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With the continued proliferation of low cost, pdsta consumer electronic
products with greater functionality, there is irasmg demand for electronic packaging
that is smaller, lighter and less expensive. Flippds an essential enabling technology
for these products. The electrical connection betwéhe chip /0 and substrate is
achieved using conductive materials, such as satdeductive epoxy, metallurgy bump
(e.g., gold) and anisotropic conductive adhesiié® interconnect regions of flip-chip
packages consistd highly dissimilar materials to meet their fuioctal requirements.
The mismatches in properties, contact morphology enystal orientation at those
material interfaces make them vulnerable to failim®ugh delamination and crack
growth under various loading patterns. This studgoepasses contact between
deformable bodies, bonding at the asperities amadtdre properties at interfaces
formed by the interconnects of flip-chip packagdsis is achieved through
experimentation and modeling at different lengthles, to be able to capture the
detailed microstructural features and contact meickaat interfaces typically found

in electronic systems.



Two different forms of interconnects in flip-chimgkages have been studied
here; the first of them is the gold-gold interfaneadhesively bonded flip-chip-on-
flex packages that are based on a Non Conductiveegide (NCA) bonding process.
The process is a form of adhesive joining and meguhe simultaneous application of
adhesive, pressure, temperature, and time to lriflig chip into contact to a board
or flex foil. Experimental investigations performed [4] [84] show evidence of
metallurgical bonding between mating gold bumpssditon dies. In this study,
further pull test experiments are performed to ctetiee effect of bonding force and
bonding time on the strength of the interface. Ald® roughness features evolve
during the bonding process at the interface. Thitase roughness of unmated and
mated Au bumps is characterized on flip-chip dsgce the amount of surface
flattening provides insights into both mechanicdkrlocking as well as propensity
for cold-welding. A diffusion creep model fits wadl the experimental results which
can be used as a prediction tool for such bondmggss Further, using techniques
developed in related studies [3] [85], elastic-fiadarge-deformation finite element
modeling with nonlinear contact surfaces is usetutther understand and quantify
this time-dependent surface-flattening phenomenidre consequences that these
bonding mechanisms have on the robustness of thesa@ interconnect are being
investigated.

The second study is on Solder-IMC interface wheprievalent in almost any
electronic package. For example, shock and dreglimg can cause interfacial
fractures between layers of dissimilar intermetatiompounds (IMCs) in solder

joints that connect components to printed wiringeasblies (PWASs) in electronic



systems. Studies have revealed that these inésriae usually wavy and non-planar
and that the waviness decreases with continueantleaging, accompanied by a
reduction of the apparent fracture resistance efrterface [65]. This loss of fracture
resistance can be a result of changes in the sttesgyth interference due to: (i)
increase in the stress intensity factor becauseeofease in the waviness; and (i)
intrinsic changes in the interfacial fracture eryecgused by aging-induced chemical
changes. The focus of this study is to explorefitise of the two factors listed above
by constructing detailed finite element fracturedmls and comparing the predictions
with the test data published in the literature [@hlobal-local, elastic-plastic-creep
finite element analysis is conducted to assesshlages in fracture energy release
rates brought about by the changing roughnessl@saind comparing them with test
data. The global model analyses the average straes&ao’s solder cantilever
specimen [65] and the local finite element moddraets the energy release rate
around interfacial crack-tips. The energy releages are averaged over a periodic
length of the wavy interface to obtain effectiveege values over the range of phase
angles, so that the results can be compared vathrésults reported by Yao & Shang
[65]. Parametric studies are conducted for thecefdf crack length and load rate on
the relative changes of strain energy releasefoatdifferent degrees of nonplanarity.
This is a fundamental study to understand the emibe of loss of IMC interfacial
waviness on the loss of apparent fracture resistanc

These studies provide deeper understanding ofdbe Iphysical phenomena

that are responsible for interfacial bonding arnldifas at nonplanar interfaces.
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Chapter 1: Introduction to the Thesis

From a structural perspective, electronic deviaesaaconglomeration of composite structures
fabricated from highly dissimilar materials. Oftethe interfaces between these materials are
where failure is most likely to occur when the aevis subjected to thermomechanical loading.
Thus, understanding and being able to predict #teawior of critical interfaces in a device is
directly related to the reliability of the systeRor Flip-Chip interconnects two major durability
issue lies at its bump interfaces that are suddepto cracking under cyclic and other harsh
environmental loading conditions. To mitigate titis important to make the interfacial bonding
robust by optimizing the bond formation processapaaters. This study is on two different
interconnect types - the first one involves golddgimterconnect strength for flip-chips and the
second problem is on the fracture behavior of titerface of solder joints in flip chip joints as
well. The effect of various bonding, geometric paeters and constitutive properties on the
strength behavior of these joints is quantifiedsTielps optimize the process variables to get the
desired strength at these critical interfaces hedefore result in a reliable product. Chapter3 2,
& 4 provide the background, approach and the waskedin this study for the gold bump
interface problem. Chapter 5 then provides theditee review and the work done on the solder
bump interface problem. Finally the contributiohimitations and proposed future work have

been sketched out in the final two chapters.



Chapter 2: Gold Bump Interconnects in Adhesively Baded Flip-
Chip Joints: Background Study

2.1 Problem Statement

In adhesively bonded FCOF (Flip-Chip On Flex) pagsa(Figure 2-1), thermal expansion and
viscoplastic stress relaxation of the epoxy dutamgperature excursions due to power cycling or
temperature cycling [84] can decrease the contace$ at the interface between the gold bump
(contact structure) on the Flip-chip (FC) die ahd gold-plated copper pad on the flex circuit.
The decrease of contact force, in turn, can réisuh increase of the electrical contact resistance
and threaten interconnect reliability. Earlier $#&$d[6, 86] proposed that the interconnection
bonding may be due to combination of two mechanisessed by compressive forces at the
contact interface caused by curing-induced shriekag the adhesive: (a) mechanical
interlocking between asperities on the mating Adagies due to compressive deformations, and
(b) metallurgical joining due to solid state difims bonding between the Au-surfaces. Based on
their empirical findings, these studies [6, 86]neliated the possibility of mechanical
interlocking and suggested that metallurgical bngds the most likely mechanism.

In this study, we intend to explore in more detdiie possibility of metallurgical
mechanisms at the Au-Au interface. Literatures fBI],suggest that the bond strength is related
to the contact area and that the process of megadal bonding can be almost instantaneous if
the contact surfaces are atomistically flat. Werdfge assume in this study that the rate
governing mechanism for interface bonding is the @& growth of the contact area. Contact

area is defined here as the area over which tieeféices come into intimate, atomistically flat



contact. An additional possible rate governing haesm could be the time required for

chemical reduction of gold oxides at the interfade.this study we assume the gold content is
negligibly small at the temperature of interestsdzhon the literatures [82, 83]. Thus the only
remaining mechanism to be examined here is theefleig rate of the contact interface.

In particular, the focus of this study is limited the contribution of Coble creep
deformation at the Au-Au interface asperities, ba growth rate of the contact area. Other
diffusion mechanisms, such as Nabarrro-Herringi@®sd surface diffusion are ignored, based
on preliminary estimates for gold, at the tempemtand stress levels expected during the

bonding process.

2.2 Background and Motivation

Flip-chip bonding has existed for more than 30 geand is known for its advantages in
miniaturization, high interconnect density, and moyed electrical performance because of
minimal lead length [5]. As shown in Figure 2-lipfchip electronic assembly is the direct
electrical connection of face-down ("flipped”) diemic dies onto a substrate. The
interconnection method used in this study is baseddhesively bonding flat gold bumps on the
IC to matching Au-plated copper pads on flexiblermid substrates, rather than soldered
connections [6], because of the low cost and lowcess temperatures required (curing
temperatures for the adhesive are usually apprdeigna00°-256C). Non-conductive adhesives
(NCASs) are increasingly replacing conductive adesias an important bonding method, to

prevent lateral shorts in ultra high-pitch, higmsligy 1/Os.



Flex circuit

Figure 2-1: Adhesively Bonded Au-Bumped Flip-Chipn Flex (FCOF)

SILICON

Substrate PAD =

Figure 2-2: NCA-Bonded FCOF Interconnect between &u Bump on a Silicon Chip and
the Matching Au-Plated Copper Pad on the Substrate

There are few possible competing bonding mechanisnthis interconnect architecture
at the Au-Au interface. They can be mechanicalriotking of mating asperities due to local
compressive plastic deformations, or metallurgibahding at the bump to pad interface.
Although the bonding temperature for adhesive guitoo low for metallurgical bonding of
rough Au-Au interfaces, preliminary experimentasuks [3, 84] do suggest the presence of
metallurgical bonding in FCOF. The underlying ptver@na are not fully understood.

In fact, solid-state bonding has also been sugdeastAnisotropic Conductive Adhesives
(ACA). Haase [3, 86] thermally cycled a FCOF paakdogpnded with ACAs and reported no
change in the mean contact resistance througheutetnperature cycle for 1000 cycles. The

only change was cyclic due to temperature-indudeghges in the bulk-resistivity of the gold



and copper in the interconnects. This suggestsitexface contact is not just by compressive
surface forces but by either mechanical interlogkbetween asperities due to local plastic
deformations, or metallurgical bonding by solidtstdiffusion [84]. The aim of this study is to

provide insights into the fundamental nature of thierfacial contact.
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Figure 2-3: Decrease of compressive force due toethmal cycling as a function of time
(ref. [8])

Here the focus is on Au bumps bonded with NCAsigufe 2-2 shows a NCA
interconnection between a gold bump on the silidenand an Au-plated copper pad on the
substrate. In order to achieve reasonable dunabait NCA bonded FCOF joints, a high
compression force is used during bonding, whiclultesn plastic flattening of asperities at the
interface of the mating Au bumps. Since each drerhany bumps with coplanarity tolerances,
extensive work has been done before on determthigequisite bonding force needed to bring
all interconnect pairs into contact [3, 4 and 85jome researchers have postulated that the two
mating surfaces are merely in physical contact auithany metallurgical bonding or plastic
interlocking, and that the interconnect will thenef lose mechanical integrity with temperature
cycling because of cyclic loss of compressive fatmal stress due to viscoplastic relaxation of

the epoxy, shown schematically in Figure 2-3. Hesveas discussed above, thermal cycling



tests conducted in [3, 86] do not show such cyadigradation, thus suggesting a positive bond-
strength that forms at the interface, perhaps bid-eelding’ or by plastic interlocking, at the
deforming asperities. Investigations by Farleyakt[4] suggest that the bonding process is
indeed metallurgical bonding rather than plastiterlocking The reason is for plastic
interlocking we would expect an instantaneous imsbond strength but experimental findings
show a delay in the development of any consideratial strength. The purpose of the proposed
study is to provide insights into the fundamentatiune of this metallurgical bonding process so
that the interfacial strength at this interface banguantified and optimized, as a function of the
bonding pressure, temperature and time. Clearlg, ithplications are enormous to the
microelectronics industry, because of the poterdiab very robust and durable, low-cost, low-

temperature, Pb-free, ‘green’ interconnection metloo ultra-fine-pitch ICs.

2.3 Literature Review

An extensive literature search has been conductachderstand the nature and history of the

study of adhesively bonded interconnect failure maetsms.

2.3.1 Adhesively Bonded Interconnects in FCOF
Flip chips started to see extensive use around [®9%luch work has been done since then to
guantify the reliability and durability for spedafpackages mostly focused on cycles to failure,
contact resistance, and effects of different bogdorces and bonding temperatures. Currently,
the majority of papers on adhesively bonded fligoshcenter around a “top-down” approach.
That is, the studies test specific package geonagityreport package-specific reliability data, or
that their package simply passed a certain numbeeroperature cycles without going into

further details [30-39]. Simulation techniques h#een used in conjunction with experimental



results in an attempt to fully characterize adhelgibonded flip-chips [36][41]. Mercado, et al.
studied the failure mechanisms of ACF bonded paskalgut concluded that the reliability was
strongly dependent on moisture, and therefore gphdemperature cycling [40]. It has been
observed that there is a relationship between daterect resistance and compressive force
[32][43][36][42]. Chan, et al. [35] and Li [37] wked on relating bonding pressure and bonding
temperature to more reliable adhesively bondedchiips. Chan, et al. based their conclusions of
proper bonding pressure on proper ACA particle aeétion. Fu, et al. agreed with Chan’s work
stating particle deformation as an important fagcemmd added that particle location in the
interface is also important [45]. The further thartiwles are located from the center, the

resistance of an interconnect increases.

Haase [86] found that the contact resistance snAui-Au interconnect did not degrade
through 1000 cycles, but Li, et al.’s Au-Ni syst§si] did. Wu, et al. looked into the impact of
bump height on interconnect reliability, concluditigat higher bumps resulted in higher ACF
stress [47]. Simon, et al. developed an analytivaldel to describe the development of
mechanical properties during epoxy cure, usingralzoation of time temperature superposition,

time-crosslink density superposition, and elastioftthe polymer network [24].

2.3.2 Solid-State Bonding
The effects of solid-state bonding have been netede the 1940s. Holm’s Electric Contacts
Handbook[7] tells us that two clean metallic surfaces peestogether can have free electrons
move across the interface and form metallic boddese bonds formed due to solid state
bonding have strength along the same order of matmias that of the metallic crystal, and will
increase in strength with time. Soft metals suchagger or gold owe their coherence largely to

metallic bonds. They are able to transfer matdr@h one surface to another if separated. In



1971, Johnson, Kendall, and Roberts reported whaarbe known as the JKR equation for
determining the surface energy of materials in @cnf8]. Johnson et al. reported that, although
surface roughness masks the deformation producedtiagtive forces in normal metals, for soft
metals that difficulty does not manifest. Cuthf8]l tested the bonding strength of an aluminum
alloy and investigated the mechanics of the a-&patation. He pressed two annealed aluminum
hemispheres under high vacuum and room tempereigether and observed that existing cold
welds under a load at room temperature can grosyltreg in an increased contact area,

decreased contact resistance, and increased tetreihgth [9].

