B Loughborough
University

Micro-mechanical characteristics and dimensional
change of Cu-Sn interconnects due to growth of
interfacial intermetallic compounds

by

Zhiwen Chen

A Doctoral Thesis

Submitted in partial fulfilment of the requirements
for the award of
Doctor of Philosophy of Loughborough University

December 2014

© by Zhiwen Chen, 2014



M Loughborough
University

CERTIFICATE OF ORIGINALITY

This is to certify that | am responsible for the work submitted in this thesis, that the
original work is my own except as specified in acknowledgments or in footnotes,
and that neither the thesis nor the original work contained therein has been
submitted to this or any other institution for a degree.



Abstract

Sn-based solder alloys are extensively used in electronic devices to form interconnects
between different components to provide mechanical support and electrical path. The formation of a
reliable solder interconnects fundamentally relies on the metallurgic reaction between the molten
solder and solid pad metallization in reflowing. The resultant IMC layer at the solder/pad
metallization interface can grow continuously during service or aging at an elevated temperature,
uplifting the proportion of IMCs in the entire solder joint. However, the essential mechanical
properties of interfacial IMC (i.e. CugSns, CusSn) layers, such as Young’s modulus and hardness,
are drastically different in comparison with Sn-based solder and substrate. Therefore, the increasing
fraction of interfacial IMCs in the solder joint can lead to significant deformation incompatibility
under exterior load, which becomes an important reliability concern in the uses of solder joints for
electronic interconnects.

In the past decades, extensive research works were implemented and reported regarding the
growth of interfacial IMC layers and its effect on the mechanical integrity of solder joints. But, the
following fundamental issues in terms of mechanical and microstructural evolution in the uses of
solder joints still remain unclear, demanding further research to elaborate:

(1) The protrusion of IMCs: Though the growth of interfacial IMC layers along the diffusion
direction in solder joints were studied extensively, the growth of IMCs perpendicular to the diffusion
direction were reported in only a few papers without any further detailed investigation. This
phenomena can crucially govern the long-term reliability of solder interconnects, in particular, in the
applications that require a robust microstructural integrity from a solder joint.

(2) Fracture behaviour of interfacial IMC layers: The fracture behaviour of interfacial IMC
layers is a vital factor in determining the failure mechanism of solder joints, but this was scarcely
investigated due to numerous challenges to enable a potential in-situ micro-scale tests. It is
therefore highly imperative to carry out such study in order to reveal the fracture behaviour of
interfacial IMC layers which can eventually provide better understanding of the influence of
interfacial IMC layers on the mechanical integrity of solder joints.

(3) Volume shrinkage: The volume shrinkage (or solder joint collapse) induced by the growth
of interfacial IMC layers was frequently ascribed as one of the main causes of the degradation of
mechanical reliability during aging due to the potentially resulted voids and residual stress at the
solder/substrate interface. However, very few experimental works on the characterisation of such
type of volume shrinkage can be found in literatures, primarily due to the difficulties of observing the
small dimensional changes that can be encountered in the course of IMCs growth.

(4) Residual stress: The residual stress within solder joints is another key factor that
contributes to the failure of solder joints under external loads. However, the stress evolution in
solder joints as aging progresses and the potential correlation between the residual stress and the
growth of interfacial IMC layers is yet to be fully understood, as stress/strain status can

fundamentally alter the course of total failure of a solder joint.



(5) Crack initiation and propagation in solder joints: Modelling on the mechanical behaviour
of solder joints is often undertaken primarily on the stress distribution within solder joints, for
instance, under a given external loading. But there is lack of utilising numerical analysis to simulate
the crack initiation and propagation within solder joints, thus the effect of interfacial IMC layers on
the fracture behaviour of the solder joints can be elaborated in further details.

In this thesis, the growth of interfacial IMCs in parallel and perpendicular to the interdiffusion
direction in the Sn99Cul/Cu solder joints after aging was investigated and followed by observation
with SEM, with an intention of correlating the growth of IMCs along these two directions with aging
durations based on the measured thickness of IMC layer and height of perpendicular IMCs. The
mechanism of the protrusion of IMCs and the mutual effect between the growth of IMCs along these
two directions was also discussed.

The tensile fracture behaviour of interfacial CusSns and CusSn layers at the Sn99Cul/Cu
interface was characterised by implementing cantilever bending tests on micro CugSns and CusSn
pillars prepared by focused ion beam (FIB). The fracture stress and strain were evaluated by finite
element modelling using Abaqus. The tensile fracture mechanism of both CusSns and Cus;Sn can
then be proposed and discussed based on the observed fracture surface of the micro IMC pillars.

The volume shrinkage of solder joints induced by the growth of interfacial IMC layers in parallel
to the interdiffusion direction in solder joint was also studied by specifically designed specimens, to
enable the collapse of the solder joint to be estimated by surface profiling with Zygo Newview after
increased durations of aging. Finite element modelling was also carried out to understand the
residual stress potentially induced due to the volume shrinkage.

The volume shrinkage in solder joints is likely to be subjected to the constraint from both the
attached solder and substrate, which can lead to the build-up of residual stress at the solder/Cu
interface. Depth-controlled nanoindentation tests were therefore carried out in the Sn99Cul solder,
interfacial CugSns layer, CusSn layer and Cu with Vickers indenter after aging. The residual stress
was then evaluated in the correlation with aging durations, different interlayers and the locations in
the solder joint.

Finally, finite element models incorporated with factors that may contribute to the failure of
solder joints, including microstructure of solder joints, residual stress and the fracture of interfacial
IMC, were built using Abaqus to reveal the effect of these factors on the fracture behaviour of solder
joints under applied load. The effect of growth of IMC layer during aging on the fracture behaviour
was then discussed to provide a better understanding of the degradation of mechanical integrity of
solder joints due to aging.

The results from this thesis can facilitate the understanding of the influence of interfacial IMC

layers on the mechanical behaviour of solder joints due to long-term exposure to high temperatures.

Keywords: Growth of IMCs, micro cantilever bending, collapse of solder joint, residual stress,

nanoindentation, finite element modelling.
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Chapter 1 Introduction

1.1 Context and problem definition
Electronic devices are extensively involved in our daily life and various industry sectors. The

manufacturing process of electronic devices normally consists different levels of packaging,
including zero level packaging (chip/wafer level), first level packaging (single/multi-chip module),
second level packaging (PCB or card) and third level packaging (mother board) [1]. Among these
different levels of packaging, solder joints are widely used to interconnect forming electrical path
and provide mechanical support between components in the device (Fig. 1.1 a)) [2].

The solder joints in electronic devices are normally formed by reflowing, during which the
molten solder is in contact with solid substrate. The metallurgical reactions between them can
produce different layers of IMCs at the solder/pad interface, which provides the metallurgical
bonding between the solder and substrate. The quality and reliability of the solder interconnects are
fundamentally governed by the these IMCs [3]. For instance, the formation of a reliable Sn-based
solder/Cu interconnect relies on the formation of interfacial CusSns layer at the solder/Cu interface
in reflowing process, which is also the key to maintain the reliability of the mechanical structure and
the electrical path between the solder and Cu after reflowing.

However, after reflowing, the proportion of interfacial IMC layers in the entire solder joint can
grow continuously during the service of the electronic devices (Fig. 1.1 b) and c)), particularly when
the devices are exposed to an elevated temperature [4]. Furthermore, in order to achieve higher
packaging density, the diameter of solder joints shrinks dramatically, from 760 uym in Ball Grid Array
(BGA) to 75 um in Flip Chip (FC), and the height decreases from 220 ym in yBGA to 60 um in Flip
Chip on Board (FCOB) [5]. In some specific applications, the interconnection height is even lower,
such as the solder joints with a height of 8 ym in Argonne Tandem Linac Accelerator System
(ATLAS) pixel detector [6, 7]. The miniaturization of solder interconnects in electronic devices leads
to an even higher proportion of interfacial IMC layers in the solder joint.

Due to the notable difference between the mechanical properties of IMCs and solder alloys [8-
10], the increasing proportion of interfacial IMC layers can lead to significant incompatible
deformation between the solder and IMCs when the solder interconnect is subject to external load,
such as impact or vibration. The deformation incompatibility within solder joint can pose a dramatic

effect on the reliability of the entire solder joint.
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Fig. 1.1 Schematics of different layers in a solder joint between chip and substrate: (a) solder joints

serve as interconnects between a chip and substrate; (b) initial interfacial IMC layers formed in

reflow; (c) increased fraction of IMC layer after long-term service or aging.

Consequently, the growth of interfacial IMC layers in solder joints after aging and its effect on
the reliability of solder joints were extensively investigated in the past decades. However, based on
the literatures, as the size of solder joints continues to reduce, the following fundamental aspects
regarding the growth of IMCs and its effect on the mechanical integrity of solder joints are identified,
which demands further investigations :

(1) The protrusion of IMCs: Though the growth of interfacial IMC layers along the diffusion
direction in solder joints both during reflowing and aging was studied extensively, the growth of
IMCs perpendicular to the diffusion direction has rarely been reported in literatures. The protrusion
of IMCs at the solder/pad interface is potentially correlated with the bulk diffusion and surface
diffusion near the surface and the stress state of interfacial IMC layers in solder joints. Furthermore,
the protruded IMCs could potentially alter the course of the growth of interfacial IMC layers parallel
to the interdiffusion direction. This phenomena can crucially govern the long-term reliability of solder
interconnects, in particular, in the applications that require a robust microstructural integrity from a
solder joint.

(2) Fracture behaviour of interfacial IMC layers: The interfacial IMC layers are generally
believed to be the origin of the degradation of the mechanical reliability of solder joints. It has been
frequently reported that the fracture path within solder joints shifted from the solder matrix to the
interfacial IMC layers due to the growth of interfacial IMCs after prolonged aging. The
corresponding fracture mechanism is therefore expected to change from ductile fracture to brittle
fracture. Hence, the fracture behaviour of interfacial IMC layers becomes a vital factor in
determining the failure mechanism of solder joints, but this has been hardly concerned and
investigated due to numerous challenges to enable a potential in-situ micro-scale test on the
interfacial IMCs. It is therefore highly imperative to carry out such study in order to reveal the
fracture behaviour of interfacial IMC layers which can eventually provide better understanding of the
influence of interfacial IMC layers on the mechanical integrity of solder joints.

(3) Volume shrinkage: During the growth of interfacial IMC layers in aging, the total volume
could decrease due to the increase in densities from the reagents (i.e. Cu and Sn) to the products
(i.e. CugSns and CuzSn) in the solid-state reactions between solder and pad metallization. The
volume shrinkage (or solder joint collapse) has frequently been ascribed as one of the main causes

of the degradation of mechanical reliability during aging due to the potentially resulted voids and
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residual stress at the solder/substrate interface. However, very few experimental works on the
characterisation of such type of volume shrinkage can be found in the literatures, primarily due to
the difficulties of observing the small dimensional changes that can be encountered in the course of
IMCs growth.

(4) Residual stress: The residual stress within solder joints is another key factor that
contributes to the failure of solder joints under external loading. It was reported that the fracture
strength of solder joints decreased with prolonged aging durations, which could possibly be resulted
from the increase of residual stress within solder joints. However, the stress evolution in solder
joints as aging progresses and the potential correlation between the residual stress and the growth
of interfacial IMC layers is yet to be fully understood, as stress/strain status can fundamentally alter
the course of the failure of a solder joint.

(5) Crack initiation and propagation in solder joints: It has been frequently recognised that
the growth of interfacial IMC layers can affect the initiation and propagation of cracks in solder joint
under an exerted load. However, the direct observation of the crack initiation and propagation
potentially requires an in-situ test with an instrument of high resolution observation, leaving the
modelling a more versatile and promising approach to understand the mechanism. However,
modelling on the fracture behaviour of solder joints was often undertaken primarily on the stress
distribution within solder joints, for instance, under a given external loading condition. There is a
lack of practice in utilising numerical analysis to simulate the crack initiation and propagation within
solder joints, thus the effect of interfacial IMC layers, microstructure and residual stress on the

fracture behaviour of the solder joints can be elaborated in further details.

1.2 Scope of the research
In the thesis, lead-free Sn99Cu1/Cu solder joint was the focus in the experimental work. The

growth of IMCs both along and perpendicular to the interdiffusion direction were investigated. Due
to the thin interfacial CugSns and CusSn layers at the Sn99Cu1/Cu interface, the fracture behaviour
of Cu-Sn IMCs were studied by micro cantilever bending with the combination of FIB and
nanoindentation. Hence, the micro pillars could be fractured by the tensile stress at the bottom of
the pillar. Due to the increase in the densities during the phase transformation in the growth of
IMCs, the resultant collapse of solder joint is a three-dimensional phenomenon. But it was
characterised by the reduction of joint height after aging, since it was difficult to maintain the quality
and integrity of all the involved sample surfaces for the precise measurement during experiments.
Because of the thin IMC layer, the residual stress induced by its growth could also be more
prominent at the Sn99Cu1 solder/Cu interface. Therefore, the residual stress in solder joint was
studied at the interfacial CusSns; and Cu3Sn layers and the adjacent solder and Cu at both the
centre and the edge of solder joints after progressively extended aging. For crack initiation and
crack propagation in solder joints, it is challenging to capture in experiments. Therefore, FEA was
employed to investigate the effects of IMC layers, grain boundaries and residual stress on the path

of crack propagation in solder joints under tensile load.



1.3 Aims and objectives
The primary aim of this thesis is to investigate the influence of the growth of interfacial IMCs on

the mechanical integrity of solder joints based on the fracture behaviour of interfacial IMC layers

and the residual stresses within a solder joint. Against such an overall aim, following objectives of

the research can therefore be identified:

1.

Characterisation of the perpendicular growth of IMCs: The morphology of the
perpendicular IMCs at Sn99Cul solder/Cu interface will be revealed after progressively
prolonged aging and followed by detailed measurement of its height. The correlation
between the growth of perpendicular IMCs and aging durations can then be proposed,
based on which the potential dominant growth mechanism can be proposed. Due to the
potential mutual effect between the planar growth and perpendicular growth of IMCs, the
comparison between them regarding growth rates, dominant growth mechanism will thereby
be elaborated.

Fracture characteristics of CugSn; and Cu;Sn: Due to the micro-scale thickness of
interfacial CugSns and CusSn layers at the solder/Cu interface, micro-pillar CusSns and
CusSn specimens need to be designed and prepared to enable mechanical tests on them
individually without involving interferences of any adjacent materials in the solder joints. The
probable fracture mechanisms of CugSns and CusSn can then be proposed based on the
examination of the fracture morphology of CugSns and CusSn micro specimens after the
tests. At the same time, the fracture strength and strain of these two IMCs should also be
derived.

Collapse of solder joints induced by the growth of interfacial IMC layers: Due to the
challenge in determining the involved volume of Sn and Cu in the solid-state reactions, the
volume shrinkage should be characterised by evaluating the height reduction of the solder
joint after aging. Its dependence on the aging durations can therefore be considered.
Because both CugSns and CuzSn are produced during aging, the contribution of the growth
of each type of IMCs to the overall reduction of joint height should be calculated and
discussed.

Evolution of residual stress within solder joints: The volume shrinkage induced by the
growth of interfacial IMC layers is constrained by the attached solder and Cu, which could
lead to residual stress at the solder/Cu interface. Therefore, the resultant residual stress
within interfacial CusSns and CusSn layers, the adjacent solder matrix and Cu substrate
should be estimated at both the centre and edge of the solder joints. The effect of the
growth of interfacial IMC layers on the stress evolution in aging can thereby be understood,
as such the mechanisms that can contribute to the evolution of residual stress within solder
joint may be proposed.

Modelling on the fracture behaviour of solder joint: Finite element models as a powerful
simulation method can enable further understanding of fracture behaviour of solder joints by
building various factors into the models. These factors may contribute to the failure of solder
joints, including the microstructure of solder joints, residual stress and the crack within

interfacial IMCs. The effect of these factors on the crack initiation and propagation in solder
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joints under tension should be investigated separately, so that a clearer understanding of
various factors that are induced by the growth of IMC layers on the failure of solder joint can

be provided.

1.4 Structure of the thesis
The thesis consists of eight chapters as illustrated in Fig. 1.2. Chapter 1 provides a general

background of the work in the thesis and presents the identified problems and challenges based on
main findings from the literatures, and the aims and objectives of this thesis are also described.

In chapter 2, a number of literatures about the growth of interfacial IMC layers in solder joints
and its effect on the reliability of solder joints were reviewed to provide the foundation of relevant
knowledge and the state of art technologies towards the identified objectives. It covers primarily the
microstructural evolution of solder joints, mechanical properties of interfacial IMCs, volume
shrinkage in solder joints, the measurement of residual stress in solder joints and the modelling on
the reliability of solder joints.

The investigation on the planar and perpendicular growth of interfacial IMCs in Sn99Cu1/Cu
solder joints is presented in chapter 3. The planar growth of interfacial IMC layers in Sn99Cu1/Cu
solder joints was studied by polishing and etching to reveal cross sectional view of solder joints after
aging. The protrusion of IMCs was observed by specific designed specimens which can enable the
measurement of the height of IMCs by white light interferometer (WLI). The comparison between
the growth characteristics of interfacial IMCs along these two directions were then made

accordingly.

Chapter 1:
Introduction

Chapter 2: Literature
review

Chapter 4: Fracture
behaviour of interfacial
IMCs

Chapter 5: Dimensional
change

Fracture behaviour of Fracture behaviour of
CugSns inermetallic CusSn intermetallic

Chapter 3:Growth of
Intermetallics

Lateral growth of Vertical growth of
intermetallic layer intermetallic layer

Chapter 7: Modelling
on fracture behaviour
of solder joint

Chapter 6: Residual
stress

Modelling results Experimental results Nt o e

Chapter 8:
Conclusions

Fig. 1.2 Schematic of the structure of the thesis.

Chapter 4 focuses on the characterisation of the fracture behaviour of interfacial CugSns and

Cu3Sn that commonly formed at the Sn-based solder/Cu interface. The micrometres thick interfacial
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CugSns and CusSn layers were machined by Focused lon Beam (FIB) into micro pillars for the
followed cantilever bending tests. Both Scanning Electron Microscope (SEM) and Energy-dispersive
X-ray spectroscopy (EDX) were then utilised to examine the fracture surface of tested IMC pillars
for the analysis of possible fracture mechanisms. The tensile fracture strength and strain of the
investigated CugSn;s and CusSn were then evaluated by finite element modelling.

Chapter 5 describes the measurement of the minimal amount of the shrinkage of the
specifically designed solder interconnect specimens after aging. The correlation between the
volume shrinkage and the aging duration was found based on surface profiles by the measurement
of Zygo (a white light surface profiler). A preliminary investigation on the effect of the volume
shrinkage on the solder joint was also implemented.

The volume shrinkage of solder joints is subject to the constraints between the solder and Cu
substrate, causing the internal residual stresses. In chapter 6, the measurements of the residual
stress at the solder/Cu interface are presented. In such case, the nano Vickers indenter was used
to make series of nano indents at the solder, interfacial CusSns layer, CuzSn layer and Cu substrate
in Sn99Cu1/Cu solder joints after aging. The comparison of the evolution of residual stress within
different interlayers with progressively prolonged aging time was therefore possible.

Modelling on the fracture behaviour of solder joints was conducted and the results are
discussed in chapter 7. The major factors that may affect the fracture behaviour of solder joints,
including the thickness of IMCs, residual stresses, and microstructure, were incorporated in the
finite element models step by step to reveal the influence of individual factors on the fracture
propagation path within solder joints under the tension.

Based on the presented work and discussions in the previous chapters, chapter 8 summarises
the major findings in each chapters for the entire thesis, and based on the current work and main
results, a number of recommendations and suggestions for further work were also provided in this

chapter.



Chapter 2 Literature review
In this chapter, the literatures regarding the growth of interfacial IMC layers in solder joints,
mechanical properties of IMCs and the subsequent effect on the volume change, stress state and
failure of solder joints are summarised to serve as the foundation of the research in the following
chapters. Specifically, papers about the Sn-based solder/Cu solder joints are particularly concerned
in this chapter as Sn99Cu1/Cu solder joints were performed as the samples in the experimental

work in this thesis.

2.1 Growth of IMC layers

Electronic products, particularly consumable electronic devices, are generally developing
towards smaller size but with more powerful functions, leading to the continuous miniaturization of
the solder joints in the devices [11]. The volume fraction of the interfacial IMC layers produced
during the reflowing process can also increase notably in service. This is particularly true in lead-
free solder joints, since a higher growth rate of the IMCs was observed in the lead-free solder joints
in comparison to the growth of interfacial IMCs in conventional Sn—Pb solder joints [12].

However, the mechanical properties of interfacial IMC (i.e. CugSns, CusSn) layers are dissimilar
from the properties of solder and substrate in Sn/Cu solder joints, as listed in Table 2.1. Therefore,
the growing proportion of interfacial IMC layers could result in deformation incompatibility within the
solder joint under external loads, which could further lead to significant degradation in the
mechanical reliability of solder joints [13-15]. Hence, the growth of interfacial IMC layers in solder

joints received massive attention of researchers in the past decades.

Table 2.1 Mechanical properties of difference parts in Sn-based solder/Cu solder joints.

Cu [16] Solder [16] CueSn; [17] CuzSn [17]
Yield strength
68.9 24.8 - -
(MPa)
Ultimate tensile
220 34.5~48.3 - -
strength (MPa)
Young’s modulus
129.8 [18] 52.73 114.7 [19] 131.9 [20]
(GPa)
Poisson’s ratio 0.339 0.36 0.309 0.299
Hardness 37 (Brinell) 14.8 (Brinell) 358 (Brinell) [21] 325 (Brinell) [21]

** Note: The Vickers hardness of CugSns and CusSn in reference [21] was converted to Brinell
hardness for comparison. The conversion was done at http://www.tribology-

abc.com/calculators/hardness.htm.

Generally, the planar growth of interfacial IMC layers involves two processes: reflowing (the
formation of IMC layer at solder/pad interface) and long-term exposure to an elevated temperature
(the growth of interfacial IMC layers due to solid-state reactions). Apart from the planar growth of

interfacial IMC layers, the IMCs could also protrude out of the sample surface in perpendicular to
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the interdiffusion between solder and substrate during the aging. Therefore, the literatures about the
growth of interfacial IMC layers will be divided in to following parts: formation of planar interfacial

IMC layers in reflowing, growth of planar IMC layer in aging and the protrusion of IMCs.

2.1.1 Formation of planar interfacial IMC layers in reflowing
During reflowing, two types of IMCs, CusSns and Cu3Sn, can be produced due to the reactions

between molten Sn-based solder and Cu substrate. This type of IMC layer normally covers the
entire solder/Cu contact plane, so it is named as the planar interfacial IMC layers in the thesis.

It is generally accepted that the planar interfacial CugSns layer is formed in reflowing, which
was confirmed by the observation with both SEM and TEM [22, 23]. The interfacial CuesSns layer
after reflowing is normally observed to be in scalloped shape [24]. K. N. Tu et al. reported that the
scalloped shape was thermodynamically stable in molten solder/Cu system in reflowing based on
the observation that the layer-type CugSns layer transformed back to scalloped in multi-reflowing
[25]. The growth mechanism of interfacial CusSns during aging was further suggested by A. M.
Gusak and K. N. Tu [26]. From the cross-sectional TEM images of CuesSn; scallops after reflowing,
the diffusion channels, which serve as rapid diffusion paths for Cu atoms to diffuse into the molten
solder for the reaction, were identified between the scalloped CugSns [26]. The observed channels
can be regarded as the direct proof that reveals the growth mechanism of CugSn;s in reflowing. But,
J. Gorlich also argued that those channels can also be interpreted as ordinary grain boundaries
separating two grains of CugSns[27].

In contrast, the existence of interfacial CusSn layer in solder joint after reflowing remains
controversial. The Cus3Sn layer was reported to be a thin layer with the thickness of about 100 nm or
discontinuous scallops on Cu substrate after reflowing [22, 28]. But, other researchers also reported
that CuzSn phase was absent in the SEM images of interfacial IMC layers in solder joints after
reflowing [29-31].

For solder joints containing Ag, such as Sn3.0Ag0.5Cu solder/Cu solder joints, the precipitate
of AgsSn particles during the cooling is also worth of notice [32]. Nano-Ags;Sn particles were
observed on the surfaces of the CugSns grains after reflowing, and the size of the particles
increased with higher soldering temperature, longer reflowing time and lower cooling rate [33-38].
Ochoa et al. reported that at very fast cooling rate (24°C/s), a combination of Sn dendrites and a
eutectic mixture that consisted of a fine dispersion of Ags;Sn particles in Sn matrix was formed, but
at slower cooling rates (0.1°C/s) a completely eutectic microstructure was formed with the Ag;Sn
forming in needle-like form [39-41]. If the precipitated AgsSn particles congregate along the Sn grain
boundaries or the interfacial CusSn;s layer, they can serve as the crack initiation sites under exerted

loads, which can lead to decrease in mechanical strength of the solder joint [32].

2.1.2 Planar Growth of IMC layers

2.1.2.1 The correlation between the growth of IMC layers and aging duration
In the service of electronic devices, the solder interconnects are normally exposed to elevated

temperature, which can promote the planar growth of interfacial IMC layers [42]. In order to



investigate the growth of interfacial IMC layers in experiments, solder joints are normally stored at
high temperature, such as temperatures above 100°C, to accelerate the growth of interfacial IMC
layers. The cross section of the solder joints can then be exposed and etched for the measurement
of the thickness of IMC layer after progressively prolonged aging. The correlation between the
thickness of interfacial IMC layers and aging durations is often reported to follow parabolic law [43,
44]

H=/,+Kx\t (2.1)

where H is the thickness of interfacial IMC layers after aging; hy is the initial thickness of interfacial
IMC layers before aging; K is the diffusion coefficient; t is aging durations. The diffusion coefficient K

is the slope of the H-t"?

curve, which can be derived by curve fitting. K is also involved in the
Arrhenius equation, which is correlated with the activation energy of the growth of interfacial IMC
layers [45]

K = Aexp(— E/RT) (2.2)
where A is the temperature-independent pre-exponential factor; E is the activation energy of the
growth of interfacial IMC layers; R is the ideal gas constant; T is the absolute temperature. This
equation can be utilised to derive the activation energy of the growth of interfacial IMC layers in

aging.

2.1.2.2 Growth mechanisms of interfacial IMC layers
During the growth and ripening of interfacial IMC layers at the Sn-based solder/Cu interface in

aging, Cu and Sn are the two diffusion elements involved in the interdiffusion. The comparison of
the diffusion rates of Cu and Sn is one of the fundamental issues for the understanding of the
growth mechanism of interfacial CugSns; and CusSn layers in aging. If Cu is the dominant diffusion
element, the growth of interfacial CugSns and CusSn layers will mainly rely on the reaction between
Cu and Sn at the solder/CugSn; interface and CugSns/CuzSn interface respectively, leading to the
movement of solder/CugsSns and CusSns/CusSn interfaces towards the solder. Meanwhile, due to
the diffusion and consumption of Cu, the CusSn/Cu interface will move towards the Cu side. In
contrast, if Sn atoms diffuse faster than Cu atoms during aging, the thickening of interfacial IMC
layers will primarily depend on the motion of Cu3Sn/Cu and CueSns/CusSn interfaces towards the
Cu. But the solder/CugSn; interface can still move towards solder, since the solder is consumed by
the solid-state reactions.

However, in literatures, the dominant diffusion species in Sn/Cu solder joint during aging still
remains controversial. K. N. Tu et al. used porous W thin film as diffusion markers to determine the
dominant diffusing species in bimetallic thin Sn/Cu films after aging above 100°C. It was found that
Cu was the dominant diffusing species based on the motion of the marker [46]. The Kirkendall voids
formed within interfacial Cu3Sn layer were also interpreted as a type of diffusion marker to analyse
the relative fluxes of Cu and Sn by Z. Kejun et al.. The reasoning was that an existing void at the
CusSn/Cu interface would remain there if Cu were the only diffusing species. On the other hand, the
void would be displaced into the interfacial Cus;Sn layer when some of the Sn atoms diffused to the

CusSn/Cu interface to react with the Cu behind the void. It was observed that most of the voids
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were near the interface while some were in the CusSn layer, so they concluded that Cu was the
dominant diffusing species in Cu3Sn layer, yet some diffusion of Sn atoms also occurred in the
interfacial CuzSn layer [47].

However, Onishi Masami reported a reverse motion direction of molybdenum markers in Sn-Cu
diffusion couples after aging at 220°C for 900 hours [48]. Similar movement of markers was also
confirmed by H.C. Bhedwar et al. in Sn-Cu diffusion couples [49]. Jiunn Chen et al. also suggested
that Sn atoms were the dominant diffusion species based on the first-principles calculations [50].
Hence, it is also reasonable to argue that the diffusion of Sn is much faster than that of Cu in aging.
This appears to contradict the above conclusion that Cu is the dominant diffusion species, which
could be primarily attributed to the different temperatures in literatures. According to equation (2.2)
in section 2.1.2.1, the diffusion coefficient primarily depends on the aging temperature, which
means that atoms can diffuse faster under higher temperature. Onishi Masami’'s work was carried
out at 220°C [48], which is significantly higher than the temperature in the work reported by K. N. Tu
et al. [46]. The increase in temperature can possibly raise the mobility of Sn atoms much more in
comparison to the movement of Cu atoms, since 220°C is close to the melting point of Sn. This can
result in changes in the dominant diffusion elements at low and high temperatures in Cu-Sn
diffusion couple.

The dominant diffusion element in Sn-Cu diffusion couple primarily governs the growth direction
of interfacial IMC layers. Because the dominant diffusion element remains controversial as
discussed above, for simplicity, Cu is assumed to be the dominant diffusion species in the
interdiffusion between Sn-based solder and Cu in the following discussions in chapter 2.

During aging, the growth of interfacial CusSn; layer relies on the diffusion of Sn and Cu atoms
and the followed solid-state reaction, 6Cu+5Sn— CusSns;. The adjacent solder matrix can serve as
the source of Sn atoms for the reaction, thus Cu atoms need to diffuse through the existed IMC
layer to react with Sn atoms near the CusSns/solder interface. So the solder/CugSns interface
generally moves towards the solder due to the consumption of solder [47, 51].

For the growth of interfacial Cu3;Sn layer, two solid-state reactions can contribute to its
thickening, 3Cu+Sn—Cu3Sn and CugSns;+9Cu—5CusSn [51]. For the first reaction, Sn atoms
diffuse to the Cu3Sn/Cu interface to react with Cu atoms, thus the CusSn layer grows. Hence, the
CusSn/Cu interface retracts during the growth of interfacial CusSn layer [52].

For the reaction CugSns+9Cu—5Cu3Sn, it involves the decomposition of CusSns, which
happens after the Cu atoms arrive at the interface of Cu3Sn/CusSns by diffusion through the grain
boundaries of the CusSn [44]. Because of the consumption of Cu atoms by this reaction, the
amount of Cu atoms that can diffuse to the CusSns/solder interface is greatly reduced, limiting the
growth of CugSns on the solder side. As the result, CuzSn grows rapidly with temperature and time
by consuming CusSn; at the interface of Cu3Sn/CusSns, which makes the Cu3;Sn/CusSn;s interface
towards the CusSns [53, 54].

2.1.2.3 Morphological evolution in aging
During the growth of interfacial CugSns and Cu3Sn layers, the morphology of CuesSns layer

evolves from dendritic to layer-type after prolonged aging, while the interfacial Cu3Sn layer remains
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layer-type. There are generally two mechanisms that possibly contribute to the morphological
evolution of interfacial CugSn; layer, variation in diffusion distance [54] and curvature effect [55].

The evolution of interfacial CugSn; layer fundamentally relies on the interdiffusion and reactions
between Sn and Cu atoms in aging. It is assumed that Cu atoms can diffuse through the thin Cu3Sn
layer quickly, but it takes a longer time for them to diffuse through the interfacial CugSns layer
because of the longer diffusion distance [47]. The diffusion distance within the interfacial CugSns
layer further varies with the locations at the peaks and valleys of the CugSn; scallops, longer at the
peaks and shorter at the valleys. Consequently, it can be expected that the CusSns grows faster at
the valleys than the growth at the peaks. As a result, CusSn; layer is flattened after extended aging
[54].

Curvature effect can also contribute to the morphological evolution of the interfacial CugSns
layer in aging. Different curvature rates at the peaks and the valleys can lead to concentration
gradient of Cu atoms between them. Hence, the Cu atoms move from the peaks where the
concentration is higher to the valleys with lower concentration, hindering the growth of CugSn; layer
at the peaks and accelerating the growth at the valleys [55]. Consequently, the entire CugSn; layer
becomes layer-type.

After the morphological transition of the interfacial CuszSns layer, the layer generally keeps

growing as a layer with relatively more even thickness.

