagery. The yield of reflected par-
ticles depends on the orientation of the crytsall latice in respect to the incident
beam.

Electron channelling contrast imaging (ECCI)

With the use of the back scatter detector a so called channelling contrast image
can be recorded. The intensity of the back scattered electrons depends on the
angle between the beam and the lattice planes. A low angle allows the electrons
travel deeper into the material along the lattice "channels" resulting in a lower in-
tensity of the elastically scattered electrons as shown in Fig. 3.12. The channelling
contrast can be used to distinguish differently orientated grains, lattice defects and
subgrain boundaries. To gain viable results the specimen surface had to be elec-
tropolished. For this purpose an electrolyte consisting of ethanol and phosphoric
acid was used.

Electron backscatter diffraction (EBSD)

EBSD mapping is a technique for obtaining the crystallographic information using
the scanning electron microscope. The sample is put in the chamber at a highly
tilted angle to the incident beam. The electrons scattered by the atoms in the crys-
tal lattice undergoing constructive or destructive interference as given by Braggs
law:
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2dsin 0 = nA (3.9)

where d is the interplanar distance, 6 the scattering angle and lambda the wave-
length of the electrons. This leads to a distinctive diffraction pattern dependant
on the crystal structure and orientation. An electron backscatter diffraction pattern
(EBSP) is formed when many different planes diffract different electrons to form
Kikuchi bands which correspond to each of the lattice diffracting planes. By know-
ing the crystal structure of the material the orientation of the individual grains can
be calculated from the Kikuchi bands.

All EBSD measurements were performed by tilting the sample holder by 70°, using
a working distance of 9.5mm and an accelerating voltage of 20 kV. Different step
sizes from 100-300 nm were used to scan the Cu surface.

3.2.4 Peel-Test

A simple 90° peel test was performed to determine differences in the adhesion of
the different diffusion barriers of the multi-layered copper samples. The sample
was mounted with the silicon side onto an x-stage that was moveable horizon-
tally. The Cu/barrier film was partially peeled off and fixed to the grips of a tensile
machine which was set up perpendicular to the moveable stage. During the peel
testing, the Cu film was subjected to a tensile load while the stage moved simulta-
neously in the x - direction a way that the force applied to the Cu/barrier interface
was 90° at all times. A simple diagram of this basic principle is given in Fig. 3.13,
the set-up is shown in Fig. 3.14.

3.2.5 Laser Doppler vibrometer

Non-contact vibrational analysis of the samples was performed by using a laser
scanning vibrometer (LSV) and the displacement measurements were conducted
by means of a laser Doppler Vibrometer (LDV). The principle of a laser vibrometer
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moveable stage
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Figure 3.13: Schematics of the 90° peel test for adhesion measurement

peeled

off film

Figure 3.14: Set-up of the 90° peel test
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is based on the shift of the frequency of the reflected laser beam in consequence
of the Doppler effect and is shown in Fig. 3.15. The velocity of the oscillation can
be experimentally determined and thereby the displacement can be calculated. As
already derived in Eq. 3.6 the strain can easily be calculated from the displacement
of the sample.

Incident beam

LASER Beam

Splitter (BS) 1 N
Optical vibration (v)

BS2 Lens —

Sample

Reference — >
beam

Mirror
Bragg Cell Doppler shifted

back scattered beam

Interfering
beams

FFT
Analyzer

Figure 3.15: Principle of a Laser Doppler viorometer. The frequency shift of the ref-
erence beam and the back scattered beam can be used to calculate the velocity,
and the displacement of the oscillation.

To investigate the vibration characteristics, especially oscillation modes that are
perpendicular to the induced longitudinal mode, a scanning vibrometer (type PSV-
A-410 by Polytech) was used (Fig. 3.16). The physical principle is the same as
with the laser Doppler viborometer. The scanning viborometer scans multiple arbi-
trary measuring points on the surface of the sample and calculates the velocity,
displacement and phase relations. With this data the oscillation can be visualized
[39].

Oscillation analysis

As previously mentioned the residual stresses in the metallized Si sample strips
were reduced by removal of the Cu film from the surface except of 5mm - 20mm
in the middle of the Si samples. However due to an asymmetric sample configu-
ration (the Cu film was deposited on one side of the wafer only) and the geometry
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Figure 3.16: Set-up of the Scanning vibrometer/Laser Doppler viborometer mea-
surements specimen on a titanium sample holder.

(thin Si substrate), by excitation of the longitudinal oscillation mode in the sample
an additional transversal mode with a very low amplitude was also induced. This
transversal mode which could be detected using a scanning vibrometer influenced
the occurrence and distribution of the damage significantly. Fig. 3.17 shows such
a transversal oscillation mode in one of the stack I samples where the copper was
partially peeled off leaving only a 20mm Cu strip in the middle of the sample. One
can see several peaks indicating a shorter wavelength of the transversal mode
compared to the longitudinal mode with one maximum superimposing the longitu-
dinal strain maximum. The transversal displacement is only approximately 9% of
the longitudinal displacement, but still has a clear influence on the surface defor-
mation. According to the sinusoidal displacement/strain distribution in a resonance
bar excited to longitudinal mode the strain amplitude gradually drops from the mid-
section of the sample to the both ends. Thus in case of the present experiments
the strain distribution in the form of a half wave would result in a gradual drop of
the number of deformed grains from the maximum to the end of the sample. How-
ever the deformation density on Cu films shows a peak at the point of maximum
strain of the longitudinal mode that drops strongly towards the both endings of the
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Figure 3.17: Visualization of the transversal mode, using a scanning vibrometer
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Figure 3.18: The sharp peak of the deformation density distribution at the site of
maximum strain indicates superposition of a longitudinal and transversal oscil-
lation mode

sample, deviating from the sinus shape as shown in Fig. 3.17. Therefore it can
be concluded that the sharp peak in the damage distribution results from the su-
perposition of the transversal and longitudinal mode, raising the strain above the
necessary threshold to induce plastic deformation in the film.