Smith [1989] proposed “adhesive avalanche”. Adlreeavalanche is where atomic layers
fall together when they approach a certain semarafistance. A new wear mechanism that
involves avalanching is proposed in [87]. Fergusetnal. [1991] observed “unexpected” cold
welding under ambient and “dirty” conditions witkperiments of ~20nm thick Au films on a
poly(dimethylsiloxane) (PDS) support film [28]. Usrdlow loads (up to 0.2 g/én ambient
temperatures/pressures, and with weakly adsorbédcsuimpurities, substantial cold welding
occurred. They hypothesized that the weld tangéntigsplaces loosely adhered contaminants,
and forms cold welded islands. They also measurecelkectrical resistance, and found it to be
less than 0.4 ohm-cin Taylor [1991] observed the adhesive avalanchengmenon,
investigating atomically flat surfaces in close »noity. He found that adhesive avalanche
occurs when surface layers approach the bulk valieomic separation. Simulating adhesion
between atomically flat surfaces, the study shothatl avalanche and the resulting stress waves
make determination of energetic data from experinaigfficult [25]. Recently, Alcantar, et al.
[2003] experimented on gold coated surfaces. Speotazs “jump in” (adhesive avalanche)

distances remained the same across all speciméhdifferent forces and approach rates.
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Figure 2-4: Schematic of the Adhesive Avalanche Phemenon,
Alcantar, et al. [33]

They showed high local pressure in contactingtjons result in flattening, followed by
cold welding. On further compression, the diametewelded zone increases and then slowly
creeps more under constant force. Upon separamnge material would transfer to the other,
mated surface (material added, material removenlwishschematically in Figure 2-4). Atomic
force microscopy (AFM) was used to image the 4883. However, the hypothesis of adhesive
avalanche doesn’t hold in this case as there isite ftime delay in the build up to the bond

strength.

Farley, et al. [4], conducted pull-test experingeoh joined Au-Au interface specimens
fabricated by bonding two Au-bumped Silicon flipyeh together face-to-face. The bonding

parameters were parametrically varied, looking deidence of metallurgical bonding and its



effect on interfacial strength. The specimen faira matrix included three parameters: (a)
bonding force (F) (b) bonding temperature ()fand (c) Bonding time (}. The ranges of the
above parameters used in the preliminary experisngate 230 MPa for nominal bonding stress,
200-250°C for bonding temperature and 5-120 secémdbonding time. The interfacial pull
force K, was then evaluated through pull tests, which ganeindication of the interfacial
bonding strength under tensile load. The dependehtas bond strength on bonding time (at
two different bonding temperatures) provided imanttevidence of the possible presence of

diffusion-assisted metallurgical bonding betweeantthio gold bumps.
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Figure 2-5: Normalized Pull Test Results [4]

The results, shown in Figure 2-5, describe howitkterfacial bonding strength depends
on bonding-temperature and bonding-time. There atear sigmoid trend with a sharp upward
transition in bonding strength after a certain shd time. Specimens bonded at ZD0
showed a strength transition gt t15 seconds. After 20 seconds, the bond force asyicqglly
approached a maximum value that was close to teagth of bulk Au. There appeared to be
significant scatter in the data caused by misaligminof the test force during the pull test (this is
difficult to avoid due to the manufacturing tolecas of the specimen adapter and misalignment

of the test vehicle on the testing machine) andatian in the contact area due to chip
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misalignment during bonding. The fracture strengftbhe specimen with the elevated bonding
temperature of 250°C (Figure 2-5) confirmed tha¢ thigher temperature enabled higher
diffusion rates, such that the threshold time toergygth transition reduced to about 10 seconds.
Also, the elevated temperature could have enhaptastic flattening of the asperities on the

surface and thereby led to a larger contact af@e load bearing area was about 70% of the
original bump surface area, which led to higheerfaicial bond strength than it would have been
had there been full contact between the mating Isun@mce again, the normalized values
showed that the contact strength asymptotically@gghed the tensile strength of bulk soft Au,

as the bonding time increased. The important Imdilgat was gained from these experiments
into the nature of the joint strength was that dathegical bond is likely to be forming at the

interface due to stress-assisted solid-state dbiffius

2.3.3 Contact Area or “a-spot”
The conductive connection emerges through “fullhtemt between the two surfaces, which is
facilitated by plastic deformation of asperities @me or both Au surfaces during the bonding
process. The contact area clearly has an influencthe apparent bonding strength and is a
function of the surface roughness and bonding fottdwo contact members are pressed
together by a load the initial contact points, ioelt by the surfaces roughness, becomes enlarged
from small contact areas since the materials (gmid)deformable. Simultaneously, new contact
points emerge by deforming the voids elasticallgt/anplastically that lowers the voids coming
into contact (Fig. 2-6). These areas are calleplaassand its sum is called load-bearing 424
The interfaces between these contact areas arestaftwonistically flat and are called “a-spots.”
The flatness over the “a-spot” is important sincgaverns the probability of cold-welding at

these regions [25]. The sum of these “a-spot#fiesactual load-bearing area [50], Avhile the
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entire interface is the apparent contact arga A
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Figure 2-6: Apparent contact surface and Atomisticly-flat Load- bearing Areas (‘a-
spots’) [84]

The nature of the interfacial bonding at thesepats is of great interest in this case, and wall b
examined in this study through a combined expertaigheoretical, multi-scale approach. The
Au surface undergoes some degree of oxidationhofjh the oxide layer is partially disrupted
by the contact forces at the ‘a-spots’, there dié @xide molecules and other chemical
contaminant molecules (from process chemicals thieeadhesive) present at the interface and
the bonding mechanism therefore also involves sameunt of chemical reduction. Models of
this bonding process must therefore address tleeael chemical reactions in addition to the
mechanical deformations and diffusion processasneSof the reactions are exothermic and will

change the interface temperature, thus furthectfig the bonding kinetics.

2.3.4 Contact Area vs Bond Strength
One of the assumptions made in this study is thmnumerically computed contact area at any
given bonding time can be directly correlated t® blond strength. While the nature of bonding
at the atomistic scale may not be so perfect, pusvistudies do indicate a good correlation
between the two. [80] took into account that reahing is only located in some parts of the

whole nominal contact area because all surfacesoaigh with a random asperity distribution.
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When the bond surfaces are pressed together, satdats only exist in the high spots. So the
actual bond strength should be calculated by intcody the contact ratiq as follows:

=S/ Siom (2-1)

= nom* (2-2)
where S is the real contact are&,,n the nominal contact area angd the real bond shear

strength.

The numerically estimated bond strength for thesomic bonding from this assumption
had a good match with the experimental values. Berostudy by Fu et al. [81] probed the
interfacial structure between steel and concretenlegsuring the contact electrical resistivity.
Any fractional change in the measured contact tiggisindicated the fractional change in the
true contact area. The bond strength was then mezhfor every interface sample for which the
interfacial structure was analyzed. The bond stieng contact resistivity plot showed a fairly
linear pattern which indicated that the averagedostrength in a macroscale can be traced back
to its real contact area at the interface.

However for a more accurate correlation, the astimscale bonding patterns has to be
taken into account to predict the real bond sttenghis is beyond the scope of this study but

must be taken into consideration while inferringnrthe results.

2.3.5 Gold Surface Contaminants
Gold is often viewed as inert metal because ofréisestance it offers for chemisorptions or for
dissociation of many gas phase molecules on ifaewr Although gold is difficult to oxidize in
air, different species of chemical contaminants axide layers on the surface can be expected

from some of the recent works. Bazhutin et al] [@&ind that at elevated temperatures (T >
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900K), molecular oxygen adsorbs on gold surfacesifty a surface gold oxide. However, at
lower temperatures like T=300 K atomic oxygen addsoand completely desorbs from the
surface at T=500-600 K without transforming to aoef oxide oxygen. It's not like the amount
of surface oxide in that temperature range is aibslyl zero but it's a very low percentage and
doesn't change much. Oxygen chemisorbed on thecsuns the primary species at low
coverages or low surface temperatures. [83] alsawet that at lower temperatures, surface
oxides are very low percentage and stays consigfatvery high temperature.

Farley, et al. [4] conducted experiments that sftbwonsiderable increase in bond
strength when the ambient temperature changed #68K to 523K at lower bonding time
region. This maybe because chemisorbed oxygen agomsompletely removed as it fell in that
500-600 K range and clean gold atoms could easifyecinto contact and form bonds more
easily.

This study focuses on the diffusion phenomenon #@isdinteraction with bonding
parameters, roughness features and constitutiyeefdres. The contaminant factor on the gold
surface might play a role too and needs a sepatadly to look into that. Most of the insight so
far has been the change in cohesive strength dugrémence of oxides but the effect of
chemisorbed oxygen atoms on bond strength hasyhbe#in looked into and would provide

better explanation to the temperature effect.

2.4 Approach

The flowchart in Figure 2-7 illustrates the oveigbproach to the problem. Au-Au bonded flip-
chip specimens are fabricated at various bondingditions, based on a carefully designed
process matrix intended to highlight the parametriltience of process parameters on the bond

strength. Pull tests are then being conductedheset specimens to establish the time-dependent
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trend of interfacial bond strength at different dmg force and bonding time conditions.
Following that some of the separated Au surfacedaing carefully characterized. This surface
topology (roughness) information is subsequentldu® model the asperity flattening process
during bonding due to localized plasticity at naaemnicron length scales and creep deformation.
A creep model is successfully fitted to the expental results which show insights on the
possible dominating bonding mechanisms. In pdraheelastic-plastic-creep FEA of a single-
asperity model is developed. The constitutive proge for gold partly come from
nanoindentation tests being conducted and partign fexisting literature. The overall bond
strength thus can be estimated and verified agtiestalues measured in the pull test described
above. The model is finally used as a tool to dgve response surface model within the design

margin.

Geometry:
AFM Surface Characterization

v

FEA model of two mating surfaces
with representative asperity

Elastic-Plastic Constitutive Properties: Nanoindentation
Creep Constitutive Properties: Literature W

\ 4

Increase of bondable area
after t, due to viscoplastic
deformation

Pull test on
parametrically bonded

A 4

specimens Average contact area (and bond
i strength) as a function of interface
geometry, material properties and
empirical model for bonding bonding parameters
time, based on theoretical 4‘
models of creep deformation ToemEs Do

fractional factorial Design of
Experiments matrix

v

v Compare for Response surface model that can be used to optimize
- | P p
“l model calibration process window for a given bump architrecture

Figure 2-7: Investigation Flowchart
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The work for this part of the thesis has beent spto two journal papers. Paper 1 (in
Chapter 3) focuses on experimental findings andesponding development of the empirical
model which has been fitted to the test data.itigortant to mention that all the experimental
data related to 6 kgf bonding force in this papernot performed by the author of this
dissertation. This is the first time it's being fpigsbed in any journal and so has been included
with the appropriate co-authors. Appropriate appmsl are attached at the end of this
dissertation to provide more details to some ofabkpects of both experiments and modeling.
Paper 2 (in Chapter 4) is then based on the dewmopof a finite element model that takes
material properties from a nanoindentation test$ existing literature. The model is calibrated
to the test data in Paper 1. This is then usecetiopn a complete full blown DOE (Design of
Experiment) and develop a response surface modetdban the various bonding, roughness and

material parameters.
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Chapter 3: Gold Bond Strength in Adhesively BondedFlip-Chip
Joints: Experimental Results and Empirical Model

In this chapter, test specimens bonded at varioaslihg conditions are pulled apart to estimate
the growth rate of the bond strength with timeetature [26, 27] suggests that the bond strength
is directly related to the contact area. Thus, acinarea is used as a proxy for the bond strength
and a diffusion-assisted creep model of conta@ asea function of bonding time is fitted to the
experimentally measured bond strength. At the tgatpre and stress levels expected during the
bonding process, bulk creep deformation was foundantribute much more than surface or
interfacial diffusion, to the growth rate of thentact area. This model can be useful for
predicting bond strength and thus for optimizing firocess parameters for flip-chip bonding.
The original draft of this chapter is a journal paphat will be submitted for peer-review to

Journal of Adhesion Science and Technology.