2.1.3 Perpendicular growth of IMCs
The interfacial IMC layer which grows along the interdiffusion direction between the solder and

the substrate was extensively studied. Moreover, due to the interdiffusion in aging, the IMCs could
also protrude out of the surface of solder joint, which is perpendicular to the interdiffusion direction,

as illustrated in Fig. 2.1.

Perpendicular IMCs

. —»Planar IMC layer

Cu D — Solder

Diffusion direction

Fig. 2.1 Schematic of the planar and perpendicular growth of interfacial IMCs at the Sn/Cu interface
in aging.

The protrusion of IMCs was first reported in electromigration tests, in which a line of IMCs was
found protruding out of the polished sample surface after current stressing [56]. But no further
details were provided. A more detailed work on the protrusion of IMCs in SnBi/Cu solder joints was
reported by P. J. Shang et al. [57]. It was suggested that the protrusion of IMCs at the
solder/substrate interface can be divided into two stages. In the initial stage of aging, the height of
IMC layer on the Cu surface increased very fast, and CusSns was the dominant phase in the

protruded IMCs. Furthermore, the IMC on the Cu surface grew faster and thicker than the planar
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growth of interfacial IMC layers in the bulk solder joint at the initial stage of aging. With the
extension of aging duration, the growth rate of IMCs on the Cu surface was very slow, even slower
than that in the bulk solder joint. The main event happened in the second stage was the Cu3;Sn
phase started growing by the consumption of CugSns phase [57]. During the aging, the protrusion of
IMCs was believed to be resulted by the compressive stress at the solder/substrate interface in
solder joints [56, 58].

2.2 Mechanical properties of interfacial IMC layers
The excessively thick interfacial IMC layers are often attributed to be one of the major causes

that deteriorate the mechanical reliability of solder joints [59]. Furthermore, in solid-liquid inter
diffusion (SLID) bonding for die attach in high-temperature applications, the interconnect mainly
consists of IMCs [60-64]. Therefore, extensive researches have been reported regarding the
characterisation of the mechanical properties of the interfacial IMC layers.

Due to the micro thickness of interfacial IMC layers at the solder/substrate interface, it is
challenging to carry out comprehensive experimental studies on the interfacial IMCs in solder joints.
Numerical calculation was therefore utilised to evaluate the moduli of common IMCs, such as AgsSn,
CueSns and CusSn listed in Table 2.2 [65-67]. Among the listed three IMCs, both AgzSn and CusSn

were reported with notable anisotropy based on the calculation [65, 67].

Table 2.2 Summary of the elastic properties of AgsSn, CugSns and CusSn based on calculation [65-

67].
Shear Young's
Bulk modulus ] ) )
modulus modulus Poisson’s ratio  Anisotropy
(GPa)
(GPa) (GPa)
AgsSn 28.6 84 77 0.347 Yes
Not
CueSns 46 95 119 0.29 )
mentioned
CuzSn 56 132 147 0.315 Yes

However, the mechanical properties of IMCs listed in Table 2.2 are based on ideal crystal
structures, which are probably violated in the interfacial IMC layers in real solder joints as they
normally contain numerous defects. Therefore, experimental investigation on the mechanical
properties of interfacial IMC layers at the solder/substrate interface is still the focus of studies.

Given the micro thickness of interfacial IMC layers in solder joints, the positioning accuracy and
the materials involved in the mechanical tests should be in micro scale, which is beyond the
capability of traditional tensile and shear test rigs. In order to conduct tests on interfacial IMC layers,
both casting and extended annealing above the liquidus temperature were employed to prepare
IMCs with large volume, so that ordinary test methods can be applied in macro scale [70]. But, the
microstructure of casted IMCs could be significantly different from the microstructure of interfacial
IMC layers that produced by solid-state reactions at solder/substrate interface during aging. This

can limit the applicability of the obtained results.
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Table 2.3 Young’s moduli and hardnesses of various IMCs.

Reduced
Materials Specimens Hardness (GPa) Modulus, E (GPa) References
E.(GPa)
Sn-3.5Ag/Cu 6.1+0.5 12346 12547 [20]
Sn-37Pb/Cu 5.6+0.4 1164 116%4 [20]
CugShg

Bulk 6.3+0.3 114+1 11542 [20]

Sn-3.8Ag—
5.7+0.5 - 97+3 [68]

0.7Cu/Cu
LS Sn-3.5Ag/Cu 5.7+0.6 13245 13646 [20]
usSn
: Bulk 5.7+0.3 12046 12246 [20]
NS Sn-3.5Ag/Ni 8.1+0.6 14048 14349 [20]
i3Sn

s Sn-37Pb/Ni 8.9+0.6 13616 13817 [20]

Sn—-3.8Ag—
) 7+1 - 16045 [68]

0.7Cu/Ni-Au

Cu-Ni-Sn IMC 95.5Sn— 20746 (0 h); 165
3.8Ag-0.7Cu - - + 3(260h); [69]
/ENIG 146 + 3(500h)

Therefore, nanoindentation platforms, which are normally equipped with nano indenters and
precise positioning system, are extensively used in evaluating the Young’s modulus and hardness
of interfacial IMC layers in solder joints, such as CugSns, CuzSn and NisSn, [20, 71]. The tests were
normally implemented on the interfacial IMC layers exposed by grinding and polishing the solder
joints after aging. Table 2.3 lists the mechanical properties of IMCs in solder joints obtained by
nanoindentation tests [20, 68, 69].

The anisotropy of interfacial IMC layers in solder joint has also been investigated by
characterizing the Young’s modulus along specific directions with nanoindentation. Soud Farhan
Choudhury et al. utilized the combination of nanoindentation and SEM-EBSD imaging to investigate
the effect of crystallographic orientation on the mechanical properties of CugSns. The results
indicated that the hardness of CugSns grains with different orientation along and normal to the
growth axis was statistically indistinguishable [72]. Ping-Feng Yang et al. also performed
nanoindentation tests along the directions lateral and perpendicular to the IMC layers. The Young’s
modulus and hardness from the tests are listed in Table 2.4. It shows minimal difference between
the Young's moduli and hardness of CugSns, CuzSn and NisSn, from the tests in two perpendicular

directions. This implies that these polycrystalline IMC aggregates are rather isotropic [71].
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Table 2.4 Young's moduli and hardness of CugSns, CuzSn, and NizSn, IMCs from nanoindentation
tests along two perpendicular directions [71].

IMC Young’s modulus (GPa) Hardness (GPa)

CugSHs 117 £ 2 (perpendicular) 6.4 = 0.2 (perpendicular)
119 £ 2 (lateral) 6.5 + 0.1 (lateral)

CusSn 133 £ 4 (perpendicular) 6.3 = 0.2 (perpendicular)
132 + 4 (lateral) 6.3 + 0.1 (lateral)

NI, 141 + 4 (perpendicular) 6.3 + 0.2 (perpendicular)
140 + 4 (lateral) 6.3 + 0.2 (lateral)

From the Young’s moduli of CugSns and CusSn listed in Table 2.2, Table 2.3 and Table 2.4, it
can be found that the calculated Young's moduli of IMCs are close to the corresponding
experimental values obtained by nanoindentation. Furthermore, the Young’s moduli of CugSns,
CusSn, and NisSn, listed in Table 2.4 also agree well with the corresponding values in Table 2.3.
But there is a slight variation in the hardnesses of CusSn and NizSn, in the two tables due to
potential differences in sample preparation and specific instruments for the tests in these two works.

Though the measured Young’s modulus and hardness of interfacial IMCs can promote the
understanding of the influence of interfacial IMC layers on the fracture of solder joints, only a few
papers focused on fracture tests which specifically targeted the interfacial IMC layers in solder joint.

(b) Nanoindenter

7

(a) Flat indenter

I/

Fig. 2.2 Schematics of the test methodologies for the (a) compression tests [19] and (b) shear tests

[74] on CueSnhs at the solder/substrate interface by nanoindentation tests.

L. Jiang et al. milled micro CugSns pillars in a thick interfacial CugSns layer by FIB. The micro
CueSns pillars were then tested by compression load with nanoindentation test platform, as
illustrated in Fig. 2.2 a). It was found that the compression strength of CugSns was about 1.36 GPa
and the strain to failure was approximately 1.37% [73]. Furthermore, the effect of grain orientation
on the compression strength of CusSns was also studied. The pillars oriented along the c-axis was
found to have higher fracture strength (1724 + 242 MPa) than those machined normal to the growth
axis (1356 + 64 MPa) [19].

The shear strength of CugSns in solder joints was investigated by nanoindentation tests on the

interfacial CugSns layer revealed by extended etching (Fig. 2.2 b). The CugSns dendrites were then
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fractured by shear force applied with the nano indenter. The shear fracture strength of CusSns was
estimated to be about 670 MPa [74].

Both the shear test and compression test on CugSns showed that the applied load increased
linearly with the displacement of the nano indenter during the mechanical tests [19, 73, 74], which

indicates that the CugSns remains elastic before its fracture.

2.3 Volume shrinkage induced by the growth of IMCs

During aging, the interfacial IMC layers are produced by solid-state reactions between solder
and pad metallization. The densities of the materials involved in the solid-state reactions in Sn-
based solder/Cu solder joints are listed in Table 2.5. During the reactions, the densities increased
from the reagents (i.e. Sn and Cu) to the products (i.e. CugSns and Cus3Sn) in the phase
transformation. It can be deduced that the growth of IMCs in aging is accompanied by the decrease

in total volume as the total mass in the reactions remains the same.

Table 2.5 Densities and relative atomic masses of reagents (Sn and Cu) and products (CugSns and
CuzSn) in solid-state reactions [16, 75-77].

Materials Sn CugSns CusSn Cu
Density (g.cm™) 7.29 8.28 11.33 8.93
Relative atomic mass 118.7 974.5 309.2 63.5

Based on the available data on the densities and atomic masses, the volume shrinkage
induced by the growth of interfacial IMC layers can be deduced numerically. Table 2.6 summarizes

the calculated volume shrinkage due to the growth of IMCs in solder joints.

Table 2.6 Calculated volume shrinkage induced by the growth of NizSng, CusSns and CusSn in

aging.

Ni35n4 CugSng CusSn

Volume shrinkage 10.7% [78] 5% [79] 8.5% [79]

However, due to the tiny amount of change in volume, most of the available literatures
estimated this volume change numerically without experimental investigation. Up to date, only a few
works reported the measurement of volume shrinkage in solder joints after aging [80-82]. The
methodology in C. C. Li's work is illustrated in Fig. 2.3 [80, 81]. The Si substrate served as the
reference surface to the measurement of the height of the Ni/Sn/Ni interconnects before and after
aging at 180 °C. The selected temperature can facilitate the growth of IMCs and ensure the solder
was solid during aging. As such, the comparison of surface profiles before and after aging can
reveal the decrease in joint height induced by the growth of Ni-Sn IMCs. After aging, 7.3 %
reduction of joint height was detected in the Ni-Sn-Ni specimens due to the growth of NisSn, [80,
81].
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Si substrate

Fig. 2.3 Schematic of the design of the specimen for the direct measurement of volume

shrinkage of Ni/Sn/Ni solder joints induced by the growth of NisSn, in aging [80, 81].

In an ordinary solder joint, the volume shrinkage induced by the growth of interfacial IMC layers
is likely subject to the constraint from the attached solder and substrate, which hinders the
observable reduction in joint height. Hence, the constrained volume shrinkage induced by the
growth of IMCs can probably lead to the build-up of residual stress within solder joints during aging
[79, 83, 84]. The resultant stress within the solder joint can further contribute to the growth of Sn
whisker [85-88] in solder joints. If the volume shrinkage cannot be compensated by microstructural
evolution, it will ultimately result in void formation within the interfacial IMC layers at solder/pad
interface [89]. This could be ascribed to be one of the main causes that lead to the void formation in
solder joints [54, 90], apart from the Kirkendall voids in the interfacial CuzSn layer after aging [47].

The build-up of residual stress and the formation of voids could further facilitate the crack
initiation and propagation in interfacial IMC layers under external loads, which deteriorates the
mechanical reliability of solder joints [91-93]. Furthermore, if the growth of interfacial IMC layers is
accelerated by exterior loads, such as current stressing and thermal cycling, the tensile stress
induced by growth of IMCs can become the most significant driving force for crack coalescence
during the tests [94-96].

2.4 Measurement of residual stress in solder joints
Residual stresses are those stresses retained within a body when no external force is acting. It

is likely caused by misfits between different regions of the material, components or assembly [97].
Generally, the residual stress can be divided into three types according to the scale of its effect:
type | which varies continuously over large distances, type Il (the grain scale) and type Il (the
atomic scale) [98]. The accumulation of residual stress at smaller scale can result in the stress at a
longer scale [97].

For solder joints, the residual stress could originate from the growth of interfacial IMC layers
due to the constrained volume shrinkage in aging [3] and the mismatch of thermal expansion
coefficients of different parts at elevated temperature [99]. The resultant residual stress can be
categorized as type Il. The build-up of residual stress within solder joint has been frequently
ascribed to be the direct cause that degrades the mechanical reliability of solder joints [3, 100]. But
the evolution of residual stress within solder joint has seldom been characterised experimentally.

There are various ways to estimate the residual stress in stressed materials, including
monitoring the change in curvature, hole drilling, X-ray diffraction (XRD), ultrasonic method,
magnetic method, Raman and nanoindentation tests. Table 2.7 lists the comparison between

various techniques for the measurement of residual stress. Among the listed techniques, curvature
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monitoring, ultrasonic methods, magnetic method and nanoindentation can measure the residual

stress directly, while hole drilling, XRD, and Raman fundamentally rely on the strain measurement.

Table 2.7 Summary of common techniques for the measurement of residual stress [98].

Method

Penetration

Spatial resolution

Hole drilling

Curvature monitoring

X-ray diffraction

Hard X-ray
(the X-ray with energy above
10 keV)

Ultrasonic
Magnetic

Raman

~1.2xhole diameter
0.1~0.5 of thickness

<50 pm (Al);
<5 um (Ti); <1 mm (with layer

removal);

150~50 mm (Al

>10cm

10 mm

<1pum

50 pm depth
0.05 of thickness;
no lateral resolution

1 mm laterally;
20 pm depth

20 pm lateral to incident beam;

1 mm parallel to beam

5 mm
1 mm

< 1 pm approximately

Hole drilling is based on the fact that the undisturbed regions of a stressed sample will relax
into a different shape, thereby enabling the measurement of strain for the calculation of the residual
stress [98]. For ultrasonic method, the ultrasonic speed can be changed when a material is
subjected to residual stress, which provides a measure of the stress averaged along the wave path
[101]. In stressed magnetostrictive materials, the preferred domain orientations are altered, causing
domains most nearly oriented to a tensile stress to grow (positive magnetostriction) or shrink
(negative magnetostriction). Stress induced magnetic anisotropy leads to the rotation of an induced
magnetic field away from the applied direction [98, 102]. Characteristic Raman luminescence lines
shift linearly with variations in the hydrostatic stress, which are useful because spectral shifts can be
easily and accurately measured [98]. However, these four methods have seldom been used in
studies on solder interconnects.

Curvature monitoring is a straightforward method to determine the stress level within coated
layers [103]. It is based on the possibility that the coating of new layer could lead to the residual

stress which is strong enough to bend a thin substrate. The residual stress within the coating can

d?z

= Where P is the tension stress in the film; d is

then be estimated by Stoney’s equation, P = gE

the thickness of the substrate; t is the thickness of deposited layer; z is the deflection; | is the length.
J.Y. Song et al. employed this methodology to investigate the stress evolution induced by the
reactive diffusion within deposited thin Sn/Cu films after aging [104]. It was found the initial tension
stress within the film evolved to compression stress after prolonged aging.

X-ray diffraction is also widely used in the characterisation of residual stress within materials,

which is based on the measurement of the shift of a diffraction peak position recorded for a different
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Y (the angle between the normal of the sample and the normal of the diffracting plane). It is capable
to reveal the change of crystal lattice in crystalized material [105-107].

However, the evaluation of residual stress by curvature monitoring requires a thin film
specimen, which is not applicable in common solder joints. For X-ray diffraction, the high sensitivity
means that the minimal amount of specimen should be handled carefully without inducing any new
stress at the surface of the material [108]. This could also be challenging in sample preparation in
some cases. Therefore, nanoindentation was proposed as a hanometer-order local stress-analysis
technique. In particular, nanoindentation has been widely applied in characterizing the basic
mechanical properties of thin films, such as the Young’s Modulus, hardness [109, 110].

Many works have been reported to correlate the nanoindentation results with the residual
stress in tested specimens. T. Y. Tsui et al. correlated the measured contact area of indents with
the applied stress in the specimen [111]. Yun-Hee Lee et al. studied the effect of residual stress on
the nanoindentation curve to understand the effect of residual stress on the nanoindentation data
[112]. Zhi-Hui Xu et al. found that both the AJ/Aq (the ratio of the real contact area A; to the
geometrical area Ag) and the he/hma (he is the elastic recovery, and hpya is the maximum
penetration depth) followed a linear relationship with the o/oy ratio (equi-biaxial residual stress),
which may be used for the determination of the residual stress [113].S. Suresh proposed a
theoretical analysis to elucidate the effect of stress on the shape variation of the indentation curves
[114],

For tensile residual stress

o, = H(1 — A,/4) (2.3)

For compressive stress
o, = H(1 = Ay/A)f (2.4)
where A and Aq are the contact area of nano indents with and without residual stress, respectively;
H is the hardness of the material; f=sina is a geometric factor, where a is the indentation angle of an
indenter. The theory relies on the fact that the residual stress within the specimen can alter the
maximum force of the specimen in nanoindentation tests.

Based on this theory and surface profiling, the residual stress in quenched AISI 1045 steel was
evaluated by depth controlled-nanoindentation tests by Li-na Zhu et al. [115]. Yun-Hee Lee also
utilised similar methodology to evaluate the residual stresses in Diamond-like carbon (DLC)/Si and
Au/Si thin films [116].

However, as far as the author can find, there is still lack of reports on the evolution of residual
stress induced by the growth of interfacial IMC layers within solder joints after aging.
Nanoindenation could be a promising technique to characterise the stress state within solder joint,
so that the effect of microstructural evolution in aging on the reliability of solder joints can be
clarified.

2.5 Modelling on the fracture behaviour of solder joints
From the literatures, the modelling on solder joints were generally about the stress distribution

within solder joint and the life prediction of solder joints subjected to cycling load.
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The modelling on the stress distribution within the solder joint normally focused on the effect of
external loads, such as the stress state within a double-lap specimen subjected to shear tests [117].
The effect of thermal cycling on the stress within solder joint due to the mismatch of the coefficients
of thermal expansion between different parts has also been frequently reported [118, 119].

The prediction of the lifetime of solder joints under cycling load by capturing the failure of solder
joint in simulation is also the focus of modelling on solder joints. However, the initiation and
propagation of cracks in any structures have always been very complicated phenomenon. In order
to cope with this issue, two interrelated approaches were used in the past. The first approach
consists of empirical methods, which relies on experimentally measured lifetime (or cycles-to-failure)
data as a function of measurable physical quantities. The most widely used embodiment of this
approach is the “Coffin-Manson” fatigue law [120]:

AeNP=cC (2.5)
where Ag is the inelastic strain range during the load cycle; N¢ is the number of cycles to failure; b
and C are material constants measured (fitted) from fatigue tests.

This method does not address the damage mechanisms causing the failure, but focusing on
describing the failure response for particular joints if the physical quantity is within the tested range.
But, it cannot predict the fatigue failure of solder joints if the thermal-mechanical loads fall beyond
the experimentally investigated range. Moreover, its application usually requires different curves for
different loading conditions since the equation does not include any damage evolution processes.
For instance, different Coffin—-Manson equations are needed for the application in high (>1 Hz) and
low frequency (<0.01 Hz) loading [121-123]. Despite the insufficiencies of this method, the empirical
approach is still the main analytical tool for the design of solder joints [124]. However, the testing
required to implement such an approach is a bottle-neck in attempts to shorten the design cycle.

The other approach can be categorized as a mechanistic method, which emphasizes
describing the mechanical behaviours and damage evolution that lead to the final failure of solder
joints [125, 126]. Constitutive behaviours of solder joints under cycling load are normally derived
based on phenomenological [127, 128] or micromechanics-based models [129]. More recently, the
concept of continuum damage mechanics (CDM) [130, 131] has been integrated into the unified
constitutive relations of solders [132-135]. The accurate description of inelastic deformation and
damage mechanics enables the model to predict the lifetime of solder joints as long as the solder
material remains the same. However, a large number of material constants are needed to describe
the mechanical behaviour and damage evolution in application, such as more than 20 material
constants required in Frear et al's model [133, 136]. Deriving these material constants could be
challenging and costly.

These models are commonly used together with finite element modelling. The computational
cost of a sophisticated constitutive law could also be very high. It is impractical to perform full-scale
simulations of solder-connected devices under thermal-mechanical cyclic loading. The empirical
method is simple to use once the cyclic stress—humber of cycles to failure correlation are known.
However, determining these curves could be costly and time-consuming, given the large number of
cycles that need to be conducted for each type of loading.

In contrast, the mechanistic method provides potentially better understanding of the
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temperature-dependent and rate-dependent deformation and failure mechanisms of solders joint.
But, mechanistic models cannot be applied for quick assess of the life of a solder joint. The cost of
determining the numerous material constants for finite element modelling is also very high. Any
analytical tools that combine the advantages of both empirical and mechanistic models and can
hence provide quick and reasonable lifetime prediction for solder joints are of great value [137].

Furthermore, in the modelling on predicting the fatigue life of solder joints, the effect of the
growth of interfacial IMC layers is seldom taken into account. But, the low fracture toughness and
the brittleness of interfacial IMC layers [138] mean that the interfacial IMC layers can pose
significant effect on the fracture behaviour of solder joints. Moreover, the traditional sample
preparation methods, such as mounting, grinding and polishing, can probably induce a second
crack during the sample preparation, which cannot be distinguished from the original cracks
produced in the mechanical test. Alternatively, focused ion beam or broad ion beam should be
employed to reveal the crack and minimise the induced damage during sample preparation. In
comparison to the availability of ion milling instrument, finite element modelling could be a more
promising and efficient tool to study the microstructural effect on the crack initiation and propagation
within solder joints under external loads [139].

Up to date, only K.E. Yazzie reported the modelling about the effect of microstructure on the
fracture behaviour and crack propagation within solder joints. A model incorporated with interfacial
IMC layers with defects which enables the failure of interfacial IMC layers was built to study the
crack propagation path within solder joint [140]. The work reported by Simin Li et al. further
demonstrated that the associated application of Matlab and Python scripting was an efficient way to
incorporate microstructures within the commercial finite element models [141]. Therefore, it is viable
to introduce microstructural factors in the finite element to investigate the effect on the fracture

behaviour of solder joints.

2.6 Summary
From the reviewed literatures in this chapter, it can be concluded that:

1. Though the planar growth of interfacial IMC layers has been studied extensively, the
perpendicular growth of IMCs requires further investigation.

2. Many works on evaluating the Young’s modulus and hardness of interfacial IMC layers by
both numerical calculation and experiments have been reported. But, the fracture
behaviours of IMCs, which determine the fracture mechanism of solder joints under external
loads, remain seldom covered.

3. Volume shrinkage induced by the growth of interfacial IMC layers can lead to the void
formation and build-up of residual stress within interfacial IMC layers at solder/substrate
interface due to the constraint from the attached solder and substrate. Therefore, further
study should be carried out to provide more comprehensive understanding of the volume
shrinkage in the growth of interfacial IMC layers during aging.

4. The residual stress within solder joint can pose significant threat to the mechanical reliability

of solder joints, but it is scarcely covered in literatures. Nanoindentation is a promising
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approach to characterise the residual stress at the solder/Cu interface to provide better
understanding of the effect of interfacial IMC layers on the reliability of solder joints.

The understanding of crack initiation and propagation within solder joint due to the growth
of interfacial IMC layers is essential to interpret the effect of microstructure on the reliability
of solder joints. Given the difficulty in capturing the crack initiation and propagation within
solder joint in mechanical tests, modelling which incorporates the fracture of IMCs, defects
within solder joints and growth of IMCs should be implemented to understand the effect of

interfacial IMC layers on the fracture behaviour of solder joints.
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Chapter 3 Growth of interfacial intermetallic
compounds in SN99Cul/Cu solder joints in aging

3.1 Introduction
In Sn-based solder/Cu solder joints (i.e. Sn99Cu1/Cu solder joints), the opposing diffusion of

Sn and Cu atoms can lead to solid-state reactions and the growth of interfacial IMC layers (i.e.
CueSns and CusSn) at the solder/substrate interface, which has been extensively investigated [142-
146]. Since the growth of IMCs is parallel to the interdiffusion direction and covers the entire
solder/Cu interface as illustrated in Fig. 3.1, this interfacial IMC layer is named as planar IMC layer
or IMCppnar in this chapter. Moreover, the IMCs (i.e. CueSns) can also protrude out of the free
surface of solder joints in perpendicular to the diffusion direction as illustrated in Fig. 3.1 [56]. This
type of IMCs is named as perpendicular IMCs or IMCpependicuar- Unlike the extensively studied

planar IMCs, the perpendicular growth of IMCs has seldom been reported in literatures.

Perpendicular IMCs

—)-Planar IMC layer

Cu -— Solder

Diffusion direction

Fig. 3.1 The growth of IMCs in parallel and perpendicular to the interdiffusion direction.

In this chapter, the planar and perpendicular growth of IMCs in Sn99Cu1 solder/Cu solder joint
were investigated individually by specifically designed specimens, followed by the comparisons and

discussion about the differences between these two.

3.2 Planar growth of IMC layers

3.2.1 Experimental details
Proper amount of Sn99Cu1 solder was reflowed on polished Cu substrate (purity: 99.9%) to

form the solder joint for the followed experiments. During the reflowing, a thermal couple was
attached to the specimen to monitor the temperature of the specimen. The recorded reflow profile is
illustrated in Fig. 3.2 a). The six specimens were then stored in an oven at 175°C to promote the
planar growth of IMCs. After aging for every 168 hours, the specimens were taken out from the
oven, followed by grinding and polishing to reveal the cross section of the solder joint as shown in
Fig. 3.2 b). The specimens were then etched with ethanol and hydrochloric acid solution (20 vol.%
concentrated hydrochloric acid + 80 vol.% ethanol) to remove the solder matrix by chemical reaction
and thus reveal the interfacial CugSns and Cu3Sn layers. Olympus BX60M microscope was utilised

for the observation of interfacial IMCs. The thickness of the interfacial IMC layers was then
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measured by calculating the average distance between the traces that fit the boundaries of different
layers (i.e. interfacial CusSns, CusSn layers) with the software Image Pro (an image analysis
software), as illustrated in Fig. 3.3.

(a) 300

250 | Melting point: 227°C

200

Duration:

~5 minutes
150

(b)

100

Temperature (°C)

50

0
0 200 400 600 800 1000 1200 1400 1600

The revealed
cross section

Time (s)
Fig. 3.2 Preparation of specimens: (a) reflow profile; (b) the schematic of specimens for the

investigation of planar growth of IMCs.

Sn99Cu1 solder

Traces for measurement

Fig. 3.3 The measurement of the thickness of planar CugSns and CusSn layers.

3.2.2 Planar growth of interfacial IMC layers
Fig. 3.4 shows the comparison of the planar IMC layer in Sn99Cu1 solder/Cu solder joint

before aging and after aging at 175°C for 1006.5 hours. It can be observed that the interfacial IMC
layers grew significantly during aging, from about 5 um before aging to approximately 15 um after
aging for 1006.5 hours.

Furthermore, from Fig. 3.4 a), only interfacial CusSns layer can be identified at the solder/Cu
interface without any notable CuzSn layer. However, the interfacial Cu3;Sn layer was reported to be
present after extended reflowing [147-149]. The absence of the CusSn layer at the Sn99Cul
solder/Cu interface in this work could be attributed to the insufficient reflowing time for the formation
of the interfacial Cu3Sn layer before cooling [150-152]. It could also be due to the low magnification
of the used microscope and SEM that were incapable to reveal the thin interfacial CusSn layer. After
aging, the CusSns layer thickened notably and a layer of Cu3Sn was produced between the CugSns
layer and Cu substrate, as shown in Fig. 3.4 b).
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Fig. 3.4 The thickness of interfacial IMC layers at the Sn99Cu1l solder/Cu interface (a) before aging
and (b) after aging at 175°C for 1006.5 hours.

The thicknesses of the interfacial CugSns, Cu3Sn and entire IMC layers were measured with the
method explained in section 3.2.1 and plotted as a function of aging durations in Fig. 3.5. The value
of each data point in the figure is the average thickness derived from six specimens, and the error
bars indicate the standard deviation of the measurement. The linear fitting was based on the
understanding that the planar growth of interfacial IMC layers is primarily dominated by the
opposing diffusion of Sn and Cu atoms during aging, and it follows parabolic law with aging
durations [153]. The curve fitting results in Fig. 3.5 shows that the thickness of the interfacial IMC
layers increased linearly with the square root of aging durations, which can be expressed as;

Pupe = 0.27tY2 4+ 4.6, heyesns = 0.16tY/2 + 4.1 and heyss, = 0.17t1/2 (3.1)
where t is aging durations in hour, h is thickness of each layer in um. In comparison to the reported
diffusion coefficients in reference [153], the obtained value in this work is within a reasonable range.
The constants in the equation, 4.6 and 4.1, indicate the initial thickness of IMC layer before aging.
They are supposed to be the same, since only CugShs layer can be observed before aging (Fig. 3.4
a)). The minor variation between them could be attributed to the error induced by the

measurements and curve fitting.
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Fig. 3.5 The correlation between the growth of interfacial IMC layers and aging durations at 175°C.
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From Fig. 3.5, it can also be found that the growth rates of interfacial CuzSn and CugSns layers
were generally close to each other during aging. This can be attributed to two possible factors, the
higher activation energy of the growth of Cu3zSn and the possible consumption of CusSns by the
growth of CuzSn during aging. From reference [154], the activation energy of the growth of CusSn
(1.27 eV) is higher in comparison to that of the growth of CugSns (0.47 eV). This indicates the solid-
state reaction that produces Cu3Sn is less likely to happen. However, the growth of interfacial
CusSn layer at the CugSns/CusSn interface can possibly lead to the decomposition of CugSns layer
during aging [155]. The growth of interfacial CusSn layer requires the supply of both Sn and Cu
atoms by solid-state diffusion. The Cu substrate adjacent to the Cu3Sn layer can serve as the
source of Cu atoms, which can be regarded as unlimited. But the supply of Sn atoms from the
solder side is restricted by the growth of CusSn; layer, resulting in the lack of Sn atoms near the
CueSns/CusSn interface. Therefore, the CugSns layer is likely to decompose to release the Sn atoms
for the growth of Cu3Sn [155]. Consequently, the growth of Cu3Sn layer can restrain the increase in
the thickness of interfacial CusSns layer during aging. Therefore, the growth rates of CugSns and

CusSn layers are close to each other during aging.

3.2.3 Morphological evolution of planar interfacial IMC layers
Fig. 3.6 shows representative images of the interfacial IMC layers in Sn99Cu1/Cu solder joints

after aging at 175 °C for 0 hour, 168 hours, 672 hours, 840 hours and 1006.5 hours. Before aging,
only the dendritic CusSns layer can be observed at the solder/Cu interface in Fig. 3.6 a). After aging
at 175 °C for 168 hours, the interfacial CugSns layer grew and transformed to scalloped shape, and
a layer of CuzSn can be identified at the CugSns/Cu interface as shown in Fig. 3.6 b). As the aging
prolonged, the interfacial CusSnhs layer transformed to layer-type gradually, and the thickness of
interfacial CuzSn layer increased significantly with aging durations, as illustrated in Fig. 3.6 ¢), d)

and e).

()]
Sn99Cu1 solder Sn99Cu1 solder

CugSn;

£
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Fig. 3.6 Morphological evolution of the interfacial IMC layers after aging at 175°C for (a) 0 hours; (b)
168 hours; (c) 672 hours; (d) 840 hours and (e) 1006.5 hours.

The dendritic CugSns layer in Fig. 3.6 a) was formed during reflowing due to its higher

thermodynamic stability in reflowing [25]. In a molten solder/layer-type IMC system as illustrated in
Fig. 3.7, the correlation of interfacial energy between the adjacent two parts follows ogg > %O’GB =

o5, Where ogg, 0ssand g represent grain boundary energy in CugSns, interfacial energy between
solid solder and CugSns, and interfacial energy between molten solder and CugSns, respectively [25].
The inequality equation indicates that the interfacial energy of large angle grain boundaries in
interfacial CugSns layer is higher than the smaller angle grain boundaries when it is in contact with
molten solder [25]. Therefore, the dendritic CugSns layer is more thermodynamically stable than the

layer-type CugSns in reflowing, which results in the growth of dendritic CugSns layer.