For fatigue tests on the stack /I samples the length of the copper coating was fur-
ther decreased leaving only 5mm in the middle of the sample. This was done to
reduce the transversal mode as far as possible. Scanning vibrometer measure-
ments on these samples showed transversal displacement peaks reduced to less
than 1% of the longitudinal mode. The results are summarized in table 3.2. De-
formation distribution suggested that with this fatigue tests, the transversal mode
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plays only a negligible role for damage formation.

Specimen Autjong Autgrans
stack I (20mm copper strip) | 19.8um | 1.8 um
stack 11 (5mm copper strip) | 20.4um | 0.16 um

Table 3.2: Displacement measurements performed by LDV/LSV analysis showed a
transversal oscillation with nearly 10 % of the transversal amplitude on the stack
I samples. Reducing the Cu strip from 20mm to 5mm with the stack /7 samples
reduced this amplitude to less than 1% of the longitudinal mode

Finite element (FEM) simulation

Fig 3.19 and 3.20 show the displacement plot visualized by FEM modal analy-
sis of the longitudinal and transversal waves in the Si strip sample with one fixed
end. They are in good accordance with the vibrometry measurements. The dis-
placement values of this modal analysis, which are directly proportional to the
experimental results, predict the transversal displacement at the site of maximum
strain to be in the range of 1% of the longitudinal displacement. The asymmetric
displacement distribution for the transversal mode results from the boundary con-
ditions of a completely fixed end of the Si strip of the FEM simulation deviating
from the real experimental conditions.

-.012565 -.006942 -.00132 .004302 009925
-.009753 -.004131 .001491 .007114 .012736

Figure 3.19: FEM simulation (modal analysis) of the longitudinal displacement of a
Si strip fixed on one end.
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—-.450E-03 -.254E-03 .140E-03 .337E-03
55E-03 .415E-04 .238E-03 .435E-03

Figure 3.20: FEM simulation (modal analysis) of the transversal displacement of a
Si strip fixed on one end.
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Results and discussion

In this chapter the results of the investigation on high cycle fatigue behaviour of
Cu thin films are presented. The results include microstructural characterization
of the Cu films, the mechanical properties of free standing Cu bars as well as the
adhesion strength of the Cu films to Si substrate followed by detailed fatigue inves-
tigations and lifetime curves of both types of samples. The experimental results
have been discussed and analysed with respect to the state of the art in literature
and to our own findings.

4.1 Microstructure

A typical microstructure of the Cu films used in this study is presented in the SEM-
ECCI image in Fig. 4.1 which was obtained after electrochemical polishing of the
samples. The films showed a rather high percentage of X3 "Coincident Site Lattice"
boundaries that are often found in annealed fcc materials. These crystal twins are
rotated 60° about the (111) direction. The gray shades are related to the different
grain orientation of the films as determined by EBSD analysis while the dark spots
are artefacts from the electro polishing performed prior to the SEM investigations
(see section 3.2.3).

To measure the grain size and texture EBSD imaging and analysis was performed
as described in section 3.2.3. The critical misorientation angle defining a grain
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Figure 4.1: SEM-EECI image of a type A - stack I sample.

boundary was assumed to be 5 degree. Twin boundaries of the cubic crystal lat-
tice were disregarded. The grain size in this study is defined as the diameter of a
circular grain with an equivalent area to the measured grain which was determined
by a suitable software. The investigation showed the following results:

The average grain size of type A copper showed an insignificant dependence on
the film thickness. An average grain size of 2.4 um £+ 1 um was measured for the
5 um film while the 20 um film showed a grain size of 2.9 um + 1 um.

The grain size increased considerably from 4.0 um for the 5um film to 18.2 um
4+ 6.3um for the 20 um film. A significant number of twin boundaries could be
found for the type B copper films as well.

The type C copper layer again did not show a significant thickness dependence
on the grain size. The 5um and 10 um films showed a grain size of 2.6 um and
2.8 um respectively.

Fig. 4.2 shows the inverse pole figure (IPF) maps of the three types of copper
surfaces of different thickness. One can easily see that, while there is a large in-
crease in the grain size of type B copper when the film thickness is increased, the
grain size of the type A and type C copper does not change significantly when
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Figure 4.2: EBSD images of the microstructure of the three different copper layers,
deposited with electrolyte A and B and by sputtering (Type C) respectively.

varying the thickness.

The same EBSD images were used to determine the texture of the various copper
layers. Fig. 4.3 shows the inverse pole figures (IPF) calculated from the EBSD data
of the three different types of copper layers with a thickness of 5um in the initial
state. It can be seen that both, electrodeposited type A and type B copper, exhibit
a rather uniform orientation distribution but the Type C sputtered copper displays a
strong (111) out of plane orientation. This is true for both, the thin (5 m) and the
thick (10 um and 20 um) films, respectively.