Influence of Fabrication Parameters on Bond Strendt
in Adhesively Bonded Flip-Chip Interconnects
Part I: Experimental Measurements

K.Sinhd, D. Farley, T. Kahnett S.Solares A. Dasgupt J. F. J. Caersand X.J. Zhad
'CALCE Electronic Products and Systems Consortium
12Mechanical Engineering Department
University of Maryland, College Park, MD, USA

3philips Research, Electronic Packaging & Thin Film
Eindhoven, Netherlands

3.1 Abstract

This is Part | of a two-part paper investigating ttontribution of Au-Au bond strength on the

robustness of adhesively bonded flip-chip inter@mts in microelectronic structures. The push
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for miniaturization in microelectronics, coupledtiwconversion towards Pb-free electronics has
led to increasing interest in adhesive bondingliptdhip dies directly to printed wiring boards
(PWBSs) [1]. However, the interconnect strength dadability hasn’'t been adequately studied
which hampers proper reliability assessment. EHrgories suggested that degradation is by
cyclic stress relaxation of the adhesive [2] butaddility data from thermal cycling tests raised
guestions about this hypothesis and suggested ritsenqce of direct metal-to-metal bonding
instead [3]. To further explore this issue, dethiexperiments are conducted in this study on
specially fabricated specimens that consist of i pkgold-bumped flip-chip dies that are
bonded to each other without any adhesive betweem.t An experimental matrix is designed,
where the bonding pressure, bonding temperaturebanding time are systematically varied
within typical process windows, in order to attenptunderstand the bonding mechanism(s).
The specimens are characterized on an AFM to dyahe initial roughness of the bond pads,
as well as the amount of plastic flattening thatuss locally at asperities (‘a-spots’) due to the
application of the bonding force. Bonded specimamesthen mounted and aligned in specially
designed test fixtures and pulled apart to estalhe bond strength. The average contact area is
recorded through post failure destructive analysisthat an average bonding strength can be
measured as a function of different bonding paramsetThe bond strength is found to increase
with bonding pressure, bonding temperature and ingritme. The results suggest that bonding
occurs by a sequence of plastic flattening at theA& interfacial asperities, possibly followed
by a time-dependent bonding mechanism. Theoredi¢falsion models, commonly used in the
literature for solid-state diffusion bonding stuslieare found to provide a good fit to the
experimental data. Since the temperature is toddowlassical diffusion bonding between Au, a

possible explanation is that the growth of bonditrgngth with bonding time/temperature, could

29



be partially due to creep-assisted growth of theaanf atomistically flat contact ‘a-spots,’
followed by avalanche ‘cold welding’ [9]. Part If this sequence will contain description and
results of modeling and simulation, conducted titelbeinderstand and utilize these experimental

results.

Keywords: Interconnect, Microelectronics, Welding, DurabilitPull, Strength, Flip-Chip,

Diffusion

3.2 Introduction and Problem Statement

Flip chip bonding has existed for more than 30 yeand is known for its advantages in
miniaturization, high interconnect density, and moyed electrical performance because of
minimal lead length [5]. A flip chip electronic ssmbly is the direct electrical connection of
face-down ("flipped") electronic dies onto a suatdr The interconnection method examined in
this study uses adhesively bonded flat gold bumgiker than solder connections [6], because of
the low cost and low process temperatures (cuengperatures for the adhesive are usually <
200°C). Non-conductive adhesives are increasinglplacing conductive adhesives as an
important bonding method to avoid bridging and shacross neighboring bumps for very fine
I/Os. However, all the underlying bonding mecharssare not fully understood here.
Conventional hypothesis suggests that interconmredtetween mating bumps is achieved by
mechanical compressive forces caused by curingeediushrinkage of the adhesive [1].
Subsequent degradation and loss of reliabilityrdutemperature cycling was believed to be due
to cyclic viscoeleastic relaxation of the epoxythwaccompanying loss of contact force and
consequent rise in contact resistance. However iformer experimental study, Haase [3]

reported that the only change in interconnect atadtresistance measured during temperature
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cycling of a flip-chip-on-flex assembly, bonded kviénisotropic Conductive Adhesive (ACA),
was solely due to that caused by the temperatyserdience of the bulk resistivity of the metals
in the interconnect system, not by any changekeanitterfacial resistance. This suggested that
the viscoelastic relaxation of the contact forcel Im@ effect on the contact resistance. Haase
concluded that there must be some interfacial ntetatetal bonding mechanism such as
mechanical interlocking of mating asperities dudoiwal compressive plastic deformations, or
metallurgical “cold welding” [7]. The material sgsh explored by Haase consisted of Au plated
soft conductive particles, and gold metallizationtbe mating interconnect pads on the chip and
substrate. The aim of the present study is to éuréxplore the nature of this interfacial Au-Au
contact and to examine how it may contribute to tbleustness of the adhesively bonded

interconnect.

Substrate PAD

Conductive
Particles

18pm 111144

Figure 3-1: FCOF Interconnect Bonded with Conductie Adhesive. Conductive Particles are Used
to Complete the Circuit.

Fig. 3-1 shows an ACA interconnection between addolmp and substrate pad. The
conductive connection is facilitated by the spraxgion of the compliant conductive particles in
the ACA. In this study the attention is on Au bumpsnded with NCA (Non Conductive
Adhesive). Fig. 3-2 shows a Non Conductive Adheg¢N€A) interconnection between a gold

bump and substrate pad. The conductive connectoa is by direct contact between the two
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metal (gold, in this study) surfaces which is fidmibd by plastic deformation of asperities on one

or both Au surfaces during the bonding process.

SILICON

Figure 3-2: FCOF Interconnect Bonded with Non-Condgtive Adhesive (NCA)

The nature of the interfacial bonding is of greateiest in this case since the interfacial
stresses are higher than in ACAs, because of tlsenak of the compliant particles. The
experimental study presented here suggests thabliberved interfacial solid-state bonding
process can be explained not by plastic mechaméatlocking but instead by creep-assisted
growth of contact area, followed by ‘cold-weldindh Part Il of this sequence, the bonding
process will be modeled to explore the role ofsidace topology and other bonding parameters
on the observed bond strength.

Section 3.3 below summarizes the current literatone the experimental findings and
diffusion models for solid-state bonding. Sectiof 8xplains the overall approach of this study.
Sections 3.5 to 3.9 provide details of the pullt testup, sample types and sample surface
topology characterization. Section 3.10 presergsdittails of the pull-test results. In Section
3.11, an empirical model is derived from solid-statiffusion theory and fitted to the

experimental results of Section 3.10.
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3.3 Literature Review

The Au-Au bonding process in adhesively bonded ¢lyp interconnects is believed to be a
result of cold-welding across atomistically flat-spots’ that are caused by elastic-plastic
deformation followed by diffusion-driven growth tiie contact area. The literature on these
phenomena is reviewed here to understand the nandehistory of the study of solid state

bonding. Most of the studies test specific packagemetry and report package-specific
reliability data, or that their package simply pabsa certain number of temperature cycles
without going into further detail [43-53]. Mercadet, al. studied the failure mechanisms of ACF
bonded packages, but concluded that the reliabiiyg strongly dependent on moisture, and

therefore ignored temperature cycling [54].

3.3.1 Cold Welding
Soft metals such as copper or gold owe their catverdargely to metallic bonds. They are

able to transfer material from one surface to agihseparated. Johnson, Kendall, and Roberts
[40] reported what became known as the JKR equdtiormetermining the surface energy of
materials in contact [8]. Johnson, et al. repotieat, although surface roughness masks the
deformation produced by attractive forces in normetals, for soft metals that difficulty does
not manifest. Cuthrell [41] tested the bondingrsgta of an aluminum alloy and investigated the
mechanics of the a-spot formation. He pressed tweaed aluminum hemispheres under high
vacuum and room temperature together and obsehatdekisting cold welds under a load at
room temperature can grow, resulting in an increé@smtact area, decreased contact resistance,
and increased tensile strength [9]. In the expeartmeonducted in this study, the dependence of
this bond strength on bonding time (at two différbanding temperatures) provided important

evidence of the possible presence of diffusionséasgi metallurgical bonding between the two
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gold bumps.

3.3.2 Contact Area or “A-Spot”

The conductive connection emerges through “fullhtect between the two surfaces, which is
facilitated by plastic deformation of asperities @me or both Au surfaces during the bonding
process [7]. If two contact members are pressgdther by a load the initial contact points,
induced by the surfaces roughness, becomes enldrged small contact areas since the
materials (gold) are deformable. Simultaneouslyy wentact points emerge by deforming the
voids elastically and/or plastically that lowers thioids coming into contact. These areas are
called a-spots and their sum results in the toiadllbearing areayAwhile the entire interface is
the apparent contact area [, 24]. The interfaces between these contact aae@salmost
atomistically flat and are called “a-spots.” Thatfless over the “a-spot” is important since it

governs the probability of solid-state bondinghegse regions [25].

3.3.3 Diffusion Bonding Mechanisms

Diffusion bonding is a solid-state joining procespable of bonding together a wide range of
small and large metal and ceramic part combinatidoisits may be autogenous, that is, between
two pieces of the same metal or alloy or they maypétween different metals or non-metals. In
all cases it is necessary to invoke the interatdorices within the metals which are responsible
for their cohesion. Since these forces are effeatinly within a range of the order of 10 A, the
metal surfaces must be as free as possible frori@ed or other impurities [10]. When cold
welding is at low deformations for short times,ck& of welded material are interspersed with
voids. As the temperature is increased after obritas been established, various diffusional
processes take place. First, surface diffusionclwviig not so temperature dependent, allows

material to move into and enlarge the "necks' efdbntact areas. According to this work [10],
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more temperature dependent processes of grain bourathd volume diffusion occur next,
which on the whole has little effect on the bondesgth until temperature approaches the
melting point. However, current study shows conttady findings where even at relatively
lower temperature, bulk diffusion plays a dominaie in the bond strength growth. This will be
further discussed later on in this paper. Diffuscam be markedly accelerated (by as much as
three orders of magnitude) when a suitable metaisexd as an intermediate between the two
pieces of metal to be joined. Two special attrisugeégold contribute to making it the easiest of
metals to bond to other metals by the simple apptio of pressure and or heat at temperatures
below its melting point. These are firstly its dligt, and secondly the fact that it does not form

oxide films on its surface, even when heated in air

Modeling of diffusion bonding has been carried dayt several authors [10-14]. First
phenomenological model due to King and Owczarskl [Jenerated insights that have guided
much later work. In the earlier approaches [10-d2y one or two mechanisms for diffusion
bonding were considered and some relationships resteicted to specific alloys. New models
are often based on improvement of the limitatiofsthis in two aspects: void shape and
diffusion bonding mechanism. Hamilton et al. [9klemnpted to quantify the initial plastic
deformation by representing surface roughness sevrias of long ridges. Gamong et al. [92]
extended Hamilton’s analysis by modeling the ridgea series of horizontal slices and summing
the response of each slice to the applied stresmore recent model proposed by Derby and
Wallach [13, 14] has included all possible bondmgchanisms (Fig. 3-3) and the predictions

have shown reasonable agreement with the expemn@sults for copper and iron.

35



—> Void <
2 ]

Neck

Figure 3-3: Schematic View of Growing Bond Showingroutes of Three
Mechanisms of Mass Transfer [13]

Derby and Wallach modeled the original surface aemes of long parallel straight-sided
ridges. This geometry is highly idealized and hastéd capability for realistic representation of
rough Au surfaces. In their work, the total bordiime was taken as the sum contribution of 3

individual mechanisms:
1. Surface & Volume diffusion from surface sourtes neck

2. Surface & Volume Diffusion along the bond ingeré from interfacial sources to

a neck
3. Power law creep deforming the ridge

Derby and Wallach simplify the bonding process into main stages: (1) the interfacial void
turns from a diamond shape to a cylindrical sh@§pethe cylindrical void gradually shrinks and
closes. The Derby-Wallach model is adapted andndeg in this study because of its

comprehensive features and wide acceptance int¢hatlre.

3.4 Overall Approach
The flowchart in Fig. 3-4 illustrates our overgtipoach to the problem. Specially designed Au-

Au bonded flip-chip specimens were fabricated atious bonding conditions, based on a
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carefully designed process matrix intended to hgitlthe parametric influence of process
variables on interfacial bonding. The parametermgeénvestigated include: bonding force,
bonding temperature, bonding time. The surfacghoass and topography of the gold bump is
carefully characterized to explain its role on thend strength and for subsequent model
development. Pull tests are conducted on all thedéd specimens to quantify the interfacial
strength of the bond, as a function of differemdiag conditions. Cross-sectioning, microscopic
analysis, and dye penetrant studies are used degtexl specimens, to investigate the features of
the metallurgical interconnection. An empiricalfd#ion model is developed by modifying the
Derby-Wallach model for solid-state diffusion-assisinterfacial bonding [13, 14]. This model
is found to provide a reasonably good fit to thpesknental data, suggesting that solid diffusion
is potentially one of the dominant contributorstiie bonding process. For this fitting process,
bond strength observed experimentally is scale@ herthe area fraction in contact with full
contact denoting saturated strength. This is basethe assumption that the bond strength is
directly related to the contact area and that thecgss of ‘cold welding’ can be almost
instantaneous if the contact surfaces are atorallstiiat. The literature [80, 81] supports this
scaling process. Details of the experimental apgroeesults of the tests and the fitting of the
empirical bonding model are discussed in the redaif this paper. Part Il of this sequence
will contain description and results of modelingdasimulation, conducted to better understand

the role of the surface topologies on the bondhgtte
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Bonding
Geometry: parameters:
AFM Fy Ty 1y
I I
v
Pull test on Construct empirical model for
parametrically bonded bonding time, based on theoretical
specimens models of creep deformation
v
1’ Average contact area (and bond
Failure Analysis on | > strength) as a function of interface
the separated bumps geometry, material properties and
bonding parameters

Figure 3-4: Investigation Flowchart

3.5 Test Specimens

Specially designed test specimens (Appendix 1 8f)[are fabricated to study the effect of
various bonding parameters on the interface stheimgthe flip-chip joint. The specimen consists
of two silicon dies with matching gold bumps, boddgether under different bonding
conditions, without any adhesive. In actual appiwcg these dies are usually bonded to
matching gold-plated copper pads on a flex or rgyitistrate, and held in place with an adhesive.
For test purposes, two dies are attached to e&en without any adhesive (as shown in Fig. 3-

5), to isolate and measure the interfacial strebgtiveen the matching gold bumps.
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Flip-chip Test Specimen
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Figure 3-5: Test Specimen Preparation

The size of the entire die is 5 by 5 mm with 84nips overall spread out along all 4
edges, as shown in Figure 3-6 (Appendix 1 of [3hch bump here has an octagonal footprint
with geometric details shown in Figure 3-7. Theatise between the parallel sides varies from
86um to 89um. The idealized contact surface vdras 6.13x10° mn¥ to 6.57x1C mn¥. Since
the bumps are asymmetrically placed on the dieshasvn in Figure 3-6, it is not possible to
align every bump with a mating one on the opposiieg As a result, 58 of 84 bumps are
connected while the remaining 26 are not. Fig.s5@ws the bump design and indicates with a
red box the bumps that do not mate with the oppagitp. Thus, only 69% of the total number
of bumps bond with mating bumps.