Molten solder

Fig. 3.7 Different parts in molten solder/CusSns system in reflowing.
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In the followed aging, the dendritic interfacial CugSns layer transformed to layer-type as the
aging duration prolonged (Fig. 3.6 b) - €)). Two mechanisms could contribute to the morphological
transformation of interfacial CusSns layer during aging: the variation in distance and the curvature
effect.

The growth of interfacial IMC layers in Sn99Cul/Cu solder joints during aging is due to solid-
state reactions between Sn and Cu atoms in interdiffusion. Therefore, for the scalloped IMCs in Fig.
3.8 a), the diffusion distances through the peaks (D;) and valleys (D,) follow the relation D;>D,,
which results in variations in the growth rate at different locations. Consequently, the lower growth
rate at the peaks and higher growth rate at the valleys could lead to gradual flattening of interfacial
CueSns layer. After the IMC layer at the interface becomes layer-type, the diffusion distances are
close to each other (D;=D,). Hence, the growth rate of the interfacial CueSns layer is more
homogeneous at various locations.

--

Fig. 3.8 Comparison of diffusion distances at the peaks and valleys in the (a) dendritic and (b) layer-

type interfacial IMC layers in aging.

Furthermore, curvature effect could also contribute to the morphological evolution of interfacial
CueSns layer. The curvatures of CusShs dendrites vary with positions, so the Cu concentrates at the
peaks of the CusSns dendrites [156]. Due to the concentration gradient, Cu atoms would diffuse
from the peaks to the valleys [55, 157], which leads to curved region more even in the interfacial
CugSns layer at the Sn99Cul/Cu interface (Fig. 3.9 b)).

--

Fig. 3.9 Curvature effect in morphological evolution: (a) the Cu atoms move from positions with
higher curvature to those less curved; (b) the curvature of IMCs becomes more homogeneous as
the aging prolongs.
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3.3 Perpendicular growth of IMCs

3.3.1 Experimental details

3.3.1.1 Experimental procedures
In order to investigate the perpendicular growth of IMCs, a pocket with the dimensions of 15

mm x 15 mm x 2.5 mm was machined within a Cu (purity: 99.9%) sheet. Proper amount of
Sn99Cul solder was placed in the pocket and reflowed with the profile illustrated in Fig. 3.2 a). After
reflowing, the four specimens were ground and polished to ensure that the top surface across the
solder/Cu interface was in one plane. The specimen after polishing is schematically shown in Fig.
3.10. The specimens were then stored in an oven at 175°C to facilitate the growth of IMCs. After
aging for every 168 hours until 1006.5 hours, the specimens were taken out of the oven, followed by
the surface profiling across the Cu/solder interface with Zygo NewView 5000. The areas of the
scanned regions were no smaller than 1.5 mm x 1.0 mm to ensure the reliability of obtained surface
profiles. The obtained surface morphology was then converted into series of profiles for the
calculation of the average height of perpendicular IMCs in the specimen. After the measurement,
SEM was used to observe the perpendicular growth of IMCs. Focused ion beam (FIB) was also
utilized to mill the specimen across the Sn99Cul/Cu interface to reveal the perpendicular IMCs

after aging.

5 mm

Sn99Cul solder

Fig. 3.10 Schematic of specimen used for measuring the perpendicular IMCs.

3.3.1.2 Mechanism of the surface profiler
Fig. 3.11 a) shows the Zygo NewView 5000 used in this work. It is a non-destructive optical

surface profiler based on the interference of light (Fig. 3.11 b)). In the instrument, the light from the
source is split and directed onto a test surface and a reference surface respectively, which is then
reflected and recombined to form light and dark bands known as interference fringes. In the
interference fringes, each transition from light to dark represents one-half a wavelength of difference
in distance between the reference path and the test path. If the wavelength is known, it is possible
to calculate the height differences across a surface [158, 159]. With well-calibrated optical profilers,

the accuracy could reach about 1 nm [160].
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Fig. 3.11 The illustration of (a) Zygo Newview used in this work and (b) the mechanism of the

measurement.

3.3.2 Results & discussions

3.3.2.1 Experimental results
Fig. 3.12 a), c) and e) illustrate the evolution of the perpendicular IMCs on the top surface of

Sn99Cul/Cu solder joints after progressively prolonged aging. The corresponding examples of
surface profiles from the specimen are shown in Fig. 3.12 b), d) and f), which were levelled with the
profile of Cu surface to remove the angle between the specimen and the instrument in
measurement. Before aging, the surface of Sn99Cul solder joints were smooth across the
solder/Cu interface after polishing as illustrate in Fig. 3.12 a). No protrusion of perpendicular IMCs
can be observed. The scalloped grey layer at the solder/Cu interface is the planar interfacial CugSns
layer. Therefore, there is no notable peak at the solder/Cu interface in the corresponding surface
profile in Fig. 3.12 b). The height difference between the solder and Cu surface is probably due to
the higher polishing rates on the softer solder part in comparison to the polishing on Cu in the
sample preparation.

After aging at 175°C for 168 hours, a line of IMCs was observed at the Sn99Cul solder/Cu
interface on the free surface as shown in Fig. 3.12 c¢). The spike of the protrusion of IMCs can also
be identified in the corresponding surface profile in Fig. 3.12 d). The average height of the
perpendicular IMCs can be estimated as 0.5 um with the profile of the Cu surface as the reference.
As the aging extended to 1006.5 hours, the perpendicular IMCs grew significantly in both height and
width as shown in Fig. 3.12 e), which is also reflected in the surface profile in Fig. 3.12 f).
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Fig. 3.12 The growth of perpendicular IMCs: (a), (c), (e) are the SEM images of the perpendicular
IMCs after aging at 175 °C for Oh, 168 hours and 1006.5 hours and (b), (d) and (f) are the examples

of surface profiles of the corresponding specimens.

Fig. 3.13 a) shows an example of a series of surface profiles across the Sn99Cu1/Cu interface
of a specimen after aging. The peaks in the profiles represent the perpendicular IMCs on the
surface of the sample. The average height of the perpendicular IMCs can then be estimated by
calculating the average height of the peaks with the Cu surface as the reference. Because only
solid-state diffusion and reactions can contribute to the perpendicular growth of IMCs, it is
reasonable to assume that the perpendicular growth of IMCs is primarily governed by the
interdiffusion between Sn and Cu. Therefore, the average heights of perpendicular IMCs from four
specimens were plotted as a function of aging durations in Fig. 3.13 b), which can be expressed as:

y=0.11/t (3.2)
where t is the aging duration in hour, and y is the height of perpendicular IMCs in um. The excellent
compliance between the experimental data and the curve fitting result confirms that the
perpendicular growth of IMCs is dominated by solid-state diffusion [153].
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Fig. 3.13 Estimation of the heights of perpendicular IMCs: (a) an example of series of profiles
derived from the scanned area. The red line is the average profile and the grey area is the al the
surface profiles of the area; (b) the average height of perpendicular IMC versus square root of aging

durations.

FIB was also utilised to reveal the protrusion of IMCs at the solder/Cu interface, as presented in
Fig. 3.14. It is evident that the morphology of perpendicular IMCs is dendritic, which is different from
the layer-type planar IMC layer in section 3.2. Both CugSns and Cus3Sn can be found in the
perpendicular IMCs with the latter as the ‘roof. Therefore, it is reasonable to assume that the
perpendicular Cu3Sn formed before the CugSns in aging. Furthermore, it can also be found that the
Cu/Cu3Sn interface and Cu3Sn/CugSn; interface shifted towards the Cu side at the region close to

the sample surface. However, the CugsSns/solder interface at this region remains unchanged.

1
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Fig. 3.14 The perpendicular IMCs at the Sn99Cul solder/Cu interface after aging at 175°C for

1006.5 hours. The Pt on the top of the cross section was deposited before the milling with ion beam
to protect the sample beneath it during milling.
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The growth of perpendicular IMCs in solder joints was seldom studied in literatures. However,
in electromigration tests, some hillocks in solder joint was reported to be squeezed out at the anode
side due to the compressive stress induced by current stressing [56, 161-163]. During aging, the
growth of IMCs is accompanied by the volume shrinkage due to the increase of densities in solid-
state reactions, which can lead to the build-up of compressive stress at the solder/substrate
interface [104]. Therefore, it is reasonable to assume that the compressive stress within the IMC

layer in aging can also contribute to the growth of perpendicular IMCs in aging.

3.3.2.2 Morphological evolution of perpendicular IMCs
Based on the observation with SEM, the growth of perpendicular IMCs can be divided into four

stages: formation of the 1% line of IMCs, formation of the 2™ line of IMCs, contact of the two line of
IMCs and the merging of the two lines of IMCs, which are illustrated in Fig. 3.15 a)-j).

Before aging, no protruded IMCs could be observed in the specimens after polishing in Fig.
3.15 b). After aging at 175°C for one week, a line of IMC spikes formed at the Cu/Cu3Sn interface.
As the aging prolonged, a second line of perpendicular IMC grew out of the specimens, as shown in
Fig. 3.15 e) and f). A gap between these two lines of IMCs can be identified. As the perpendicular
IMCs grew both vertically and transversely with aging, the gap between the two lines of IMCs was
narrowed (Fig. 3.15 g) and h)). After aging at 175°C for six weeks, the two lines of perpendicular
IMCs merged together (Fig. 3.15 i) and j)). In some specimens, a third line of perpendicular IMCs
was identified adjacent to the merged IMCs.

During the perpendicular growth of IMCs from Fig. 3.15 c) to Fig. 3.15 j), the composition at the
top should have transformed from Cu3;Sn to CusSns due to the sequential growth. But the time of

the transition is uncertain.
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Fig. 3.15 Growth of perpendicular IMCs: (a), (c), (e), (g) and (i) illustrate the different stages of the
growth of perpendicular IMCs; (b), (d), (f) and (j) show the observed evolution of perpendicular
IMCs with SEM after aging at 175°C for 0 week, 1 week, 4 weeks, 5 weeks and 6 weeks.

3.3.2.3 Movement of Cu/Cu3Sn and Cus;Sn/CugSns interfaces
The cross section of Sn99Cu1/Cu solder joint in Fig. 3.16 illustrates that the CugSns/Cu3zSn and

Cu/Cu3Sn interfaces moved towards the Cu side in the region close to the free surface of the
Sn99Cu1/Cu solder joint while the CusSns/solder interface remains stable. The shift of these two
interfaces leads to the significant expansion of CugSns layer. Given the composition of Sn and Cu in
these two types of Cu-Sn IMCs, it can be deduced that the concentration of Sn grows remarkably

near the free surface of the solder joints.
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Fig. 3.16 Shift of the Cu3Sn/CusSns and Cu/CusSn interfaces in the region close to the surface of

Sn99Cu1/Cu solder joint. The Pt on the top was deposited to protect the sample beneath it during

milling.

In the region close to the surface, both the bulk diffusion through the CuesSns layer and the
surface diffusion on the CusSns layer can serve the supply of Sn atoms to the perpendicular growth
of IMCs during aging. However, for the region farther from the surface, Sn atoms can only move by
bulk diffusion in the CusSns layer. Therefore, the observed increase in Sn concentration near the
sample surface indicates that the surface diffusion of Sn atoms is much faster than its bulk diffusion
in the CugSns; layer.

Furthermore, the increase in the concentration of Sn near the surface of solder joints also
indicates the reduction of the fraction of Cu atoms in the same region. Since the major diffusion
mechanism for both Cu and Sn atoms is surface diffusion in this area, it can be concluded that the

surface diffusion of Sn is faster than that of Cu.

3.4 Comparisons and general discussions

3.4.1 Rate-controlling process in the growth of IMCs
In Sn99Cu1/Cu solder joints, both the planar and perpendicular growth of IMCs during aging

involved the diffusion of Sn and Cu atoms along opposing directions and the subsequent solid-state
reactions. For the discussion, D and R are used to denote the diffusion rate and the reaction rate of
Sn and Cu atoms in aging, respectively. If D >>R, the growth of IMC layer is governed by the
reaction between Sn and Cu atoms, and the thickness of the IMC layer should grow linearly with
aging durations [164]. In contrast, if R>>D, the diffusion of Cu and Sn is the process that limits the
growth of IMCs [164] and the thickness of interfacial IMC layers would increase parabolically with
aging durations. Equation (3.1) in section 3.2.2 and Equation (3.2) in section 3.3.2 demonstrate
that both the planar and perpendicular growth of IMCs in Sn99Cu1/Cu solder joints follow parabolic
law with aging durations, which indicates that they are generally diffusion-controlled processes.
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However, the growth of interfacial IMC layers may not be dominated by the same mechanism
during aging. It was reported that the growth of the CusSnhs phase could change from a reaction-
controlled process when it was thin to a diffusion-controlled process when the thickness of CugSns
layer was thick enough to make the diffusion rate lower than the reaction rate [51]. Furthermore, the
growth of interfacial CusSn layer could be dominated by both diffusion and reaction as its growth at
the Cu/CusSn and Cu3Sn/CueSn;s interfaces could be dictated by different mechanisms [165-167].

3.4.2 Formation sequence of CugSns and CusSn
At the solder/Cu interface, the planar IMC layers are normally formed during reflowing. Though

it is controversial about the existence of Cu3Sn layer in Sn based solder/Cu solder joints after
reflowing, it is generally accepted that the growth of CusSns and CuzSn is not simultaneous, and the
formation of CueSns is prior to that of Cu3Sn [168-171]. However, in perpendicular IMCs, the CusSn
is the produced first, followed by the formation of CugSns. The different formation sequences of
CugSn;s and Cu3Sn in planar and perpendicular IMCs can be attributed to the diffusion of Sn and Cu
atoms in aging.

The production of planar IMC layer in a solder joint (i.e. Sn99Cu1/Cu solder joint in this work)
relies on the reaction between liquid solder and Cu during reflowing. When the liquid solder is in
contact with solid Cu, CueSn; is generated quickly due to the comparable concentration of Sn and
Cu atoms in a localised region until it covers the entire solder/Cu interface [172]. Since the
formation of Cu3Sn layer requires a Cu-enriched region [173], CusSn layer can only be produced
until the diffusion distance of Sn atoms is long enough to significantly reduce the concentration of
Sn atoms at the CugSns/Cu interface. This can only be achieved when the thickness of interfacial
CueSn; layer exceeds a certain threshold. Therefore, the formation of Cu3Sn is after the emergence
of CugSn; in the planar IMC layer.

However, the perpendicular growth of IMCs started at the Cu3Sn/Cu interface in Sn99Cu1/Cu
solder joint, as illustrated in Fig. 3.14. It is evident that the Cu3;Sn/Cu interface is a Cu-enriched
region, which can serve as the source of Cu atoms to the perpendicular growth of IMCs. As
presented in section 3.3.2.3, the surface diffusion of Cu is slower than that of Sn in this work.
Hence, the Sn atoms need to diffuse through the entire planar CugsSns and CusSn layers to react
with the Cu atoms. In the beginning of the perpendicular growth of IMCs, the diffusion distance for
Cu atoms was negligible. The proportion of Cu was therefore much higher than that of Sn atoms,
which resulted in the growth of CuzSn phase. However, the diffusion distance for Cu atoms
increased with the growth of the perpendicular CuzSn. It can lead to the decreasing supply of Cu
atoms at the front of the perpendicular IMCs. When the diffusion distance reached a certain
threshold, the fractions of Cu and Sn atoms were in a comparable level, which resulted in the
formation of CugSns. Hence, the formation of CugSns; is after the growth of Cu3Sn in the

perpendicular growth of IMCs.
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3.4.3 Growth rates of perpendicular and planar IMCs
Equation (3.2) in section 3.3.2 reveals the parabolic correlation between the perpendicular

growth of IMCs and aging durations. Compared with Equation (3.1) for the planar growth of IMCs in
section 3.2.2, the perpendicular growth is much slower, though the surface diffusion that contribute
to the perpendicular growth is faster than that the bulk diffusion in the planar growth. This can be
ascribed to the longer diffusion distance for the diffusion of Sn and Cu atoms in the perpendicular
IMCs.

For the perpendicular growth of IMCs, the diffusion distance include the diffusion through both
planar and perpendicular IMCs, Dpependicutar=Hpianar mcs +Hpemendicutar mcs, Where Dpependicutar 1S the sum
diffusion distance of both Sn and Cu for the perpendicular growth of IMCs, Hpanar mcs is the
thickness of planar IMC layer and Hperpendicuiar imcs 18 the height of perpendicular IMCs. However, for
the growth of planar IMC layer, the diffusion distance equals the thickness of planar IMC layer,
Dpianar=Hpianar mcs, Where Dpjang, is the sum diffusion distance of both Sn and Cu for the growth of
planar IMC layer. Obviously, the height of perpendicular IMCs, Hperpendicutar ivcs, IN Dperpendicuiar ShOUI
be positive. Therefore, it is reasonable to conclude that the diffusion distance for the perpendicular

growth of IMCs (Dperpendicuiar) iS @always longer than that for the planar growth of IMCs, Dperpendicuiar >

Dplanar-

3.5 Summary
In this chapter, both the planar and perpendicular growths of CugSns and CusSn phases at the

Sn99Cu1 solder/Cu interface were investigated. From the presented results and discussions, it can
be concluded that:

1. In the planar IMC layer after reflowing, interfacial CusSns layer was observed but
CusSn layer was not visible before aging. After aging for at 175°C for about 1006.5
hours, the thickness of both CusSns and Cu3Sn layers increased significantly.

2. During the aging at 175°C, The correlation between planar growth of interfacial IMC
layer and aging durations can be expressed as hyc = 0.27tY% + 4.6, hcyesns =
0.16tY2 + 4.1 and hgyss, = 0.17t/2 | where t is aging duration in hour, and h is
thickness of each IMC layer in ym. The minor variation between the constants in the
equation, 4.6 and 4.1, is due to the error induced by the measurements and curve
ftting.

3. The morphology of planar CugSn; layer transformed from dendritic shape to layer-type
after aging at 175°C for 1006.5 hours.

4. The perpendicular growth of IMC also follows parabolic law with aging duration, which
can be expressed as y = 0.11+/t, where t is aging duration in hour and y is the height of
the perpendicular IMCs in um. The growth rate of perpendicular IMCs is much lower
than that of planar IMC layer due to longer diffusion distance.

5. The shift of Cu/CusSn and CusSn/CugSns interfaces in the region close to the sample
surface indicates that the surface diffusion of Sn atoms is much faster than its bulk

diffusion and the surface diffusion of Cu atoms.
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Both the planar and perpendicular growths of IMCs in Sn99Cu1/Cu solder joints are
diffusion-controlled processes.

In planar IMC layers, the CusSn; phase forms prior to Cu3Sn. In contrast, the CugSn;
can only start growing after the height of CusSn in perpendicular IMCs reaches a

certain threshold.
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Chapter 4 Tensile fracture behaviour of Cu-Sn
intermetallic compounds

4.1 Introduction
The integrity of solder interconnects is essential to the reliability of electronic devices in service.

The formation of a reliable solder interconnect fundamentally relies on the metallurgical reaction
between the solder and pad metallization of the substrate during reflowing. However, the produced
IMC layer can grow excessively thick in long-term service. This could pose a significant impact on
the reliability of solder joints [174-177] due to the incompatible deformation induced by the dissimilar
mechanical properties of IMC (i.e. CusSns and CusSn phases) in comparison to those of solder alloy
(i.e. Sn) and substrate (i.e. Cu) [8-10]. Hence, characterizing the mechanical properties of interfacial
IMC layers is essential to elaborate the reliability of solder interconnects in electronic devices.

Significant efforts have been made on characterizing the mechanical properties of IMC layers
at the solder/pad interface in solder joints. Various methods including casting and annealing were
often utilized to prepare IMC samples in relatively big volume to enable mechanical tests at a
macro-scale [70] due to the challenge in direct test on the micro scale of interfacial IMC layers in
solder joint [70, 178]. Numerical analysis was also employed to estimate the elastic moduli of
CugSns, CusSn and Ag;Sn [65, 66, 179]. However, nanoindentation was mostly employed to obtain
the Young’s modulus and hardness of interfacial IMC layers through indentation on the thick IMCs
layers formed at the interface of solder joints [20, 71, 180-183].

The fracture behaviour of interfacial IMC layers, which governs the failure behaviour of solder
joints and poses significant effect on the reliability of solder joints, remains seldom investigated.
Therefore, it requires further attention and examination. There have been certain investigations on
the compression and shear fracture behaviour of CugSns layer formed at the solder/Cu interface [9,
73, 74]. Given the significant contribution of interfacial CugSns and Cu3Sn layers to the failure of Sn-
based solder joints [3, 31, 184, 185], more work on the fracture behaviour of interfacial CugSns and
Cu3Sn layers is demanded to study the influence of interfacial IMC layers on the reliability of the
entire solder joint.

In this chapter, the tensile fracture behaviour of both CugSns and CuzSn in Sn99Cu1/Cu solder
joints was investigated by micro cantilever bending tests on micro CugSns and CuzSn pillars
prepared with focused ion beam (FIB) after aging. The fracture surfaces of tested CuesSns; and
Cu3Sn pillars were then analysed with SEM and EDX. EBSD was also employed to reveal the
orientations of IMCs (i.e. CugSns and CusSn phases) grains at the solder/Cu interface. The recorded
test data was then used to validate the CusSns and CusSn finite element models built with Abaqus

for the estimation of tensile fracture strength of interfacial IMCs.

4.2 Experimental and modelling details

4.2.1 Methodology
In a normal solder joint, such as Sn99Cu1/Cu solder joint, the thickness of interfacial IMC

layers is normally in micro scale. The first challenge in the study on the fracture behaviour of
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interfacial IMC layers is to expose the interfacial IMCs properly to prepare IMC specimens at the
interface.

From literatures, there are generally three different ways to expose the interfacial IMC layers in
solder joints: polishing [68], extended etching [74] and milling with FIB [73]. Polishing is often used
to reveal the entire interfacial IMC layers in solder joints from the cross section, which is for
nanoindentation test on the IMCs. However, the IMC layer cannot be used for fracture tests without
involving the adjacent materials.

The interfacial IMCs in solder joints can also be exposed by extended etching to remove the
entire solder part [74]. However, after etching, several IMC dendrites could be involved in the
mechanical test because of the lack of space between two adjacent IMC dendrites and the big size
of the tool for applying load on the IMC in mechanical tests. Furthermore, ordinary etchants are
designed to expose the CusSn; by reacting with the Sn-based solder, which are incapable to reveal
the interfacial CugSns and CusSn phases seperately. Hence, the interfacial CusSn layer beneath the

CugSnj; layer cannot be properly revealed by etching.

Solder

Interfacial IMC layer

Substrate |

Fig. 4.1 The cylindrical CugSns pillar fabricated with FIB in perpendicular to the solder/Cu interface
in reference [9, 73].

It was reported that milling with FIB is capable to machine the specimens in nano-regime [186,
187], which is good enough to reveal the interfacial CugzSns and CusSn layers individually in
Sn99Cu1/Cu solder joint. With FIB, the IMC specimens at the interface can be milled into various
geometries. Some researchers have reported their works on cylindrical CuesSn; pillars fabricated by
FIB [9, 73], as illustrated in Fig. 4.1. This design can enable the application of a nano indenter with
the size much bigger than the pillar to apply the compression load from the top of the pillar. This can
lower the requirement of the alignment precision between the indenter and the pillar in the tests.
However, because the direction of milling with FIB is perpendicular to the plane of the solder/Cu
interface, the CugSns layer needs to be removed totally prior to exposing the beneath Cu3Sn layer.
This poses significant challenge to the control of milling depth.

Therefore, in this work, the IMC pillars were designed to be parallel to the solder/Cu interface
as illustrated in Fig. 4.2 a) and b), so that both the micro CusSns and Cu3Sn pillars can be exposed

individually within the corresponding interfacial IMC layer in Sn99Cu1/Cu solder joint. In order to
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minimize the amount of material that needed to be removed by FIB, the pillars were located at a
corner of the bulk solder joint as illustrated in Fig. 4.2.

Due to the micro-scale IMC pillars within interfacial IMC layers in solder joint, the positioning
accuracy of the indenter in the mechanical tests should be high enough to target the IMC specimen.
It was demonstrated that nanoindentation is capable to target micro-scale features precisely [9, 73,
188, 189]. Therefore, nanoindentation system was employed to implement mechanical tests on
micro IMC pillars in this work. Furthermore, an indenter with a flat end was used to apply the load to
avoid the penetration of the indenter into specimens and the localised stress at the
indenter/specimen contact region during tests.

In order to evaluate the tensile fracture behaviour of micro CusSns; and Cus3Sn pillars by
nanoindentation, cantilever bending test is a promising way to fracture the prepared micro CusSns
and CusSn pillars as the maximum tensile stress is located on the top surface at the bottom of the
pillar during the cantilever bending test [190, 191]. After the tests, flexural formula can be applied to
estimate the tensile fracture strength of the tested IMC pillars. For comparison, finite element
modelling can also be employed to estimate the stress distribution in the micro CusSns and Cuz;Sn

pillars during the cantilever bending test.
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Fig. 4.2 The micro (a) CusSns and (b) CusSn pillars in parallel to the solder/Cu interface at the

corner of the solder joint; (c) A brief procedures of the work.

Therefore, the procedures of the work are illustrated in Fig. 4.2 c). The isothermal aging at
elevated temperature was to facilitate the growth of interfacial IMC layers, so that both the CugSn;
and Cu;sSn layers at the solder/Cu interface were thick enough for the milling with FIB and followed
mechanical tests. After the test, the fracture surface of CusSns and CusSn pillars were examined
with SEM and EDX to analyse the fracture mechanism. Finite element modelling was also applied

to evaluate the maximum stress within the fabricated micro IMC pillars during the tests.
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4.2.2 Experimental procedures

4.2.2.1 Experiment details
Sn99Cu1 solder was reflowed on polished Cu sheets (purity: 99.9%) in an oven. The

temperature of specimens was monitored by attaching a thermal couple to the Cu substrate. A
representative reflow profile was recorded and illustrated in Fig. 4.3. It is shown that the highest

temperature during reflowing was 270°C.
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Fig. 4.3 The reflow profile obtained with the thermal couple attached to the sample during relfowing.

The reflowed six specimens were then stored in an oven at 175°C to facilitate the growth of
interfacial IMC layers. After aging for 1132.5 hours, the six specimens were ground and polished to
reveal the interfacial IMC layers at the Sn99Cu1/Cu interface. Micro IMC (i.e. CugSns and Cu3Sn)
pillars were then fabricated within the corresponding IMC (i.e. CusSns, Cu3Sn) layer with dual-beam
FIB. The material around the fabricated pillars was also cleared to avoid any potential contact

between the rear of the indenter and the bulk material in the specimen during the mechanical tests.

Fig. 4.4 The Nano flat indenter used in the work: (a) the shape of the indenter; (b) an enlarged

image of the tip of the indenter.

The micro cantilever bending tests on the fabricated CugSns; and CuzSn pillars were then
conducted with Nanotest Platform 3. In the tests, a flat indenter with the diameter of 5 um (Fig. 4.4)
was used, so that the localized stress at the indenter/pillar contact region could be minimized.
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Before the tests, the positioning accuracy of the indentation system (the distance from the actual
indent to the target) was calibrated repeatedly until the new indent was made exactly at the
designated location without visible shift under the microscope in the instrument (Fig. 4.5). This
ensured that the positioning error was within 1 uym. In the tests, the flat indenter was located at the
free end of the pillar to apply the load, about 7.5 um away from the centre of the indenter to the
bottom of the pillar. The settings of the cantilever bending tests are listed in Table 4.1. The loading
rate 0.1 mN/s was used. The cantilever bending tests were terminated once the displacement of the
indenter exceeded the pre-set value in Table 4.1. After the tests, the fracture surface of the pillars
was examined with SEM. The composition was analysed with EDX.

Fig. 4.5 Calibration of the positioning accuracy of the nanoindentation instrument: (a) a reference

indent; (b) the new indent overlapped perfectly on the reference indent.

Table 4.1 Parameters and settings for cantilever bending tests on micro CugSns and Cu3Sn pillar

Parameters CugSng CuszSn
Termination conditions First condition First condition
Maximum Load 100 mN 50 mN
Maximum Depth 4 ym 1pum
Initial load 0.05 mN 0.05 mN
Loading rate 0.10 mN/s 0.02 mN/s
Unloading rate 0.10 mN/s 0.02 mN/s
Dwelling time at maximum load Os Os

4.2.2.2 Fabrication of micro IMC pillars
Fig. 4.6 schematically illustrates the milling with FIB. The electron beam functions as the beam

in normal SEM for observing specimens. The ion beam in FIB is for milling the specimen by
applying proper current and voltage [192]. Before the milling with FIB, the specimen must be placed
on a pre-tilted specimen stub for adjusting the angle between the place of interest in the specimen

and the ion beam. This angle should be checked again with the imaging of ion beam at low current.
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Fig. 4.6 Schematic of the milling with FIB.

The procedures for the fabrication of an IMC pillar in Sn99Cu1/Cu solder joint are illustrated in
Fig. 4.7. The specimen shown in Fig. 4.7 A) — G) were attached on an Al stub which was already
tilted about 52°, so that the optimal angle between the specimen and the ion beam could be
achieved by slight adjustment before the milling. Given the milling rate of FIB, the IMC pillars were
located at the corner of the specimen to minimize the amount of material that needed to be
removed by FIB.

During the preparation of micro IMC pillars, the milling with FIB could be generally divided into
two types: rough milling and cleaning. The major difference between these two was that the rough
milling was the machining with higher current while the cleaning was under low current. Higher
current in ion beam could elevate the milling rate significantly, but could also cause more serious
damage to the place of interest and the adjacent material in the specimen. This would leave a rough
surface after milling. The undesirable re-deposition, the phenomenon that the material removed by
the ion beam at the place of interest deposited again on the milled surface and the adjacent
regions, was also more evident when milling with higher current. In contrast, the milling with lower
current was relatively slower, but the revealed fresh surface was cleaner with less damage. And the
re-deposition was negligible at low current.

Therefore, rough milling was mainly used to create a large flat area on the wavy sample and
roughly shape the target interfacial IMC layers into an IMC pillar with a margin of about 1~2 ym. The
current applied during rough milling in this work was in the range of 2 nA-7 nA, at which the milling
rate was high enough and the damage to the specimen was also acceptable.

After the IMC pillar was generally formed at the designated location of specimen with rough
milling, the cleaning was used to: (1) adjust the location of the IMC pillars to ensure their right
locations within the designated interfacial IMC layers; (2) improve the bevel and curved edges due
to the rough milling; (3) adjust the dimensions and angle of the IMC pillars; (4) remove the re-
deposited materials on the surface of pillar during milling. The current of the ion beam during
cleaning was about 0.5 nA~1 nA, with which the quality of the cleaned surface was smooth and
satisfactory.

As the specimen was a cuboid pillar, the milling needed to be implemented from both the front
and the top of the pillar. Therefore, the specimen had to be rotated between these two directions.

The angle between the specimen and ion beam after rotation should be checked again.
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Fig. 4.7 (A)~(G) the SEM images of an IMC pillar at the Sn99Cu1l solder/Cu interface during the
preparation with FIB, (a)~(f) schematics to illustrate the direction and position of the specimen

during milling; (1)~(7) the explanations of the corresponding procesudres.

4.2.3 Numerical modelling
Modelling was also employed to analyse the stress distribution in the IMC pillar in the micro

cantilever bending test. Hence, the tensile fracture strength of the tested IMCs (i.e. CugSns, CusSn)

can be estimated from the modelling results.
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Fig. 4.8 Finite element models of micro CugSns and CuzSn pillars built in Abaqus: (a) and (c) The
regions included in the finite element models; (b) and (d) the geometry of the built models with
Abaqus. The red surfaces of the support of the IMC pillar were fixed along all the three directions.

The red surfaces of the indenter were constrained along x and y direction.

The finite element models for the tested CusShs and CusSn pillars were built with Abaqus as
shown in Fig. 4.8 a) and c). Both the micro IMC pillar and the materials around it were included in
the finite element models in Fig. 4.8 b) and d), so that the stress and deformation of the tested IMC
pillar could be simulated more accurately.

In the model, the force measured in micro cantilever bending was converted into pressure load
and applied on the top surface of the indenter to simulate the cantilever bending test. Five more
assumptions were made in the built models: (1) The taper angle of the micro CugSns pillar was
negligible in this work [73, 193]; (2) The flat end of the indenter was parallel to the surface of the
micro CugSns pillar at the beginning of the test; (3) Both the diamond indenter and the micro CugSns
pillars were elastic during the cantilever bending tests; (4) Both CugSns and CusSn were assumed
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to be isotropic in the modelling; (5) The deformation in the area excluded from the finite element
models was negligible.