55



Chapter 4 Results and discussion
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Figure 4.3: Inverse pole figures (IPF)of the three different copper layers a) Type
A and b)Type B show rather a uniform orientation distribution while c) Type C
shows a distinct (111) out of plane preferential orientation

4.2 Mechanical properties

The average grain size of the Cu films and the mechanical properties of the re-
spective free standing Cu bars (type A and B) with a thickness of 20 um are sum-
marized in table 4.1. The ultimate tensile strength (UTS), Young’s modulus (E),
yield strength (R, 0.2) and elongation to fracture (&s4iiur.) Were determined by ten-
sion tests on the free standing copper bars at the Erich Schmid Institute Leoben
[6]. One can see that the type A copper layer shows a significantly higher ultimate
tensile strength, yield strength and Young’s modulus than the type B copper. Pri-
marily the smaller grain size of the type A copper seems to be responsible for the
improved mechanical properties of the films. The finer grains size is related to the
applied electrolyte type resulting in a higher impurity concentration. The values of
Young’s Modulus as given in the table 4.1 are calculated based the EBSD mea-
surement on single grains across the gauge length of Cu bars with a thickness of
20 um. The lower Young’s modulus given for the type B copper is not an average
value but corresponds the grains with soft [100] orientation.

Using the SEM, electron channelling contrast images of the copper surfaces were
taken to further investigate the grain structure of the Cu-films. As can be seen in
Fig. 4.1 a high density of twin boundaries can be found in the Cu-crystals.
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Material | Grain size [um] | UTS [MPa] | E [GPa] | R, 0.2 [MPa] | €rgifure
Type A | 2.8+1.2 291+5 10015 | 146 +7 0.46+0.05
Type B | 22.4+6.3 177+ 15 70+£20 | 60£12 0.39+£0.02
Type C | 5+3 - - - -

Table 4.1: Mechanical properties of the stack /1 samples

4.3 Adhesion strength

To determine the adhesion of the metallization on the substrate peel tests accord-
ing to the method described in section 3.2.4 have been performed on the stack 1
samples. Fig. 4.4 shows the load - displacement curves obtained for the stack
I sample with four different barrier types. The curves display the force required
for the removal of the Cu film from the substrate which is clearly higher for the
two sample with TiWN barriers. Subsequent EDX and optical examination of the
peeled surfaces showed that for all investigated samples the interface with the
smallest adhesion was between the SiO; and the diffusion barrier. Though in
practice nitride compounds of refractory metals have shown improved adhesion
properties, the related mechanisms are not clear yet. Nitrides in diffusion barriers
are commonly used to block possible grain boundaries in the barrier, inhibiting the
Cu in using these as diffusion paths [14].

4.4 Fatigue response of copper films on substrate

4.4.1 Influence of the diffusion Barrier

The following experiments were conducted on Cu films of type A - stack 1. Fig.
4.5 shows the development of the damage on the surface of copper film on sili-
con substrates for several samples with TiW and TiWN diffusion barriers subject
to a constant loading amplitude (% = 6-107%). The deformation density as deter-
mined from the optical microscope images is plotted versus the number of loading
cycles using the intermittent testing procedure described before. All curves show a
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Figure 4.4: The load needed to peel off the film/barrier stack from the substrates in-
dicates a difference in adhesion of the different diffusion barriers to the substrate.

strong increase of the deformation density up to about 2 - 108 cycles during which
new deformed areas appear and the existing deformed areas grow in size. Above
this region the existing deformed areas grow in size but no new deformed areas
appear on the surface. After approximately 2 - 10® loading cycles the slope of the
curves slowly decreases indicating a gradual saturation of plastic deformation at
about 2 - 10° cycles. Although there is a variance due to the inherently statistical
nature of the mechanism of cyclic plastic deformation, one can also see that the
curves obtained from samples with a TIWN barrier show a higher density of defor-
mations by trend.

The adhesion can directly or indirectly influence the plastic deformation of the Cu
films. During ultrasonic fatigue testing strain is induced in the silicon wafer which
is transferred to the adhering Cu film. It is assumed that if the thin Cu film is com-
pletely adhered (coupled) to the much thicker silicon substrate the strain induced
in the substrate is fully transferred to the Cu film. However this behaviour can be
influenced by the adhesive forces at the barrier interfaces. The plot shown in Fig.
4.5 indicates that the weaker adhesion of TiW to the substrate may have resulted
in the lower degree of plastic deformation on the surface of the samples. This re-
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sult is in conformity with those obtained from the peel tests as shown in Fig. 4.4.
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Figure 4.5: The density of deformed grains is influenced by the adhesion of the
Ag
diffusion barrier to the substrate (7 =6-107%

Furthermore a different adhesion influences the intrinsic stress in the Cu films.
These intrinsic stresses could shift the threshold needed to achieve plastic defor-
mation in the Cu layers. Thus in case of the fatigue experiments shown in Fig.
4.5, if the externally induced strain in the Cu film is kept constant, higher intrin-
sic stresses result in a higher degree of plastic deformation in the film. At higher
temperatures the amount of intrinsic stresses can be reduced or minimized. Thus
further investigations, for example performing fatigue experiments at higher tem-
peratures on these samples, could increase the understanding of the influence of
the presence of internal stresses due to the adhesion of the barrier on the defor-
mation mechanisms in Cu films subjected to fatigue loads.

4.4.2 Influence of the microstructure of the Cu films
In order to study the influence of grain size and texture on the fatigue response of

Cu films a second set of samples (stack /1) was prepared by means of different
deposition methods using the same stack layout. For all the samples with the
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stack 11 the copper strip remaining in the middle of the specimen was reduced to
5mm in order to reduce the residual stress and thereby the transversal oscillation
amplitude of the specimen as described in section 3.2.5.