Furthermore, due to placement misalignment duspgcimen fabrication, there was only
partial overlapping between the mating bumps. bepito estimate the misalignment, some of
the pull-test specimens were selected for dye-pametests to estimate the actual contact
surface area. The dye penetrant study gave analeat the real contact area; microscopic
analysis showed the alignment of chips to eachr@bevell as the approximate alignment of the
bonding force. A close look at the bumps confithet roughly 65% of the bumps are in contact

because of the misalignment between the mating @seshown in Figure 3-7.
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Figure 3-6: Test Specimens with Dimensions and Bunmfslignment Scheme. Joints in the
red boxes do not mate with the opposing chip.

Figure 3-7: Die Penetrant Test
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This mating area is important for accurately eating the contact pressure on the bonding

surfaces. The bonding parameters are listed ineglxesection.

3.6 Bonding Process Matrix
Specimens were fabricated by parametrically varyimg bonding force, bonding temperature

and bonding time, to examine their effect on thierfiacial strength.

The bonding force affects the amount of plastiodeation of the asperities, thus increasing
the “diameter” of a-spots up to 200% and also dlatig the asperities (and reducing the
effective surface roughness). This plastic flattigniorms atomistically flat interfacial contacts.

The bonding forces used in this study are 4 Kd€géand 8 Kgf.

The bonding temperature is important, as the awbivaenergy for diffusion and creep is
provided by thermal energy. An Arrhenius model [4Z{ectively explains the dependency.
Since the activation energy is constant, the dibfusoefficient is strongly dependent on the

temperature:

Q
D =D, RT (3-1)

Do = Diffusion constant
Q = Activation energy for self diffusion
R = General gas constant

T = Diffusion temperature
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The bonding temperature is limited by the propsrtof the substrate (glass transition
temperature etc.) and the die. Two different bogdemperatures are considered in this study:

200°C and 256C.

The bonding time has a strong influence on theusiiéin distance. The diffusion distances

proportional to the square root of the productitifidion coefficientD and diffusion time t:

X=4/Dx (3-2)

The bonding time was parametrically varied fromet 8 120 sec. To understand the effect
the temperature, some of the 6 Kgf samples wereeran@56C. Table 3-1 gives further details

of the specimen sets made available for these enpets.

Temp | Force Temp | Force Temp | Force Temp |Force| t
(O | (Kgb |t(sed)| | (C) | (Kgh | t(seq) || (C) | (Kgh |t(seq) | | CC) |(Kgh|(sec)
200 4 10 200 6 1 200 3 2 250 6 10
200 4 20 200 6 S5 200 3 4 200 6 15
200 4 30 200 6 10 200 8 6 200 6 20
200 4 40 200 4] 15 200 3 8 200 6 25
200 4 50 200 6 16 200 3 10
200 4 60 200 6 17 200 8 12
200 4 70 200 6 18 200 3 14
200 4 80 200 6 19 200 3 16
200 4 90 200 6 20 200 8 18
200 4 100 200 6 20 200 3 20
200 4 110 200 6 25 200 8 30
200 4 120 200 6 30 200 8 60

200 6 120 200 3 120

Table 3-1: Specimen Matrix

3.7 Characterization of Gold Bump Surface Topology

The roughness of the bump surfaces before andméstic flattening by the bonding force is
characterized with an Atomic Force Microscope (AFNIhese measurements were made on
samples that had failed to bond (due to insufficibonding time) and had some initial

misalignment. As discussed in Section 3.6, theahgsment resulted in partial overlap of
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bumps.

Thus a part of each bump was plasticalfpradeed by the mating force while the

remaining exposed part retained the original serfamughness. These two sets of surface

measurements provide important insights into tHe of the initial surface roughness on the

bond strength and also into the amount of platditeining that occurs when the two surfaces are

forced into contact by the applied bonding force.

A tapping mode AFM image was acquired from the dansprface. The tip diameter used

was 10 nm and the cantilever force constant waatagbdl/m. At first a 90 by 90 micron scan of

the bumps was used to obtain a qualitative oveswéthe two kinds of surfaces in the same

bump. This also helped confirm the suitability dfetbumps selected for more detailed

characterization. Fig. 3-8 shows such a scan with éxposed half clearly showing higher

roughness and also higher average height, thamaied half.

Unmated surface

Mated surface

l 90 um

8.9 um '

4.4um fe

Y 0.0 um
QOoum 67.5um 45upum 22.5pum 0.0um

0.0 ym

Figure 3-8: AFM Side-View Image of a Gold Bump

Once the whole bump was imaged, the individual ésmlwere separately characterized with

multiple times more resolution (same pixel size266 by 256 but for a smaller scan area).

Mostly, these scan-zones had a size of 25 by 2%omsc Fig. 3-9 shows that there is a big

contrast in the roughness profiles before and di#ésrmation due to plastic flattening.
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(B)

Figure 3-9: AFM Images of (A) an Unmated Surface ath (B) a Mated Surface

Six scans were performed over the smaller sub-nsgithree each for unmated and mated
surfaces (details in Appendixof [39]). The statistics of the resulting roughnpssameters are

listed in Table 3.2. Clearly the mean and RMS rowgls changed significantly with plastic

deformation. The average RMS roughness height22 fhicrons for the unmated region and
0.12 microns after the plastic flattening in thetedaregion. The third (skewness) and fourth
(kurtosis) moments of the roughness profile alsangled. In order to estimate the initial RMS
roughness wavelength, 2D surface profiles were rgéea at the equatorial region of the scanned
images (section a-a’ in Fig. 3-9). Three crossisastwere chosen from three different mated
bumps characterized at their equatorial regionseBaon the number of major peaks and the
surface length, the wavelengths of the surfaceilpsofire estimated. The wavelength values
ranged from 4 to 5 micron approximate estimate of 4.5 microns was obtassethe average

wavelength of the unmated surfaces. These valeessad in the empirical model discussed in

the next section and also in the detailed modekpgrted in Paper Il of this two part series.

44



Roughness Unmated Surface Mated Surface
Parameters

Average Min Max Average  Min Max
Mean 63 nm 0 nm 192 nm l4nm Onm 68 nm
RMS 218nm  116nm  430nm  124nm 23nm 244 nm
Skewness 0.13 -0.46 0.8 -0.38 -2.7 1.6
Kurtosis 2.12 2 42 3.1 24 5

Table 3-2: Final Statistics of the Surface Topologfrom AFM Measurements

3.8 Pull test Setup and Procedure

The bonded flip chip specimens were pulled apara@@mmercial multipurpose bond tester ;
which provides directional pull/push options aslves shear options. In this experiment a pull
test cartridge has been used with the standardoptithn in the z-direction. Specially designed
fixtures are used to hold and align the small éipp specimens (Appendix 3 of [39]). The
machine is used with a 10 Kg pull test cartridge arhook on its front. The hook is the interface
between the cartridge and adaptor. The pull testrpeters are as follows:

- Deformation rate: 0.1um/s

- Maximum test force: 10 Kg
To minimize transient stresses, a slow test speeded. The maximum force is chosen to be as
low as possible, to ensure the highest possibldutsn. The details of the specification of the

pull tester have been listed in Appendix 2 of [39].
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Superglue (Loctite 430)
on DAGE 4000

Figure 3-10: Experimental Setup
3.9 Specimen Adaptor
The specimens are fragile because they are bowndether only at the gold-gold interface and
not with any adhesive. Therefore, specimens havbetanounted very carefully in the test
machine to avoid accidental overstress duringghosess. This means that the installation of the
fixture on the test specimen, as well as the magnif the fixture on the testing machine should
be executed without any accidental over-load togpecimen. The distribution of the testing
force should be constant over the die, which isasg5x5 mm). Figure 3-1. shows a schematic
of the final testing configuration. The specimenmeunted between two milled Aluminum
adaptors, with superglue which has a very low \8ggoThis ensures that the adhesion layer is
very thin, and the risk of angular misalignmenmisiimal. The required bonding pressure during
mounting is also minimized. The upper Aluminum-aeaas a drill hole in the middle to attach

a Nylon wire to it. The prepared specimen and amtapre fixed in clamping jaws on the table

of the pull tester, to ensure that the Al-Adapgemounted sufficiently flat. The Nylon wire on
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the upper adapter connects the hook to the cagtrifig align the hook to the adapter the table is
moveable. The top of the upper specimen adaptoat@ess which shows the midpoint where
the hook has to be moved to by adjusting the tabiee the assembly is aligned the pull test can
begin. Detailed specifications of the fixture des{gn which the specimens were glued) are in
Appendix 3 of [39].

The failure analysis and pull strength estimatemfthese tests are discussed in the next

two sections.

3.10 Pull Strength Results

The maximum pull force at failure is recorded ams@dito estimate the average interfacial pull
strength. The maximum fracture load was 3286 gfiffis bonding time at 8 Kgf bonding force.
Based on the number of bumps in contact, this ktesto a bonding force per bump of 38.7 gf.
Considering the 65% misalignment, discussed eathés translates to an average interface pull
strength of 130 MPa at each bump. The fact thestbady-state contact strength approaches the
tensile strength of bulk soft gold (18@0Pa), suggests a metallic bond between the surfaces

The pull test results (Figures 3-11 and 3-12) sttt the bond strength is strongly dependent
on bonding-temperature, bonding force and bondimge.t Figure 3-11 shows how the
dependence on bonding time changes with bondingefdor bonding temperature of 2a0
Figure 3-12 shows how the dependence on bonding ¢imanges with bonding temperature, for
bonding force of 6 Kgf [4].

Figure 3-11 shows an initial incubation period bbat 15-20 seconds (at 2X) before the
interface begins to develop bond strength. Afies tnitial period the bond strength increases
rapidly. The growth rate slowly decreases and atiah20 seconds, the interfacial bond strength

asymptotically saturates approximately at the giteiof bulk gold (130 MPa). The incubation
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period and bonding time (time to reach saturatédeyalecreases sharply at 260as shown in
in Figure 3-12. These trends are explored late3antion 3.11 with the analytic Derby-Wallach
model and later again in Part Il of this sequendé wore detailed computational models that
better capture actual surface topologies.

There appears to be significant scatter in the @&@ause of loading eccentricities and
misalignments, caused by manufacturing tolerandethe adapter and alignment of the test
vehicle on the pull-testing machine. Also the smaitan come from variations in contact

geometry because of the misalignments during tineling.

Pull test results
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Figure 3-11: Normalized Pull Test Results (All Spamens)

The comparative fracture strength of the specimétisthe elevated temperature of 250°C
& 200°C is shown in Fig. 3-12 [4]. A probable reasonibdhthe change in slope is that higher
temperature causes higher diffusion rates. Asalttdhe contact area can grow faster, resulting

in faster ‘cold-welding’ at the interface, thus watng shorted bonding periods to reach the
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maximum saturated bond strength. Also the elevi&tetperature could have produced more

plastic deformation of the asperities on the swrfiacs increasing the initial surface contact.
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Figure 3-12: Normalized Pull Test Results (EffectfoTemperature) [4]

3.11 Empirical Bonding Model

The experimental results show a definitive trendh® change of bond strength with respect to
the different bonding parameters (bonding time, dimgp temperature and bonding force).
Clearly, process engineers will benefit from a demparametric response-surface model that can
predict bond strength, based on the process vagabhe best model will be one that is based on
simple fundamental theory of the bonding processlas empirical model constants that can be
obtained from the data presented in this papereréftre this paper focuses on models in the
literature that have successfully modeled diffudbmmding processes before. One of the critical
tasks will be to verify if this model sufficientlgaptures the observed dependencies of the

bonding strength on bonding parameters. The thealtdiasis of the model is discussed in the

Subsection 3.11.1 and the model calibration isudised in Subsection 3.11.2.
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3.11.1 Theoretical Basis for Bonding Model
The Derby-Wallach model [13, 14], previously dissed in Section 3.3.3, provides a good
framework for parametric representation of the testlts presented earlier in Section 3.10. This
model is modified in this study to develop an emepir model for Au-Au bonding at low
temperatures. The modification process consistivof steps. The first step involves down-
selecting which of the multiple diffusion mechangsmsuggested by Derby and Wallach, play a
significant role in this particular flip chip bomdj problem. The second step involves fitting an

empirical model derived from the dominant mechafsrof the first step.

The bond strength scales with the area fractiotoimact [26, 27], with full contact denoting
saturated strength. The initial contact of aspegileads to plastic deformation because of the
bonding force, causing an initial contact argainf Eqn. (3-3). The three mechanisms (as
explained in section 3.3.3) act in parallel andrsoarea fraction changes from time t totttlue
to the sum of the contribution of each of them. E@3) is a mathematical representation of
this. The weight factors, ww, and w, represent the percentage contribution from each

individual mechanisms whilg ff,, f, are the area fractions at ti if these mechanisms operated

separately.
W, f,(t + Dt) +w, f, (t + Dt) + w, f,(t + Dt) + f_ = f (t + Dt)

(3-3)

Wallach and Derby derived the rate of increaseoimded area for each individual mechanism.
This was transformed to rate of increase in fractd bonded area and integrated numerically

for small time steps. The area fraction at eacle titep was then expressed as a weighted sum
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along with the contribution from the plastic defatmon, to get the final area fraction at every

time step.