The models were established through meshing into two different sizes with quadratic elements
(C3D20). The application of quadratic elements (C3D20) could provide an extra node at every edge
compared to linear element (C3D8), as illustrated in Fig. 4.9, which offers more degrees of freedom
in deformation to simulate the bending more precisely [194].

The model was then meshed into two different sizes, fine mesh (0.15 pm) in the regions around
the bottom of the micro IMC pillar (the region within the dash square in Fig. 4.10 and coarse mesh
(0.4 um) for the rest of the model, so that the total number of the elements could be minimised and

the reliability of the modelling results can be guaranteed.

(a) “ (b) “

Fig. 4.9 Comparison between (a) linear (C3D8) and (b) quadratic (C3D20) element. The black dots
denote the nodes in the element.

Region of interest

Fig. 4.10 An example of the model after meshing.

Other major parameters and setting in the modelling are listed in Table 4.2. The assignment of
materials in the finite element model was based on the SEM results. For example, the interfacial
CusSn layer was about 3 pum thick in the Sn99Cul/solder joint. The adjacent materials to the CuzSn
pillar were Cu and CugSns phase. Hence, Cu and CugSns were assigned to the regions on the left

and right of the CuzSn micro pillar accordingly.

Table 4.2 Parameters and settings in the finite element modelling

Young’s Modulus  Poisson’s Ratio Mesh size-fine Mesh size-coarse
CueSns pillar 115.5 GPa [73] 0.31[73] 0.15 um 0.5 um
CusSn pillar 134.2 GPa [195] 0.299 [16] 0.12 pm 0.4 um
Diamond indenter 1141 GPa [196] 0.07 [196] 0.5 um 0.5 um
Cu 129.8 GPa [16] 0.339 [16] 0.4 um 0.4 um
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4.3 Fracture behaviour of CugSnsg

4.3.1 Experimental results of micro cantilever bending tests
Fig. 4.11 a) shows an example of micro CueSn; pillar fabricated by FIB in this work. The size of

the pillar was 3x3x10 (LxWxH in uym). A taper angle (approximately 2°) could be observed from the
fabricated pillar, which was due to the imperfect angle between the specimen and ion beam of FIB
during milling. But the effect of the taper angle on the followed mechanical tests was negligible [73,
193].

The composition of the micro pillar was analysed by EDX and the result is shown in Fig. 4.11

b), which confirmed that the pillar is CusSns phase as expected.
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Fig. 4.11 An example of micro CugSns pillar fabricated by FIB in this work: (a) an example of the
CueSns pillar; (b) the EDX spectrum of the IMC pillar.

The fabricated micro CueSns pillars were then tested by cantilever bending tests with
Micromaterials NanoTest platform 3. Before the tests, the CusSns pillars were located at the
Sn99Cu1 solder/Cu interface at the corner of the specimens, as illustrated in Fig. 4.12 a). The
crosshair in Fig. 4.12 a) indicates the designated location of the load on the micro CusSn; pillar.
After the cantilever tests, the CusSn; pillar fractured from the bottom, as illustrated in Fig. 4.12 b).

During the cantilever bending tests, the load applied on the micro CusSns pillars and the
displacement of the indenter were recorded and plotted in Fig. 4.12 c). The load-displacement curve
from the micro cantilever bending tests can be generally divided into three stages: i) mechanical
response of CugSn; pillar; ii) the free movement of nano indenter; iii) the unloading of the indenter.
When the flat indenter was in contact with the micro CusSn; pillar in the tests, the applied load on
the CugSns pillar increased linearly with the growing deflection until its fracture. After the fracture of
the CueSn; pillar, the load from the flat indenter cannot be sustained by the fractured IMC pillar
anymore. Hence, the indenter moved forward freely without any increase in load, which is
represented by the plateau in the curve. In the movement, the rear of the indenter was in contact
with the bulk specimen again due to the overall conical shape of the indenter. Hence, the indenter
was sustained by the 2" contact between the rear surface of the indenter and the specimen.
Consequently, the movement of the indenter was stopped. Due to this 2" contact, some damage

could be introduced to the fracture surface of the micro CugSn; pillar if the indenter reached the
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fracture surface prior to its contact with the surrounding material. Finally, the system started
responding to the sudden and dramatic increase in the displacement of the indenter. And it was
then unloaded and withdrawn to the initial position to finish the cantilever bending test, which is

represented by the last stage of the curve.

IMC Solder

\

The pillar is fractured

\ 2nd stage /

Fracture of Unloading of
the pillar the indenter

20 |

15

1st stage 3 stage
1.0

Load (mN)

0.5

00 AN I, W L.
0 1 2 3 4 5 6 7

Displacement (um)

Fig. 4.12 Cantilever bending test on a micro CugSns pillar: optical images of the specimen (a) before

the test and (b) after the test; (c) the obtained load-displacement curve from the test.

Consequently, only the 1% stage of the load-displacement curves can represent the mechanical
response of the micro CugSns pillar under the applied load during the cantilever bending test.
Therefore, the 1* stage of the load-deflection curves from the three tested micro CusSns pillars are
summarized in Fig. 4.13. The fracture forces of the pillars could then be estimated to range from
2.06 mN to 2.25 mN and the corresponding deflection was within 0.45~0.5 um. Furthermore, it can
also be observed that the force applied on the micro CueSns pillars generally increased linearly with
the deflection of the pillars before the fracture, which indicates that the micro CugSns pillars

remained elastic before its fracture during the test.
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Fig. 4.13 Load-deflection curves from cantilever bending tests on three micro CugSns pillars.

The crosses at the end of the curves denote the fracture points of IMC pillars.

After the cantilever bending test, the fracture surface of the tested micro CusSns pillars was
examined by SEM. An example of the CugSns pillars after the cantilever bending test was shown in
Fig. 4.14 a). From the image, no plastic deformation can be observed in the micro CueSns pillar,
which confirms that the pillar was elastic before the fracture during the cantilever bending test. The
mark on the surface of the micro CusSns pillar was due to the contact between nanoindenter and
the pillar in the test, which indicates that the contact point was about 5 um away from the end of the
indenter to the bottom of the pillar as expected.

Fig. 4.14 b) and c) illustrate two examples of the fracture surface of CugSns pillars. The damage
at the edge of the fracture surface in Fig. 4.14 b) could be attributed to the 2" contact between the
rear of the indenter and the specimen after the fracture of the IMC pillars in the cantilever bending
tests. It is evident that Fig. 4.14 b) and c¢) demonstrate two typical fracture surfaces of the tested
CueSns pillars, which indicates two types of fracture modes. The smooth finish of bending fracture in
Fig. 4.14 b) indicates a cleavage fracture mode as reported elsewhere [197]. However, Fig. 4.14 c)
presents a typical intergranular fracture surface, which appears to be a different fracture mode. The
difference in the observed two types of fracture modes can be attributed to the number of CugSns
grains that involved at the bottom of the micro CugSns pillars, which will be discussed in details in
section 4.3.3.1. The composition of the fracture surface of the CugSns pillar was then analysed with

EDX, which shows the tested pillar was CusSns phase as designed (Fig. 4.14 d)).
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Fig. 4.14 Observation and composition analysis of the fracture surface of micro CugSns pillar
after cantilever bending test: (a) the CueSns pillar after cantilever bending test; (b) and (c) two types
of fracture surface observed from the tested micro CugSns pillars; (d) the EDX spectrum of the

fracture surface.

Fig. 4.14 b) and c) also demonstrate that the micro CugSns pillars failed from the bottom of the
pillar where the maximum tensile stress was induced during the cantilever bending tests. Therefore,
it can be assumed that the CueSns pillars were fractured by the maximum tensile stress on the top
surface at the bottom of the micro pillar, which can be estimated by flexural formula [198],

oy, = FL/(I/y) (4.1)
where F is the applied bending force; L is the distance between the bottom of the beam and the
point where the force is applied; | is the moment of inertia of the beam cross section, and y is the
vertical distance between the upper surface and the neutral plane.

For cuboid micro CugSns pillars with a rectangular cross section illustrated in Fig. 4.15, the
moment of inertia of the cross section can be calculated by I = bh3/12. Therefore, the tensile

fracture strength of CugSns pillar can be estimated to be 2.4 + 0.1 GPa.
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Fig. 4.15 Rectangular cross section of a cuboid pillar.

However, it has been understood that the flexural formula relies on the hypothesis that only the
deformation of the pillar is accounted in calculation while the deformation in the adjacent material is
excluded, which is violated in micro-scale tests [199]. Hence, modelling is recommended, which
may be more reliable for evaluating the maximum tensile stress during micro cantilever bending
tests [199-201].

4.3.2 Modelling results
From the setting of modelling in section 4.2.3, the loads in the micro cantilever bending tests

and in the modelling were the same. Therefore, it is possible to validate the built finite element
models by comparing the deflections of the pillars from experiments and the deflection from
modelling. The accordance between the modelling and experimental load-deflection curves can
then determine whether the stress distribution in the finite element model fits the corresponding
experimental result. Fig. 4.16 illustrates an example of the comparison between load-deflection
curves from experimental test and the modelling, which demonstrates excellent accordance
between the two curves. The modelling was based on two fundamental assumptions that the micro
CueSns pillar was isotropic and the indenter was perpendicular to the pillar before the mechanical
test. Hence, the good agreement between the experimental and modelling curves indicates an
approximately ideal angle between the indenter and the pillar in the mechanical tests. But, the
assumption of an isotropic pillar in modelling was probably violated in experiments due to the limited
number of CugSns grains in the micro pillar, which cannot be reasonably solved because of the lack
of anisotropic data of CusSns phase.

Therefore, the tensile fracture strength of CugSns, which is the maximum tensile stress in the
micro CugSns pillar in cantilever bending test, can be estimated by extracting the tensile stress on

the top surface at the bottom of the pillar in the finite element model.
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Fig. 4.16 An example of the comparison of load-deflection curves from experiment and
modelling.

Due to the sharp corners at the CueSns pillar/support interface as shown in Fig. 4.17, the
tensile stress at these two regions were found to increase continuously with refined mesh, which is
named as stress singularity regions in modelling [202]. The convergence of the stress within the
stress singularity region requires additional fillets with the minimum diameter of approximately 2 um,
which is not reasonable to the actual micro CusSns pillar. However, the effect of stress singularity is
limited within a small range (Fig. 4.17), leaving the stress in the middle of the IMC pillar independent
of the mesh size (the red line in Fig. 4.17). Hence, the tensile strength of CusSns was derived from
the middle of the pillar, which can provide a more reliable estimation. The results are listed in Table

4.3. The average tensile fracture strength of CusSns was evaluated to be 1.3 + 0.1 GPa, and the
corresponding fracture strain is about 0.011.
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Fig. 4.17 The selected region where the stress is independent of mesh size for the evaluation

of tensile fracture strength of CugSns.
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Table 4.3 The tensile fracture strength of CusSns based on modelling.

Tensile fracture strength (GPa)

Pillar 1 1.4 GPa
Pillar 2 1.2 GPa
Pillar 3 1.3 GPa
Average 1.3+0.1 GPa

It is found that the tensile fracture strength of CusSns from modelling (1.3 £ 0.1 GPa) is
significantly lower than the fracture strength calculated with flexural formula (2.4 + 0.1 GPa). The
difference can be attributed to the assumption in the flexural formula that the tested pillar is

attached to an ideally rigid support, which will be discussed in detail in section 4.5.1.

4.3.3 Discussion

4.3.3.1 Tensile fracture modes of CugSns
Two fracture mechanisms were identified from the fractured surfaces of CugSns pillar in Fig.

4.14, which could be attributed to the number of grains involved at the bottom of the pillar. Fig. 4.18
is an EBSD image across the Sn99Cul/Cu interface after aging at 175 °C for 1132.5 hours. It is
shown that the size of CusSns grains that initially formed in reflowing increased to about 10 um after
aging for 1132.5 hours, while the size of the grains that emerged in aging process was

approximately 2 um.

| sngocuf
solder

Fig. 4.18 The Cu¢Sns grains at the solder/Cu interface in Sn99Cul/Cu solder joint after aging at
175 °C for 1132.5 hours: (a) the region on the specimen for the scanning with EBSD; (b) grain

orientations of CugSns grains at the interface.
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Therefore, the bottom of a micro CusSns pillar could be within a single big CusSns grain or
across several CugSns small grains, as illustrated in Fig. 4.19. For the former case, the micro
CugSns pillar will fracture along a crystalline plane close to the bottom of the micro pillar in the
cantilever bending test, which is cleavage fracture. If several CusSns grains are involved at the
bottom of a CugSns pillar, the crack will preferentially propagate along the grain boundaries that are
adjacent to the bottom of the pillar where the weakest adhesion is located in comparison to the
strength within grains, leading to the intergranular fracture. Therefore, both cleavage and
intergranular fracture were observed from the fracture surface of the tested micro CugSns pillars.

CuzSn Sn99Cu1 solder
The bottom of the
CugSn; pillar
Damage by the rear
of the indenter
:
CugSn; pillar -
7
/
Oy
\
>
» T
The top of the T
CugSn; pillar
Fracture surface of
the CugSn; pillar
. : S pm
18¥micro CugSn; pillar
(c)
Cu,;Sn Sn99Cu1 solder

The bottom of
the CugSn; pillar

Fracture surface of
CugSn; pillar

CugSn; pillar

The top of the
CugSn; pillar

Fig. 4.19 Two different fracture modes of micro CueSns pillars after cantilever bending test; (a)
and (c) illustrate the two possible locations of the bottom of micro CugSns pillar in the CugSns layer;
(b) and (d) are the SEM images of the two corresponding fracture surfaces after cantilever bending

tests.
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4.3.3.2 Tensile fracture strength of CugSns
From the analysis based on experimental and modelling results, the tensile fracture strength of

CueSns can be estimated to be about 1.3 GPa which is comparable to the reported compression
strength of CueSns in solder joint (approximately 1.36 GPa) [73]. However, it is generally believed
that the tensile strength of a material is supposed to be significantly lower than its compression
strength, which does not fit the comparison here. This can be primarily ascribed to the
underestimation of compression strength of CugSns in the literature.

The compression strength of CusSns was characterised by the nanoindentation test on
cylindrical micro CugSns pillars with flat indenter in reference [73]. Ideally, a precise measurement of
the compression strength of CugSns could be achieved if the surface of the indenter is parallel to the
top surface of the fabricated micro CusSns pillars during the compression test (Fig. 4.20 a)).
However, there was always an angle between the end of the indenter and the pillar in actual
experiments, as illustrated in Fig. 4.20 b). This would inevitably lead to stress concentration at the
indenter/CueSns pillar contact region. When the load applied on the micro CueSns pillars increased,
the localised stress can easily lead to the fracture of CugSns pillar due to the limited contact region.
The compression strength of CugSns was then estimated by dividing the force at the first fracture of
CueSns pillar by the nominal area [73]. This could lead to serious underestimation of the fracture
strength, because the actual contact area between the indenter and micro CugSns pillar was far less

than the nominal area due to the angle.

(@) (b)

Indenter

Cylindrical

Cylindrical
CUGSn5
micro pillar

CugSng
micro pillar

Fig. 4.20 The compression test on micro CugSns pillar in reference [73]: (a) the indenter was parallel
to the top surface of the CugSns pillar in ideal case; (b) the indenter was not parallel to the top

surface of micro CugSns pillar in real case.

In contrast, characterising the tensile strength of CusSns by cantilever bending test eliminate
the potential initiation of crack induced by stress concentration at the indenter/IMC pillar contact
region. From the modelling, the stress inevitably concentrated at the indenter/CusSns pillar contact
point during the mechanical test. However, the micro CugSns pillars were fractured from the bottom

due to the maximum tensile stress on the top surface at the pillar/support interface, which was
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approximately 5 um away from the stress concentration area. Hence, it is acceptable to assume a
negligible influence of the stress concentration on the fracture behaviour of micro CugSns pillars in

the micro cantilever bending tests.

4.4 Fracture behaviour of CusSn

4.4.1 Experimental results
Fig. 4.21 illustrates an example of the micro Cus;Sn pillars fabricated with FIB according to the

procedures in section 4.2.2.2. The dimensions of the pillar were measured to be 1.5%x1.5x10 pm
(LxWxH in um). The composition of the pillar was analysed by EDX, which confirms that the micro

pillar was CusSn as expected.
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Fig. 4.21 An example of the micro CusSn pillars fabricated with FIB: (a) the dimensions of the

CusSn pillar; (b) the EDX spectrum of the fabricated pillar.

The cantilever bending tests on the micro CusSn pillars were assisted with an optical
microscope for observation. Before the cantilever bending test, the micro CusSn pillar was located
at the solder/Cu interface at the corner of the specimen, as illustrated in Fig. 4.22 a). After the test,
the micro CusSn pillar was fractured from the bottom of the pillar as designed (Fig. 4.22 b)). An
example of the load-displacement curves from the cantilever bending test is depicted in Fig. 4.22 c).
The curve generally consists of three stages: i) mechanical response of CusSn pillar; ii) free
movement of nano indenter; iii) the unloading of the indenter. The three stages were divided by the
fracture of CusSn pillar and the unloading of the indenter, as shown in Fig. 4.22 c), which is similar

to the process for micro CugSns pillar described in section 4.3.1.
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Fig. 4.22 Cantilever bending test on CusSn pillar: images of the micro CusSn pillar (a) before test, (b)

after test and (c) a representative load-displacement curve from the test.

The 1% stage of the load-displacement curve represents the mechanical response of the micro
CusSn pillar to the applied load during the cantilever bending test. Therefore, the 1* stages of the
load-displacement curves from the three tested micro CuzSn pillars were summarised and plotted
together in Fig. 4.23. The fracture force of the micro CusSn pillars was estimated as 0.64 mN~0.78
mN, and the corresponding deflections were from 0.54 um to 0.77 um. Furthermore, from Fig. 4.23,
the load applied on the CusSn micro pillars increased linearly with the deflection before the fracture
of the pillar during the micro cantilever bending tests, which indicates the micro CusSn pillars were

elastic under the applied load in the tests.
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Fig. 4.23 Load-deflection curves of the micro CusSn pillars from cantilever bending tests.
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After the cantilever bending tests, the tested micro CusSn pillars were examined with SEM, as
illustrated in Fig. 4.24 a). It shows no observable plastic deformation in the tested pillar, which
reinforces the assumption that micro Cus;Sn pillars remained elastic before its fracture based on the
load-deflection curves in Fig. 4.23.

Furthermore, it could be observed that the micro CusSn pillar was fractured from the bottom of
the pillar, which indicates that the fracture was resulted by the maximum tensile stress at the bottom
of the pillar. According to the flexural formula in equation (4.1), the maximum tensile stress at the
bottom of micro CuzSn pillars was calculated to be within 5.6~6.0 GPa. Due to the potential
overestimation of the calculation with the formula, modelling was utilised for the further evaluation of
the tensile fracture strength of the micro Cus;Sn pillars.

The fracture surface of the tested CusSn pillar is illustrated in Fig. 4.24 b). Many sub-
micrometer facets can be identified in the figure, which indicates that the crack propagated along
the CusSn grain boundaries at the bottom of the micro pillar in the test. The tensile fracture mode of
CusSn can then be categorized as intergranular fracture [203]. The composition of the fracture
surface was also analysed with EDX and the result is illustrated in Fig. 4.24 c), which proves that

the fractured pillar consisted of CusSn phase only.
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Fig. 4.24 The micro CusSn pillar after cantilever bending tests: (a) the fractured micro CusSn pillar;
(b) The enlarged view of the fracture surface of micro CusSn pillar; (c) the EDX spectrum of the

fracture surface of the test pillar.
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4.4.2 Modelling results
Due to the possible overestimation in the calculation with the flexural formula, finite element

modelling was employed for a more reliable evaluation of the maximum tensile stress on the top
surface at the bottom of the micro CuzSn pillar. The settings and boundary conditions involved in
the finite element model are listed in section 4.2.3.

The forces applied on the micro CuzSn pillars in the tests were converted to pressure load on
the indenter in the modelling to simulate the loading process of the cantilever bending tests.
Therefore, load-displacement curves can be extracted from modelling results for the comparison
with the recorded experimental curves in Fig. 4.23 to examine the validity of the modelling. Fig. 4.25
shows an example of the comparison between the modelling and experimental load-deflection
curves, which demonstrates excellent accordance between them. The variation between these two
could be attributed to the assumption in modelling that the indenter was perpendicular to the top
surface of the micro IMC pillar before the test, which might be violated in the experimental tests. It is
also worth of notice that there is an initial load before the test in the experimental curve due to the
unbalanced load sensor in the nanoindentation instrument, which was inevitable but within a

reasonable range.

Experiment
0.8 - = = Modelling

Load (mN)

0.0 . , : :

0.0 0.2 0.4 0.6
Deflection (um)

Fig. 4.25 Comparison between the load-deflection curves from the experiment and modelling.

Therefore, the tensile fracture strength of CuzSn can be evaluated by extracting the maximum
tensile stress at the bottom of the pillar in the model as illustrated in Fig. 4.26. Due to the sharp
corners between the CusSn pillar and the support, the stress close to these two regions (illustrated
in Fig. 4.26) increased significantly with refined mesh. But the size of fillets that required eliminating
the stress singularity region cannot fit the actual features of the micro CusSn pillar. Therefore, the
tensile fracture strength was evaluated based on the average stress at the centre of the bottom of
the micro CusSn pillar (the red line in Fig. 4.26) where the stress was independent of the mesh size.
Hence, the tensile strength of CusSn were derived and listed in Table 4.4 with the average value of

2.3 £ 0.1 GPa. The corresponding average fracture strain was about 0.017 [195].
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Fig. 4.26 The stress at the selected region was independent of mesh size.

Table 4.4 Tensile fracture strength of CuzSn from modelling.

Tensile fracture strength

Pillar 1 2.4 GPa
Pillar 2 2.2 GPa
Pillar 3 2.5GPa
Average 2.3+0.1 GPa

4.4 .3 Discussions
The tensile fracture mode of CusSn was observed to be intergranular in this work, which can be

attributed to the microstructure of the interfacial CusSn layer in the Sn99Cul/Cu solder joint after
aging. Due to the limit of the spatial resolution of EBSD, the CusSn grains at the Sn99Cul solder/Cu
interface cannot be revealed clearly in Fig. 4.18 b). Therefore, the ion beam in FIB was utilised for
imaging to show the contrast of the grain orientations in the interfacial CusSn layer [204, 205]. Fig.
4.27 presents an example of the ion-beam image of micro CuszSn pillar, which shows many sub-
micrometer grains within the interfacial CusSn layer. Similar microstructure was also reported by P.
J. Shang et al. with TEM [22].

Therefore, it is reasonable to assume that the bottom of micro CuzSn consisted of many sub-
micrometer CuzSn grains after the fabrication with FIB. When the pillar was subjected to the load
applied by the indenter during cantilever bending test, the tensile stress concentrated at the bottom
of the pillar. Hence, the crack preferentially initiated and propagated along the CusSn grain
boundaries close to the bottom of CusSn pillar where the adhesion was weak. Consequently, the

intergranular fracture of CusSn pillar was observed in Fig. 4.24 b).
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Fig. 4.27 The contrast of grain orientations in the interfacial CusSn layer by the ion beam in FIB.

4.5 General discussions

4.5.1 Modelling and flexural formula
The tensile fracture strength of CugSns and CusSn evaluated by the calculation with flexural

formula and finite element modelling are listed in Table 4.5. The fracture strength calculated by
flexural formula is found to be 1.9 times and 2.5 times higher than the modelling results for CugSns
and CusSn, respectively. The lower difference in the comparison of fracture strengths from the two
different methods in CusSns pillar could be caused by the bigger size of micro CusSns pillars, since
the accuracy of the calculation with flexural formula depends on the geometry of the pillar [206].
Furthermore, the reliability of the fracture strengths derived from modelling and calculation should
be discussed. In section 4.3.2 and 4.4.2, the load-deflection curves of micro CugSns and CusSn
pillars from modelling demonstrate excellent accordance with the curves measured in experiments.
Therefore, it is reasonable to assume the fracture strength of CugSns and CusSn derived from the

modelling is more reliable.

Table 4.5 Comparison of tensile strengths of CugSns and CusSh estimated by modelling and flexural

formula
Flexural formula Modelling
CugSns 2.4+0.1 GPa 1.3+0.1 GPa
CuzSn 5.7+0.2 GPa 2.3+ 0.1GPa

For the calculation with flexural formula, the hypothesis that the support of the tested IMC
pillars is rigid without any deformation [199] could be violated in the micro cantilever bending test in

this work. The materials beneath the micro CusSns and CuzSn pillars was the same as the pillars,
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which also underwent a similar level of deformation during the cantilever bending test under applied
load. Hence, both the micro IMC pillar and the material beneath it contributed to the measured
deformation of the entire specimen. However, according to the hypothesis in flexural formula, the
support of the micro cantilever was rigid. Hence, the deformation which was in both the pillar and its
support was considered as the deformation of the IMC pillars only, as schematically illustrated in Fig.
4.28. Therefore, the deformation in the micro IMC pillar was inevitably overestimated in the
calculation with flexural formula. Consequently, it is reasonable to conclude that the tensile strength

of CugSns and CusSn estimated by modelling is more reliable in this work.
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Fig. 4.28 Schematic of the comparison between the strain distribution across the bottom of
micro CugSns pillar in finite element model with CugSns support and the model with ideally rigid

support.

4.5.2 Effects of aging on the fracture strength of solder joints
The work in this chapter demonstrates that the fracture strength of both CugSns and CusSn are

much higher than the reported fracture strength of solder joints (normally within 30~80 MPa).
Furthermore, when the interfacial IMC layers in solder joints grew excessively thick, the fracture
strength of the solder joints could further drop [100, 207], and the crack preferentially initiated and
propagated through the interfacial IMC layers rather than within the bulk solder [3, 208, 209]. This
can be attributed to the microstructural evolution in the interfacial CugSns and CusSn layers in the
solder joint during the aging. For the discussion, tensile fracture of Sn-Cu solder joints was used as
an example for the explanation.

When the solder joint is under tension, the tension stress concentrates at the solder/substrate
interface because of the necking of the solder matrix [210] and the incompatible deformation of
solder and IMCs at the solder/substrate interface due to the dissimilar mechanical properties (such
as Young’s modulus) [3, 211]. For solder joints with thin interfacial IMC layers, limited number of
CugSns grains and CuzSn grains formed along the thickness direction of the IMC layers [22, 212]. In
such case, the interfacial IMC layer is compact without much defect. Therefore, the concentrated
stress in the interfacial IMC layers is insufficient to lead to the fracture of IMC layer as the
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concentrated stress cannot reach the fracture strength of the IMCs. Therefore, the crack can only
initiate and propagate within the solder matrix which is much weaker. Consequently, the observed
fracture of solder joints is predominantly ductile fracture within solder matrix when the interfacial
IMC layer is thin [213].

In a solder joint after extended aging, many defects could be induced in the interfacial IMC
layers during its growth, such as Kirkendall voids in the interfacial CusSn layer [47, 208, 214] and
AgsSn particles on the surface of CugSns grains in Sn-Ag-based solder joints [32, 215]. Furthermore,
the growth of IMCs could also lead to the build-up of internal stress within the interfacial IMC layers
which will be demonstrated in chapter 6. This can also promote the level of the stress concentration
within the interfacial IMC layers. Hence, when the solder joint is subjected to tensile load, the
localised stress can easily exceed the fracture strength of IMCs (i.e. CugSns and CuzSn) at the
defects. Hence, the crack within the interfacial IMC layers can be initiated. Due to the lower fracture
toughness (the ability to resist an existed crack, not the fracture strength) of IMCs (i.e. CusSns and
CusSn) [138, 216], the initiated crack within the interfacial IMC layers would further propagate
through the IMC layers because of the lower resistance to crack propagation. Hence, the IMC layer
at the solder/substrate interface could be fractured by a load much lower than the fracture strength
of IMCs after long-term aging.

Consequently, it is reasonable to conclude that the decrease in the facture strength of solder

joints after aging is due to the accumulation of defects within the interfacial IMC layers.

4.6 Summary

The tensile fracture behaviours of CusSns and Cus;Sn were investigated by cantilever bending
tests on micro CugSns and CuzSn pillars fabricated with FIB after aging at 175°C for 1132.5 hours.
The fracture surfaces of the tested micro IMC pillars were examined with SEM and EDX. Both the
calculation with flexural formula and modelling were applied to evaluate the fracture strength of
CueSns and CuzSn. From the presented experimental works, modelling results and the discussions,
it can be concluded that:

1. The micro CueSns pillar remained elastic before the fracture when subjected to the applied

load during micro cantilever bending tests.
2. The tensile fracture strength of CugSns is approximately 1.3 GPa, and the fracture strain is
0.011.

3. Both transgranular and intergranular fracture were identified from the fractured surface of
micro CugSns pillars. The differences in fracture modes could be attributed to the number of
CueSns grains involved at the bottom of micro CugSns pillars.
The micro CusSn pillar was elastic until the fracture during cantilever bending test.
The tensile fracture strength of CusSn was estimated to be 2.3 GPa, and the corresponding
fracture strain is 0.017.

6. Only intergranular fracture can be identified in the fractured surface of micro CusSn pillars.
The intergranular fracture of CuzSn was resulted by the crack propagation along the grain

boundaries of the sub-micrometer CusSn grains at the bottom of the pillar.
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The calculation with flexural formula for cantilever bending test could lead to overestimation
in the fracture strength of IMCs, which can be attributed to the hypothesis that the support
of the micro pillar is rigid during cantilever bending test.

The reported decrease in the fracture strength of solder joints with the growth of interfacial
IMC layers in literatures can be primarily ascribed to the accumulation of defects within the
interfacial IMC layers in aging.
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Chapter 5 Collapse of Sn99Cul/Cu solder joints due to
iIsothermal aging

5.1 Introduction
The growth of interfacial CugSns and CusSn layers in the Sn99Cul/Cu solder joint relies on the

solid-state reactions between the solder and Cu substrate. During the reactions, the densities
increase from the reagents (i.e. Cu and Sn) to the products (i.e. CusSns and Cus;Sn), which can lead
to the volume shrinkage at the solder/Cu interface during aging.

Due to its potential correlation with the deterioration of the mechanical reliability of solder joints
after aging, the volume shrinkage is often estimated based on theoretical calculations because of
the difficulty in quantitative derivation through experimental measurements [83, 93, 94]. However,
subject to the geometry and formation of solder joints on a substrate, the volume shrinkage can also
be reflected by the reduction of joint height after aging [89]. Therefore, evaluating the collapse of
solder joint can become an applicable approach to verify the volume shrinkage resulted from the
growth of the interfacial IMC layers, thus providing further understanding on the growth of IMCs and
its potential impact on the reliability of solder joints.

In this chapter, Sn99Cul/Cu solder joints, which were purposely designed to enable precise
measurements of the dimensional change, were investigated to reveal the reduction of joint height
due to after aging. Such formed solder interconnect specimens were then stored in a vacuum oven
for aging at elevated temperature to facilitate the growth of interfacial IMC layers. After aging for
different durations, the joint heights were measured using a white light interferometer to the
accuracy of about +1 nm [160]. Dual-beam FIB was then utilised to observe the interfacial IMC
layers and the collapse of joint joints due to the aging. Following the experimental works, a
comparison between experimental results and numerical analysis was made, and the accuracy of
the measurement was further discussed.

Modelling was also employed to evaluate the potential build-up of internal stress in the solder
joints induced by the volume shrinkage. The microstructural evolution induced by the resultant
residual stress was examined by identifying the Cu grains close to the solder/Cu interface, which
were revealed by the colour of Cu oxide films during aging. Another bare Cu specimen was
machined and aged under the same conditions for the comparison with the Sn99Cul/Cu solder joint
specimens, so that possible reasons of the observed microstructural change in the solder joints

could be proposed.

5.2 Collapse of solder joints

5.2.1 Experiment procedures
To measure the small collapse of joint height, the specimens for measuring the dimensional

change of solder joints were designed as schematically shown in Fig. 5.1 a). The solder
interconnects between Cu and solder alloy were initially prepared to have straight and coplanar
transition across Cu/ solder interface prior to aging (Fig. 5.1 b)). After aging, as expected, the solder

side shrinks due to the growth of IMC layers along the bottom Cu/solder interface. In such case, the
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Cu side remained unchanged, which could be used as a reference for measuring the collapse of the
solder joints, as illustrated in Fig. 5.1 c).

As the height difference between solder and Cu could be minimal, the quantitative
characterisation of the collapse of solder joint depends on the resolution and reliability of the
measurement. As presented in chapter 3, white light interferometer is a promising instrument for the
measurement of collapse of joint height in this work due to its high accuracy. The region for the
measurement should be large enough to minimize the constraint of the vertical solder/Cu interface
perpendicular to the top surface of the specimen in aging.