4.4.3 Cu films of type A

The microstructure and layer design of the Cu films of type A - stack /I resemble
closely the type A - stack 1. As shown in Fig. 4.5 fatigue testing at a constant
strain amplitude of 6 - 10* resulted in a certain degree of plastic deformation of
these Cu films (maximum 0.7 %). In this new series of experiments an improved
testing set-up was used in which the additional strain components resulting from
the transversal vibration mode of the ultrasonic system were minimized. Fatigue
tests conducted at copper films of type A - stack /1 subjected to an external strain
amplitude of 6 - 10* resulted in a very small amount of deformation on the film
surface. The deformation density determined for the films of 20 um thickness was
below 0.1% which was assumed as negligible, and almost no deformed grains
were found with samples of 5um film thickness. Comparing these results with
Cu films of type A - stack I shows the influence of additional transversal strain
components on the deformation behaviour of the samples. Because of the inherent
statistical nature of fatigue experiments no further quantitative evaluation could be
performed.

4.4.4 Cu films of type B

Fig. 4.6 shows the deformation density plotted versus the loading cycles for type B
copper specimens with a thickness of 5 um and 20 um. It should be noted that the
type B samples were subjected only to pure longitudinal vibrations. A significant
number of grains showed the typical slip band deformations. Most of the deformed
areas appear already very early resulting in a strong increase in deformation den-
sity up to about 2- 107 cycles. By further fatigue loading of the samples the existing
deformed areas grow in size leading to a slower slope of the deformation density
curve. After about 2-10° cycles the deformation density does not increase any

60



Chapter 4 Results and discussion

further. The plotted curves also show an approximately 5 times higher deformation
density for the 20 um film compared to the 5 um film.

14%

12% — 5}11‘1’1
—— 20pm

10%

8%

6%

4%

Density of deformed grains [%]

2%

0%
1.0E+06 5.0E+08 1.0E4+09 1.5E+09 2.0E+09 2.5E+09

Loading cycles

Figure 4.6: Deformation density plotted versus the loading cycles for type B
samples

Generally during the thermal cycling of Al thin films a strong change of texture
and rotation of grains is observed [27]. Regarding the Cu films this effect is also
expected and might even be emphasized by the anisotropy of Cu [28]. In order
to compare deformation mechanisms occurring during the mechanical fatigue with
thermal cycling, EBSD measurements were performed on defined areas of Cu
films before and after fatigue testing. An example of these investigations is given
in Fig. 4.7 in which the EBSD images (Euler maps) of the same site of the Cu
surface before and after fatigue testing show, that the grain orientation does not
change. The white areas are related to the plastically deformed areas which could
not be evaluated by the software, due to high surface roughness.
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Figure 4.7: Grain orientation map (Euler angles) of the same site before and after
fatigue shows no change in grain orientation. White dots in the image of the
fatigued sample represent deformed areas

4.4.5 Cu films of Type C

In Figure 4.8 the deformation density of the sputtered type C copper film samples
is plotted versus the loading cycles. The increase in deformation density shows a
similar behaviour to the type B samples as shown above. The deformation density
increases by a factor of 2 to 3 for the thicker films, in this case 10 um, compared to
the thinner films with a thickness of 5 um.
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Figure 4.8: Deformation density plotted versus the loading cycles for samples with
type C Cu films

4.4.6 Microstructural and dimensional factors influencing the
fatigue response of thin films

Figure 4.9 shows the thickness dependency of the ratio of the deformed surface
area to the to total area. With all sample types an increase in deformed grains was
found with an increased film thickness. However samples of type C films show a
clearly higher deformation density.

One can assume that in these films the plastic deformation behaviour is mainly
dependent on the thickness, grain size and their ratio, composition and the texture.
Films of type B were deposited by electroplating, which yielded a random distri-
bution of grain orientation while the type C samples that were deposited by the
sputtering technique showed a strong (111) preferential orientation.
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Figure 4.9: Comparison of the deformation density of type B and type C copper
indicates a strong orientation dependency of the deformation response.

Influence of grain size

The higher deformation rate observed in coarse grained films is not surprising. It
is well know that there is a dependency between the grain and size and tensile
response of materials which is described by the Hall-Petch relation. The related
mechanisms have been described in chapter 2.6.3 which are also valid for thin
films.

Influence of thickness

There are several phenomena proposed to be responsible for this size /constraint
effect in fatigue experiments. Nix proposed a model of dislocation channelling, due
to the thickness constraint as also described in chapter 2.6.3. Another possible
explanation for the fatigue size effect may be connected to the availability and
activation of dislocation sources and sinks, which probably depends strongly on
film thickness and grain size [36].
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Influence of thickness to grain size ratio

Several studies including Miyazaki and Fujita [37] showed that not only the obvious
size parameters of the film, namely thickness (d) and grain size (D) themselves,
but the ratio of film thickness to grain size ({ = %) strongly influences the mechan-
ical behaviour. They showed that, for thin Cu foils in the thickness range of 45 um
- 1.84mm, if the ratio () is below a critical value, which is again dependent on the
grain size, the flow stress decreases significantly. For copper foils the critical ratio
is higher with smaller grains and is in the order of 5-12. The influence of the film
thickness to grain size ratio was explained by the smaller constraints in deforma-
tion of the grains near the free surface compared to the grains in the interior of the
film.