The coefficients ware model constants and are calculated by fitting bond area model to
the measured bond strength reported in Section 3Urdder the bonding conditions, the bulk
creep deformation is found to have orders of mageit higher contribution to interfacial
bonding. Fig. 3-13 shows comparative contact aseime curves at the expected temperature
and stress level in the bonding process, basedlmhpgoperties available in the literature (see
Table Al-1 in Appendix 1). It's clear that the gpemechanism has an order of magnitude
higher contribution than the other two mechanisimshe growth of the contact area (and hence
to bond strength). This agrees with Derby-Wallaah experimental fits [14]. The detailed
derivations for contact area growth rates as pemxérby Wallach model are in Appendix 5 of

[39]. The physical constants for gold used herdavalated in the Appendix 1.
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Figure 3-13: Contact Area Fraction vs Bonding Timéelrends for Different Mechanisms as
per Derby Wallach Model [13]

The creep term of the Derby Wallach model is treeetused to describe the growth rate of
the contact area as a function of time. The detdithe derivation are in Appendix 1 which has
3 model constants and takes bonding force, bortgimgerature, bonding time, RMS roughness
height and RMS roughness wavelength as inputs. fiHa¢ model, shown in Egn. (3-4) is

derived in Appendix 1.
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(3-4)
where,

A, B, C: Model Constants

fo: Initial Area Fraction (Model Constant)

to: Minimum time required to form any substantiaksigth (Model Constant)

X(t): Instantaneous Area Fraction

t: Bonding Time

P: Bonding Load

b: Half of bonded length between two adjacent voidalfdf average wavelength from the AFM
measurement)

h: Half of interfacial cavity height (RMS roughnessie AFM measurement)

T: Bulk Temperature

3.11.2 Empirical Determination of Model Constants
This model is next fitted to the experimental resat 200C bonding temperature, to estimate
the model constants A, B, G, f,. The experimental results obtained are in term®tail bond
strength. This is first converted to normalizedtesharea by normalizing the strength with the
saturated bond strength. This is based on thergggn that the saturated strength denotes full
contact. The constants have a least square fisa@ib bonding forces. The model constants are

shown in Table 3-3. The experimental data andrttudel matched reasonably well in all 3 cases
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of 200°C (Fig. 3-14) and 6 Kgf bonding force at 26Q(Fig. 3-15). The best match was for the 6
Kgf bonding force. The integration constany},(tenoting the initial incubation period, incresse

with decreasing bonding force. This is the minimtime required to attain any measurable
strength and may be the time required to reducesraf oxygen atoms on the surface. Thus, for
this gold to gold bonding, the model's predicti@igee reasonably with experimental results,

based on power-law creep deformation.
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Figure 3-14: Model Fitted with the Experimental Dat at Various Bonding Forces (20tC)

Interestingly, irrespective of the bonding fordee tcontact area corresponding to this time lag
period is about 22% of the full contact. This titag can be possibly traced to the energy
required to reduce the oxygen atoms that formraldyer on the gold surface and stays constant
irrespective of the bonding parameters. This hygsithneeds to be verified in future studies

using experiments and/or atomistic simulations.
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Figure 3-15: Model Fitted with the Experimental Dat at Various Bonding Temperatures
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Table 3-3 shows the values of A, B, ¢and §{ for different bonding forces. The values in the
brackets denote the statistical scatter of thesgehmonstants for a 95% confidence bound. With
only 5 model constants and involving all of the #imigy parameters, it is a comprehensive model

that can be a useful prediction tool for the botrdrgyth in similar metallic bonds where creep

deformation plays the major role.

0.071 (0.052, 0.09)

L Lo 0.843 (0.71,
8(@200°C)  (0.9E-14,2.9E- 10.62 (8.2, 12.9) oo 23(2.1,2.5)
14)
1.9x 104
62(9.7, 11. 0.843 (0.76, i i
6(@200°C)  (0.65E-14,3.28- 062(97.114) o 9(2) 47(4.5,4.9) 0.042 (0.033, 0.51)
14) '
1.9 x 1014 (0.2E- 0.843 (0.55,
6 (@250°C) 14 36e.1a  1062(7.1,141) 113) 1.1(0.69, 1.67) 0.11 (0.085, 0.37)
1.9 x 104 (0.3E- 0.843 (0.61, i .
4 (@200°C 29.5(2 /
4 (@200°C) 14, 356.14)  1062(79,132) o 29.5 (26, 33) 0.03 (0.015, 0.45)

Table 3-3: Empirical Model Constants (95% Confidene Bounds Presented in
Parentheses)
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3.12 Summary and Conclusions

This study experimentally explores the contributadnrAu/Au bond strength on the integrity of
adhesively bonded flip chip interconnects as a tfancof the different bonding parameters
(force, temperature and time). The results sugtpegtdiffusion-assisted power-law bulk creep
deformation can explain the contact area (andltstrength) growth rate as a function of the
bonding parameters. The bond strength grows andates at the strength of bulk gold. Higher
bonding force or bonding temperature makes thengtineof the bond grow and saturate faster.
There is an initial incubation period for the sgnto develop, suggesting perhaps, the presence
of a chemical species on the surface that has terheved for bonding to occur. This threshold
period decreases proportionally with higher bondioigce. An empirical model based on the
basic principles of diffusion bonding shows goodcehawith the experimental data. It was found
that power-law creep deformation has the majouarice on interfacial contact area growth at
the interface. This mechanism shows a close @tioel with the measured interfacial strength
development. This model can be useful in the ptexh of the robustness of adhesively bonded
flip-chip interconnects and thus in process paramaptimizations in the manufacturing of such

flip-chip assembilies.
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Appendix 1: Calculation of Creep Diffusion Empirical Model

(a) 5 cell used in model

Figure Al1-1: Contacting Surfaces Modeled as Small €lls due to Assumed Symmetry
(Derby et al.)

List of Symbols-

a: Half of interfacial void width

A:. Modified creep constant

Ac. Strain rate power law creep constant

A . Creep constant from uniaxial creep testing

b: Half of bonded length between two adjacent voidslibf average wavelength from the

AFM measurement)
h: Half of interfacial cavity height (RMS roughnesdie AFM measurement)
k: Boltzmann's constant
Q.: Activation energy of volume diffusion
t:  Bonding time
T: Bonding Temperature
P: Bonding Force

Surface Tension
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R: Universal Gas Constant

Chemical Potential
S: Sign of Bonding Pressure (negative for congoes
V: Volume transferred in bonding

b, : Modulus of the burgers vector

V : Rate of change of V with respect to time

f:  Fraction of Bonded Area

Following are the values of gold for the above mat@arameters:

[17]

Atomic Volume Q(m’) 1.7x10%

2.5 -10
Burgers Vector b, (m) 2:36x10 [16]
Shear Modulus 1, (Mpa) 2.7x10* [18]
Melting Temperature Ty (K) 1337.33 [17]
Temperature coeff. of shear modulus (K) 4x 10 (sl
Density p(Kg m?) 19.32x 10° [17]
Surface Energy v({Tm?) 1.25 [19]
Bulk Diffusion Coeff D.(m’ sec?) 3x 107 [20]
Bulk Diffusion Activation Energy Q. (KT mol!) 207 [16]
Grain-Boundary Diffusion Coeff 85Dg (m® sec!) 5x 100 [16]

Grain-Boundary Diffusion Activation !

5 16
. Qg (KJ mol) 105 [16]
Surface Diffusion Coeff. 5.D, (m’ sec) 6x 101° [16]
Surface Diffusion Activation Energy Q.(KITmolh) 88 [21]
Power-Law Creep Constant A(hrh 1.9x10" [22]
Power-Law Creep Exponent n, 7 [22]

Table Al-1: Gold Property Constants

From the Derby-Wallach derivation for bulk creegatmation-
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Combining Eqn. (A4-5) & (A4-6)
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Chapter 4: Gold Bond Strength in Adhesively Bonded Flip-Chip
Joints: Modeling and Simulation

In this chapter, a finite element model is devetbpleat captures the bulk deformation creep
process that influences significantly the developtrad bond strength. The inputs to this model
are parametrically varied in a systematic way witthe design space to obtain the variability
expected in the bond strength. A response surfamehis constructed from this that can predict
bond strength from the given manufacturing condgioThis model then serves as a prediction
tool to obtain the optimum interconnect strengtht ttrives the durability of such systems. The
original draft of this chapter is a journal papeattwill be submitted for peer-review to Journal

of Adhesion Science and Technology.

Influence of Fabrication Parameters on Bond Strendt
in Adhesively Bonded Flip-Chip Interconnects
Part Il: Modeling and Simulation

K.Sinha, A. Dasgupta
CALCE Electronic Products and Systems Consortium
Mechanical Engineering Department
University of Maryland, College Park, MD, USA

4.1 Abstract

This is Part Il of a two-part paper investigatiig trole of gold-to-gold interfacial metallurgical
bonding, on the bond strength of adhesively borftipechip interconnects in microelectronic
assemblies. Part | dealt with experimental invesiign of the effect of bonding parameters on

Au-Au interfacial bond strength. One of the magonclusions in Part | was that interfacial
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creep deformation closely correlated with the mesievolution of bond strength over time.
This study presents a viscoplastic finite elementlysis to capture the physical creep
mechanisms that drive the development of this gtlenso that the effect of the system
architecture and bonding parameters can be eftdgtiguantified. Based on the studies in
literature [42, 43], the strength is assumed tceddpon the area of the contact “a-spots,” which
are defined here as the area over which the iesfaome into intimate, atomistically flat
contact.

The most important inputs to the finite elemermtdel consist of (i) interfacial geometry
(with special emphasis on the surface roughnessldgp); (ii) viscoplastic mechanical
properties of gold; and (iii) bonding paramete¢é, temperature and time). The viscoplastic
constitutive properties for gold are obtained paitbm experiments conducted in this study and
partly from the existing literature. The model itpwre parametrically varied in a systematic
way within the design space, to obtain the varigbiéxpected in the bond strength. The
simulation results are captured in a response cinfi@odel that can predict bond strength for a
given set of fabrication conditions. The responsdase model thus serves as a prediction tool
critical for optimizing the interconnect strengthdathe durability of adhesively bonded flip chip

assemblies .

Keywords: Interconnect, Microelectronics, Flip-Chip, Diffusiolndentation, Modeling

4.2 Introduction and Problem Statement

In the conversion towards Pb-free electronics,ah&s been increasing interest in conductive

adhesive interconnects, as they combine Pb-freerrat with an attractive, low temperature,
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processing. One such promising packaging conceplirect bonding of flip-chip dies onto
printed wiring boards (PWBs), with adhesive bonésween a gold-bumped flip-chip IC and
matching gold-plated copper pads on a substrate.gbal is to achieve very high 1/0O densities
per unit area, that are currently difficult to amke, but are critical enablers for next-generation
flexible electronic system. The fabrication procesies on adhesive joining methods and
requires the simultaneous application of adhegivessure, temperature, and time to form the
interconnection. As discussed in Part | of this qvest paper, the reliability of this
interconnection under cyclic thermal excursiongsaslitionally believed to be governed by stress
relaxation mechanisms in the adhesive. Howeveremxgnts reported in the literature [38] and
also reported in Part | of this paper [1] for fepip interconnects with gold metallization [1],
suggest that under typical bonding conditions, dafthegical bond may form between the
mating gold surfaces, due to “cold-welding.” Resulh Part | specifically found that time-
dependent creep deformation at the interface hakse correlation to the growth of bond
strength with time. A computational model that capture this driving mechanism will provide
a valuable prediction method for the bond strengtiis will enable significant cost-effective
improvements in the design and manufacture oftsdiflip-chip packaging technologies.

Section 4.3 of this paper summarizes the curréraliure on the different interconnect failure
mechanisms and contact models in solid-state bgn@action 4.4 explains the overall approach
of this study. Section 4.5 presents the materiap@rties used in the subsequent FEA models,
and the experimental procedure for obtaining th8attion 4.6 illustrates the details of the time-
independent FEA for a multi-asperity model whilect8n 4.7 shows the details of a time-

dependent FEA for a single asperity model. Finailysection 4.8 a response surface model is
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developed from the FEA results and used to cons&rdmond strength contour plot with respect

to bond force and bond temperature.

4.3 Literature Review

Flip chips became really popular around 1999 [2luicM work has been done since then to
quantify the reliability and durability, usually f@pecific packages. In cyclic thermal loading
studies, these works have mostly focused on cyoldailure, contact resistance, and effects of
different bonding forces and bonding temperatufég. concept of cold welding has been around
since the 1940s. Studies have mentioned the pbgsgiof its inclusion into electronics

packaging studies [2 and 3], but it has yet to bez@ommonly considered. The literature on

modeling of adhesively bonded interconnect failmechanisms, is reviewed here.