5 mm

Sn99Cul solder

Decrease in joint height

Fig. 5.1 A schematic view of the test specimens (the interfacial IMC layer is exaggerated): (a) the

geometry and dimensions; (b) cross-sectional view before aging test: the Cu and solder are at the
same height; (c) cross-sectional view after aging: the solder collapses due to the further growth of

IMC layers at the interface.

In the preparation of the test samples, the 5 mm thick Cu sheet (purity: 99.9%) was firstly milled
to form the pockets as shown in Fig. 5.1 a), then a suitable amount of bulk Sn99Cu1l solder alloy
was placed onto the pocket followed by reflowing with a peak temperature of 270°C. In reflowing, a
thermal couple was attached to the specimen to monitor the change in temperature. After reflow,
the interconnect samples were ground and polished with 1 pm diamond paste to ensure Cu and
solder were in exactly the same plane, so that the Cu surface could serve as the reference of the
measurement of solder collapse (Fig. 5.1 b)). In the subsequent handling, any contact with the
polished surface was prohibited to preserve the integrity of the sample surface and the reliability of

the height difference between Cu and solder surfaces after aging.
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The polished specimens were then stored in a vacuum oven at 175°C to facilitate the growth of
the interfacial IMC layers. The pressure inside the oven was kept at approximately 3 KPa to restrain
the oxidation of the samples at elevated temperature. However, during aging, the oxidation of the
specimen cannot be eliminated due to the residual air within the oven, which was concerned in the
experiment as the thickness of Cu and Sn oxide films could exceed the measurable reduction of
joint height. Therefore, the degree of the oxidation of specimens should be properly monitored
during the aging of the Sn99Cul/Cu solder joints.

For the oxidation of solder part, the Sn oxide film was reported to be self-protective and it can
prevent the bulk solder from further oxidation once it is formed [217]. Hence, the effect of Sn oxide
on the measurement was negligible in this work. However, the Cu oxide film could grow
continuously in the Cu part of the Sn99Cu1/Cu solder joints in aging. Hence, the oxidation of the Cu
part in the specimens was monitored during aging. Because the polished sample surface should be
preserved for the measurement of reduction of joint height after aging, the evaluation of the
thickness of Cu oxide film should be non-destructive. It was suggested that the colour of Cu oxide
film was related with its thickness during aging at elevated temperature [218]. The correlation
between the colour of Cu oxide film and its thickness was further reported by H. A. Miley [219],
which is listed in Table 5.1. Therefore, the thickness of the Cu oxide films can be roughly estimated
by its colour during the aging.

Table 5.1 The colour of Cu oxide films and its corresponding thickness [219].

Colour Thickness (nm)
Dark brown 37
Red-brown 41

Purple 46

Violet 48.5

Blue 52
Silvery green 80
Yellow 94

Orange 117

Red 124

After aging for a different length of time up to 1132.5 hours, the top surfaces of specimens were
scanned across the solder/Cu boundary using Zygo Newview 5000 to measure the average height
difference between the two parts. The accuracy of the height measurement was about +1 nm [160]
and the lateral resolution of the imaging was approximately 1.2 um. To ensure a high accuracy and
consistency of the measurement, the scanned areas were selected which were larger than 1.5
mmx1.0 mm at the similar region of each specimen using same settings and parameters. After
Zygo measurements, the cross-section view across the solder/Cu boundary was prepared by FIB
as schematically illustrated in Fig. 5.1 b) and c), then observed by SEM to investigate the IMCs

formation and their effects on the dimension of the solder interconnects.
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5.2.2 Collapse of solder joints induced by growth of IMCs
Fig. 5.2 a) illustrates an example of the surface morphology data across the Sn99Cul /Cu

boundary from the measurement with Zygo. During the measurement, the sample could be slightly
tited along a random direction with an unknown angle as shown in Fig. 5.2 a). This could result in a
significant error in the calculation of the average step height between the solder part and Cu part
due to the slope. Hence, the obtained surface morphology in Fig. 5.2 a) must be levelled to
eliminate the angle of the sample surface in measurements. In the levelling, the Cu part was utilised
as the reference to the entire solder joint as the surface of bulk Cu was more stable during aging
due to much less reactions involved in aging. Fig. 5.2 b) shows the surface morphology of the
scanned area in the solder joint after levelling. It is clear that the solder part and Cu part were at

different heights after aging.

0 1000 pm
(a)o Ill'l'llpll (b) =

Solder

2.25 1

2.75 4
3 —3
3.25 +

mm
Fig. 5.2 An example of the surface morphology obtained by Zygo Newview 5000: (a) the original
data from the measurement with Zygo; (b) the surface morphology after the levelling with the Cu

surface.

In order to estimate the height difference between the solder part and Cu part in the solder joint
after aging, the surface morphology of the sample surface from the measurement with Zygo was
converted into series of height profiles. Fig. 5.3 a) shows an example of the converted surface
profiles, which consists of 640 individual profiles of the scanned region. The average surface profile
of the scanned region can then be derived for the specimen after aging, as illustrated in Fig. 5.3 b).
It shows that the solder part was lower than the Cu part in the Sn99Cul/Cu solder joint after aging.
The peaks at the solder/Cu interface in Fig. 5.3 a) and b) were the protruded perpendicular IMCs

which has been discussed in chapter 3.
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Fig. 5.3 An example of series of surface profiles derived from the measurement with Zygo; (a)
The height-distance curves of the scanned region across the Sn99Cul solder/Cu interface; (b) the

derived average surface profile of the region.

Fig. 5.4 a) shows a family of the average profiles of the same region in the same specimen
after aging at 175 °C for 0, 97.5, 630.5 and 1132.5 hours. It is evident that the aging caused an
inevitable collapse of the solder side of the joints, and the degree of the reduction of the solder
heights was a function of the aging duration. The longer the aging time the greater the height
reduction was. Based on these profiles, it is possible to estimate the change in joint height by
finding the difference in the average height between Cu and solder. This should also take an initial
approximately 0.25 pm height difference into account (Fig. 5.4 a)) which was primarily attributed to
the sample preparation. The initial height difference was constant throughout the experiment as no
contact with the polished surface was made after polishing. And it had little to do with the solid-state
reactions due to aging, so this initial difference must be subtracted from the total value of height
changes.

The final calculated results are thereby plotted in Fig. 5.4 b), showing the trend of the height
reduction as a function of aging time. Accordingly, a parabolic correlation of the change in joint
height with aging durations can be found. After aging for 1132.5 hours, the solder collapse reached
approximately 1.2 um.
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Fig. 5.4 Zygo surface profiling across the Cu/solder boundaries to evaluate the height reduction due
to the collapse of solder joints after aging: (a) A series of average surface profiles from one
specimen aged at 175°C for 0, 97.5, 630.5 and 1132.5 hours; (b) The plot of decrease in solder

height of one specimen vs aging time showing parabolic relationship.

The reduction of joint height was also observed by examining the cross sections of the samples
prepared with FIB. As schematically illustrated in Fig. 5.1 b) and c) for un-aged and aged
specimens, the solder collapse can be seen from the SEM cross-sectional views of samples before
and after aging in Fig. 5.5. For the sample without aging (Fig. 5.5 a)), no noticeable height
difference between the solder and Cu could be detected. However, after aging at 175°C for 1132
hours (Fig. 5.5 b)), the solder collapse became notable due to the decrease of the height of the
solder joint. The reduction of joint height is approximately 1.29 um from Fig. 5.5 b).

TE

=
-4

Fig. 5.5 Cross-sectional views of Cu/Sn99Cul samples prepared by FIB: (a) before, and (b) after
aging at 175 °C for 1132.5 hours. The Pt on the top was deposited to protect the sample beneath it

during milling.

With the same data analysis procedures, the collapse of all the investigated four solder joints
was estimated and plotted in Fig. 5.6. Each mean value of the height in this figure was derived from
four specimens to ensure the reproducibility of the measurements. From Fig. 5.6, the decrease in
joint height follows a linear relation with the square root of aging durations. Based on the curve
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fitting, this linear correlation can be expressed by
Ahgyperiment = —0.031 X/t (5.1)
where t is aging duration in hour; Ah is the reduction of height in um. The negative value of Ah

indicates the decrease in joint height while a positive value means the height increases with time.
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Fig. 5.6 The average height reduction of four specimens vs aging durations at 175°C.

The measured reduction of joint height in Fig. 5.6 could be ascribed to the reactions in the
Sn99Cul/Cu solder joint during aging, including the oxidation of Cu and Sn and the solid-state
reactions between Sn and Cu. However, the oxidation of Cu and Sn was limited due to the low
oxygen pressure in the vacuum oven, so its effect on experimental results was negligible, which will
be discussed in details in section 5.2.4. Furthermore, the parabolic relation between the height
reduction of solder joint and aging duration indicates that the collapse of solder joint is very likely to
be related with solid-state diffusion and reactions between Sn and Cu in aging. Hence, it is
reasonable to assume that the measured collapse of the solder interconnects was primarily caused
by the growth of IMCs at the interface.

The growth of individual IMC layers (i.e. CugSns, CusSn), and the entire IMC layer (CueSns +
CusSn) after aging at 175°C were characterised in chapter 3. Based on the experimental data, the
growth of each IMC layer with aging time can be expressed as A;ycrota = 0-27 X V't + 4.6,
Reyssns = 0.16 X A/t + 4.1 and hcyss, = 0.17 x V/t respectively. The constants 4.6 and 4.1 in the
formulas are the thickness of the interfacial IMC layers before aging. The variation between these
two is possibly caused by the deviation in curve fitting. In order to evaluate the degree of
dimensional change in the connection with the growth of IMC layers, the ratio between the reduction
of joint height (Aheyperimeny) and the growth of IMC layer (hiuc Totw) is used to define the coefficient of
dimensional change (a = Ah/hyyc rotar)- AS Ah could be positive or negative which depends on the
increase or decrease of joint height after aging, a should also range from -1 to 1. For the

investigated specimens in this work, this coefficient can be derived experimentally as:

Xexperiment = Ahexperiment/thC Totar = —0.114 (5.2)
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The negative value of a in this work means the collapse of the joint height due to the growth of

IMC layers at the interface of Sn99Cul/Cu interconnects.

5.2.3 Comparison with numerical analysis
As can be seen, the collapse of solder joint due to aging was resulted from the growth of IMCs.

Though equation (5.1) presents a mathematical correlation between the measured reduction of joint
height and the aging durations with the given experimental conditions, the fundamental reasoning of
the parabolic relation in the equation remains unclear. This section will address the mechanism by
numerical analysis.

If the volume shrinkage coefficient is defined as g = AV /V , where V is the growth of volume of
interfacial IMC layers during aging and AV is the volume shrinkage induced by it. The following
relationship can be derived [220]

B =3a (5.3)

It is worth of mentioning that equation (5.3) is obtained based on the assumption that the
products, CusSns and CusSn are isotropic during the volume shrinkage and free of pores or defects.

The dimensional change coefficient a can thus be derived from the theoretical volume change. And
it yields Ahipeory = Mimc Totar X Atheory = gﬁ X Rye rorars Which can subsequently be compared with

the experimental results.

The ideal volume change can be calculated by the change of densities due to the conversion
from reagents (e.g. Sn, Cu) to products (e.g. CugSns, CuszSn) [104]. For the Sn99Cul/Cu solder
joints in this work, the three solid-state reactions that contribute to the volume shrinkage during
aging are: 6Cu+5Sn—CugsSns, Cu+3Sn—CusSn, 9Cu+CusSns—5CusSn [221]. Due to the thick
CueSns layer, the supply of Sn atoms at the CugSns/CusSn interface is minimal, so the possible
effect of the reaction Sn+Cu3Sn—CusSns is neglected in the discussion. Base on the values of
densities listed in Table 5.2 [16, 75-77], the theoretical volume shrinkage induced by the growth of
interfacial CugSns and CusSn layers can be estimated with the method introduced in reference [104].
For the growth of interfacial CusSns layer, the volume shrinkage induced by the reaction,
6Cu+5Sn—CusSns, can be estimated by:

AVeugsns = Veussns — (Vew + Vsn) = —0.0542V 655 (5.4)

The growth of interfacial CusSn layer involves two reactions, Cu+3Sn — CusSn and
9Cu+CusSns —~5CusSn. In the beginning of the aging, the first reaction dominated the growth of
interfacial CusSn layer when the supply of Sn atoms was sufficient. As the aging prolonged, the
thickness of interfacial CusSns layer grew continuously with time, which reduced the supply of Sn
atom in the interfacial Cus;Sn layer due to the increasing diffusion distance. Hence, the
decomposition of CugSns gradually contributed more to the growth of interfacial CusSn layer as the
aging prolonged [104]. Since the volume shrinkage induced by these two types of reactions is
different, a percentage x is introduced to denote the contribution fraction of the reaction,
9Cu+CugSns ~5CuzSn, to the growth of CusSn layer. Therefore, the volume shrinkage induced by

the growth of interfacial CusSn layer can be evaluated by:
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AVeyzsn = (1 = %) X (Veuasn — Vew + Vsn)) + % X (Vewzsn — (Vew + Veussns))
= (—0.3784 + 0.0468x)V¢yzsn (5.5)
Consequently, the overall volume shrinkage induced by the growth of interfacial CusSns and
CusSn layers can be estimated by:
AVorar = —0.0542V y65n5 — Veuzsn (0.3784 — 0.0468x) (5.6)
where AV, is the total theoretical volume change; Vcyesns and Veyss, are the produced volume of
CuegSns and CusSn during solid-state reactions; x is the contribution fraction of

9Cu+CugSns—5CusSn to the total volume of CuzSn in aging process.

Table 5.2 Densities and relative atomic masses of reagents (Sn, Cu) and products (CugSns, CuzSn)

in the reactions in the aging of Sn99Cul/Cu solder joints [16, 75-77].

Materials Sn CugSns CusSn Cu
Density (g.cm™) 7.29 8.28 11.33 8.93
Relative atomic mass 118.7 974.5 309.2 63.5

From equation (5.6), the volume change coefficients of CugSns and CusSn can be obtained,
and the values are Bcuesns = —0.0542 and Beyussn = —(0.3784 — 0.0468x), respectively. Hence, the
theoretical dimensional change coefficients can be derived from equation (5.3) for CugSns and
CusSn as dcuesns= -0.018 and acyss, = -(0.126-0.016x), respectively. As mentioned earlier, the
volume shrinkage due to the growth of interfacial IMC layers was confined between the Sn99Cul
solder and Cu substrate during aging. Therefore, it is reasonable to assume that the contraction of
IMC layers was restricted, which ultimately caused a resultant transverse tension stress, thereby
the further reduction of the solder joint height may be induced because of the Poisson’s effect. In
such case, the theoretical dimensional change coefficients can thus be deduced as:

Acussns = —0.018 x (1 + 2v;) = —0.03 and

Acuzsn = —(0.126 — 0.016x) x (14 2v,) = —0.2 + 0.026x (5.7)
where v; and v, are Poisson’s ratios of CugSns and CusSn, respectively, and their values can be
found in reference [16]. Equation (5.7) is derived based on the assumption that CugSns and CuzSn
are isotropic during volumetric shrinking. In addition, the significant difference in the dimensional
change coefficients between CugSns and CusSn in Equation (5.7) could contribute considerably to
the reported phenomenon that the voids predominantly formed in the CusSn layer rather than
CueSns layer after aging [44, 222-225].

Therefore, the theoretical estimation of the reduction of joint height induced by the growth of
interfacial CugSns and CusSn layers can then be expressed as

Ahtneory = Acussns X Reussns + Acuzsn X Reuzsn = —0.03heyssns — (0.2 = 0.026x) heyzsyn (5.8)

During the aging, the growth of interfacial CusSns and CuzSn layers in aging process follows
the linear relation with v/t and they can be expressed as hcygsns = 0.155 X v/t and hgyss, = 0.174 X
Vt, respectively, where t is the aging durations in hour, h is the thickness of IMC layer in um. By the
substitution of hcyesns @and heyssy in equation (5.8) with the measured growth of IMC layer, the

theoretical dimensional change that should be induced by the measured growth of interfacial IMC
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layers can be estimated as
Ahyneory = -(0.04-0.004x) V't (5.9)
Equation (5.9) shows a parabolic relation between the expected reduction of joint height and
aging durations, which is the theory base to the observed parabolic correlation in Fig. 5.6. Hence, in
comparison to the experimental dimensional coefficient in equation (5.2) , the theoretical

dimensional change coefficient can be derived:

Atheory = AR/Ryyc = —(0.04 — 0.004x) vt/(0.272 x \/t) = —0.147 + 0.0147x (5.10)

It can thus be concluded that the theoretical estimation of dimensional change coefficient in
equation (5.10) has a very close approximation to the dimensional change coefficient obtained
through experimental measurements within the acceptable measuring accuracy. The relatively
smaller experimental value may be attributed to the volume shrinkage that can be partially
compensated by the formation of voids within IMC layer during aging process [89], which was not
considered as a factor in the theoretical calculations. The voids generated due to volume shrinkage
as well as Kirkendall voids due to interdiffusion [226, 227] are inevitable, which can further block the
diffusion path between the solder and Cu to hinder the growth of IMC layer and cause relative less

collapse of solder joint.

5.2.4 Effect of oxidation
As discussed in section 5.2.1, the oxidation of Cu could pose some effects on the reliability of

the measurement of the collapse of solder joints after aging and the thickness of the Cu oxide film
can be estimated based on its colour. Fig. 5.7 shows the colour of the specimen after aging at
175°C for 0, 168 and 1132.5 hours. It is illustrated that the colour of the bulk Cu evolved from the
initial yellow to violet blue (Fig. 5.7 b)) and finally red after aging for 1132.5 hours (Fig. 5.7 c¢)). The
thickness of Cu oxide film after aging for 1132.5 hours can be estimated to be about 100~200 nm

according to Table 5.1.

s S
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Fig. 5.7 The colour of the Cu part in the Sn99Cul/Cu solder joints after aging at 175°C for (a) 0
hour, (b) 168 hours and (c) 1132.5 hours.

The observation of specimens with optical microscope confirmed that the oxidation of
specimens cannot be entirely eliminated. Therefore, the measurements of solder collapse should
take this into account. However, the rough estimation of the thickness of Cu oxide through its colour
cannot be used for the evaluation of the effect of oxidation on the accuracy of the measurement due
to following reasons: (i) the potential chromatic aberration in the images of the specimens from
microscope; (ii) the deviation of subjective interpretation of the colour of the Cu oxide film; (iii) the
potential wide range of the oxide thickness for the corresponding single type of colour.

Hence, both the thickness of Cu oxide and Sn oxide films were further investigated by
sectioning the Sn99Cul solder joint across the solder/Cu interface after aging for 1132.5 hours by
FIB. The obtained cross sectional view in Fig. 5.8 shows an enlarged image of the oxide films on Cu
and solder. Both Cu,O and SnO films formed after aging in the vacuum oven and the thickness can
be estimated within a range of 0.05-0.40 um. Based on the densities of materials involved in the
conversion from the reagents (Cu and Sn) to the products (Cu,O and SnO) in Table 5.3 and the

calculation in section 5.2.3, the dimensional change coefficient due to the expansion in volume

resulted from the oxidations can be estimated to be ag,, = 0.053 and a¢,,o = 0.134.

a) .

Fig. 5.8 Evaluation of the oxide layer on Cu and Sn after aging at 175°C for 1132.5 hours: (a)
copper oxide layer (~ 0.36 um); (b) tin oxide layer (~0.07 um). The Pt on the top was deposited to

protect the sample beneath it during milling.
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Therefore, the increase in the height due to the volume expansion induced by the oxidation of
Cu and Sn can be estimated by
Ahcyzo = hewzo X @cyzo = 0.134 x 0.36 = 0.05 pm
Ahgpo = hgno X @snp = 0.053 X 0.07 = 0.004 pm
Hence, the variation of approximately 0.05 um in the measurements of the change of joint
height can be estimated as the result of Sn or Cu oxidations, which is minimal comparing with the

overall height change induced by the growth of interfacial IMC layers.

Table 5.3 Densities and relative atomic masses of the reagents (Sn and Cu) and the products
(Cu,0 and SnO) in the oxidation of Sn99Cul/Cu solder joints.

Materials SnO Cu,O Sn Cu
Density (g.cm-3) 6.95 6 7.29 8.93
Relative atomic mass 134.7 143 118.7 63.5

Furthermore, it was also concerned with the accuracy of Zygo measurement in terms of the
errors that may be involved due to the colouring effect of the measured surfaces. It was reported
that the error induced by diverse optical properties of specimen in white light interferometer was
likely to be 0.05 um or less [228]. These measurement errors can only cause small variations of the

total measured values.

5.3 The effect of collapse of solder joints
After the measurement of the collapse of Sn99Cul/Cu solder joint induced by the growth of

interfacial IMC layers, its effect on the entire solder joint was also preliminarily investigated. It was
reported that the solid-state reactions between Sn and Cu can lead to internal strain within thin Sn
and Cu films due to the volume shrinkage after aging [229]. The work by J.Y. Song et al. also
confirmed that the solid-state reactions between Sn and Cu can lead to stress evolution in the
produced IMC layers (i.e. CugSns and CuzSn) in Cu-Sn thin films [104].

Therefore, the potential build-up of residual stress due to the collapse of solder joint was
investigated by finite element modelling in this work, and its effect on the microstructure of Cu part

in the SN99Cul/Cu solder joint was studied experimentally.

5.3.1 Modelling and experimental approaches
In order to evaluate the internal stress in a solder joint induced by the collapse of solder due to

the growth of interfacial IMC layers in aging, finite element models (FEM) were built with Abaqus.
The models were incorporated with the obtained dimensional change coefficients of CugSns and
CusSn layer in section 5.2 to induce the volume shrinkage in the modelling. The geometry of the
models were based on a flip chip bump in reference [56] with 10um thick interfacial CugSns layer
and 7 um thick CusSn layer (Fig. 5.9) based on the experimental results in chapter 3. Major

mechanical properties and settings in the model are listed in Table 5.4. The interfacial CusSn and
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CugSns layers were simulated as brittle material based on references [3, 100, 230] and the
experimental results in chapter 4. So it was assumed that no plastic deformation was involved in the
interfacial IMC layers during the collapse of solder joint in aging. In order to include the plastic
deformation of the solder matrix in the modelling, Table 5.4 was primarily based on reference [16] ,
in which the mechanical properties of CugSns and CuszSn were slightly different from the values in
Table 4.2 in section 4.2.3. But, most of the listed mechanical properties in these two tables are
close to each other.

Because there is no particular module designed for the volume change induced by phase
transformation in Abaqus, it was suggested that the change in volume could be simulated with the
thermal expansion module [231, 232]. Therefore, the thermal expansion coefficients of CugSns and
CusSn were set as the corresponding dimensional change coefficients in this modelling. And an 1°C
increase in the temperature was introduced in the model to enable the volume shrinkage of the

interfacial IMC layers during aging.

Table 5.4 Major parameters and settings of the involved materials in a solder joint in modelling

[16].
Materials Solder CugSns CuzSn Cu
Young’'s Modulus (GPa) 52.73 114.7[9] 108.3 133.3
Poisson’s Ratio 0.36 0.309 0.299 0.330
Plastic Stress-Strain Curve [233] - - [234]
Dimensional change coefficient - -0.018 -0.126 -

Fig. 5.9 The geometry and the boundary conditions of the finite element model. The three

edges with triangles were fixed in both X and Y directions.

The potential effect of the residual stress induced by the solid-state reactions on the solder joint
was experimentally investigated by examining the microstructural changes in the solder joint. During
the characterisation of the reduction of joint height, the polished surfaces of the Sn99Cu1/Cu solder
joints were preserved from any contact or damage. Hence, the microstructural change of the solder
joint should also be examined by non-contact and non-destructive methods. One of the viable ways
is to identify the grain boundaries of the Cu substrate by the different colours at the grains and grain

boundaries due to the variation in the thickness of oxide films.
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When the Sn99Cul/Cu solder joints were stored in the vacuum oven at 175°C, the pressure
within the oven was kept at about 3 KPa. The residual oxygen in the oven could react with both the
solder and Cu in the specimen during aging. For the solder part, the SnO film was self-protective
which can prevent further oxidation, so the Sn oxide film was normally thin and uniform [217].
However, for the oxidation of Cu substrate, the Cu atoms at the grain boundaries reacted with the
oxygen more easily in aging due to lower activation energy in comparison with the reaction within
the Cu grains [235]. The difference in oxidation rates further resulted in the variation in the thickness
of Cu oxide film at the grains and grain boundaries after aging, which can further lead to the
observable difference in colour at these two locations [219]. Therefore, it is feasible to identify the
Cu grains by its colour after aging. The change in Cu grains could further indicate the
microstructural evolution in the Cu side close to the solder/Cu interface due to the build-up of
residual stress within the interfacial IMC layers.

Therefore, after the measurement of collapse of solder joints in section 5.2, the Sn99Cul/Cu
solder joints were further examined with optical microscope to investigate the microstructural
evolution. Another bare Cu specimen was machined into the geometry as schematically shown in
Fig. 5.10 for the comparison with the Cu part in Sn99Cul/Cu solder joints. The Cu specimen was
polished and then stored in the vacuum oven at 175°C for one week to undergo the same
procedures as the Sn99Cul/Cu solder joints did. After aging, optical microscope was utilised to
observe the microstructural changes in the Cu specimen for comparison with the observation on the

Sn99Cul/Cu solder joints after aging for the same period.

Fig. 5.10 The schematic and dimensions of the Cu specimen for the comparison with
Sn99Cul/Cu solder joints.

5.3.2 Internal stress induced by the collapse of solder joint
The residual stress which could be potentially resulted from the collapse of solder joints was

investigated by modelling. Fig. 5.11 a) illustrates the distribution of von Misses stress in the solder
joint induced by the volume shrinkage due to the growth of interfacial CusSns and CusSn layers
during aging. It shows that the resultant stress concentrates within the interfacial CugSns and CusSn
layers while the stress in solder and Cu is significantly lower. Fig. 5.11 b) illustrates the stress
distribution from the top of solder to the bottom of Cu substrate in the solder joint. It can be found
that the stress increased sharply from lower than 500 MPa in solder and Cu parts to higher than 6
GPa in both CugSns and CuzSn layers.
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Fig. 5.11 Redistribution of stress within solder joint due to the collapse of solder joint: (a) The
overall distribution of internal stress due to the growth of interfacial IMC layers; (b) The distribution

of von Misses stress along the dash path in (a).

In order to illustrate the stress distribution within solder and Cu parts more clearly, the stress
within these two regions are shown individually in Fig. 5.12 a) and c). Fig. 5.12 a) illustrates that the
solder part is generally under relatively higher stress with some exceptions at the corner and centre
of the solder. The stress distribution along the centre line of the solder is illustrated in Fig. 5.12 b). It
can be estimated that the stress in the solder is about 40 MPa with a slight decrease to
approximately 20 MPa at the centre of the solder. The distribution of resultant stress in Cu is shown
in Fig. 5.12 c) and d). It is shown that the stress generally concentrates along the CusSn/Cu
interface. From the Cu/IMC interface to the bottom of Cu, the stress decreases continuously, from
over 300 MPa to about 100 MPa as shown in Fig. 5.12 d).

However, based on the results in references [104] and [229], the stresses within different parts
in a solder joint were approximately within 60~120 MPa in solder, 40~120 MPa in Cu and 0.8~1.54
GPa in the interfacial CusSn layer. It can be found that the stresses estimated by modelling in this
work are much higher. The overestimation of the stress resulted from the growth of interfacial IMC
layers can be attributed to the limited capability of the thermal expansion module in Abaqus. The
module is only capable to simulate the mechanical deformation of models. However, microstructural
evolution that can release the stress, such as the formation of voids and recrystallization of grains
[89, 236], was excluded from the modelling. Furthermore, the voids generated by volume shrinkage
and Kirkendall voids due to interdiffusion [226, 227] in the interfacial IMC layers are inevitable and
can also significantly release the generated internal stress within the interfacial IMC layers. But, the
formation of voids in aging cannot be accounted in this finite element model. Therefore, the internal
stress induce by the volume shrinkage at the solder/Cu interface due to the growth of interfacial

IMC layers was overestimated in the modelling.
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Fig. 5.12 Stress distribution in (a) solder and (c) Cu substrate; (b) and (d) illustrates the stress
distribution along path in solder and Cu, respectively. The dash lines in (a) and (c) represent the
path for the stress distribution in (b) and (d).

5.3.3 Grain redistribution in Cu substrate
Fig. 5.13 shows an example of the Cu part in Sn99Cul/Cu solder joint specimen and the bulk

Cu specimen after aging at 175°C for one week. The relatively lighter lines in Cu matrix close to the
solder/Cu interface (Fig. 5.13 a)) and darker lines in Cu specimen (Fig. 5.13 b)) are the grain
boundaries revealed by the oxidation during aging. It is shown in Fig. 5.13 a) that the grains within
the region between the two dash lines close to the solder/Cu interface are much smaller than those
farther from the interface. However, there is no notable variation in grain size in the Cu specimen in
Fig. 5.13 b). Moreover, the size of grains in the Cu specimen in Fig. 5.13 b) is similar to the Cu

grains farther from the interface in Sn99Cul/Cu solder joint in Fig. 5.13 a).

Grain boundaries

Fig. 5.13 Grain boundaries in Cu revealed by oxidation: (a) the grains in the Cu part of Sn99Cul/Cu
solder joints and (b) the grains in the machined Cu specimen after aging at 175 °C for one week.
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The refinement of grains is normally because of serious plastic deformation or build-up of
residual stress. Therefore, there are two possible factors that may contribute to the refinement of
grains in Fig. 5.13 a), the stress due to the collapse of solder joint and the stress induced by the
machining the pocket in Cu part during sample preparation. However, the uniform size of grains in
the bare Cu specimen in Fig. 5.13 b) implies that the machining didn’t result in any notable change
in grain size in Cu. Furthermore, if the refined grains at the solder/Cu interface were because of the
mechanical machining, the Cu grains should be distorted along the machining direction due to the
plastic flow of material [237, 238]. However, no specific direction can be identified from the grain
refinement region in Fig. 5.13 a), which indicates that the refinement of Cu grains close to the
solder/Cu interface was possibly not resulted from the residual stress induced by machining during
sample preparation.

Consequently, the refinement of grains in the Cu part in the solder joint can be attributed to the
internal stress resulted from the collapse of solder joint due to the growth of interfacial IMC layers in
aging. Because of the constraint from the adjacent Cu and solder, the volume shrinkage could
introduce significant stress at the solder/Cu interface, which further leaded to the microstructural
evolution in the Cu part close to the interface.

Fig. 5.14 shows the comparison of Cu grains in the Cu part close to the Sn99Cul solder/Cu
interface after aging for 168 hours and 672 hours. It can be observed that the colour of the Cu
grains changed from violet blue to blue and the colour of grain boundaries evolved from yellow to
red after the extended aging. For the solder joint after aging for 168 hours, the Cu grains were
measured to be approximately 16 pm wide at about 30 pm away to the interface and about 6 um at
10 um to the interface. For the solder joint after aging for 672 hours, the sizes of grains at these two

locations were estimated to be 18 um and 10 um, respectively.
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Fig. 5.14 The comparison of the size of Cu grains close to the solder/Cu interface after aging at
175°C for (a) 168 hours and (b) 672 hours.

It is notable that the Cu grains were larger after aging for 672 hours than those in the
specimens after aging for 168 hours at the corresponding distance to the solder/Cu interface. The
increase of the grain size with aging could be attributed to two possible factors, the coarsening of
the Cu grains in aging and the possible movement of the solder/Cu interface. During the aging, the
grains can grow continuously with the prolonged durations [239], which could lead to the observed
increase of grain dimensions in Fig. 5.14. Furthermore, the growth of interfacial IMC layers,
particularly the growth of CuzSn layer, relies on the consumption of Cu atoms from the Cu substrate,
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which may result in the movement of solder/Cu interface towards the Cu side. Therefore, the Cu
grains were observed to be expanding from the comparison between the grains in Sn99Cul/Cu

solder joints after aging for 168 hours and the grains after aging for 672 hours in Fig. 5.14.

5.4 Summary

In summary, the collapse of Sn99Cul /Cu solder joint due to the growth of interfacial IMC
layers during aging was measured with a white light interferometer. The cross section of the solder
joint was prepared and observed with FIB. It was verified that the growth of IMC layers was
essentially the cause that can lead to volume shrinkage and detectable collapse of the height of
solder joints. Modelling and observation with optical microscope were then employed to preliminarily
investigate the effect of collapse of solder on the entire solder joints. The main findings gained from
this study can be summarised as:

1. The collapse of solder joint height induced by the growth of IMC layers in solid-state
reactions reached 1.2 um after aging at 175°C for 1132 hours. Its correlation as function of
aging duration can be expressed as Ah = —0.031 x+/t under the given experimental
conditions. The dimensional change coefficient based on experimental measurements is
Qexperiment= -0.114.