In a study on cyclic stress-strain response of Cu foils in the thickness range of
50 um to 250 um with similar ratio of thickness to grain size ({ ~ 2) it was found
that the cyclic plastic strain is increased with foil thickness. These films were com-
posed of an average of two grains per cross section for all thicknesses, resulting
in a smaller near surface volume of the grains in relationship to the whole grain
volume for thicker foils. TEM investigations of these samples showed a more ho-
mogeneous dislocation distribution inside the grains while heterogeneous disloca-
tion cells were found near the free surface. Results from this study also indicated
that an increase of the { = % ratio leads to a decrease of the Basquin exponent
as grain boundaries again hinder the dislocation movement. (see section 2.6.3)
[40].

In our samples the thickness to grain size ratio for both films of type B with thick-
nesses of 5um and of 20 um was about 1 and lower than that of the type A sam-
ples. They showed a ratio of 2 for the sample with 5 um thickness and 6 for those
with 20 pum thickness.

For thin metal films that are confined by a substrate, fatigue mechanisms are dif-
ferent to that of bulk material or free standing foils and wires. The reason for that
is the constraining effect of the substrate, which can inhibit dislocation motion as
previously shown in section 2.6.3.

In a model described by Zhang et al. [9] three different mechanisms are proposed
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to be responsible for the constraint effect. The free surface of the thinner films
which is composed of a higher portion of grains may play an important role for dis-
location accumulation. In this case the dislocations can escape at the free surface
without forming extrusion type deformations in these grains. This is an effect that
has also already been proposed in fatigue experiments on thin Cu wires [35]. In the
study by Zhang et al. also a minimum length scale for dislocation self-organization
was calculated. By taking the values for PSB spacing in copper and estimating the
minimum size for dislocation cells and dislocation walls, a critical grain size of 1 um
necessary to form typical dislocation patterns was proposed. A third effect is the
constraint on dislocation nucleation and motion due to the small thickness in the
film already described in section 2.6.3.

Influence of the orientation

In the present study it was found that the grain orientation plays an important role
on the surface damage response of thin Cu films. Fig. 4.9 shows the comparison
of deformation density of the mostly (111) orientated, sputtered type C copper to
the randomly orientated type B copper. One can see that the deformation density
in the 5 um films with comparable grain size is twice as high for the type C copper.
The deformation density in the type C copper of 10 um is equally high, or even
exceeds that of the twice as thick type B copper film with a thickness of 20 um.

As in general also with type C copper only a small fraction of all the surface grains
show deformation, it is clear that not only the out of plane orientation but also the
in plane orientation is highly important. It is well known that the direction of a slip
plane to the loading direction plays a major role. Fig. 4.10 a and b show EBSD and
SEM images of a type A - stack I Cu film in which the slip direction is indicated,
which correspond to the first active slip systems in fcc crystals. The deformed area
corresponds here to two grains with (111) and approximately (101) out of plane
orientation.

This is consistent with findings of other investigators [41, 42, 43]. A study on
the thermo-mechanical behaviour of unpassivated Cu thin films on Si substrates
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Figure 4.10: (a) IPF map of a Cu surface of a fatigued samples showing two dis-
tinct partly deformed grains, the white areas are related to grain boundaries and
deformed areas; (b) SEM image of the same site, the black lines indicate the
direction of the extrusion lamellas, the red lines represent projections of corre-
sponding slip planes onto the surface.

showed a significantly higher dislocation density in (100) oriented grains compared
to the (111) grains at room temperature after thermal cycling [43]. They explain
that the (100) oriented grain dislocations hinder the movement of each other, lead-
ing to a strengthening of these grains.

The influence of the orientation on the deformation behaviour on Cu films of our
study is coherent with the results of a thermal fatigue study by Aicheler et al. [42]
in which they report a high stress in (111)-grains compared to (100) grains as
explained by a theoretical model. They state that the (111) grains experience a
higher stress at the same load compared to the (100) grains due to the isotropy of
the coefficient of the thermal expansion, but an anisotropic Young’s modulus.
Another study [41] investigated the influence of the texture of thin Cu films for dif-
ferent types of fatigue loading. They compared the damage response of Cu sam-
ples thermo-mechanically fatigued by pulsed laser heating and radio frequency
induced heating to samples fatigued by an ultrasonic fatigue systems similar to the
one used in our study. Their findings indicate again a higher deformation density of
the (111) grains compared to grains of different orientation. This dependency on
the grain orientation is less pronounced for the samples subject to uniaxial load,
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which is the case for the US fatigued samples, as the in-plane orientation strongly
influences the deformation response as well.

4.4.7 Influence of the chemical composition of the electrolyte
and the deposition method

The difference in the deformation density of type A and type B copper, especially
the 5um samples with a comparable grain size and similar orientation makes it
apparent that besides length scale effects other factors during the deposition of the
copper layers play a significant role for the fatigue lifetime. Both type A and type B
copper were deposited by electrochemical-deposition using two electrolytes with
different chemical composition. This leads to inclusions of several foreign atoms in
the copper layers. Measurements of the percentage of foreign atoms as Cl and S
showed a smaller number in type B compared to type A copper [44]. This larger
number of inclusions/impurities/voids in the type A copper could also affect the slip
movement as foreign atoms can inhibit the dislocation motion.

4.4.8 Fatigue damage

In this section an overview of the microstructural investigations and the damage
evolution and fatigue damage features of the different Cu films is given.