4.3.1 Adhesively Bonded Interconnect Failure Mechasms

Currently, the majority of papers on adhesivelydexhflip chips center around a “top-down”
approach. Simulation techniques have been usednjumction with experimental results in an
attempt to fully characterize adhesively bondeg-€hips [11][16]. Some authors have a
relationship in their models, between interconneesistance and compressive force [7]
[18][11][17]. Chan, et al. [19] and Li [22] workeadh relating bonding pressure and bonding
temperature to the reliability of adhesively bondgulchips. Chan, et al. based their conclusions
of proper bonding pressure on proper flip-chip ricd@nect particle deformation. They also
reported that the optimal bonding temperature fasé interconnects was 200°C. Bonding
temperatures in excess of 200°C resulted in higiterconnect resistance. Fu, et al. [20] agreed
with Chan’s work, stating particle deformation asimportant factor, and added that particle

location in the interface is also important. Thaisgnce of an interconnect was found to
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increase with the distance of the particles frompghd center. The work of Chan, et al. [22], and
Yeo, et al. [21] confirmed the dependence of rasist on temperature, but Yeo conceded that
more work was needed to fully understand the failomechanisms. Haase [38] found that the
contact resistance in his Au-Au interconnect ditladegrade through 1000 cycles, but Li, et al.’s
Au-Ni system [12] did. Wu, et al. looked into thepact of bump height on interconnect
reliability, concluding that higher bumps resultachigher ACF stress [22]. Haase suggested the
possibility of metallurgical bonding in Au-Au meliahtions, as the dominant contributor to the
interconnect bond strength and how the failure rapi@ms might change because of that. Part |
of this sequence presents similar evidence, anarteporrelations between viscoplastic growth
of the contact area and the bonding strength. thadilly, the growth rate of the contact area
was correlated to the surface topology and to thedimg parameters. However, there has been
no detailed modeling in the flip-chip literature,address these issues.

There has been significant modeling effort in othesearch groups (other than in
electronic packaging), to correlate the surfaceolmgy to the contact area that dictates the
metallurgical strength developed at the interfalce.the following section, we review the

literature on interfacial contact growth and thkeraf the surface topology on that process.

4.3.2 Interfacial Contact Models

Surface roughness and asperity behavior are dridcdors that affect interfacial contact
behavior at scales ranging from the nanometer ¢onticrometer in microelectromechanical,
electronic, and photonic devices. In Part | [1], mported the complex surface topology in the
Au-Au flip-chip interconnect system and the plasteformations experienced by these asperities
during the bonding process. Various analytical antherical methods have been employed to

study the contact physics of ideally smooth su$d@8]. Hertzian contact theory was one of the
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first methods to calculate the contact area betw®en interacting bodies [24]. The model
assumed completely elastic contact and neglectddcguroughness effects. Despite neglecting
the importance of surface area, Hertzian contadtilsused because of its simplicity. Holm
followed with an ‘elastic - perfectly plastic’ mddeithout strain hardening where stresses at the
local contact sites may be much higher than theatlvstress, allowing for plastic deformation
[25]. Holm’s approach resolves contact area throtighuse of material hardness and normal
load at the contacts. Contact geometry does ngtglpart in the contact area calculation. The
Holm theory is widely accepted, but like Hertziamntact, it does not take full account of the
surface topography. Greenwood and Williamson’s (GW%6 theory on contact proposed a
statistically-based asperity contact [26] modelisTWwork assumed that all contact asperities
were spherical with the same radius of curvaturereg was no interaction between asperities,
and the heights of the asperities were normalltriliged. Contact area and the supported load
are computed by knowing the material propertiesghtedistribution, and size of surface
asperities. While the Hertz model and GW model calastic and plastic contact modeling,
there are instances where some contact area isicpls deformed but is surrounded by
elastically deformed material. In these casesChang, Etison, and Bogy (CEB) model may be
used [27]. The CEB model was applied to multi-agpeough surface modeling by Majumder
et al [28]. Although the Hertzian, GW, and CEB migdeave provided the basis for contact
modeling for the past twenty years, the actual goaphy of the contact surface can often be
much more complex than the idealized geometriesnasd in these papers. In cases where a
large contact force is applied, allowing a largenber of asperities to come into contact, the GW
model is still valid. At lower contact loads, fewasperities are forced into contact, and the good

correlation between the mathematical distributianctions and the actual surface topography
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diverges. In the case of low force applicationke lin flip-chip interconnect, an alternative
surface area calculation is needed.

The most feasible approach for providing the cdrtepography for contact modeling is
through direct acquisition of three-dimensional face data from surface microscopy. The
topographical data can be provided through styhailpmetry, optical profilometry, or atomic
force microscopy (AFM). Each provides the surfasmaght data required to compute the
parameters needed for surface modeling or to dyrecimpute the surface area. Dickrell et al.
[29] used measured device surface topography ectlyr calculate the interfacial contact area
[26]. Rezvanian et al. used AFM roughness data feomiSpry RF MEMS switch to build an
accurate surface representation for contact aredeling through fractal geometry [29]. The
random and multiscale nature of the surface rougghie often described by fractal geometry
[39, 40]. Following the asperity-based model of &@mwwood and Williamson, the asperities are
dealt with individually; however, the deformatiorHavior of a contact asperity is influenced by
other contact asperities, in that the share oftti@ applied load for each individual contact
asperity will be determined by the set of all ad#jger that are in contact. Rezvanian et al.’s
model [29] predicted thermomechanical asperity de&tions of contacting surfaces as a
function of time. Regardless of the contact modsdy the end result is the same and that is to
determine the real instantaneous contact area.r@ddecontact area is an integral part of the
models used to calculate constriction resistancenioro-contacts. Validated modeling methods
can provide designers with insights on the evolutamd inter-relationships of of the contact
resistance, surface roughness of the contact @& fand contact pressure.

With a firm understanding of contact physics in dhaguidelines can be formulated and

incorporated in the design and fabrication prodessffectively size critical components and
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forces to provide stable contact resistance foniaantly improved device durability and
performance. In this paper we present numericatleliog and simulation to capture the
complex inter-relationships between these parametad to quantify the viscoplastic growth
rate of the contact area. The models are comparéie measured evolution of bond strength,
reported earlier in Part | [1] of this sequenc&s assumed here based on [42, 43] in this study
that the rate governing mechanism for interfacedianis the rate of growth of the contact area.
Contact area is defined here as the area over withehinterfaces come into intimate,

atomistically flat contact.

4.4 Approach

The flowchart in Fig. 4-1 illustrates the modelstgps to investigate the evolution of the contact
surface area as a function of contact surface ogyol material properties and bonding
parameters.. In Part | of this sequence, pull tesiee conducted to quantify the strength of the
bond as a function of bonding parameters (forceptrature and time). Further, the surface
topology of the gold bumps was carefully charazgtifor use in the modeling effort below. In
this second part of this two-part sequence, Au nateproperties are measured from
nanoindentation tests and combined with the data fPart I, to develop a viscoplastic, large-
deformation finite element model with nonlinear tamt surfaces. This model is used to explore
the bonding mechanisms and to examine the semgitfithe predicted contact area to the
different architectural variables and to the bogdwarameters.

Finally a fractional factorial parametric study ¢bd on design of experiments) is

conducted with this computational model, to underdtthe effect of the various parameters. The

76



results are used to generate a response surfacel had can be used to optimize the design

conditions to obtain the appropriate contact aaea hence, the appropriate bond strength).

- Elastic-Plastic Constitutive Properties:
Geometry: Nanoindentation
AFM Surface Creep Constitutive Properties:
Characterization Literature

v

FEA model of two mating surfaces
with representative asperity

A
Increase of bondable area
after t, due to viscoplastic
deformation

v

Average contact area (and bond
strength) as a function of interface
geometry, material properties and

bonding parameters

¥
Parametric Study using
fractional factorial Design of
Experiments matrix

v

Response surface model that can be used to optimize
process window for a given bump architrecture

Figure 4-1: Investigation Flowchart

4.5 Experimental Characterization of Gold Properties

The FEA analysis requires elastic-plastic-creepenmt properties of gold. The accuracy of
prediction of the model is heavily dependent ongraperties that are used as inputs. The creep
properties were obtained from the literature asudised below, but the elastic-plastic properties

were obtained using nanoindentation experiments3Bpwith a 300nm Berkovich tip..
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Figure 4-2: Cross-Sectioned Au Bumps (A) Topography(B) Derivative of Topography

Fig. 4-2 shows sample polished gold bump surfagt Was used as a sample for the
indentation test. Regions with very low roughnessghts (<10nm) were chosen (red plus sign in

Fig. 4-3), as shown with red cross-hairs in Fig,4e minimize the effect of roughness on the

extracted material properties.
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Figure 4-3: Roughness along x-x' Cross-Section (Fig. 4-2)

An indent array of 13 points with depths rangingnir 50 to 300nm was placed on the
surface of the bump. A sample loading profile amtbsequent load-displacement curve are
shown in Fig. 4-3 (a, b). The load-displacementiesiwere further post-processed to obtain the
elastic-plastic behavior of gold. Fig. 4-3 (c) stsoloth modulus and hardness as a function of

indentation depth. The mean modulus value is 93 &Rbmean hardness is 1.4 GPa, with low

standard deviation values.
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The post-yield stress-strain behavior is extradiedn the measured load-displacement
curves with the help of a theoretical framework eéleped by Suresh et al. for instrumented
sharp indentation [22-25]. With this method, pragsrsuch as Young’s modulus, compressive
yield strength, strain hardening exponent, stremgth plastic strain of 0.29 and hardness can be
determined from the Force-Displacement curves. mieéhod circumvents, by design, the need
for visual observations of the contact area andriparates into the analysis the effects of pile-up

and sink-in. The resulting stress-strain curvessa@yvn in Fig. 4-44 indentation results were used to extract

the post-yield stress-strain behavior. The measststrain (indicated by blue curve) curve obtaimae is used for the FEA analysis
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Figure 4-4: Stress-Strain Behavior of Gold

The time dependent normal finite deformations afitact asperities can be represented by a

power law constitutive relation as in Eqn. (4-1)emhe. is the strain rate, Ais a parameter
relating to the material properties and the cregghanism, is the stress, (s the activation
energy for creep, T is the absolute temperaturekaisdhe Boltzmann constant (k = 1.38 x*30

JIK). [41]

- Q
ex = Asexpl =)
A KT
(4-1)
Gold has the following properties obtained from litexature [36, 37]-

Power Exponent, p 7
Coefficient, A 1.9x 100
Activation Energy, Qc (Joule) 3x 102

Table 4-1: Power-law Creep Constants for Gold
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4.6 Time-Independent Finite Element Model of Au-AuBonding

The bonding process is modeled as a two-step poCERBe first step consists of elastic-plastic
deformation at the contacting asperities due toation of the bonding force. This plastic
contact area depends on plastic properties of Adiianthe initial condition for subsequent
viscoplastic growth of the contact area. This fitageformation is believed to be the reason for
atomistically flat ‘a-spots’ [1] at the interfac&n elastic-plastic 2D finite element model is used
to capture this plastic “flattening” of mating asfies at the rough Au surfaces, when the
bonding pressure is applied. A representativesesestion of the measured surface through
AFM measurements [1] was chosen and a FEA modeldeasloped with matching asperity
dimensions.
A sample 2D cross-section profile of the actualdgmimp surface is shown in Fig. 4-5. Two
identical rough surfaces were mated with a fixexpdicement and the response parameter (total
contact area or ‘a’ spots at the interface) wasutated. The boundary conditions to this model
are that the bottom surface is fixed in y-directitire left hand edge is fixed in x-direction while
the right hand edge has a coupled displacement-direction. A displacement boundary
condition is applied from the top. 8 noded planemednts were used in the mesh with total of
10,761 nodes. The type of surface in contact iarpatrically varied by offsetting the top surface
stepwise by 0.5 microns. Below are the various igomitions from which the Force vs
Displacement and Force vs Contact Area curves ereatl.

The top surface was then parametrically offsetringodifferent asperities into contact and
observe how the response parameter (contact dneapes with misalignment. Fig. 4-6 shows
the deformation contour plot of a sample offsetfigumation where the overlap length is the

region where the two surfaces are directly faciacheother.
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The Force vs Displacement curve showed stochaatiation with the lateral shift and in

most cases it resulted in stiffer curves than the without offset.
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Figure 4-7: Offset Modeling Results: (a) Percentag€ontact Length vs Overlap Length (b) Force vs
Displacement

However, interestingly the Force vs Contact Arespomse was not very sensitive to changes
in the magnitude of surface roughness. So, theamtaheously bonded contact area is not
expected to vary much with the geometry of the aspg that come into contact. This may not
hold true if the roughness is drastically changatthe statistical variation of roughness from
bump to bump for unmated surfaces stays withirstrae order of magnitude [1]. The details of
the roughness geometries and meshing are in Appé&hdf [44]. The Force vs Contact Area
response however was quite sensitive to the mhataperties. Fig. 4-9 shows how changing

the properties affect the response curves.
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The plastic deformation values obtained here at#tperimental bonding forces were compared
to the § values obtained from the experimental results ibiing the Derby-Wallach model.
Table 4-2 compares the two results which show te@tFEA results fit well with the empirical

model’s output.