2. Observations of the cross sections of Sn99Cul/Cu solder joint confirmed that the solder
joint collapsed because of the growth of IMCs through the solid-state reactions during aging.

3. Based on the hypothesis that CusSnhs and CusSn are isotropic and dense, the theoretical
estimation of the reduction of joint height induced by the growth of interfacial IMC layers
under experimental conditions can be made and expressed as Ah = -(0.04-0.004x) Vt.
And the theoretical dimensional change coefficient was estimated as Qjgeq= -0.147+0.0147X,
which demonstrated an excellent accordance with the experimental measurements.

4. The modelling results show that the stress induced by the constrained collapse of solder
joint mainly concentrates within interfacial IMC layers, which is significantly higher than the
stress in solder and Cu.

5. The internal stress induced by the collapse of solder joint due to the growth of interfacial
IMC layers in aging can lead to the refinement of grains in Cu near the solder/Cu interface.
And the size of Cu grains close to the Sn99Cul solder/Cu interface expanded after the
extended aging at 175°C.
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Chapter 6 Residual stress induced by the growth of
interfacial IMC layers

6.1 Introduction
The growth of interfacial IMC layers (i.e. CugSns and CuzSn) is the transformation from the

reagents (i.e. Sn and Cu) to the products (i.e. CusSns and Cus3Sn) during solid-state reactions. In
chapter 5, it is demonstrated that the transformation is accompanied by volume shrinkage due to
the increase in densities. In solder joints, the volume shrinkage is subjected to the constraint from
both the Cu substrate and the solder matrix, which can lead to the evolution of residual stress within
solder joints without any exterior loads.

The build-up of residual stress could pose significant threat to the mechanical reliability of
solder joints and facilitate the growth of Sn whiskers [3, 54, 95, 100, 240]. It was reported that the
residual stress within solder joint could evolve with current stressing and thermal cycling [99, 241,
242]. However, the residual stress induced by the growth of interfacial IMC layers in solder joint has
seldom been systematically investigated. Given the miniaturized solder joints, S. Suresh et al.
reported that nanoindentation with a sharp indenter could be utilised to evaluate the internal stress
[114]. This method was employed for measuring the residual stress within various materials [111,
112, 115, 116, 243, 244].

Therefore, in this chapter, the evolution of residual stress was investigated by nanoindentation
tests on interfacial CusSns and CusSn layers, the solder and Cu close to the Sn99Cu1/Cu interface
after aging for increasing durations. The residual stress within different parts of the solder joint was
then estimated based on the obtained load-displacement curves. The factors that may contribute to

the evolution of residual stress in solder joints after aging were also discussed.

6.2 Theoretical attributes and methodology
The hardness of a specimen (H) characterised by nanoidnentation test is defined as the

average stress within the contact area [245]

H=F/A (6.1)
where H is the measured hardness; F is the maximum force applied in the nanoindentation test; A is
the projected contact area of the indent. The effect of residual stress within the specimen on the
nanoindentation tests is illustrated in Fig. 6.1. For a specimen under compression stress, the
applied maximum load (F;) should be higher than the load from a stress-free reference specimen
(Fo) at the same indentation depth, because the compression stress within the sample can act as an
additive force to resist the penetration of the indenter into the specimen. Contrarily, the maximum
load (F,) from specimens under tension stress to reach the same depth is lower than the force in
reference specimen (F,), due to the lower resistance to the deformation during the indentation.
Consequently, for depth-controlled nanoindentation tests on specimens in different stress states, the
applied maximum load should follow the relationship F;>Fy>F,, as illustrated in Fig. 6.1 d) [111, 114,
116, 246].
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Fig. 6.1 Schematics of the effect of residual stress on nanoindentation tests: (a) the indentation on
specimens without any residual stress; (b) and (c) the effect of compression and tension stress on
the nanoindenation tests; (d) the comparison of load-depth curves from nanoindentation tests on

specimens in different stress states.

Therefore, the variation between the maximum loads from depth-controlled nanoindentation
tests on the stressed specimens and stress-free specimens (i.e. F;, F, and Fy) can be utilised to
evaluate the residual stress. The residual stress in a specimen can be estimated by [116]

Ores=Fres/Ac=(Fmax-Fo)/Ac (6.2)
where Fp,. is the maximum load measured in stressed specimens by nanoindentation tests; F; is
the referential maximum load from the indents at the same depth in stress-free specimen; A; is the
projected contact area between the indenter and the specimen in indentation.

Consequently, obtained positive 0.5 indicates that the specimen is under compression as an
extra load is needed to reach the same depth. Contrarily, a negative o,.s means that the specimen
is under tension, because the load in the stressed specimen is lower than the force in reference
specimen in the depth-controlled nanoindentation.

Both F.x and Fp in equation (6.2) can be directly recorded in the nanoindentation tests on the
stressed specimens and stress-free specimens. For the projected contact area of the indents (A.), it
is a standard practice to assume that the area of contact A; at a specified depth is the cross-
sectional area of the diamond indenter at that depth. The value of the cross-sectional area can be
fitted as a function of the prescribed depth [247]. For Vickers indenter with the angle of 22°, the

nominal contact area between an ideal indenter and the specimen can be estimated by the
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following function [244]

thax
Apominar = ( - )2 = 24-5h12nax (6.3)
tan22

where ha is the maximum depth in the nanoindentation test.

However, the geometry of an actual indenter could vary with individuals, which makes the
depth-area formula equation (6.3) violated in some applications [248]. Hence, the contact area A,
between the indenter and the specimen during indentation test should be adjusted by [116]

Ap = Coh? + Cihe + Coh* + CohY* + CLhY® 4o +C,RY " + Cgnl/*?® (6.4)
where Cy=24.5, describing a perfect pyramidal Vickers or Berkovich indenter; the other constants C;
to Cg represent the deviations of a real indenter from the indenter with perfect geometry [249]. The
values of these constants can be determined by polynomial-fitting procedures; h. is the contact
depth.

The nanoindentation tests were carried out with Nanotest Platform 3 in this work. The
correlation between the projected contact area of the used nano Vickers indenter and the plastic
depth is illustrated in Fig. 6.2. The constants in equation (6.4), C;-Cs, can then be derived by fitting
the curve. And the values of the constants are listed in Table 6.1.
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Fig. 6.2 Projected contact area vs plastic depth of the Nanotest platform 3 in this work.

Table 6.1 Values of constants, C;-Cg, in Equation (4) derived by fitting the contact area-plastic

depth curve in Fig. 6.2.

Ci C, Cs C,4 Cs Cs C; Cs

0.9523 -14.35 186.6 -1210 3612 -3868 -483.6 1776

In order to derive the projected contact area A, the contact depth h; in equation (6.4) should be
obtained first. Oliver and Pharr proposed a theory based on the analysis of load-displacement
curves from nanoindentation tests [247, 250, 251]

he = Mgy — €72 (6.5)

where h,.x is the maximum depth recorded by the instrument during nanoindentation tests; ¢ is a
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constant that depends on the geometry of the indenter. The values of ¢ for different types of
indenters are listed in Table 6.2 [252]; S is the initial unloading contact stiffness of the material,

which can be derived by calculating the slope of the initial portion of the unloading curve, as

illustrated in Fig. 6.3.
Table 6.2 Correction factor ¢ for different indenter geometries [252].

Indenter geometry €
Flat punch 1
Conical 0.73
0.75
0.75

Paraboloid revolution (including spherical)
Berkovich, Vickers

Load

~

Unloading

Loading

\ ; ,J'

/ s=dFidh
l"

Depth

hmax

Fig. 6.3 Estimation of the initial unloading stiffness S by deriving the slope of the beginning of the
unloading curve after nanoindentation tests.

Consequently, all the parameters in equation (6.2) for the estimation of residual stress can be

obtained by nanoindentation tests. The general procedures are summarized in Fig. 6.4.
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Fig. 6.4 Procedures for the estimation of residual stress within solder joints by nanoindentation tests.
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6.3 Experimental details
From the modelling results in section 5.3 in chapter 5, the volume shrinkage due to the growth

of interfacial IMC layers could result in significant build-up of residual stress within solder joints. It
also shows that the resultant stress concentrates within the interfacial CugSn; and Cu3Sn layers and
the solder and Cu close to the solder/CusSns interface and Cu/Cu;Sn interface. Therefore, the
characterisation of residual stress by nanoindentation tests in this work was carried out within the
interfacial CugSns layer, interfacial CuzSn layer, solder matrix next to the solder/CugSn; interface
and the Cu next to the Cu/CusSn interface. The indentation tests were implemented at both the
centre and the edge of the solder joint for comparison. The locations of the planned indentations are
illustrated in Fig. 6.5.

Sn99Cu1 solder —=

CugSn;
CusSn

Cu substrate

Nanoindents on different
materials

Fig. 6.5 Planned locations of the nanoindents in the entire solder joint.

Sn99Cu1 solder was reflowed on Cu (purity: 99.9%) to form the joints. The specimens were
then stored in an oven at 175 °C for 0 - 500 hours. After aging for every 100 hours, a set of the
specimens were ground and polished to expose the cross section of the specimens. The polishing
speed was controlled within 100~200 rpm to minimize the possibly resultant stress at the sample
surface. In the sample preparation, the specimens were not mounted, so that any potential effects
from the contraction of resin on the stress state of the solder joint could be avoided. Another set of
bare Cu samples and bulk Sn99Cu1 solder specimens were reflowed, ground and polished with the
same settings in each step for the preparation of stress-free specimens to derive the referential
maximum force.

The polished solder joint specimens were then tested by nanoindentation with Nanotest
platform 3. Nano Vickers indenter was used to implement the indentation tests at the designated
locations illustrated in Fig. 6.5. Due to the micro thickness of the interfacial CugSns and Cu3Sn
layers in Sn99Cu1 solder joints, the depth of the indents within the interfacial IMC layers was set to
be 0.3 ym, so that the nano indents could be accommodated within one specific IMC layer without
involving the adjacent materials.

The indents in the solder and Cu were located approximately 10 uym from the solder/CusSns
and Cu3Sn/Cu interfaces respectively, so that the shortest distance from the nano indents to the
interfaces was approximately 5 ym. As such, the pile-up or sink-in of the material could be
accommodated during the nanoindentation tests. For each position illustrated in Fig. 6.5, five to

seven indents with a horizontal interval of 20 um were made to derive the average residual stress at
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the designated position and minimize the mutual effect between the adjacent indents. The
parameters and settings of the nanoindentation tests on different parts in the solder joint are listed
in Table 6.3.

Table 6.3 Parameters and settings of the nanoindentation tests.

] ) N ) ) Dwelling
Maximum  Maximum o Initial Loading  Unloading .
Termination time at
Load Depth load rate rate ]
maxi load
Depth
Cu 50 mN 1um 0.05 mN 1 mN/s 1 mN/s Os
control
Depth 0.2
Solder 50 mN 1pm 0.05 mN 0.2 mN/s Os
control mN/s
Depth 0.2
CugSns 50 mN 0.3 um 0.05 mN 0.2 mN/s Os
control mN/s
Depth 0.4
CusSn 50 mN 0.3 um 0.05 mN 0.4 mN/s Os
control mN/s

In order to derive the contact depth h. by equation (6.5) to estimate the residual stress, the
values of the maximum force (F..), maximum depth (h.,.x), and the contact stiffness (S) were
estimated by analysing the load-displacement curves from nanoindentation tests. The parameters

used in the analysis are listed in Table 6.4.

Table 6.4 Parameters and settings used for the analysis of the load-displacement curves from

nanoindentation tests.

Fitting method Fitting region Frame compliance Geometric factor

(Vickers indenter)

Power law 100%~20% 0.653572 nm/mN 1.012

The contact area-depth curve of the Nanotest platform 3 in Fig. 6.2 covers the range of indent
depth from 0 to 3 um. The depth of the indents in the solder and Cu was 1 um, about 1/3 of the
entire range of the A.-h; curve. It is reasonable to assume that the calculated contact area of the
indents within the solder and Cu is reliable. However, the depth of the nano indents within interfacial
CueSns and CuzSn layers was 0.3 um, about 1/10 of the entire range. Therefore, the accuracy of
the calculated contact area A, for the nano indents within the interfacial IMC layers needs to be
verified.

Therefore, after the nanoindentation tests, the nano indents in the solder, Cu and interfacial
CugSn;s and CusSn layers were profiled with Alicona Infinite Focus with the vertical resolution of 10
nm. The projected contact area of the nano indents can then be measured for the verification of
numerically calculated results by equation (6.4). Furthermore, the profile of nano indents can also

be used to evaluate the effect of the surface roughness of the sample on the nanoindentation tests.
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6.4 Experimental results

6.4.1 Projected contact area of nano indents
Fig. 6.6 illustrates representative surface profiles across the centre of the nano indents in

solder, Cu, interfacial CugSns and CusSn layers. The locations of the profiles in the indents were
guaranteed by the assistance of real-time location indicator while extracting the profiles. Based on
the presented curves, the fluctuation of the sample surface after polishing can therefore be

estimated to be within 50 nm. In comparison to the depth of the nano indents (300 nm to 1000 nm),

the effect of surface roughness on the nano indents was minimal.
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Fig. 6.6 Representative surface profiles of nano indents made within (a) solder, (b) Cu, (c)

interfacial CugSns layer and (d) interfacial CusSn layer.

During the nanoindentation tests, the maximum force of nano indents in reference samples and
solder joints can be directly recorded by the instrument in the indentation tests. Hence, the
estimation of residual stress within solder joints primarily relies on the evaluation of projected
contact area of nano indents according to the procedures in Fig. 6.4.

As presented in section 6.2, the projected contact area can be estimated by analysing the load-
displacement curves from the indentation tests. In order to validate the calculation, the projected
areas of the indents made in Sn99Cu1 solder joints were measured with the optical images from
Alicona after the nanoindentation tests. Fig. 6.7 illustrates an example of the comparison between
the measured areas and the calculated areas of the indents with the depth of 0.3 um in the

interfacial CusSn layer. It can be observed that the average contact area from the measurement is
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about 1.4 umz, which is slightly higher than the corresponding calculated average contact area 1.1
pmz. Given the potential angle between the specimen and the optical microscope, it is reasonable
to conclude that the contact area of the indents calculated with equation (6.4) is reliable for the

evaluation of residual stress by nanoindentation tests.
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Fig. 6.7 An example of the comparison between the measured contact area and the calculated
contact area based on equation (6.4) for the nano indents in the interfacial CuzSn layer.

6.4.2 Residual stress in Cu and Sn99Cul solder
The calculation of residual stress in solder joints by equation (6.2) requires the referential

maximum force from nano indents in stress-free solder and Cu specimens to reveal the effect of
residual stress in solder joints on nanoindentation test results. Fig. 6.8 a) and c) give examples of
the nano indents made in reference Cu and solder specimens after the tests. Seven indents were
made to derive the average maximum force of each specimen. The corresponding load-
displacement curves from the indentation tests are illustrated in Fig. 6.8 b) and d). The referential
maximum force for the indents in solder part and Cu substrate can then be evaluated to be 22 + 1
mN for the indents in Cu and 5.7 £ 0.7 mN for the indents in Sn99Cu1 solder.
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Fig. 6.8 The nano indents in reference solder and Cu specimen: (a) and (c) are the indents in

reference Cu and solder specimens, respectively; (b) and (d) illustrate the corresponding load-

displacement curves from the nano indents.

6.4.2.1 Residual stress within Cu

The evaluation of the residual stress within Cu was implemented at both the centre and the

edge of the Cu substrate close to the Cu/CusSn interface after aging for progressively prolonged

aging. Fig. 6.9 illustrates the nano indents made within the Cu substrate and their locations in the

entire Sn99Cu1/Cu solder joint. It shows that the nano indents were about 10 ym away from the

Cu3Sn/Cu interface at both the centre and edge of the solder joint as designed.
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Fig. 6.9 Nano indents in the Cu substrate: (a) and (c) illustrate the overall location of the nano

indents at the centre and at the edge of the solder joints respectively; (b) and (d) show the

examples of nano indents at the corresponding locations.

The maximum forces of the nano indents in Cu substrate after aging for 0 to 500 hours are
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summarized in Fig. 6.10. Each data point in the figure represents the average maximum force of
five to seven nano indents in the Cu substrate. From the figure, the maximum forces of the nano
indents in the Cu substrate at the centre of the solder joint were much higher than the referential
forces from the reference Cu samples (Fig. 6.10 a)). According to the analysis in section 6.2, this
indicates that the Cu substrate at the centre of Sn99Cu solder joints was under compression during
aging.
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Fig. 6.10 Evolution of maximum forces of the nano indents (a) at the centre and (b) at the edge of

Cu substrate after prolonged aging.

Fig. 6.10 b) illustrates that the maximum forces of the nano indents with the same depth at the
edge of Cu substrate are also generally higher than the referential force from Cu reference
specimen. Before aging, the maximum force of the nano indents at the edge of Cu was close to the
reference force (Fy), which indicates that the Cu substrate at the edge of the solder joint was free of
stress. After aging, the maximum indentation force increased to about 37 mN and remained stable
as the aging prolonged. The higher maximum force in comparison to the reference value means
that the Cu substrate at the edge of Sn99Cu1/Cu solder joint was under compression during the
aging.
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Fig. 6.11 Projected contact areas of the nano indents at the center and at the edge of Cu substrate

with prolonged aging.
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The projected contact areas of the nano indents were then estimated based on the load-
displacement curves from the indentation tests and the calculation with equation (6.4). The derived
average contact areas of the nano indents at the centre and at the edge of Cu substrate were
plotted with increasing aging durations in Fig. 6.11. During aging, the average contact areas
between the indenter and the Cu substrate were within the range 21 + 1 pm2 for the indents at the
centre of Cu substrate and 212 pm2 for the indents at the edge of Cu.

Consequently, the residual stress within Cu substrate was estimated by equation (6.2) with the
obtained maximum force within the Cu substrate, referential maximum force and the projected
contact area. The derived residual stress within Cu was then plotted against aging durations in Fig.
6.12.

The positive residual stress at the centre of Cu substrate in Fig. 6.12 a) indicates that the Cu
substrate was under compression at the centre in aging. The compression stress was about 200
MPa in the beginning, but increased to approximately 700 MPa after aging at 175°C for 200 hours,
followed by a gradual decrease as the aging prolonged. In order to compare the general stress
states within different parts and locations at the solder/Cu interface, the average compression
stress at the centre of Cu substrate during the aging was estimated to be approximately 560 MPa.

The initial compression stress at the centre of Cu substrate before aging probably originated
from the incompatible shrinkage in the solder and the Cu substrate during the cooling process in
reflowing, because the thermal expansion coefficient of solder is higher than that of Cu (CTE:
22.2x10°® for solder and 16.4x10°® for Cu [16]). In aging, the interfacial Cu3Sn layer started growing,
which leaded to the volume shrinkage. For the adjacent Cu substrate, the tend of shrinkage in
CusSn layer can lead to the compression stress within the Cu substrate, so the compression stress
within Cu increased with aging durations. As the aging prolongs, the gradual decrease of
compression stress could be attributed to the stress relaxation in Cu substrate, since at the aging

temperature, 175°C, is high enough to enable the microstructural evolution in long-term aging [253].
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Fig. 6.12 Residual stress (a) at the centre and (b) at the edge of Cu substrate after progressively

increasing aging durations.

The evolution of residual stress within the Cu substrate at the edge of the solder joints is
illustrated in Fig. 6.12 b). Before aging, the Cu substrate was generally free of residual stress at the

edge of the solder joint, which was probably due to the lack of constraint from the adjacent
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materials. As the aging started, the compression stress at the edge of Cu substrate increased
significantly to about 700 MPa and stabilized at this level as the aging continued. The increase in
stress after aging was possibly caused by the contraction of the interfacial Cu3Sn layer during
aging. The followed slight decrease in compression stress after further extended aging can be
attributed to the potential stress relaxation in Cu due to the high enough aging temperature. For
comparison, the average compression stress within the Cu substrate at the edge of solder joint was

about 565 MPa, which is close to the compression stress at the centre of solder joint.

6.4.2.2 Residual stress in Sn99Cul solder
Fig. 6.13 illustrates the characterisation of residual stress within the Sn99Cu1 solder matrix

close to the solder/CusSns interface in Sn99Cu1 solder joints by nanoindentation tests. The
locations of the nano indents are illustrated in Fig. 6.13 a) and c), and examples of the nano indents

at the corresponding locations are illustrated in Fig. 6.13 b) and d).
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Fig. 6.13 Nano indents in the Sn99Cul solder matrix close to the solder/CugSns interface: (a) and (c)
illustrates the overall location of the indents in the Sn99Cul solder joints; (b) and (d) show the

indents made at the corresponding locations in the solder.

The maximum forces of the nano indents at the two designated locations in the solder matrix
were derived from the load-displacement curves and summarized in Fig. 6.14. Each data point
represents the average maximum forces from 5~7 nano indents. It can be found that the maximum
forces at both the centre and the edge of Sn99Cu1 solder close to the solder/CusSn;s interface were
higher than the forces from reference samples. This indicates that the solder part in the solder joint

was under compression during aging.
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Fig. 6.14 Maximum forces of the nano indents (a) at the centre and (b) at the edge of the Sn99Cul

solder joints close to the solder/CusSns interface after aging.

The projected contact areas of the nano indents in the solder matrix were then evaluated by
equation (6.4) based on the load-displacement curves from the indentation tests. The results for the
indents at the centre and at the edge of solder joints were summarized in Fig. 6.15. The average
contact areas between the indenter and the Sn99Cu1 solder were about 24 + 1pm2 for the indents
at the centre and 24 + 2 pm? for the indents at the edge.

40
- A~ Solder-center
35+ - - - Solder-edge
& i
(= 30
3
g 25 . H_._‘__.-ﬂ--*-— ——— R e -—-et.—..-.'..‘..'.'e
@ iy R ‘-z
g 20
£ |
3 15
o
3 |
a 10
s |
o 5
0 E——SS
0 100 200 300 400 500

Aging durations (h)
Fig. 6.15 Calculated projected contact areas of nano indents in solder matrix close to the

solder/CugSns interface at the centre and at the edge of Sn99Cul solder joints.

The residual stress within solder matrix can then be evaluated based on the obtained maximum
force and the contact area of the nano indents in solder matrix. The evolution of residual stress at
the centre and at the edge of the solder is plotted against aging durations in Fig. 6.16. At the centre
of solder joint, the solder matrix was under progressively decreasing compression stress after
aging, from the initial 100 MPa before aging to about 10 MPa after aging at 175°C for 500 hours.
The average compression stress within the solder matrix at the centre of solder joints was about 70

MPa in the aging. The observed reduction of compression stress at the centre of solder can be
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ascribed to the creep and stress relaxation during aging, because the homologous temperature
(measured temperature/ melting point of the material) of the aging temperature was 0.8, which was
high enough to enable the creep of solder matrix in aging [254, 255].

In contrast, the compression stress in the solder matrix at the edge of solder joint was within
the range 70 MPa to 120 MPa during aging. And the average compression stress was about 90
MPa.
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Fig. 6.16 The residual stress within solder matrix (a) at the centre and (b) at the edge of the
Sn99Cul/Cu solder joints.

6.4.3 Stress evolution in CugSns and CuzSn layers
The growth of interfacial IMC layers (i.e. CugSns and CuzSn) is accompanied by volume

shrinkage that is confined by the attached solder and Cu. The residual stress could therefore rise
during aging. Consequently, the interfacial IMC layers are possibly the stress concentration sites
during aging.

According to the procedures for evaluating residual stress by nanoindentation in Fig. 6.4,
nanoindentation test results from stress-free specimens are required to demonstrate the influence
of residual stress on the nanoindentation tests in stressed samples. However, the growth of
interfacial CusSns and CusSn layers in solder joints is intrinsically accompanied by constrained
volume shrinkage in the growth during aging. This brings significant challenges to the preparation of
stress-free CugSns and CusSn specimens.

Therefore, in this work, the interfacial CusSns layer before aging and the CusSn layer after
aging for 100 hours at the centre of the solder joint were selected to be the reference to the followed
tests on the corresponding IMC layer. As such, the stress evolution within CusSns and CusSn layers
after longer aging durations could be evaluated. Hence, the estimated residual stress can only
represent the stress evolution within interfacial CugSns and CusSn layers while the absolute values

depend on both the evolution of the stress and the initial stress state of the each IMC layer.

6.4.3.1 Residual stress within interfacial CugSns layer
Fig. 6.17 gives examples of the nano indents at the centre and at the edge of interfacial CusSns

layer in Sn99Cu1/Cu solder joints. The overall locations of the indents are illustrated in Fig. 6.17 a)
and c). Examples of actual indents at the corresponding locations are shown in Fig. 6.17 b) and d).

As expected, the nano indents were located within the interfacial CusSns layers without involving the
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adjacent solder and interfacial Cu3Sn layer.
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Fig. 6.17 Nanoindents within the interfacial CugSns layer: (a) and (c) the overall locations of the
indents in the entire solder joints; (b) and (d) examples of the indents at the corresponding locations,

which are indicated by the arrows.

From the nanoindentation tests at the designated locations within the interfacial CugSn; layer,
the maximum loads of the indents were summarized in Fig. 6.18 a) and b). Generally, the maximum
forces at both the centre and the corner of the interfacial CusSns layer were above the referential
maximum force, indicating the increase in compression stress in the interfacial CusSn;s layer during
aging.
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Fig. 6.18 Maximum forces of the nanoindents (a) at the centre and (b) at the edge in the interfacial

CugSns layer in Sn99Cul solder joints.
The projected contact areas of the nano indents within interfacial CugSns layer were estimated

and plotted against aging durations in Fig. 6.19. The average areas of the indents at the centre of
the interfacial CugSn; layer were 1.2 + 0.3 pm2 and 1.1+0.2 pm2 for the indents at the edge.
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Fig. 6.19 Projected contact areas of the nano indents made at the center and at the edge of the

interfacial CugSns layer after aging for Oh - 500h.

With the obtained maximum force and projected contact area of the nano indents, the residual
stress within interfacial CugSn; layer after aging was evaluated based on equation (6.2). Fig. 6.20
depicts the evolution of residual stress within the interfacial CusSns layer with increasing aging
durations. Each point in the figure was the average stress of 5~7 nano indents. Generally, the
residual stress evolved with a similar trend at the centre and at the edge of the interfacial CugSns
layer in aging. The compression stress rose significantly at both the centre and edge of interfacial
CueSn; layer after aging for 100 hours, followed by a sharp decrease when the aging prolonged to
200 hours. A steady growth of the compression stress was observed again when the aging
proceeded longer. The growth in compression stress with aging durations could be ascribed to the
thickening of interfacial IMC layers due to the reactive interdiffusion between the solder and Cu
substrate. Throughout the aging, the average compression stress was about 4 GPa at the centre
and 3 GPa at the edge of the interfacial CugsSn; layer.
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Fig. 6.20 Evolution of compression stress (a) at the centre and (b) at the edge of the interfacial

CusSns layer in the progressively prolonged aging.

During aging, the evolution of the stress generally consists of two stages, which can be divided
by the 200 hours for the indents at the centre of interfacial CugSns layer and 300 hours at the edge.

In the first stage, the residual stress within the CugSn; layer varied with prolonged aging within first
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200 or 300 hours. The reason is still unclear yet. Factors that potentially contributed to it include the
volume shrinkage induced by the growth of IMCs, the mismatch of CTEs of the involved materials
(CTEs: 22.2x10°°C™ for solder [256], 16.3x10° °C™ for CugSns [16] and 19.0x10° °C™ for CusSn
[16]) and microstructural evolution of the adjacent solder during aging. However, the fluctuation
within the first stage of the aging is arguable, since the peak could also be interpreted as errors in
the experiments.

In the second stage, the increase in compression stress in the interfacial CusSns layer after
aging for longer than 300 hours was probably resulted from the continuous volume shrinkage due to
the growth of the adjacent interfacial Cu3Sn layer. During the growth of CusSn layer in aging, the
volume shrinkage coefficient is significantly higher than the coefficient of CusSns layer. Hence, the
shrinkage of interfacial Cu3Sn layer in aging was severer and constrained by the CugSns/CusSn
interfaces. Consequently, the compression stress within interfacial CusSns layer grew continuously

at both the centre and the edge of the specimens as the aging proceeded.

6.4.3.2 Residual stress in interfacial CusSn layer
The indents made in interfacial Cu3Sn layer for the evaluation of residual stress are shown in

Fig. 6.21. The overall locations of the indents in the entire solder join are illustrated in Fig. 6.21 a)
and c). The examples of the actual nano indents at the corresponding locations are given in Fig.
6.21 b) and d). It clearly demonstrates that the nano indents were located within the interfacial
CusSn layer precisely as expected. It should also be noted that the last indentation in Fig. 6.21 d)

involved the adjacent Cu substrate, so the data from this point was excluded from following

analysis.
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Fig. 6.21 Nano indents in the interfacial CusSn layer for evaluating the residual stress: (a) and (c)
the location of the indents at the centre and at the edge of interfacial CusSn layer; (b) and (d)

examples of the nano indents made at the corresponding locations.

100



The average maximum forces from the indents within interfacial Cu3;Sn layer after aging were
plotted against aging durations in Fig. 6.22. From the force-aging duration curves, the maximum
forces of the indents at both the centre and the edge of the interfacial Cu3zSn layer were lower than
the referential maximum load from the selected reference Cu3Sn layer. This indicates the increase

in the tension stress within interfacial Cu3Sn layer during aging at 175 °C.
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Fig. 6.22 Summary of the maximum force of the nano indents (a) at the centre and (b) at the edge
of the interfacial CusSn layer in Sn99Cul/Cu solder joints after aging.

Fig. 6.23 elucidates the contact area of the nano indents within interfacial CuszSn layer
estimated based on the load-displacement curves from the nanoindentation tests. The average
projected areas were within the range 1.1 + 0.1 ym® and 1.0 + 0.1 um? for the indents at the centre
and the edge of interfacial CusSn layer, respectively.
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Fig. 6.23 Projected contact area of the nano indents in interfacial CuzSn layer after aging at 175°C
for 0 ~ 500 h.

Therefore, the residual stress within the interfacial Cu3Sn layer was evaluated by following the
procedures illustrated in Fig. 6.4. The obtained results are then summarized in Fig. 6.24. It can be
observed that the stress within the interfacial Cu3Sn layer after aging was generally lower than the

stress in the reference CusSn specimen. This was due to the increase in tension stress in the
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CusSn layer.

The stress evolution at the centre of CusSn layer could be divided into two stages separated by
the 300 h in Fig. 6.24 a). When the aging duration increased from 100 hours to 300 hours, the
tension stress rose significantly, reaching the peak of about 3 GPa. This could be probably resulted
from the growth of interfacial Cu3;Sn layer. As presented in chapter 5, the growth of interfacial CusSn
layer at the solder/Cu interface was accompanied by the notable 20% shrinkage in volume. But it
was constrained by the attached interfacial CusSns layer. Hence, the tension stress within the
interfacial CuzSn layer rose remarkably with increasing aging durations, reaching the peak after
aging for 300 hours.

In contrast, before the aging duration exceeded 300 hours, the stress at the edge of the
interfacial CusSn layer remained the same level as the referential stress from selected reference
CusSn layer. When the aging lasted for 400 h and 500 h, a slight increase in the tension stress at
the edge of interfacial CusSn layer were observed. Generally, the average tension stress was about
0.5 GPa at the edge of interfacial CuzSn layer during aging.
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Fig. 6.24 The evolution of residual stress (a) at the centre and (b) at the edge of the interfacial
CusSn layer in Sn99Cul/Cu solder joints after aging. The negative values of the stress represent

the tension stress within the CuzSn layer.