Figure 4.11 shows an overview of the surface of the three different types of copper
films used in this study with different thickness at the initial state. Fig 4.11 aand b
show type A copper of 5um and 20 um thickness respectively. The type B copper
shown in Fig. 4.11 ¢, d shows comparable surface roughness to the type A copper
but with much larger grains for the 20 um thick film. The sputtered copper, type C
(Fig. 4.11 e, d) shows deeper grooves at the grain boundaries.
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Figure 4.11: SEM images of type A (a) 5um, (b) 20 um, type B (c) 5um (d) 20 um
and type C (e) 5um, (f) 10 um before cycling.

Detailed SEM investigations of the fatigued samples showed that after about 1 - 10’
cycles fine extrusions appear on the surface of all types of tested thin films as
shown in Fig. 4.12.

B universitat
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Figure 4.12: SEM image of extrusions on a type A - stack [ fatigued film (% =
6-1074 N =1.3-10° cycles).

These extrusions are always formed within single grains, and also seem to be
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stopped by twin boundaries. EBSD measurements and electron channelling con-
trast examination of the surface showed that the extrusions are mostly generated
along the {111} slip planes indicating that at the given strain amplitude slip was
activated only in the grains with the highest Schmid factor. As the number of cycles
is increased more extrusions appear while the existing extrusions grow in size until
about 2 - 108 cycles. After that no new deformations appear on the surface, while
the existing deformed areas still grow in size up to approximately 2 - 10° cycles after
which the maximum is reached and the deformation density goes into saturation.

The SEM images in Fig 4.12 show the slip band formation on the type A - stack /
copper after fatigue testing (% =6-10"% N =1.5-10%. It can be seen that the
extrusion lamellas often appear in two different directions mostly oriented with an
angle of 45° to the loading direction. It was also often observed that two slip sys-
tems are activated crossing each other at a certain angle. It can also be seen that
there is a very distinct edge between the extrusion at grain and twin boundaries.
The undamaged areas show the original surface of the film.

The fatigued Cu surface of a type B 20 um thick Cu film and its damage structure
is shown in Fig. 4.13. In addition to the much higher deformation density also the
damage morphology is slightly different to that of the type A copper. The extrusions
are much finer compared to the type A Cu, showing a faceted nodular structure.

The SEM image in Fig. 4.14 shows the surface damage of the type C copper films.
Thin slip band deformations often cover whole grains as well as some small initial
cracks appear at grain or twin boundaries.

Focused lon Beam (FIB) techniques were used to prepare cross sections of the fa-
tigued films in order to investigate the shape and the dimensions of the extrusions
and the interaction of the extrusions with the interface to the substrate. The investi-
gations were focused on sites perpendicular to the surface traces of the extrusion.
As shown in Fig. 4.15 the surface markings are still visible and one can estimate
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Figure 4.13: SEM images of the surface deformations of a type B sample of a
thickness of 20 um (4 =6-107%, N = 1.5- 10 cycles).

the extrusion height to be in the range of 0.1 um. One can also see traces of the
extrusions forming small cracks inside of this grain beneath the extrusions.

Beneath the extrusion small voids were also observed at the grain boundaries
shown in Fig. 4.16. These voids could be interpreted as the agglomeration of
vacancies resulting from the transport of material to the free surface. Although
some larger voids can be seen randomly scattered in the FIB images as well, the
voids at the boundaries of the deformed grains show a higher density. Further
investigation will be needed to confirm this hypothesis.

Examination of the FIB cross sections of several samples (Fig. 4.17 and 4.18)
showed that the extrusions are terminated within the grains ( e.g. 1 um length for
the 5um samples and approximately 4 um for the 20 um samples). They did not
reach the interfaces to the silicon and no void formation at Cu/barrier interface was
observed.
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Figure 4.14: SEM images of the surface deformations of type C samples (a) 5um
(b) 10um. (both 248 =6-107%, N = 1.5-10° cycles).

depth of
voids/traces

Figure 4.17: FIB image at 45° tilt of a type B 20 um fatigued sample (58 = 61074,
N=1.5-10°).
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Figure 4.15: FIB image at 52° tilt of a type A -stack I fatigued sample (% =6-1074,
N = 1.3-10°). The deformations on the surface extend into the interior of the
surface grains.

Figure 4.16: FIB image at 45° tilt of a type A - stack [ fatigued sample (% =6-
1074, N =1.3-10°).
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Figure 4.18: FIB image at 45° tilt of a type C 5 um fatigued sample (% =6-1074,
N =1.5-10°).

Similar features were observed in bulk copper samples which were subjected to
cyclic loading in the very high cycle region at stress levels far below the fatigue
limit. In a study by Phung et al. [45] different types of surface slip markings were
found predominantly at different stress amplitudes. For higher stress amplitudes (>
65MPa) long, straight persistent slip markings in small clusters that cross the grain
boundaries appeared, while at medium amplitude (45-65MPa) long isolated slip
markings were found. The third type of slip markings were observed at lower stress
amplitudes (<45MPa) that very much resemble our surface features. Clusters of
very fine slip markings were built within the grains, within which two slip directions
often appeared with one direction being more pronounced than the others. These
slip markings, much as ours show only a small roughness in the range of several
nanometres. SEM images of these slip markings with a comparison to the surface
features of our samples are given in Fig. 4.19.
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10 pm

Figure 4.19: Comparison of the damage morphology of our samples (e,f) to a study
on HCF behaviour of Cu samples of bulk copper by Phung et al. with three types
of slip markings generated by fatigue loading at different strain amplitudes (a-d)
[45].