Bonding f, (Empirical Model
Force (Kgf) [1]) L (FEA)

8 0.071 0.076
6 0.042 0.045
4 0.03 0.033

Table 4-2: Comparison of plastic deformation (Empiical Model vs FEA)
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4.7 Time-Dependent Finite Element Model of Au-Au Boding

As observed from pull test experiments performedlin the bond strength was found to
increase with bonding time and the viscoplasticaase in the contact area (based on a simple
analytic power-law bulk creep deformation) was fouo correlate well with the measured
strength data. The FEA modeling effort is therefertended to include this time-dependent
behavior. The multi-asperity model has been singalifo an axisymmetric single asperity model
to investigate this behavior. The RMS height (OrB&rons) and average wavelength (4.5
microns) observed from the AFM scans in [1] areduse this sinusoidal asperity. Assuming it

mates with another identical asperity, the targefase was represented with a rigid flat surface.
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Figure 4-10: Representative “a-spot” Finite ElementModel

The schematic of the FEA approach is shown in Bidl. The finite element model is
compressed from the top with a scaled constaneftirat is scaled from the total bonding force
on the entire die. In order to obtain the scaledddhe total force is divided by an estimate of
the number of asperities. The number of asperigiesliculated by dividing the total surface area
(0.24 mnf) (after taking into account the misalignment angnp positions) with the area of
each asperity (1.59E-5 nfjrand we get a total of approximately 15094 asiestifThis of course
assumes a uniform isotropic distribution of seifiéar asperities, to idealize the surface
topology, and that the force is uniformly distribdtacross all asperities. This approximation is
needed to simplify the computational model. Thestant force is then applied for 100 seconds,
allowing the asperity to deform with time. The cacttarea at each time step is extracted from
the FEA. The normalized contact area history i tbempared to the normalized bond strength

history from the experimental results, as showRigq 4-12. For this comparison, the two results
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are normalized to the same scale (0 to 1) withairdarea being proportionally transformed to

bond strength. The two plots show very similardebr, as seen in the plot (Fig. 4-12).

Total maximum Number ofbump
contact area taking . surface asperities
ot iderafi = Total bonding force hari th% g
into consideration . sharing thebonding
o on the die surface = =
bump misalignment force
and bump design

Scaled Bonding Force
perasperity

Scaled force is applied nowonthe
undeformed geometrvasa
constant forceto performa time-
dependent elastic-plastic-creep
analysis to determine the contact
area growth overtime

Contactarea v/s time for
different bonding forces

Figure 4-11: Schematic of FEA approach

This process is then repeated for all 3 bondinge®n(4 Kgf, 6 Kgf and 8 Kgf) as per the
pull test experiments in [1]. The initial time lggriod (t) reported from experiments in [1]
varies with bonding force, with lower bonding fosceaving considerablg values [1]. So, the
curve generated from the FEA model is shifted by thamount in the horizontal axis and then

compared with the experimental results and withgireglictions from the Derby-Wallach model

[1].
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Figure 4-12: Comparison of FEA Results (solid lingswith Experiment (data points) and with the
Empirical Derby-Wallach Model (dashed lines)

Thus the FEA model is found to adequately represie@ bond growth history, as
obtained from the experiments and the empiricalyibcated Derby Wallach model. The
instantaneous area fraction of contact area duplastic deformations predicted by Derby
Wallach model matches well too with the FEA resultence the FEA can be used for
reasonable assessment of the sensitivity to thatibpnding parameters. The next section
attempts to use this FEA model to explore the desfgace and to generate a response surface

model.

4.8 Response Surface Model

First the important parameters are identified tbam vary depending on the manufacturing
process, surface finish or constitutive behavidtight of these are captured in the response

surface model, because of their criticality in teitsidy. The parameters include two bonding
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parameters (force and temperature), roughness ptgsn(mean, rms, skewness and kurtosis)
and material parameters (plasticity and creep esmpis). The other bonding parameter which is
bonding time is fixed atyt+100 seconds (wherg is the experimentally observed incubation
period before the bond strength starts to grow fa})this particular response surface model.
Other variables like surface oxygen content areobdythe scope of this study and hence not
included. Next, the 2 minimum and maximum possidties are identified. Thus we obtain 8
parameters with 2 levels (Table 4-3) each and we l@ve many combinations taking the
extremes of each parameter. The Level-1 for plaptoperties denotes 10% increase in
Ramberg-Osgood exponents and Level-2 denotes 1@¥ake in the exponents compared to
the average stress-strain behavior obtained iniosect.5. The levels for the rest of the

parameters are chosen either by measurementsext baghe expected range.

Parameters Sign |Levels | Level-1 Level-2
Force (F) A 2 3 Kef 9 Kgf
Temperature (T) B 2 200°C 300°C
Roughness Mean Height (R ) C 2 0 nm 192 nm
Roughness RMS Height (R,,,) D 2 116 nm 430 nm
Skewness (R,) E 2 -0.46 0.8
Kurtosis (Ry) F 2 2 42
Plasticity Exponent (P) G 2 ILL HH
Creep Exponent (n) H 2 5 7

Table 4-3: Parameter Levels

To economize the number of FEA runs, a standaglidla fractional factorial approach
was taken to develop a design of experiment (Taklg matrix. These parameters are then input
in the FEA model reported in the previous sectionpbtain the contact area vs bonding time
behavior. The roughness profiles involved in thasgmetric study is documented in Appendix 6

of [44].
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Table 4-4: Design of Experiment

Fig. 4-13 shows the output of all 12 runs havingous kinds of curves as output. The final

contact area at tgt+ 100s (wheregtis the empirically observed initial incubation &nbefore

bond strength starts to grow [1]) varied to quieng extent depending on the combination.
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The outputs from these FEA runs were next usecetergate a response surface model. The
response parameter here is the contact area anthef 100 seconds of bonding (RS). The
model consists of constant and linear terms fothalparameters with different coefficients and
selected interaction terms that were found to reg&ong influence on the response parameter.
The model constants are obtained by a least sditai@ the FEA output, using commercial
software. The maximum value of each variable wastims +1 and minimum value was input as
-1. Any value in between can be normalized by sgalli in that range. The detailed structure of

the model and the fitted constants are as follows-

RS = a+ &*F + &'T + &*Ri + &"Rims +8*Rq + & "Ry + &*Pl + &+ g F*T + i F Ry +

812" T* Rme
(4-2)
a; 0.6
- 0.24
as 0.13
a -0.022
- 0.08
a 0.1
a; -0.18
ag -0.03
a 0.06
a5, 0.05
5 0.14
a, 0.015

Table 4-5: Response Surface Model Coefficient Valge

As evident, the bonding force has the highest erfie on the contact area. The ranking of the

other parameters and interaction terms are in Tdke An F-test was performed to get the
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relative significance of each of these variables.

T

Force 1 0.19 4.89
Force*R, 2 0.17 4.16
Temperature 3 0.16 3.85
Kurtosis 4 0.12 2.54
Skewness 5 0.08 1.53
Boyelnes 6 0.04 0.76
Mean
Creep 7 0.02 034
Exponent
Force*Temp 8 0.01 0.26
Plasticity 9 0.002 0.05
Roughness o
RMS 10 0.002 0.03
Temp*R,. 11 0.001 0.015

Table 4-6: Ranking of the Variables and InteractionTerms

This model is then used to predict the bond stiefatall combinations of bonding force and
bonding temperature at the average roughness valo@sactual material properties. Again,
based on the previous assumptions, the predicted Istrength has been correlated to the

predicted contact area.

Fig. 4-14 is a contour plot from which it is podsilto choose a suitable combination of bond
force and temperature for desired bond strengtk. Stope and limitations of the manufacturing

process will enable the decision of which combimrafits best here.
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Contour Plot for bond strength (MPa)
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Figure 4-14: Contour Plot of bond strength from Reponse Surface Model Predictions

4.9 Summary and Conclusion

In this second part of the two-part sequence, timtact area (and hence bonding strength) trends
of Au/Au bonded flip chips with respect to diffetdsonding parameters (force, temperature and
time) was comprehensively captured in a viscopiaftiite element model. The model takes
roughness parameters of the surface profile andtielplastic-creep material properties as
inputs. The bonding parameters have been variggmgsically so that the FEA model can be
matched with the experimental measurements in Radf this sequence [1]. The time
independent analysis shows the plastic deformairedicted by the FEA model is close to the

empirical models prediction in [1]. The time depentimodel then shows close results both to
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the experiment and Derby-Wallach empirical moddidading it effectively. Next a systematic
fractional factorial parametric study is conducteith this FEA model by varying the different
parameters within their realistic ranges. Thesalteprovide a response surface model that can
be used as a prediction tool for the bond strer§pimding force has the strongest influence here
among all the parameters followed by the other $erirthis model can be useful for strength

prediction and thus process parameter optimizatidthe manufacturing of such flip-chip joints.
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Chapter 5: Solder Interconnects in Adhesively Bonded Flip-Chip
Joints: Crack Behavior at Non-Planar Interfaces

In this chapter, the bond strength that soldertgoiform in flip-chip assemblies have been
investigated. A complex global-local finite elememiodeling approach gives the fracture
strength of such joints and its expected varigbilitth respect to various parameters. This study
subsequently provides fundamental insights intonfleence of the important governing factors
on the change of apparent resistance to craclatiioiti in solder joints under shock and drop
loading that are typical in portable electronic guwots. The contributions from this study go
beyond flip-chip joints to other electronic packawgving similar joint structure. The original
draft of this chapter is a journal paper that Wil submitted for peer-review to Internal Journal

of Fracture.

Effect of Geometric Complexities and Nonlinear Matdal Properties on
Interfacial Crack Behaviour in Electronic Devices

Koustav Sinha, Joe Varghese, Abhijit Dasgupta
University of Maryland, College Park, Maryland, US®742

5.1 Abstract

Interfacial failures are often found in solder jirbetween electronic components and PWAs,
under shock and drop loading. These interfaciadtfn@s are often either between layers of
dissimilar intermetallic compounds (IMCs), or betmethe solder and IMC [1]. Studies have

revealed that these interfaces are usually scal¢pavy and non-planar) and that the waviness
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decreases with continued thermal aging, accompébyeal reduction of the apparent resistance
to interfacial crack initiation [2, 3]. This studlyvestigates the effects of the interfacial wavees
nonlinear solder material properties, local geoinemmplexities, and the initial crack length, on
the resistance to crack initiation. A detailed msittale, global-local, elastic-plastic finite
element fracture simulation model is constructed ealibrated against the test data published in
the literature [3] for 3 different roughness pre§ilon a soldered cantilever fracture specimen.
The global model of the test specimen [3] analybesaverage stresses in the solder and the
local finite element model extracts the energyasderate at the tips of cracks of various lengths
at the wavy IMC interfaces. The energy releasesrate averaged over a periodic length of the
wavy interface to obtain effective average valissthat the results can be compared with test
results reported by Yao & Shang [3]. The initighak length and loading rate are parametrically
varied for each of the 3 roughness levels in Yadper. The analysis is repeated for elastic
solder properties, elastic-plastic solder propsréiad viscoplastic solder properties. The results
are compared with those from simple analytic modéks crack at a wavy interface between two
semi-infinite elastic solids. These results previdndamental insights into the influence of all

the governing factors on the change of apparergteexe to crack initiation.

5.2 Introduction

Electronic assemblies rely on soldered connecti@t&een metallized terminals on components
and matching terminals on printed wiring boards @8)V These joints are created by forming
multiple species of metallurgical intermetallic qoounds between the Tin in the solder and the
metallization on the pad. As an examplegs&y and CySn intermetallic layers are formed with

copper solder pads, while SnCuNi intermetallicsfarened with Nickel-plated solder pads. The
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interfaces between these intermetallic layers aeywand scalloped, as are the interfaces with
the solder. Thes@ig. 5.1) interfaces are sometimes the weakest part of tuetste, as the

toughness of these brittle materials is low andginesses can be high due to discontinuity of
properties across these interfaces. Failure dudytmmic mechanical stresses, for example

because of drop and shock events, are often bifactal fracture.

Copper pad

IMC layer
\

bulk solder

e[ Yaoet al. 1996
Crack in IMC layer(s) due to shock/drop

Song et al. 2006
Figure 5.1: Example of Scalloped IMC Layer in a Saler Joint

Accurate predictions of interfacial failure relgdvily on determination of the fracture
parameters that adequately characterize the statigess at the debonded interface of interest,
i.e., the stress intensity factors (K , K ) and the strain energy release rate (G). Thénstra
energy release rate of the crack depends on théness; phase angle of loading, and the
properties of the materials that meet at the iat&rf According to the concept of fracture
mechanics, cracks start propagating when the swaigrgy release rate exceeds a critical
threshold value, termed the fracture toughnesshefaterial/interface. However, the crack
growth is detectable only when the interface reachéatigue threshold, after which it follows a
power-law dependence on the stress intensity factor

Published literature [2, 3] suggests that withtcared thermal aging, the waviness of the
solder intermetallic layers decreases. This agingccompanied by a decrease in the effective

fracture resistance at this interface, especialigen dynamic loading. This loss of fracture
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resistance is, atleast in part, due to increaskerstress intensity factor because of decreaein
waviness. This study provides fundamental insightts this problem for thermal aging of solder-
bondpad interfaces in electronic assemblies, basedetailed stress analysis and on analysis of

crack-shielding mechanisms at wavy interfaces sdidiilar materials [4].

5.3 Literature Review

Numerous papers have been published on the meshahinterfacial fracture. It started with
closed-form analytical models from Rice, Suo andcHinson [5, 6 and 7] which then got
extended [4] for different loading conditions anade mixity. This section summarizes the

important theoretical work done in interfacial fnae that is relevant to this problem.

5.3.1 Nonplanar Interfacial Mechanics

Stresses near the crack tip at bimaterial intesfdwve oscillatory behavior unlike those in the
bulk. Rice [5] was the first to develop a matherwtiexpression for that behavior which
essentially implies that the material in a smahedehind the crack tip will interpenetrate even
when the crack is subjected to far-field tensilad®. Suo and Hutchinson [6] provided a way to
relate the bulk stress intensity factor to therfiatgal stress intensity factor. This techniqueesl
on Dundurs’ parameters, characteristic length, andn-dimensional parameter to represent the
oscillatory stress field at the crack tip. Hutclinsand Suo [7] showed that under certain
conditions, the oscillatory stress field can be leetgd, thus de-coupling the mode | and I
interfacial stress intensity factors.