6.5 Discussions

6.5.1 Correlation of evolution of residual stress
At the Sn99Cul solder/Cu interface, the solder, interfacial CugSns layer, CusSn layer and Cu

substrate are bonded as multilayer structure. So, it is reasonable to assume that the stress
evolution within two adjacent parts was mutually affected during aging. In order to reveal this mutual
effect, the evolution of residual stress in different parts at the solder/Cu interface was summarised
for comparison in Fig. 6.25. For discussion, Ssouer-centers Ssolder-comers Scuésns-centres Scussns-comers Scussn-
centres  Scussn-comer, Scu-centre @Nd  Scucomer are used to denote the residual stress within the
corresponding parts in the Sn99Cu1/Cu solder joints and t represents the aging durations. Among
these, the stress within interfacial CugSns layer could be affected by the constraint from both the
solder matrix and the CusSns/CusSn interface. Similarly, the stress evolution within Cu3Sn layer was
also under the influence from the CusSns/CusSn interface and Cu substrate. Therefore, it is

essential to clarify the dominant influence in the evolution of residual stress within each layer.
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Generally, the S-t curves from different parts within Sn99Cu1 solder joints can be divided into
two stages, as illustrated by the vertical dash lines in Fig. 6.25. The first stage usually started from
the beginning of the aging to around 200 hours, and the second stage covers the range between
300 h and 500 h. From the illustrated comparison of curves, normally, there is no notable correlation
between the two curves in one pair in the first stage. However, when the aging reached the second
stage, the correlations between the stress evolutions within the two adjacent parts are evident in Fig.
6.25. Consequently, the second stages of the S-t curves are focused for the discussion of the
relationship of the stress evolution within two adjacent parts

Among the investigated parts of solder joints, only the interfacial CusSn layer was under
tension during aging as both Scy3sn.centre @aNd Scussn-comer are negative. The tension stress within the
interfacial CuzSn layer was probably resulted from the constraint from both the adjacent Cu and the
interfacial CugSns layer. Hence, the stress evolution within the CusSn layer is opposite to the trend
of stress within the adjacent Cu at the centre of the solder joint, as illustrated in Fig. 6.25 e). This
also indicates that the Cu substrate posed the dominant confinement to the contraction of interfacial
CusSn layer at the centre of the solder joint during aging. For the stress state at the edge of the
solder joint, there was no observable correlation between the stress evolution within the interfacial
CusSn layer and the evolution in the adjacent Cu.

Because the stress state of interfacial Cu3;Sn layer was dominated by the Cu substrate at the
centre, no noticeable correlation was identified between the stress within the adjacent interfacial
CusSns and CusSn layers in Fig. 6.25 c). But, at the edge of the solder joint, the increase in tension
stress within the interfacial CusSn layer is accompanied by a sharp growth in the compression
stress within the interfacial CugSn;s layer. It could therefore be concluded that the stress state at the
edge of the CuzSn layer was governed by the constraint from the interfacial CugSns layer, not the
constraint from Cu.

For the bulk solder within the Sn99Cu1 solder close the solder/CusSn;s interface in Fig. 6.25 a)
and b), the stress generally decreased with prolonged aging durations, though the stress within the
interfacial CugSns layer evolved gradually with aging at both the centre and the edge of the solder
joint. This is possibly due to the low deformation resistance of bulk solder, which can compensate
the generated residual stress at the solder/CugSn; interface induced by the growth of IMCs in aging.

Therefore, no notable correlation can be found between the stress evolution in solder and CugSns

layer.
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Fig. 6.25 The comparison of the evolution of residual stress within two adjacent parts in
Sn99Cul/Cu solder joints in aging: (a), (c) and (e) illustrate the evolution of stress close to the
Sn99Cul solder/CugSns, CugSns/CuszSn and Cus;Sn/Cu interfaces at the centre of the solder joint;

and (b), (d) and (f) are the stress within the same parts at the edge.

6.5.2 Factors contributing to the evolution of residual stress
During the aging of specimens, several factors can contribute to the stress evolution at the

solder/Cu interface, including mismatch of CTEs between different parts, volume shrinkage induced
by growth of IMCs, creep and stress relaxation within solder and Cu. These pose diverse influence
on the build-up of residual stress.

Both the thermal expansion and volume shrinkage can lead to the increase of residual stress
within solder joints, while creep/stress relaxation and the growth of Sn whiskers can release the
stress. In the experiments, the Sn99Cu1 solder joints underwent several thermal cycles, including
heating during aging and cooling before taking the specimens out. These thermal experiences could
lead to noticeable build-up of residual stress within solder joints due to the incompatible thermal
expansion coefficients of different parts in the Sn99Cu1/Cu solder joints, as listed in Table 6.5. The
thermal expansion coefficients of Cu, CugSns and CuzSn are close to each other, but significantly
lower than that of the bulk solder. Therefore, during the thermal processes, the mismatch of CTEs

can lead to significant increase in compression stress within the bulk solder in the solder joint.
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Table 6.5 Coefficients of thermal expansion of solder, CugSns, CuzSn and Cu in Sn99Cul/Cu solder

joints [16].
Solder CugSns CusSn Cu
CTE (°C™) 22.2e-6 [256] 16.3e-6 19.0e-6 16.42e-6

Fig. 6.25 c) and d) illustrate that the interfacial Cu3Sn layer was under tension at both the
centre and the edge of the solder joint in aging. From the listed CTEs, it is reasonable to assume
that the interfacial Cu3Sn layer should be under compression due to the higher expansion. But it is
contradicted to the experimental observation.

As discussed in chapter 5, the growth of interfacial IMC layers is accompanied by the volume
shrinkage. Because of the higher dimensional change coefficient of CusSn layer, the contraction of
the interfacial CusSn layer was more evident than that of the CugzSn; layer. Hence, the Cu3;Sn layer
was under tension due to the constrained shrinkage. Consequently, it can be concluded that the
stress evolution within the interfacial CusSn layer was dominated by the volume shrinkage, not
thermal expansion.

During the aging, the homologous temperature for solder reached about 0.7T,, which is high
enough to enable the creep/stress relaxation within solder in aging [257, 258] to release the build-
up of residual stress. It is believed that the continuous drop of the residual stress in solder matrix
during aging in Fig. 6.25 a) and b) was a result of it.

Furthermore, after the aging of Sn99Cu1/Cu solder joints, Sn whiskers were also observed
within the solder matrix close to the solder/CusSns interface, as illustrated in Fig. 6.26. It was
reported that the growth of Sn whiskers or hillocks was resulted from the compressive stress within
solder joint and it can effectively release the stress within solder joints in aging [46, 87, 229, 259].
The observed growth of Sn whiskers confirms that the solder matrix was under compression during

aging. And the growth can lower the stress level within the solder matrix.

Tin whiskers

Sn99Cu1
solder

Fig. 6.26 Growth of Sn whiskers within a void in Sn99Cul solder next to the Sn99Cul solder/Cu
interface.
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6.5.3 Deviations in experimental results
In the presented residual stress within different parts of solder joints, noticeable deviation can

be identified in the residual stress in interfacial CusSns and Cu3Sn layers in Fig. 6.20 and Fig. 6.24.
The residual stress was estimated by the calculation with equation (6.2). Two of the required
parameters, the maximum force of the indents in solder joints (F..x) and the referential maximum
force (Fy), can be precisely measured by the nanoindentation system. From the force-time curves in
Fig. 6.18 and Fig. 6.22, the standard deviations of them are within a reasonable range.
Furthermore, the evaluation of projected contact area depends on the accuracy of equation (6.4).
And, Fig. 6.7 in section 6.4.1 demonstrates that the estimation of contact area with equation (6.4) is
reliable.

However, in the calculation of residual stress with equation (6.2), the units of the maximum
force F,.x are mN and the unit of the contact area A; is pmz. Hence, the calculation of residual
stress with the unit of MPa takes the form, 1 mN/(1 um?) = 10°Pa = 103MPa. Therefore, any
deviation in the values of contact area or maximum force would be magnified 1000 times in the
value of calculated residual stress with the unit of MPa. Consequently, in section 6.4.3, the standard

deviations of the residual stress in interfacial CusSns and CusSn layers are notably high.

6.6 Summary
The residual stress within solder, interfacial CuesSns layer, interfacial Cu3;Sn layer and Cu in

Sn99Cu1/Cu solder joints was evaluated by nanoindentation tests after aging for 0~500 hours.
From the presented results and discussions, it can be concluded that:

1. During the aging, Cu substrate was under compression with the average stress 560 MPa at
both the centre and edge of the solder joint. The average compression stress within solder
was 70 MPa at the centre and 90 MPa at the edge.

2. The interfacial CusSns was also under compression with the average compression stress
4GPa at the centre and 3GPa at the edge during the aging. In contrast, the interfacial
CusSn layer was under tension with the stress 1.7GPa at the centre and 0.5GPa at the
edge.

3. There is no observable correlation between the S-t curves from solder and the adjacent
interfacial CusSns layer due to the low resistance to deformation in the solder matrix.

4. The Cu substrate posed the dominant constraint to the contraction of interfacial CuzSn layer
during its growth at the centre of Sn99Cu1 solder joint. However, for the growth of
interfacial CusSn layer at the edge, the interfacial CugSn; layer contributed more to confine
the shrinkage of interfacial CusSn.

5. Both the thermal expansion and volume shrinkage can lead to the increase of residual
stress within the interfacial IMC layers, while creep/stress relaxation and the growth of Sn
whiskers can release the stress within the bulk solder.

6. The observed growth of Sn whiskers confirms that the solder matrix was under
compression during aging. But, the compression stress could also be partly relieved by the

formation of Sn whiskers.
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Chapter 7 Modelling on the fracture behaviour of solder
joints
7.1 Introduction

From the presented experimental results in previous chapters, the growth of interfacial IMC
layers can pose various influences on the mechanical reliability of solder joints, such as the
coalescence of voids due to volume shrinkage and residual stress. Due to these effects, the most
notable effect of the interfacial IMC layers on the entire solder joints are the decrease in fracture
strength [260] and the transition of fracture modes [175, 261, 262] with increasing aging durations.
However, it is still unclear that how these various effects can alter the fracture behaviour of solder
joints.

Since the growth of interfacial CusSns and Cu3Sn layers is intrinsically accompanied by both
the volume shrinkage and build-up of residual stress, it is challenging to reveal the effect of
individual factors experimentally. Furthermore, due to the small size and brittleness of interfacial
IMC layers, it is difficult to capture the crack initiation and propagation within the interfacial IMC
layers under external loads in experiments. Moreover, the common sample preparation methods,
such as mounting, grinding and polishing, can probably induce new cracks within the solder joints
due to the mechanical loads exerted on the sample during these sample preparation procedures.
Alternatively, focused ion beam or broad ion beam can be employed to minimise the induced
damage in sample preparation, but specific instruments are required. In contrast, finite element
modelling could be a more accessible and efficient approach to investigate the effect of individual
factors induced by the growth of interfacial IMC layers on the crack initiation and propagation within

solder joints under external loads.

7.2 Numerical simulation and geometries of the models

7.2.1 Methodology
From the experimental results and discussions in previous chapters, the factors that may affect

the fracture behaviour of solder joints under exerted loads include the microstructure of solder
joints, the failure of interfacial IMC layers and the residual stress at the solder/substrate interface in
the solder joint. In order to reveal the effect of individual factors on the fracture behaviour of solder
joints, the methodology utilised in the modelling is illustrated in Fig. 7.1. The original two finite
element models were built with two types of interfacial IMC layers with different thicknesses and
morphologies. The modelling results from them can serve as the reference to the followed
modelling incorporated with additional factors. Therefore, the influence of individual factors on the
fracture behaviour of solder joint can be revealed step by step.

In the solder joint, various microstructural factors can possibly influence the fracture behaviour
of solder joints, such as grain boundaries, voids and heterogeneous particles. To simplify the

involved issues in the modelling, only the grain boundaries were incorporated in the models for
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investigating the microstructural effect on the fracture behaviour of solder joint. Hence, arbitrary
grain boundaries should be introduced in the model.

The influence of the residual stress on the fracture behaviour of solder joints was investigated
by coupled stress-fracture modelling. The distribution of residual stress within the solder joint was
evaluated by the modelling on the combined effect of thermal expansion, volume shrinkage within
the interfacial IMC layers and the potential creep/stress relaxation of the solder joint in the heating
and cooling process.

Finally, models with both residual stress and microstructure were built to simulate the combined
effects of these two factors on the failure of solder joint. Consequently, the effects of individual

factors and the combined effect of them can be revealed by modelling.

Generating residual stress field _ Original madels with different _ Generating grain boundaries in
in the original model interfacial IMC layers the original model
) 4 y 4

Introduce tensile fracture in the Introduce tensile fracture in the Introduce tensile fracture in the
model model model

h 4 y Y

Effect c_’f _rESIdual AT Effect of interfacial IMC layer on Effect of microstructure on the
solder joint on the fracture of L ey
the fracture of solder joint fracture of solder joint

solder joint

v

_( Combined effect on fracture \‘
'k behaviour of solder joints J‘

Fig. 7.1 Methodology of the modelling on the effect of residual stress, microstructure and interfacial

IMC layers on the fracture behaviour of solder joints.

7.2.2 The original finite element models
Fig. 7.2 a) and b) show the interfacial IMC layers in Sn99Cu1 /Cu solder joints before aging

and after aging at 175°C for 1006.5 hours, respectively. It can be observed that the thickness and
morphology of the interfacial IMC layers evolved notably at the solder/Cu interface after aging. In
order to elaborate the effect of the thickness of interfacial IMC layers on the modelling results, two
finite element models were built with two types of interfacial IMC layers before and after extended
aging. The thickness of the interfacial IMC layers and the radius of the scallops were measured
based on Fig. 7.2, and the results are listed in Table 7.1 for creating the geometry of the original

model. The built two original models are illustrated in Fig. 7.3.
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Fig. 7.2 Interfacial IMC layers (a) before aging and (b) after aging at 175 °C for 1006.5 hours in
Sn99Cul/Cu solder joints.

Table 7.1 Dimensions of the interfacial IMC layers in the original finite element models.

Oh 1006.5 h
CugSns (um) CusSn (um) CugSns (um) CusSn (um)
Thickness 4.2 - 11.5 7.2
Bottom-to-scallop distance 3 - 7.5 -
Average radius of scallops 2 - 7 -

Fig. 7.3 Geometries of the original finite element models for the solder joints (a) before aging and (b)

after aging for 1006.5 hours.
The boundary conditions introduced in the model are illustrated in Fig. 7.4 a) and b). The

bottom Cu part in the model was fixed along both X and Y directions and a 10 ym displacement

along Y direction was applied on the top Cu part to simulate the process of tensile tests.
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Fig. 7.4 Boundary conditions for the simulation on the tensile fracture of solder joints (a) before

aging and (b) after aging.

7.2.3 Finite element models with residual stress field
In chapter 6, it was found that the factors that may contribute to the development of residual

stress within solder joints include the mismatch of CTEs, creep/stress relaxation during aging and
the volume shrinkage induced by the growth of interfacial IMC layers. The thermal experience, such
as the cooling in reflowing and heating in aging, could induce residual stress within solder joints due
to the incompatible thermal expansion of different parts. The volume shrinkage induced by the
growth of interfacial IMC layers during aging was hindered by the attached solder and Cu, which
can lead to diverse evolution of the residual stress within different parts at the solder/Cu interface.
In contrast, creep/stress relaxation in both solder and Cu may partly release the build-up of residual
stress in the solder joints, which can occur even at room temperature [263, 264].

Hence, the procedures for simulating the distribution of residual stress within solder joints after
aging are illustrated in Fig. 7.5. The thermal experience of solder joints before tensile tests can be
generally divided into three periods: (1) the cooling in reflowing; (2) the long-term aging at elevated
temperature; (3) the cooling after aging. In the reflowing of solder joints, the contraction of solder
part during cooling can lead to the build-up of residual stress only after the solidification of the
solder. Therefore, the cooling process in the modelling started from the liquidus temperature of
solder, 221°C, to room temperature [16]. During the long-term aging at elevated temperature, the
interfacial IMC layers can grow significantly, which would further lead to the contraction of interfacial
IMC layers in solder joints. Since there is no specific module for simulating the volume shrinkage
induced by the growth of interfacial IMC layers during aging, the swelling feature in Abaqus was
employed and the swelling strain rate was calculated based on the measured dimensional change
coefficient in chapter 5.

During the aging at elevated temperature, creep/stress relaxation can likely happen in both the
solder and Cu substrate, which reduces the level of residual stress. This is particularly true in solder

joints as it was confirmed that the stress within bulk solder dropped gradually with prolonged aging
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in chapter 6. In the modelling, the creep behaviours of solder and Cu were modelled by time-
hardening model in Abaqus, £ = AG"t™, where £is the uniaxial equivalent creep strain rate; § is
the uniaxial equivalent deviatoric stress; t is the total time. In the modelling, the creep behaviour of
Cu and solder were extracted from the curves in references [265] and reference [266], respectively.
Hence, the constants A, m and n can be derived by fitting a specific creep strain-time curve with the
formula. Consequently, the major parameters and settings involved in the modelling on the

development of residual stress are listed in Table 7.2.

_____________ Thermal expansion

—_—— _——

- Creep/st 3 Th I i I
{ Growth of IMCs Heating in aging reep/s II‘GSB A ermla expansion, volume
N relaxation Vi shrinkage and creep
-

—_—
_—— —_——
Il — —_—— o ——

Coolinginagng | ——————— — — — — — — — Thermal expansion

Fig. 7.5 Procedures for simulating the residual stress within solder joints in finite element modelling.

Cooling after reflowing

Table 7.2 Parameters for the modelling on the distribution of residual stress within solder joints after

aging.
Cree Swellin
P CTE g
A m n strain rate
1.93E-11
Cu 1.097 [265] -0.79 [265] 16.42e-6[16] -
[265]
9.48E-14
1.4 [266] -0.726 [266]
solder [266] 22.2e-6[16] -
CueSns - - - 16.3e-6[16] -0.03/1000 h
CusSn - - - 19.0e-6[16] -0.2/1000 h

In the modelling, the boundary conditions of the model were illustrated in Fig. 7.6. The Cu parts
in the models of solder joints before aging and after aging were fixed, as illustrated in Fig. 7.6 a)
and b). The solder part and the Cu in the model were able to expand in heating, deform plastically
and creep in aging in the simulation. For the IMC layer at the interface, the interfacial CugSns and
CusSn layers were set to be elastic without any plastic deformation during aging based on the
experimental results in chapter 4. Furthermore, both the thermal expansion and volume shrinkage

were also included in for the deformation of the interfacial IMC layers in solder joints.
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A
Fig. 7.6 Boundary conditions and settings in the models of solder joints (a) before aging and (b)

after aging for 1006.5 hours in the modelling on residual stress.

The obtained distribution of residual stress within Sn99Cu1/Cu solder joints before aging and
after aging for 1132.5 hours is illustrated in Fig. 7.7. It can be found that the stress within the Cu
substrate and interfacial IMC (CusSns and CusSn) layers was higher than the residual stress within
solder matrix in both two models. The stress particularly concentrated at the corners of the
interfaces, such as the CusSns/Cu interface in Fig. 7.7 a) and the Cu3Sn/Cu interface in Fig. 7.7 c).
The relatively lower stress within solder is possibly due to the lower resistance to the deformation
and lower vyield strength. During aging, the long-term deformation behaviours, creep/stress
relaxation within solder matrix, can further relieve the stress within the solder matrix. In contrast, the
interfacial IMC layers and the adjacent Cu are much more rigid. Hence, the residual stress within
the interfacial IMC layers and Cu substrate was much higher than the stress in bulk solders.

The detailed distributions of von Mises stress within the solder matrix in solder joints with thin
and thick IMC layers are illustrated in Fig. 7.7 b) and d), respectively. Before aging, the solder joint
mainly consisted of bulk solder, so the induced stress can be partly accommodated by localised
deformation of the solder. Therefore, the stress was lower close to the centre of the bulk solders
and it preferentially concentrated at the solder/CusSns interface, where the most serious
incompatible deformation was located. For the model of solder joints after aging for 1132.5 hours,
the interfacial CugSns and CusSn layers composed the majority of the solder joint, leaving only
about 20% of solder matrix. Due to the limited amount of solder, the build-up of residual stress
cannot be effectively compensated by the deformation of the solder. Hence, the stress within the
bulk solder in Fig. 7.7 d) is homogeneously high, which is evidently caused by the increasing
proportion of interfacial CugSns and Cu3Sn layers.
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Fig. 7.7 Stress distribution within solder joints: the overall distribution of residual stress in the (a)
solder joint with thin interfacial IMC layer and (c) solder joint with thick interfacial IMC layer; (b) and

(d) are the detailed stress distribution within the solder matrix in corresponding models.

The distribution of residual stress obtained by modelling can then be mapped in corresponding
models to introduce the initial stress for the followed modelling on the fracture behaviour of solder
joints. Since the crack normally propagates within the solder joint excluding the Cu substrate [267-
269], the failure of the bulk solder and the CugSns and CusSn layers was enabled in the modelling
for further investigation on the effect of residual stress on the fracture behaviour of solder joints. The
constraints and boundary conditions in the fracture modelling are the same as those illustrated in
Fig. 7.4.

7.2.4 Finite element models with grain boundaries
The microstructure within solder joints includes various factors, such as grain boundaries, IMC

particles and voids. The effect of microstructure on the fracture of solder joints becomes dominant
when the interfacial IMC layers grow excessively thick. It was reported that the solder joint normally
fractures intergranullay within interfacial CusSns and CuzSn layers after long-term storage at
elevated temperature, not within the solder matrix [3, 24, 270]. Therefore, it is reasonable to
assume that the adhesion strength of the grain boundaries within interfacial IMC layers degrades
significantly with prolonged aging, even lower than the fracture strength of the bulk solder joint after
long-term aging. The Kirkendall voids near the CuzSn/Cu interface [224, 271, 272] can also be

regarded as the deterioration of the adhesion of the boundaries. Hence, for simplicity, only the grain
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boundaries were introduced in the models for the simulation on the microstructural effect on the
fracture behaviour of solder joint.

The distribution of grain boundaries in materials generally follows these rules: (1) the true
angles between grain boundaries at three-grain junctions are close to 120 degrees [273]; (2) the
distribution of grain boundaries is arbitrary. Hence, the grain boundaries generated in the finite
element models should also comply with these rules.

However, there is still no such available feature in Abaqus to enable the generation of grain
boundaries in the finite element models. Therefore, Matlab was employed for creating arbitrary
grain boundaries in this work. In Matlab, the incorporated Voronoi diagram function can segregate
the given space into a set of random regions around a set of key points. The size of the segregated
space can be controlled by the number of key points set in input parameters. Fig. 7.8 a) shows the
procedures for generating grain boundaries in finite element model. From the built models of solder
joints in Abaqus, the dimensions of the model were derived for the followed computation with
Matlab, which is the first step in Fig. 7.8 a). With the dimensions of the finite element model, the
limits in the computation with Matlab were also determined, so that the grain boundaries can be
generated with the Voronoi diagram function as illustrate in Fig. 7.8 b). The randomness of the
produced features was ensured by the Voronoi function. As such, the coordinates of the start points
and end points of the generated boundaries in Matlab can be used to re-draw the grain boundaries
in the models of solder joints in Abaqus by scripting with Python. Fig. 7.8 c) and d) shows the model
of solder matrix without and with grain boundaries in Abaqus. It is found that the generated grain
boundaries within solder matrix in Fig. 7.8 d) generally comply with the observed rules in real grain
boundaries [274]. The width of the grain boundaries were set as 0.2 um to ensure both the narrow

width of the grain boundaries and the reasonable size of the meshes within it.
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Fig. 7.8 Generated grain boundaries in finite element models: (a) general procedures for producing
the grain boundaries; (b) the Voronoi diagram generated in Matlab; (c) the original finite element
model of solder matrix before introducing grain boundaries; (d) the finite element model with grain

boundaries.

The procedures illustrated in Fig. 7.8 a) were then repeated in the models of the solder joint
with thin and thick interfacial IMC layers. Fig. 7.9 a) and b) show the obtained geometries of the
finite element models for the study on the effect of microstructure on crack propagation under
tension. Before aging, the solder matrix consisted of several big grains [275] while there was only
one or two grains along the thickness direction in the interfacial CugSns layer [276]. After aging for
1006.5 hours, the bulk solder was consumed during the growth of interfacial CugSns and Cu3Sn
layers, leaving a small proportion of solder matrix in the solder joint. Hence, the number of grains in
the solder matrix along the thickness direction decreased to one or two after prolonged aging. In
contrast, the number of grains in interfacial CugSnj; layer increased slightly with the expansion of the
size of existing grains [277]. The number of CusSn grains at the solder/pad interface raised

significantly due to the dramatic thickening during prolonged aging [278].

Cu

:Z:Ussns

Solder

__Cu68n5

Cu

Fig. 7.9 The finite element models incorporated with grain boundaries: (a) the model of solder joint
before aging and (b) after aging for 1006.5 hours.
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In order to simulate the effect of the grain boundaries on the fracture behaviour of solder joint,
the bottom Cu parts in the models in Fig. 7.9 were fixed along X and Y directions, and the top Cu

parts were moved upwards 10 pm, which is similar to the boundary conditions illustrated in Fig. 7.4.

7.2.5 Finite element models with both residual stress and microstructure
The distribution of residual stress obtained in Fig. 7.7 in section 7.2.3 was then incorporated in

the models of solder joint with microstructures in Fig. 7.9 in section 7.2.4 to be the initial load in the
modelling. In such case, the combined effects of the residual stress and microstructure on the
tensile fracture behaviour of solder joints can be investigated. The models with combined residual
stress and grain boundaries are illustrated in Fig. 7.10. However, when the fracture criterions were
introduced into the model, it was found that the residual stress at the Cu3;Sn/Cu interfaces exceeded
the fracture strength of the Cu3;Sn grain boundaries, which cannot be processed in the Abaqus
explicit module. This also implies that the crack within solder joint could probably be initiated during

the aging before mechanical tests.
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Fig. 7.10 The model of solder joint (a) before aging and (c) after aging with combined residual
stress and grain boundaries; (b) and (d) illustrates the detailed stress distribution within the bulk
solder.

Consequently, the settings for the modelling on the build-up of residual stress within solder

joints in section 7.2.3 were incorporated within the fracture simulation of models with grain
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boundaries. Hence, the residual stress within the solder joint can be generated during the modelling
with grain boundaries, followed by the fracture modelling. The procedures of the modelling are
illustrated in Fig. 7.11.
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Fig. 7.11 The steps in the modelling for investigating the combined effects of residual stress and

grain boundaries on the fracture behaviour of solder joints.

In the calculation of the distribution of residual stress in section 7.2.3, the involved factors, such
as thermal expansion, volume shrinkage induced by the growth of interfacial IMC layers and the
creep/stress relaxation in the solder and Cu, were all accounted for the build-up of residual stress in
the solder joints. However, the simulation on the failure of interfacial IMC layers requires the explicit
module in Abaqus, which ruled out the volume shrinkage and creep/stress relaxation. Hence, only
thermal expansion of different parts in the solder joint was accounted for the build-up of residual

stress in solder joint in this set of simulation.

7.3 Major parameters and settings in the simulations

7.3.1 Fracture parameters of bulk solder
In mechanical tests, the deformation within bulk solder can be generally divided into three

stages: elastic deformation, plastic deformation and the failure. The elastic deformation of bulk
solder under tension can be described by the Young’'s modulus and Poisson’s ratio,

The plastic deformation of bulk solder is defined based on true stress-strain curve in Abaqus
[279]. However, normally, only nominal stress-strain curves can be exported from the tensile test
results of bulk solder, which needs to be converted to true stress-strain curve for the modelling. The
conversion from nominal stress-strain curve to true stress-strain curve is given as [279, 280]

e =In(1+ €,0m)
0 = Onom(1 + €nom) (7.1)
where ¢ and o are the true strain and stress, and ¢,,, and o,., are the nominal strain and stress,
which are also engineering strain and stress.

Fig. 7.12 a) illustrates an example of a nominal tensile stress-strain curve of a lead-free solder
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[233]. The true stress-strain curve of the solder was derived by equation (7.1), and the result is
illustrated in Fig. 7.12 b). From the true stress-strain curve at the strain rate of 0.01, the fracture

stress and fracture strain of the solder are 40 MPa and 0.08, respectively.
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Fig. 7.12 (a) nominal stress-strain curve [233] and (b) the derived true stress-strain curve of lead-

free solder at the stain rate of 0.01.

Once the plastic deformation exceeds the deformation limits, the fracture of solder occurs. The
fracture mechanism of the solder joint is often found to be ductile fracture in solder joints [35, 281],
which is induced by the nucleation, growth and coalescence of voids. In Abaqus, the ductile

damage module was employed for the simulation. the initiation of ductile damage was evaluated by

equivalent plastic strain, e‘Dpl, which is a function of stress triaxiality and strain rate, 551(77, £PY) [279]

wp = [ (72)

himerh
where n is the stress triaxiality and £P! is the strain rate. For uniaxial tension, £7! is the same as the
tension strain rate, £’ = £°,. The onset of the damage is set as w;, = 1. The stress triaxiality 7 is
defined as n= p/q [279], where p is the pressure stress, g is the Mises equivalent stress. For
uniaxial tension test, n=1/3.

After the initiation of crack, the propagation of the crack is defined by damage evolution in
Abaqus. The damage evolution is defined by evolution equation[279]

uPl = LeP! (7.3)
where uP! is the effective plastic displacement after the initiation of crack; L is the characteristic
length of the mesh, and P! is the strain after damage.

The definition of the characteristic length, L, depends on the element geometry and
formulation. It is a typical length of a line across an element for a first-order element and it is half of
the same typical length for a second-order element [279]. The element size of the model in this
work was approximately 0.6 ym, and the increase of strain after damage was £P!=0.12. Therefore,
the effective plastic displacement of the mesh in this work can be calculated: #?'=0.072 ym.

After the crack initiation, the development of the damage can be defined as relative plastic
displacement in linear or exponential form [279]. For simplicity, the degradation behaviour of the

solder joint after crack initiation was defined as linear in this work. Therefore, the parameters for the
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crack initiation and propagation in the solder are listed in Table 7.3.

In order to investigate the effect of grain boundaries on the mechanical integrity of solder joints,
the parameters for the fracture behaviour of grain boundaries should also be defined. However,
when the solder joint failed from the bulk solder, the crack seldom propagates along the grain
boundaries [282], which indicates the strength of the grain boundaries is comparable to the strength
within the grains. Therefore, in this work, the fracture strain and damage evolution criterion of grain
boundaries were assumed to be 80% of the solder grains due to the lack of data about the fracture

of grain boundaries in solder.

Table 7.3 Parameters for the fracture of bulk solder in solder joints.

Damage initiation Damage
evolution
Fracture strain Stress triaxiality Strain rate _
(linear)
Solder 0.08 0.333333 0.01 7.2e-5mm
Solder grain
) 0.064 0.333333 0.01 5.76e-5 mm
boundaries

7.3.2 Fracture parameters of CusSns and CusSn
The fracture of interfacial CusSns and CusSn layers is frequently reported to be brittle failure.

The cantilever bending tests on the micro CusSns pillars and CusSn pillars in chapter 4 also
confirmed the brittle fracture of the micro pillars. Therefore, in the modelling, the mechanical
response of the interfacial CugSns and CusSn layers consisted of two parts: the elastic deformation
in the beginning of the loading and the brittle failure once the load exceeded the limit.

The elastic deformation of the interfacial CugSns and Cu3Sn layers can be simulated based on
the Young’s modulus and Poisson’s ratio of the corresponding IMCs in modelling. The followed
brittle fracture of the IMCs was simulated by the brittle cracking feature in Abaqus. The brittle
cracking model in Abaqus is designed for modelling the fracture behaviour of concrete, but it can
also be employed for the modelling on other materials, such as ceramics and brittle rocks. This
feature is applicable in the modelling on the failure of CusSns and Cu3Sn as the fracture of the IMC
layers is also dominated by tensile cracking [279].

The brittle cracking model in Abaqus includes two steps: the detection of the crack and the
post-failure stress-strain relation. The criterion used for crack detection in Abaqus is the Rankine
criterion, which states that a crack forms when the maximum principal tensile stress exceeds the
tensile strength of the brittle material [279]. Based on the experimental results in chapter 4, the
fracture strengths of CugSn; and Cu3Sn are 1.3 GPa and 2.34 GPa, respectively.

After the cracks emerge within the model, the post-failure behaviour was defined by post-failure
stress-strain curves, so that the development of the crack can be simulated. From the load-
displacement curves of the micro CusSns and Cu3Sn pillars in chapter 4, the increase in the strain
can be assumed to 0.001 with linear degradation, as illustrated in Fig. 7.13. So, the instability of the

model can also be minimized.
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Fig. 7.13 The post-failure behaviour of interfacial CugShs and CusSn.

An important feature of the brittle cracking model is that, whereas crack initiation is based on
Mode | fracture only, post-crack behaviour includes Mode Il as well as Mode I. The Mode Il shear
behaviour is based on the common observation that the shear behaviour depends on the amount of
crack opening. More specifically, the cracked shear modulus is reduced as the crack opens.
However, when the brittle cracking was modelled with implicit module in Abaqus, the built model
cannot converge even after running continuously for one week. Therefore, Abaqus/Explicit was
utilised in this study. And it offers a shear retention model in which the post-crack shear stiffness is
defined as a function of the opening strain across the crack; the shear retention model must be
defined in the cracking model, and zero shear retention should not be used [279]. The shear

retention is defined as:

ck
ple) = (1= ;) (7.4)
where p defines the form of the shear retention model; eSk is the crack opening strain. Fig. 7.14

presents some typical examples of the p-eSk correlation [279].

p
1

Fig. 7.14 Power law form of the shear retention model [279].