Investigations by Zhang et al. [10] on the fatigue response of Cu films with a
thickness range from 200nm to 3um on a polyimide substrate with various mi-
crostructure and by Burger et al. [31] on Al and Cu films of 1 um thickness on
a Si substrate showed that extrusion formation at the surface led to void forma-
tion inside the grains and at the film/substrate interface (Fig. 4.20). The lack of
such voids at our film-substrate interfaces could be explained due to a lower plas-
tic strain by a factor of 10 in our experiments at the very high cycle region.
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Figure 4.20: FIB image of a 3 um thick Cu film on a polyimide substrate after fatigue
tests performed by Zhang et al. [10] showing extrusions on the surface and voids
at the film-substrate interface (% =1%)

Both observations and comparison of the damage response on the surface and in-
side the films lead to the conclusion, that the strain amplitude of 6- 10~* ( ~72MPa)
is rather low for our thin Cu films on the substrate and that the rigid substrate
enhances the fatigue resistance of the multilayer thin film samples as will be dis-
cussed in the next section .

4.5 Free standing Copper bars

4.5.1 Fatigue lifetime

Using the ultrasonic resonance systems described in chapter 3.2.1 the free stand-
ing Cu bars were subjected to fatigue loading until failure. The S-N curves obtained
for Cu films of type A and B are shown in Fig. 4.21 in which the strain amplitude
against the loading cycles is plotted. Arrows marking some of the measured points
indicate specimens without rupture (run-outs). The strain amplitude in the lifetime
curve of the fine grained type A ranges from about 2.8 - 10~ at the lowest number
of cycles (N =5-10°) to 2.5-10~* at the maximum number of cycles (N = 2-10°).
As expected in the HCF/UHCF regime the slope of this curve is rather flat. Though
the lifetime measurements for type B experiments are limited mainly to the region
up to 10° due to the lack of samples, the results clearly show an improved fatigue
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response of fine grained Cu samples (type A) in comparison with their coarse
grained counterparts (type B).
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Number of loading cycles

Figure 4.21: S-N curve of 20x20 um free standing type A and type B copper bars

4.5.2 Fatigue damage

SEM investigations were conducted on fatigued samples in order to investigate
the damage mechanisms responsible for failure of the free standing Cu bars. The
surface damage of a failed type A free standing copper bar after 1.8 - 107 cycles
with % =2.66-10"%is shown in Fig. 4.22 The SEM image displays deep extrusion
clusters in almost all grains within the whole gauge length. Similarly to the Cu on
the substrate these extrusions lamellas are mostly oriented in an angle of 45° with
respect to the fatigue direction. The SEM images in Fig 4.23 show the surface of
a type B free standing Cu bar before and after fatigue. The sample failed after
1.2- 108 cycles at a constant strain amplitude of 4¢ = 1.4-10~*. The extrusion
lamellas are much finer compared to the type A samples stretching across the
whole width due to the large grain size.
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Figure 4.22: SEM micrographs of the type A free standing copper bars (20 um
x20 um (a) before (b) after fatigue (¢ = 2.66- 1074 N = 1-107) deep, broad
intrusions on almost all grains
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Figure 4.23: SEM micrographs of the type A free standing copper bars (20 um
x20 um (a) before (b) after fatigue (¢ = 1.4-10~* N = 1.2 - 10%) narrow intru-
sions across the copper bar

Fig. 4.24 shows a comparison of the fatigue lifetime with fatigue experiments on
small bamboo structured copper wires, similar to the coarse grained type B copper
bars [35]. One can see that samples with similar diameters show comparable
results.
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In the study by Khatibi et al. the results indicated a Hall-Petch like increase of the
yield strength with decreasing wire diameter.
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Figure 4.24: Relationship between strain amplitude and the number of cycles to
failure for Cu micro wires with different diameter. [35]

Also the deformation with the slip band structure, resemble the deformation of the
coarse grained copper bars very well. The slip band structure of the deformation
of these Cu wires is shown in Fig. 4.25.
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Figure 4.25: Sem micrograph of the intrusions on deformed grains of a microwire
of 20 um diameter (¢ = 1.4-10~* N = 107). [35]
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Comparing the results of our study with tensile tests and low cycle fatigue experi-
ments performed on the same free standing copper bars by A.Wimmer et al. [6], a
similar trend for the electro deposited copper is shown. Equal to our results the fine
grained (type A) copper shows a higher fatigue limit than the coarse grained (type
B) copper (Figure 4.26). Also both S-N curves, especially for the coarse grained
material, show the same rather gentle slope.

Differences of the absolute value of the fatigue strength can be explained by the
different experimental conditions (Table 4.2). While our experiments were per-
formed under completely reversed cyclic loading (R = —1) the cyclic tests in the
LCF study were under tensile-tensile (R ~ 0) loading which strongly affects fatigue
life as already described in section 2.7. Also the much lower frequency of 0.05
Hz compared to our 20kHz and the influence of the environment, as our experi-
ments were performed at air whereas the testing of the LCF study was performed
in vacuum contribute to the different absolute values. It is known that the envi-
ronmental conditions affect the fatigue life of materials. Exposing the material to
ambient air decreases the fatigue life significantly compared to fatigue in vacuum.
During the cyclic loading slip steps appear on the surface and an oxygen layer
forms almost immediately on the freshly exposed metal surface. This formation
of an oxide makes reverse slip difficult on the same slip plane upon load reversal.
This effect becomes amplified at higher temperatures and with increasing humidity
of the ambient air [2].