For simplicity, a linear shear retention model is defined in this work. The parameters of the
brittle cracking of interfacial CugSns and CusSn layers in the modelling are listed in Table 7.4. Due to
the lack of data about crack opening strain of CugSns and Cu3Sn, the opening strain was set to be
0.001 for both these two IMCs. As far as the author is aware, the fracture strengths of the CugSns
and CusSn grain boundaries were seldom reported. But, for solder joint with thick interfacial IMC
layer after prolonged aging, the solder joint failed preferentially from the grain boundaries within

interfacial IMC layers [281, 283], which indicates that the bulk solder is stronger than the grain
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boundaries in the thick interfacial IMC layer after aging. Therefore, it is reasonable to assume that
the adhesion strength between the CusSns and Cu3Sn grains is lower than the fracture strength of
the solder matrix. Therefore, in this work, the fracture criterions of CusSns and CusSn grain
boundaries were assumed to be 0.03 of the corresponding IMC, which is lower than the fracture

strength of the bulk solder.

Table 7.4 Brittle cracking of CugSns and CuzSn.

Brittle cracking Brittle shear (power law)
Direct stress after Direct cracking
e
cracking strain P
1300 0
CugSng le-3 1
0 0.001
Grain boundaries 39 0
. 3e-5 1
in CueSns 0 3e-5
2340 0
CuszSn le-3 1
0 le-3
Grain boundaries 70.2 0
) 3e-5 1
in CusSn 0 3e-5

7.3.3 Other settings and parameters
Table 7.5 listed other major parameters involved in the modelling. The plastic deformation

behaviours of solder and Cu substrate were modelled by true stress-strain curves that were
converted from the reported nominal stress-strain curves in literatures. The listed densities of all the
involved materials in the model were for the explicit modelling on the fracture behaviour of

interfacial IMC layers.

Table 7.5 Settings and parameters for the major mechanical properties of the involved materials in

modelling.
Young’'s modulus Poisson’s Ratio Density Plasticity

Solder 46.9 GPa [195] 0.36[16] 7.4 glcm® [16] [233]
Grain boundaries 3

_ 46.9 GPa 0.36 7.4 g/lcm [233]

in solder

CueSns 112.3 GPa [195] 0.309[16] 8.28 g/cm® [16] -
Grain boundaries 3

112.3 GPa 0.309 8.28 g/cm -

in CugSns layer
CusSn 134.2 GPa [195] 0.299[16] 8.90 g/cm® [16] -
Grain boundaries 3
} 134.2 GPa 0.299 8.90 g/cm -
in CusSn layer

Cu 116.5 GPa [195] 0.339[16] 8.94 gicm® [16] [284]
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7.4 Modelling results

7.4.1 Crack initiation and propagation in original models
As illustrated in Fig. 7.3, the original models of solder joint were built with two types of

interfacial IMC layers with different thicknesses and morphologies. No residual stress or grain
boundaries were introduced in these models. So that, the influence of the thickness of interfacial
IMC layers on the fracture behaviour of solder joints can be revealed. Furthermore, the crack
initiation and propagation within the original model can serve as the reference to the followed
modelling with stress and grain boundaries.

Therefore, the crack propagation paths within the original models are illustrated in Fig. 7.15. In
solder joints before aging, the crack initiated from the two corners of the solder/CusSn;s interfaces
and propagated across the entire solder matrix, which agrees quite well with the reported crack
propagation path in reference [261]. This is possibly due to the notable variation between the
mechanical properties of the bulk solder and the properties of CusSns layer. Severe stress
concentration can occur at the corner of the heterogeneous interfaces, particularly the corners,
which can easily exceed the fracture strength of bulk solder in tension. Therefore, the model with
thin interfacial CugSn; layer failed across the bulk solder.

In the finite element models of solder joints with thick IMC layers in Fig. 7.15 b), the solder joint
generally fractured through the solder matrix with significant amount of CuesSns scallops exposed at
the two ends of the fracture path. The limited amount of solder matrix between the two thick
interfacial CusSn;s layers leaded to the lack of adjustment to the induced stress within solder matrix
during loading and thus more serious stress concentration along the solder/CusSn; interface.
Hence, the solder joint fractured along a mixture of solder/CugSn; interface and solder matrix.
However, for the solder joints with such thick IMC layer in experiments, the solder joint primarily

fractured from the IMC layers [261], which the modelling result does not comply with.

Cu Cu
¥ CugSns _Cussn
CugSng
Solder _Solder
_Cu68n5
ECUsSns [Cu3Sn
Cu (b) Cu

Fig. 7.15 Crack propagation within the original models of Cu/solder/Cu solder joints (a) with thin

interfacial IMC layer and (b) with thick interfacial IMC layers.

7.4.2 Effect of residual stress on the fracture behaviour
In order to investigate the effect of residual stress on the fracture behaviour of solder joints, the

obtained stress distribution in section 7.2.3 was introduced in the modelling on the fracture

behaviour of solder joint as an initial stress load. Therefore, the crack propagation path in the
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modelling results can reveal the effects of residual stress on the fracture of solder joints.

Fig. 7.16 depicts the modelling results on the crack propagation in pre-stressed Sn99Cu1
solder joints with thin interfacial IMC layer. Fig. 7.16 a) illustrates the stress concentration sites near
the solder/CugSns interface in the solder matrix after introducing the residual stress. Because the
stress at these two regions was close to the fracture stress of bulk solder, the crack initiated at both
these two sites simultaneously. The emergence of the cracks can then alter the distribution of
residual stress within the solder joints, as illustrated in Fig. 7.16 b). The stress within the band
connecting the two crack initiation sites rose significantly. As the tension proceeded, the two cracks
merged, leading to the fracture of the solder joint (Fig. 7.16 c)). After the failure within the bulk

solder, the stress within the solder matrix dropped dramatically.

Stress concentration sites Cracks

¢ New stress
== concentration
: regions

Crack

::CUGSns

Solder

Fig. 7.16 Effect of residual stress on the crack initiation and propagation in solder joints with thin
interfacial IMC layer: (a) the distribution of residual stress in solder matrix before tension; (b) the
initiation of cracks within the solder joint in the beginning of tension; (c) the failure of the solder

joints after tension.

The illustrated crack propagation path significantly differs from the fracture in the stress-free
model of solder joint with thin IMC layer in Fig. 7.15 a). This can be attributed to the concentration of
residual stress at the corners of solder/CusSn; interfaces where the crack initiated. This notable

difference in crack propagation path was evidently resulted by the residual stress within the model,
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since the stress distribution was the only difference in these two models.

Fig. 7.17 demonstrates the crack propagation path in the stressed solder joints with thick
interfacial IMC layers. Before the tension, the residual stress distributed homogeneously within the
majority of the solder matrix with an average value of 40 MPa, as illustrated in Fig. 7.17 a). When
the tension displacement was applied, the crack initiated along the solder/CusSn;s interface where
the solder matrix was seriously strained due to the different mechanical properties between solder
and CugSns layer. The overall stress distribution within the solder joint after failure is shown in Fig.
7.17 b).

It is notable that the fracture path within the stressed solder joint with thick IMC layer is similar
to that in the stress-free solder joint in Fig. 7.15 b), which can be ascribed to similar stress
distribution during tension. It is obvious that the residual stress within the solder matrix distributed
evenly before the beginning of the tension in the stressed model. For the stress-free model, a
similarly homogeneous distribution of stress can also be resulted from the applied tension load in
the beginning of the tension due to the limited amount of the bulk solder. Hence, the crack

propagated along a similar path within the pre-stressed and stress-free models.

Stress
concentrated

region

Fig. 7.17 The crack propagation path in the stressed Sn99Cul/Cu solder joint with thick interfacial
IMC layers: (a) the stress distribution within the solder matrix before tension; (b) the failure of the

solder joint after tension.

7.4.3 Effect of microstructure on the fracture behaviour
Fig. 7.9 in section 7.2.4 illustrates the finite element models with the grain boundaries. The

effects of microstructure on the fracture behaviour of solder joints were then investigated by
applying the displacement on the upper Cu part in the model with the bottom Cu fixed.

The fracture path within the model with grain boundaries is illustrated in Fig. 7.18 a). It is shown
that the crack propagated diagonally through the bulk solder, which is generally similar to the
fracture in stress-free model in Fig. 7.15 a). However, it is also notable that the crack developed
along the solder grain boundaries during the course of propagation due to the lower fracture
strength. This is consistent with the experimental observation that the solder joint failed along the
grain boundaries when heterogeneous particles congregated along the grain boundaries within
solder matrix [32, 285].

For the model with grain boundaries and thick interfacial IMC layers, the crack propagation
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path in Fig. 7.18 b) is quite similar to the fracture in the model without grain boundaries in Fig. 7.15
b). This could be ascribed to the limited number of grain boundaries along the potential fracture
propagation path within the solder matrix in tension. As the discussion presented earlier, the stress
within solder matrix can easily exceed the fracture strength of the bulk solder during tension
because of the limited amount of solder in the middle. During the propagation of the crack in solder
matrix, the solder joint fractured through the solder grains as the grain boundaries are generally
orthogonal to the crack propagation path.
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Fig. 7.18 Crack propagation path within the models for the solder joint (a) with thin and (b) thick

interfacial IMC layers.

7.4.4 The combined effect of microstructure and residual stress
In actual solder joints, the growth of interfacial IMC layers is intrinsically accompanied by the

residual stress and microstructural evolution. Therefore, the effect of residual stress and grain
boundaries was incorporated in one model to simulate the combined effects of these two on the
fracture behaviour of solder joints.

The modelling results are illustrated in Fig. 7.19. It can be observed that due to the
concentrated residual stress at the corners of the solder/CugSns interface, the crack in the model of
solder joints with thin IMC layer initiated from the two corners, as illustrated in Fig. 7.19 a). During
the course of crack propagation, the grain boundaries of solder joint facilitated the development of
cracks, so the fracture path within the bulk solder was slightly altered in comparison to the
modelling results in Fig. 7.16.

In comparison to the fracture path in Fig. 7.15 a), Fig. 7.16 c¢) and Fig. 7.18 a), it can be found
that the fracture path within the model with combined stress and grain boundaries was altered by
both the stress and grain boundaries. The stress concentration at the two corners of the
solder/Cu¢Sn; interface served as the crack initiation sites, while the grain boundaries in bulk solder
slightly modified the development of the crack.

Fig. 7.19 b) illustrates the cracks within the model of solder joints with thick interfacial IMC
layers. It is clear that the cracks initiated and propagated within the interfacial CugSns and Cu3Sn
layers, while the solder matrix remained intact. However, the modelling results in the original model
in Fig. 7.15 b), the stressed model in Fig. 7.17 b) and the model with grain boundaries in Fig. 7.18
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b) show that the solder joint fractured from the bulk solder when it is under tension. The comparison
indicates that neither the residual stress nor the grain boundaries can initiate the crack within the
interfacial IMC layers individually. The observed fracture within the interfacial IMC layers in
literatures [286, 287] is probably due to the combined contribution from both the residual stress and
the low adhesion strength of grain boundaries.

The distribution of the residual stress in Fig. 7.7 reveals that the residual stress rose
significantly at the heterogeneous interfaces, such as Cu/CusSn and CugSns/solder interfaces, in
the aging and cooling. During the increase in the residual stress within interfacial IMC layers, crack
can be initiated at the grain boundaries within the Cu3;Sn and CusSn;s layers once the residual stress
exceeded the fracture strength of IMC layers. Consequently, the crack can propagate within the

interfacial IMC layers due to the low resistance to crack propagation within IMCs [138].

Crack within interfacial IMC layer
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Fig. 7.19 The crack initiation and propagation in the models of solder joint with both residual stress

and grain boundaries: (a) the model of solder joint with thin interfacial IMC layer; (b) the model with
thick IMC layer.

7.5 Discussions
The fracture paths in different finite element models in section 7.4 are summarized in Table 7.6

with the comparison to experimental works in literatures. From the modelling results, the crack
initiated and propagated only in the bulk solder in all the studied models for solder joints with thin
interfacial IMC layer, despite the various loads applied in the model.

Furthermore, it was also demonstrated that the stress concentration region within solder matrix
can serve as the crack initiation sites within solder matrix. And, the induced grain boundaries within
solder matrix can facilitate the propagation of cracks, altering the crack propagation path in solder
joints. The modelling results are generally consistent with the experimental observation that cracks
normally develop within bulk solder in solder joints with thin IMC layer.

However, the stress-free models of solder joints with thick interfacial IMC layers failed from
both the solder/CusSn; interface and the solder matrix. The difference in the fracture paths of the
two original models indicates that the thickness and morphology of interfacial IMC layers can alter

the crack propagation path significantly.
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For the model with both residual stress and microstructural factors, the crack propagation path
in the model with thick interfacial IMC layers agrees well with the experimental observation. The
comparison of fracture paths from the models of solder joints after aging in Table 7.6 implies that
the observed fracture within interfacial IMC layers in experiments should be ascribed to the
combined contribution of the residual stress and the weakness of grain boundaries. The sole
influence of residual stress or microstructural defect cannot initiate the cracks within interfacial IMC

layers.

Table 7.6 Summary of the fracture path in different finite element models and the comparison with

experimental observation

Before aging After aging
Original models Bulk solder Solder/CugSns interface+ Bulk
solder
Model with residual stress Bulk solder Solder/CugSns interface+ Bulk
solder
Model with grain boundaries Bulk solder Solder/CugSns interface+ Bulk
solder
Model with combined stress Bulk solder Interfacial CugSns, CusSn
and grain boundaries layers
Experimental observation Bulk solder [175, 261, 262] Interfacial CugSns, CusSn

layers [175, 261, 262]

In a real solder joint, the residual stress could be induced during the thermal experience, such
as reflowing and aging, due to the incompatible CTEs in different parts in solder joints. The volume
shrinkage induced by the growth of interfacial IMC layers in aging can also contribute significantly to
the increase in the stress within interfacial IMC layers. Though the residual stress could be
compensated by the creep/stress relaxation in the bulk solder and Cu, the stress could remain high
within interfacial CugSns and Cu3Sn layers. For the solder joint with thin interfacial IMC layer under
tension, the incompatible deformation between the bulk solder and interfacial IMC layers can lead to
further increase in the concentrated stress at these heterogeneous interfaces. Therefore, cracks
can be initiated. And the solder joint is then fractured diagonally under tension [261].

After aging, the residual stress within the solder joint increases with the growth of interfacial
IMC layers due to the volume shrinkage induced by the growth of interfacial IMC layers. The
adhesion strength of the grain boundaries in interfacial IMC layers could also deteriorate due to the
aggregation of defects, such as voids and heterogeneous particles [288, 289]. Therefore, the
residual stress that concentrates at the Cu/CusSn interface could initiate cracks within interfacial
Cus3Sn layer even before the tensile test [290]. During the tensile test, the crack can further develop

through the interfacial IMC layers, leading to brittle fracture of the solder joint.
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7.6 Summary
In this chapter, the effects of microstructure, residual stress on the fracture behaviour of solder

joints were investigated by modelling with progressively increased factors. From the presented

modelling results and discussions, following conclusions can be reached:

1.

In the model of the solder joint with thin IMC layer, the grain boundaries in the interfacial
CugSns layer had negligible effects on the fracture of solder joints while the solder grain
boundaries can facilitate the crack propagation.

The thickness and morphology of interfacial IMC layers can alter the fracture path
significantly, since the model with thin interfacial IMC layer fractured within solder matrix
while the model with thick interfacial IMCs failed along the mixture of solder/CusSns
interface and within solder matrix.

The residual stress normally concentrates at the heterogeneous interfaces, such as the
Cu3Sn/Cu interface and solder/CugSns interface, where the crack likely initiates.

The failure of interfacial IMC layers in solder joint under tension is resulted from the
combined contribution of the residual stress and microstructural weakness, such as grain
boundaries.
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Chapter 8 Conclusions and future work

8.1 Main conclusions
Based on the presented experimental and modelling results in previous chapters, the main

findings in this thesis are therefore summarized in this chapter. As each chapter is focused on
individual research topics, and they are all correlated with others, the main conclusions for entire

thesis can be drawn in the following sections.

8.1.1 Growth of IMCs at Sn99Cul/Cu interface
The growth of interfacial IMC layers in both planar and perpendicular to the interdiffusion

direction in Sn99Cul/Cu solder joints was studied. During the aging at 175°C, the planar growth of
interfacial CusSns, CusSn layers was found to follow parabolic law with aging durations. The
correlation can be expressed as hyyc = 0.27tY/2 + 465, hcygsns = 0.16tY2 + 4.1 and heyzs, =
0.17t'/2, where t is the aging duration in hour, and h is the thickness of each IMC layer in um.

Prior to aging, the interfacial CugSn; layer was identified, but the CusSn layer was not detected,
which could be attributed to small amount of Cu3;Sn layer that was present, or the limited spatial
resolution of the microscope and SEM uitilised in the observation. After aging at 175°C for about
1006.5 hours, the thickness of both interfacial CusSns and Cu3Sn layers increased significantly, and
the morphology of the IMC layer transformed from dendritic shape to layered structures after aging
at 175°C for 1006.5 hours.

The growth of IMCs at the Sn99Cu1/Cu interface in perpendicular to the diffusion direction
between solder and Cu was also investigated in this work. The protrusion of IMCs was found to
follow parabolic law with aging duration, and it can be expressed as y = 0.11+/t, where t is aging
duration in hour, and y is the height of the perpendicular IMCs in um.

The composition of the perpendicular IMCs was identified as Cu3zSn at the beginning of the
protrusion. During the perpendicular growth of IMCs, the composition of the IMCs at the top of the
protrusion transformed from Cu3Sn to CuesSns due to the decreasing concentration of Cu atoms with
longer the diffusion distance in aging. It ultimately leaded to the double-layer structure of the
protruded IMCs, with the outer CusSns layer and inner CuzSn. The formation sequence of these two
types of IMCs was opposite to the planar growth of interfacial IMC layers within the solder joint.

Furthermore, the growth rate of the perpendicular IMCs was found to be much lower than the
rate of planar growth due to longer diffusion distance. From the obtained parabolic correlations
between the growth of IMCs and aging durations, it was concluded that both the planar and

perpendicular growth of IMCs are diffusion-controlled processes.

8.1.2 Mechanical properties of Cu-Sn IMCs
The tensile fracture behaviours of both CugSns and CusSn at the interface of Sn99Cu1/Cu

solder joints were studied by cantilever bending tests on micro-pillars which were fabricated with
FIB. SEM and EDX were employed to examine the micro pillars and the fracture surface of the pillar
before and after the bending test. The fracture strength of the tested pillars was then estimated by

finite element modelling.
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When micro CueSn; pillars were subjected to the bending load applied by the indenter during
cantilever bending tests, the pillars remained elastic before the fracture. After the test, both
transgranular and intergranular fracture modes were identified according to the fracture surface of
micro CugSn; pillars. The different fracture modes were primarily dependent on the microstructure of
interfacial CugSn; layers and the number of grains involved at the bottom of the micro pillar. The
tensile fracture strength and strain of CugSn; IMC were estimated to be approximately 1.3 GPa and
0.011, correspondingly. .

The micro CusSn pillars were also in elastic state until the fracture during cantilever bending
test. From the fracture surface, intergranular fracture was the only failure mode in micro CuzSn
pillars. This could be resulted from the preferential crack propagation along the grain boundaries of
the sub-micrometer Cu3Sn grains at the bottom of the micro CusSn pillars. Based on modelling, the
tensile fracture strength of CusSn were estimated to be 2.3GPa, and the corresponding fracture

strain was approximately 0.017.

8.1.3 Collapse of solder joints
The collapse of solder joints induced by the growth of interfacial IMC layers after extended

aging was investigated by surface profiing on specific designed specimens with white light
interferometer. From the measurement, the reduction of joint height was about 1.2 ym after aging at
175°C for 1132 hours. The decrease in joint height followed parabolic law with aging durations,
which can be expressed as Ah = —0.031 x 1/t under the experimental conditions. The dimensional
change coefficient ( the ratio of change in joint height / the thickness of interfacial IMC layers) based
on experimental measurements was found to be Qexperimeni= -0.114. Based on the hypothesis that the
CueSns and Cus3Sn are isotropic and dense structure, the theoretical reduction of joint height
induced by the growth of interfacial IMC layers under experimental conditions was evaluated to be
Ahy = -(0.04-0.004x) \/t, thereby the estimated theoretical dimensional change coefficient Qjgea= -
0.147+0.0147x. The theoretical calculation demonstrated an excellent accordance with the
experimental results.

Modelling results also showed that the stress induced by the constrained dimensional change
mainly concentrated on interfacial IMC layers, which was significantly higher than that in solder and
Cu. The residual stress further led to the refinement of grains in the Cu substrate near the
Cu3Sn/Cu interface.

8.1.4 Residual stress
The residual stresses within Sn99Cu1/Cu solder joints were evaluated by nanoindentation tests

on the interfacial CusSns and CusSn layers as well as the adjacent solder and Cu substrate with
nano Vickers indenter across the solder joints. The residual stresses within the different parts of the
solder joints were then measured by correlating the increase/reduction of maximum force of the
nanoindentation with the projected contact areas of the indents.

The experimental results indicated that the stress states of each interlayer at the solder/Cu
interface varied with the location and the compositions: (1) The Cu substrate close to the Cu3Sn/Cu

interface was under compression with the average stress of 560 MPa at both the centre and the
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edge due to the aging; (2) The average compression stress within bulk solder near the
solder/CugSns interface was 70 MPa and 90 MPa at the centre and edge respectively; (3) The
compression stress within interfacial CusSns layer also increased about 4 GPa and 3 GPa at the
centre and edge respectively after aging; (4) The interfacial CusSn layer was subject to a increasing
tension stress of 1.7 GPa and 0.5 GPa at the centre and edge respectively.

The comparisons of stress-time curves of adjacent two parts in the solder joints were also
made. The results indicate that: (1) There was no observable correlation between the S-t curves
from the solder and the adjacent interfacial CusSns layer; (2) The stress evolution within Cu
substrate and the interfacial Cu3Sn layer at the centre of Sn99Cu1 solder joints followed the
opposite trend due to the aging, which indicates the contraction of CusSn layer during its growth
was mainly constrained by the adjacent Cu; (3) The stress state of the interfacial CuzSn layer at the
edge was mainly governed by the confinement of the interfacial CusSn;s layer.

During the aging, both the thermal expansion and the growth of interfacial IMC layers could
cause the increase of residual stresses within solder joints, while creep/stress relaxation and the
growth of Sn whiskers can release the stress. The observed growth of Sn whiskers within the solder
matrix near the solder/CugSn;s interface confirmed that the solder matrix was under compression
during aging.

8.1.5 Modelling on fracture behaviour of solder joints
The effect of both microstructure and residual stress on the fracture behaviour of solder joints

was investigated by introducing the residual stress and grain boundaries in finite element models
with the combination of Matlab and Python scripting in Abaqus. It is found that: (1) In the model of
solder joints before aging, the grain boundaries in the interfacial CusSns layer had negligible effect
on the fracture of solder joints while the grain boundaries within the solder matrix can facilitate the
crack propagation; (2) The thickness and morphology of interfacial IMC layers can alter the fracture
path within a solder joint. In the model with thin interfacial IMC layers, the crack initiated and
propagated within the solder matrix. When the interfacial IMC layers were the major part in the
model, the crack initiated and propagated both within the solder matrix and along the solder/CugSns
interface; (3) Due to the volume shrinkage and the mismatch of CTEs, the residual stresses
normally concentrated at the interface between heterogeneous interfaces, such as the CuzSn/Cu
and solder/CusSn; interfaces, where the crack was likely to initiate; (4) From the finite element
model considering the residual stresses and defects in microstructure, the failure of interfacial IMC
layers in solder joints under tension was resulted from the combined contributions from both the

residual stress and microstructural weakness, such as grain boundaries.

8.2 Contribution of the work
The thesis focused on the growth of IMCs, the fracture characteristics of IMCs and its effect on

the reliability of solder joints. It can contribute to the contemporary knowledge on the reliability of

solder joints from following aspects:
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The investigation on the perpendicular growth of IMCs reported a new phenomenon of the
growth of IMCs, It can enhance the current understanding on the growth mechanisms of
IMCs at the solder/Cu interface.

The fracture characteristics of CugSns and CusSn in solder joints can significantly facilitate
the analysis on the mechanism of the degradation in the reliability of solder joints after
service or aging. Furthermore, the methodology established in the thesis, the combination
of FIB and nanoindentation, is a promising and versatile approach to test micro-scale or
even sub-micrometre features.

The experimental results on the collapse of solder joint induced by the growth of interfacial
IMC layer confirmed that the growth of IMCs is accompanied by volume shrinkage. It
unveils the potential effect of the growth of IMCs on the dimensions of solder joints, which
could be a vital issue in the electronic devices with high standard of alignment.

The evolution of residual stress at the solder/Cu interface can improve the fundamental
understanding of the effect of the growth of IMCs on the reliability of solder joints after aging.
The modelling on the fracture behaviour provides a new approach to introduce
microstructural factors in the modelling on solder joints. It can also be utilised to introduce

anisotropy in finite element models.

8.3 Future work
Due to the limit time and available resource during this PhD study, it is not possible to cover all

the areas in certain depth and details, therefore several areas of potential future research that are

worth of further investigation can be summarised as follows.

8.2.1 Growth of IMCs

1.

In order to further investigate the perpendicular growth of IMCs in solder joints, FIB could
be utilized to section the specimen after aging for every 100 hours, so that the
morphological evolution of the protrusion of IMCs can be monitored to understand the
growth mechanism of perpendicular IMCs.

The perpendicular growth of IMCs is probably driven by the compressive stresses existing
at the solder/substrate interface induced by the growth of interfacial IMC layers. The
evolution of residual stresses beneath the perpendicular IMCs can be evaluated by XRD
after aging, and subsequently correlated to the perpendicular growth of IMCs.

Both the planar growth and the protrusion of IMCs are probably correlated with the
evolution of residual stress within solder joints in aging. The relationship between them is
one of the crucial factors that can deteriorate the reliability of solder joints in service.
Studies on this should be conducted for better understanding of the mechanisms of the

degradation of solder joints.
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8.2.2 Mechanical properties of IMCs

1.

The effect of grain orientations on the fracture strength of interfacial IMCs could be
investigated through FIB milling in combination with EBSD mapping, and mechanical tests
with nanoindentation. As such, the grain orientations of the fabricated IMC pillars can be
manipulated and tested, so that the mechanical tests can provide diverse mechanical
responses of IMC pillars with different crystalline direction.

In-situ nanoindentation system can be employed to monitor the deformation and fracture
behaviour of micro-pillar specimens during the tests. The test and observation can enhance
the current understanding of the fracture mechanism of solder joints.

Various types of loads can be applied in the test on fabricated pillars to understand the
fracture behaviour under complex stress status, such as cycling bending and impact loads.
These tests can help better reflect the reliability of solder joints under the actual service
conditions.

Other solder alloys, such as Sn-Ni, Sn-Zn and Au-Sn solder alloys, are also extensively
used in electronic devices as the solder, in which the reliability of solder joints is crucial due
to the potential harsh service conditions. The mechanical properties of the produced IMCs
in these systems are also essential to the understanding of reliability issues in these solder
joints.

The methodology established in the study (the combination of FIB and nanoindentation for
mechanical tests on micro-scale features) is a promising technique that can enable the
mechanical tests on various micro and even sub-micrometre features, such as Cu pillar

bump in 3D packaging.

8.2.3 Collapse of solder joints

1.

For more precise characterization of the collapse of solder joints after aging in future, the
reference surface for the measurement should be inert, so that the effect of potential
oxidation in prolonged aging may be eliminated.

The potential effect of the collapse of solder joint on the performance of electronic devices
should be investigated. Though the amount of collapse of solder joints is not very
significant, this small change in dimension can possibly lead to degradation of electronic
devices which require high alignment accuracy, such as optoelectronic devices.

The collapse of solder joints due to the growth of interfacial IMC layers for different solder
joint dimensions which can lead to deviations in heights of the solder joints on the same
chip should be further investigated. This could result in significant residual stress within the
bonded chip, which may even lead to the crack initiation in some extreme cases.

8.2.4 Residual stress in solder joints

1.

The study on the residual stress within interfacial IMC layers demonstrated that the residual
stress evolves with aging durations, which potentially influence the fracture behaviour of

solder joints under external load. XRD and other stress/strain measurement techniques can
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8.2.5

be considered and employed for further investigation on the evolution of residual stress
within solder joints after aging, which can provide a more reliable and accurate estimation at
different layers and locations. This could therefore provide more fundamental understanding
as to the transition of crack initiation and propagation path within solder joints after
prolonged aging durations.

The observed growth of Sn whiskers within the voids close to the solder/Cu interface is an
interesting phenomenon. Further investigations on its growth and the correlation with stress
evolution at the solder/Cu interface may help reveal the mechanism of the growth of Sn

whiskers and the stress evolution within solder joints.

Modelling on the fracture behaviour of solder joints
3D models can be considered for the construction of complex joint structures to elaborate

the influence of microstructure and residual stress on the fracture behaviour of solder joints
presenting further detailed comprehension on the effects of interfacial IMCs.

Other microstructural factors, such as Kirkdendall voids, electromigration and thermal
migration, can significantly redistribute the materials and stresses within the solder joints,
which ultimately degrades the mechanical reliability of solder joints. Modelling can also be
considered to incorporate such reliability elements and simulate the redistribution of
materials and stresses in solder joints and further to uncover the effect of interfacial IMCs
on the fracture behaviour.

The combination of programming (such as Matlab) and modelling with FEA software (such
as Abaqus) is a promising technique to introduce anisotropy in finite element analysis, in
particular, the modelling on the fracture behaviour of miniaturized joints in 3D packaging

where only a few grains exist in the interconnects.
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Appendices 1- Code for post-processing

#Derive the average stress-strain curves from modelling results

from miscUtils import sorted
from random import *
from abaqusConstants import *
def ys_distribution():
import section
import regionToolset
import part
import material
import odbMaterial
import assembly
import step
import interaction
import load
import mesh
import job
import sketch
import visualization

import connectorBehavior

nodesl=[#labels of the first line of nodes]

nodes2=[#labels of the second line of nodes]

pathl=session.Path('Cu6Sn5-1-9micron-1',NODE_LIST,'PART-1-1',nodes1)
path2=session.Path('Cu6Sn5-1-9micron-2',NODE_LIST,'PART-1-1",nodes2)

session.XYDataFromPath('Cu6Sn5-1-9micron-1', pathl, includelntersections=False,
shape=UNDEFORMED, labelType=TRUE_DISTANCE)
session.XYDataFromPath('Cu6Sn5-1-9micron-2', path2, includelntersections=False,

shape=UNDEFORMED, labelType=TRUE_DISTANCE)
#session. XYDataFromPath(name="XYData-'+str(ii), path=pth, includelntersections=True,
shape=UNDEFORMED, labelType=TRUE_DISTANCE)
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m=59-2

for i in xrange(1,m):
nodes=[]
for n in xrange(0,len(nodesl)):

nodes.append(nodesl[n]+i*(nodes2[n]-nodesl[n])
path=session.Path('Cu6Sn5-1-9micron-'+str(i+1),NODE_LIST,'PART-1-1',nodes)

session.XYDataFromPath('Cu6Sn5-1-9micron-'+str(i+1), path,
includelntersections=False, shape=UNDEFORMED, labelType=TRUE_DISTANCE)
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Appendices 2- Code for creating grain boundaries

%Matlab code for generating arbitrary grain boundaries

Xmin=-0.025
Xmax=0.025
Ymin=-0.018
Ymax=0.018

Coordinates=zeros(10,2)

fori=1:10
Coordinates(i,1)=Xmin + (Xmax-Xmin).*rand(1,1)
Coordinates(i,2)=Ymin + (Ymax-Ymin).*rand(1,1)
end

[VX, VY] = voronoi(Coordinates(:,1),Coordinates(:,2));

h = plot(VX,VY,'-b',Coordinates(:,1),Coordinates(:,2),".r");

set(h(1:end-1),'xliminclude’,'off','yliminclude’,'off");
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Appendices 3- Code for importing grain boundaries

# Import the grain boundaries from Matlab into the models in Abaqus

from miscUtils import sorted
from random import *
from abaqusConstants import *
def ys_distribution():
import section
import regionToolset
import part
import material
import odbMaterial
import assembly
import step
import interaction
import load
import mesh
import job
import sketch
import visualization

import connectorBehavior

# get the cooridinates of the matrix
VX=[#data points from matlab]
VY=[#data points from matlab]

m=len(VX)

n=len(VY)

Cu3Sn=mdb.models['Model 1-6-weeks'].ConstrainedSketch('Cu3Sn-sketch’,0.001)

for i in xrange(0,len(VX)/2):
Cu3Sn.Line((VX[i],VYI[i]),(VX[i+len(VX)/2],VY[i+len(VX)/2]))
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