Additionally, as shown in section 2.7, Fig 2.11, it is assumed that many ductile
materials do not show a linear drop over the whole range of loading cycles in
fatigue curves, but rather show a multiple step behaviour. That means that linear
extrapolations from LCF experiments such as the ones from Wimmer et al. could
overestimate the factual strain limit in the HCF range of our fatigue tests.
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LCF HCF

in vacuum at ambient air

mean stress > 0 mean stress =0

low frequency (0.1 Hz) | high frequency (20kHz)

Table 4.2: Comparison of the testing conditions

Stress [MPa]

1 10 100 1,000 10,000 100,000

Cycles to failure
¢ J
(, )
(b) 75
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Figure 4.26: Comparison of stress lifetime curves of 20x20 um free standing cop-
per bars of (a) a LCF study [6] and (b) our UHCF/HCF study. It should be noted
that for better compearability the caption of the LCF study has been adapted,
and in both cases Ac = 2 - Aoy is plotted vs. the loading cycles.
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4.6 Comparison of free standing Cu bars to Cu films
on substrate

The damage response of free standing copper bars and Cu films of the same
microstructure on a rigid structure shows a significant difference. Although the
strain amplitude (% = 6-107%) for the Cu films on substrate fatigue tested in this
study was significantly higher compared to the free standing bars (% =1.5-107%
the constraint of the substrate inhibits dislocation movement resulting in a much

lower deformation density.
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Conclusions

In this section the experimental methods, the main findings and the conclusions of
this thesis are presented.

In this study mechanical fatigue behaviour of different types of Cu metallization
film stacks (consisting of Si/SiO,/TiW/Cu) on Si substrates was investigated in the
high cycle fatigue regime at room temperature. For this purpose an ultrasonic
fatigue set-up working at 36 kHz was used. Qualitative and quantitative evaluation
of the surface of Cu films subsequent to fatigue loading was conducted by means
of optical- and electron microscopy and the density of deformed surface grains as
a function of loading cycles for all types of samples were determined.

In addition to the Cu films on the Si substrate, free standing copper bars of the
same microstructure have been fabricated and were subjected to fatigue load using
an ultrasonic fatigue system working at 20kHz. This system has already shown its
applicability for several fatigue studies for small scaled samples [32, 35]. The same
kind of specimen have been used for investigations on tensile behaviour, especially
the temperature influence, and LCF experiments [5, 6].

The investigations on the thin film copper samples on silicon substrates lead to the
conclusion that various parameters influence the fatigue damage response of the
Cu metallization:

e The experimental results show that with increasing the film thickness from
5 pum up to 10 um and 20 um, respectively, the deformation density increases
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significantly. This influence seems to be independent of a change in grain
size and microstructure.

e Besides the film thickness the grain size is another dimensional factor influ-
encing the damage response. A smaller grain size can also inhibit dislocation
motion and therefore lead to less damage on the Cu surface.

e It was found that an out of plane orientation in the (111) direction strongly
increases the slip band formation in the Cu films. Thus sputtered films with
a dominant (111) orientation showed a higher degree of cyclic plastic defor-
mation.

e Peel test measurements in combination with the fatigue experiments also
indicated that the interfacial adhesion between the diffusion barrier layer
and the substrate can also influence the damage response of the film stack.
During the fatigue loading interfaces with higher adhesion strength seem to
transfer the stress induced in the Si substrate to the Cu film more efficiently
leading to a higher surface degradation by trend.

In addition to the fatigue tests on the film stacks, free standing copper bars of
the same microstructure were fabricated and fatigued to further investigate the
constraining effect of the substrate. It was found that the free standing Cu bars
showed a significantly lower fatigue resistance than Cu films on Si substrates.
Comparing the degree of surface damage in free standing and constraint sam-
ples, plastic deformation occurred in most of the grains of the Cu bars, at much
lower loads clearly indicating a strong constraining effect of the rigid Si substrate
on deformation of Cu films. The fatigue life experiments on these free standing
samples also indicated a lower fatigue limit of the fine grained to that of coarse
grained copper which is consistent with results from a study on LCF experiments
on the same kind of free standing copper bars [6]. The difference in the absolute
value can be explained by the different experimental conditions and a nonlinear
behaviour of the S-N curve for ductile materials such as copper resulting in a drop
from the LCF to the (U)HCF range. The LCF experiments were performed with
a load ratio R ~ 0 at very low frequencies in vacuo influencing the lifetime of the
copper bars significantly. The surface damage of the LCF samples also showed
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significant differences, as the typical extrusion/intrusion structure was not found,
but rather surface evolution similar to the damage found after tensile testing.

5.1 Outlook

The results of our study raise further questions that may be answered by additional
follow up investigations. During the operational life Cu metallization films are sub-
jected to temperature cycles in the range of minus 40°C to about 250°C . Since
the stress-strain and fatigue response of copper is strongly temperature depen-
dent, it would be interesting to conduct the experiments at higher temperatures
to get further insight in the thermo-mechanical fatigue behaviour. The type of slip
band formation and the degree of surface damage of the Cu films stacks in this
study indicated that the applied strain amplitude during the fatigue experiments
was rather low. Performance of fatigue tests at higher strain amplitudes could con-
tribute to a better understanding of the mechanical fatigue response of Cu films on
the Si substrate.

The present study shows that the ultrasonic resonance fatigue testing system is
a very efficient method for mechanical fatigue testing of small scale samples of
various geometry and structure.
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