However, many practical components have wavy fates. For example the IMC layers

formed between copper plates and solder are oftatloped and wavy. The interfacial
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morphology evolves steadily with time, even at rotemperature, due to ongoing diffusion
between the plating materials, copper trace ardks8, 8].
Evans and Hutchinson [4] were the first to reldite effective energy release rate at a

wavy interface to that at a planar interface, asshin the following equation:

G' _,, (f*- 2f)(Sing) + tanf )Cogg))*
G 1+tar’(Y)

(5-1)
G' Energy release rate at wavy interface
G Energy release rate at straight interface
f Non-dimensional scaling factor
Facet angle for wavy interface

Phase angle for mode-mixity

1.00
0.75
5 050
B 25
0.00.
iy
ol
I2n - B
d
Facer, 7 lzpon e
&ie & o B
(5 The

Figure 5-2: Graphical Representation of Eqn. (5-1)27]
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Fig. 5-2 is a 3D plot of the above equation andwshthat GG decreases monotonically with
increasing interfacial waviness and phase angle.chianges in the waviness value \hméflect the
changes in the interfacial morphology from rough éh5) to smooth (h/=0). For a given level of
mode mixity, a rough interface clearly has a loemergy release rate for a given loading condition,
and hence provides better resistance to crack gatipa. Equation 5.1 is valid for a wavy interface

between two elastic, semi-infinite solids.

5.3.2 Elastic-Plastic Interfaces

The major limitation of the above theories is ttiegy are not valid in the presence of elastic-
plastic deformations. Evans et al [9] suggested tha total energy required for interfacial
cracking is a combination of the roughness shiglgiarameter and plastic work dissipation. Wei
and Hutchinson [10] proposed a unified model whidmbined the Suo Shih Varias (SSV)
model by Suo, et al [11] and embedded process amukel (EPZ) by Tvergaard and Hutchinson
[12]. The model predicts that as peak stress igseedor a xed value of G, the interfacial
toughening due to plasticity increases.

Lane, et al [13] and Wei and Hutchinson [14] dedirthe criteria for limiting conditions
of interfacial toughening due to plasticity at #lastic/plastic interface. However, the effect of
aging on the contribution of interface adhesion plagtic work to fracture of wavy interface is

still not well understood.

5.3.3 Effect of Aging on Roughness
One of the most common wavy interfaces in electratavices are at the IMC layers formed

between copper and solder. These interfaces thiakdnweaken with aging. Yao & Shang [13],
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Luhua and Pang [2], Song, et al [1], Jang, et [Iu, et al [16] have reported this. Fig. 5-3who
the variation in the morphology of €an/CusSn interface of a SnAgCu interconnect with Organic

Solderability Preservative (OSP) finish, at varicaaditions of thermal cycling [17].

500 Temp Cycles

Spm Spum

PR = S

1000 Temp Cycles §1500 TC  Solder

CugdSng

Cu;Sn
Spm

Figure 5-3: Changes in Interface Morphology due té\ging [1]

Any significant change in interfacial fracture sigéh can affect the failure site, which can have a
direct impact on the fatigue life of a multi-laydretack. Thus a clear understanding is required

about the way the fracture strength changes dtetaging process.

5.3.4 Changes in stress intensity factor due to arlk shielding mechanism
Evans and Hutchinson [66] investigated the effe€tson-planarity on interfacial fracture. Their
model is based on a bimaterial elastic interfac&kviconsists of a kink along a crack surface.
When the crack surfaces contact at the kink, thesstintensities at the crack front differ from

the applied values to an extent governed by th& &imgle, the kink amplitude and the friction
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coefficient. The contacts resist the motion of ¢heck surface by means of friction and locking
and thereby modify the energy release rate atrdigkdront. The modified strain energy release
rate governs the effect of the contacting facettheroverall interface fracture resistance [4].

The mathematical model for predicting the effectsteess intensity factors for non-planar

interfaces is given by-

K} +iK) =K, +iK, - f(x)€"(K,Sing +K,Cosy)

(5-2)

where, is the size of the characteristic length on thelcisurface, f() is a non-dimensional
scaling factor for the stress intensity factors, i& the stress intensity factor of the non-planar
interface at the"i mode and is the facet angle of the non-planar interfaceudfign (5-2) gives
the coupled stress intensity factors compared toaton (5-1) which gives the strain energy
release rates as a function of interface facetangBecause of the coupled nature of the stress
intensity factors at the interfaces, usually stramergy release rate is a preferred mode of
expressing the fracture properties. Thus, accortbripis derivation, the crack shielding due to
the waviness of the non-planar interface decreihsestress intensity factor at the crack tip. The
strain energy release rate of the crack dependeeowaviness, phase angle of loading, and the
properties of the materials that make up the iatef

5.3.5 Fracture Toughness Experiment for Wavy Soldeinterface
Yao & Shang [3] evaluated the fracture characierisf a solder intermetallic interface for
different cooling rates by standard fatigue testiAgthin layer, 0.2 mm thick, of solder alloy
(commercial grade eutectic Sn-Pb solder paste stahdard mesh size and RMA rosin flux) was

sandwiched between two copper (OFHC) beams witlsahee thickness of 1.6 mm. The cooling
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rate was varied after the reflowing of the soldad ¢hus the waviness of the solder/Cu interface
was varied. The cooling rates were estimated tadpeoximately 100°C/s for water quenching,
[°C/s for air cooling and 0.01°C/s for furnace a@ngl Fig. 5-4 shows the difference in
microstructure across the interface. The wavindsg (s seen to be inversely related to the
cooling rate. The slower the cooling rate, thétdlathe interface and the faster the cooling rate,
the wavier is the interface. In the water-quenghtondition, the cell was small and nearly
hemispherical while in the furnace cooling case, itlfiermetallic cell flattened out considerably

into a "pancake" shape and the thickness of tleermstallic layer was larger.

Figure 5-4: Interface Microstructures in Eutectic $h-Pb/Cu Solder Joints: (a) Water Quenching, (b)
Air Cooling, and (c) Furnace Cooling [3]
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The sandwich specimens used by Yao and Shang weceapked at the edge of the interface
between CgBn intermetallic and solder, by cycling the specina¢mbout one-third to one half
of the fracture toughness of the interface. Thenaeked specimens were then loaded cyclically
in a sinusoidal waveform with a load ratio of O atd frequency of 5 Hz. The tests were carried
out in room air (22°C, 55% RH). Fatigue crack wasnitored by an optical traveling
microscope at a magnification of 10. Fatigue crgowth rates from less than 20to 10
mm/cycle were measured. Fatigue crack growth tlotdsivas approached by a load-shedding
procedure where the load increment was less thapei€ent of the previous load. The crack
growth driving force, range of strain energy reteeste, G, for the flexural peel specimen was
calculated using the J-integral formulation. Apptyibbeam theory, G is derived using Eqn. (5-

3)-

11

-)

oG = PP (L+a)° (

2BE, | |

(5-3)

where P is the range of applied loads for a fatigue GyEle the elastic modulus of the Cu
substrate, B, the specimen width, L is the distdrm® the loading line to the precrack, | and I*
are the moments of inertia of the bottom beam heddint, respectively.

Fig. 5-5 shows the crack growth behavior under 3hdifferent cooling conditions.
Cooling rates have different effects at low andhhanergy release rates. At the low energy
release rates, increasing cooling rate resulteehtmanced fatigue threshold for interface crack
growth. On the contrary, at the high energy releasss, large reductions in the apparent fracture

toughness followed the increases in the cooling,. rElte difference in the coolimgte resulted in
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changes in the failure mechanism. At low energgasé rates, fatigue cracks propagated along
the interface between the solder and the interfieetalyer. At high energy release rates, the
failure mechanism was altered from cohesive irfain@ace-cooled condition, to interfacial in the
water-quenched, with a mixed failure mode in thtermediate cooling rate of air cooling.

In this study, the authors used a simple lineasted model to estimate the strain energy
release rate at the interface from the load andlaiement data obtained from the test. The
effect of interfacial waviness is neglected in tsisp, although the authors do discuss a crack-
sliding model to qualitatively explain the decreasethe fatigue threshold with decreasing
cooling rate. In their results, the authors repnéshe changes in fracture resistance by changing
the effective fatigue threshold energy release (ra@), as shown in Figure 5-5.

The reality is that the change in fracture tasise with change in interfacial waviness is
only partially due to changes in the intrinsic trtae toughness of the interface, and partially due
to changes in the stress intensity factor due ¢octlack shielding mechanism discussed above.

These simultaneous changes cause changes ingkg-strength interferences at this interface.

uench cooled
f,'{ e3

4E1

[P¥)
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—_
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Figure 5-5: Threshold Strain Energy Release Rate \Sooling rate
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5.4 Approach

The approach taken in this work has been to itytlalild a finite element model of Shang’s test
setup [3] to estimate the stresses at the solggyéranterface with a crack being introduced in
it. The stresses obtained here are used to estilmat&rain energy release rate and phase angle
of loading for a planar interfacial crack.

The difficult problem of determining the detailsttess state at the tip of the interface
crack, as characterized by the phase angle ornttigidual stress intensity factors, requires
numerical computation. To properly combine the raawale of the specimens with the micro
scale of the IMC features, a global-local modelpgroach has been undertaken.

These values are then compared to results pudblistye Yao and Shang [3]. The
comparison gives us insight into the effect of wagis, plasticity and intrinsic interfacial bond

strength on the threshold strain energy releage rat

! | Effect of Roughness 1
Develop global model of the 1 :
copper-solder cantilever beam 1 1
with crack at the lower interface |
L | Effect of Crack Length | :
Calculate the nodal : |
displacements around the i |
Boundary crack tip L :
A L 1 i EffectofLoad Rate :
Develop nonplanar local : |
model on the surrounding 1 :
region of crack tip L ——————
= - Weighted average for ——b—
: -1megrzl chalculat;{on different angles of asingle i
EnswEllits Ge nonplanar cell I =z °2
=
) 5 BB
Calculate the ratio of J- <] g‘ =
integral values for different : E = g i
cooling rates = T

Solder-IMC fracture !
strength '

___________________________________

Figure 5-6: Investigation Flowchart
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5.5 Finite Element Analysis

Shang’s experimental setup was used for the mad@lthe results were used as a basis of
comparison. Multiscale global-local modeling cortceps used to be able to effectively capture
the micro features of the IMC structure. The foliogvare the important aspects of the macro

and micro model.

5.5.1 Macroscale Model

‘ 140 mm 20 tm ‘

1.59 mm

1

0.2 mm

Figure 5-7: Global Model Geometry

The global or macroscale model essentially is dilexer beam as in Shang’s experiment with
bending load. A solder layer with finer mesh isc&iched between the two copper layers with

thinner mesh. The meshing is done such that thelnd$placements can be effectively
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transferred to the micromodel. Fig. 5-7 shows theicture of the model along with the

dimensions. An 8-noded 2-D element was used with thanslational degrees of freedom per
node. The total number of nodes is 195,709. Lafeenf the entire structure is constrained in all
directions while a fixed load is applied at theestbnd. This load value is obtained by using Eqn.
(1) in [3] where inputting the strain energy rekeaate values gives the load applied. Material

Properties used are detailed in Appendix 1.

Nodes are

ined i T ——— Force applied in
constrained in +

negative Y-direction

all directions
Applied Boundary Conditions

_—— —

Displacement Vector Sum Contour Plot

.

Sy

Displacement Vector Sum Contour Plot at a Higher Scale

Figure 5-8: Global Model Displacement Plot

The macromodel has a crack seeded at the lowerecaider interface of length that was
parametrically varied with 3 different lengths- 20, and 30 mm. The meshed geometry is then
loaded at the end tip while the other end was fixedll end directions like a typical cantilever.
The nodal displacement plot in Fig. 5-8 shows tkading of the beam due to the load. As

expected the highest stress is at the crack tiprithds loading condition.
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5.5.2 Microscale Model

Global Model: Crack, No IMC Layers

Solder
(6350l 7F)

(Pb-rich Solde

Cu,Sn;

CuySn

Copper

BC transferred from
global model to local

Local Model: Contains IMC Layers and Cracks

Figure 5-9: Global and Local Model

A small region around the crack tip was then aredywith a fully-detailed microscale model.
Fig. 5-9 shows the location and size of this lovaldel. The IMC layers with their detailed
roughness features were incorporated in the moted IMC cells were approximated as
trapezoidal cells with rounded corners. The titri€wuSns) IMC layer had a more wavy
interface than the copper-rich (§3n) layer. Fig. 5-10 shows further details regagdihe
structure of the IMC cells. Calculations made fr&fmang’s data confirmed that the interfacial
cell angle (Table 5-1) remains approximately sammeughout the aging process. This is
expected because the angle depends on the ingdréa@rgy which doesn’t change much with
cooling rate. An 8-noded 2-D element was used it translational degrees of freedom. The

total number of nodes is 180,149. Material Propsrtised are detailed in Appendix 1 and the
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boundary conditions applied are obtained from theah displacements of the macromodel at the

matching nodes in the edges.

IMC structure details

¥ (micron)

X (micron)
. . Thickness of | Measured
Cuol'u?g Height, h (um) Width. i, Roughness. Phb-rich Wavelength /&ngle
Condition (um) 214;/s . . (degrees)
region (um) i (pum)
Furnace 24403 38+05 1.3 2 8.19 483
Cooling
Air Cooling 1.8+04 1.5£05 2.4 1.5 4741 48 J
Quench 15+03 0.4+0.2 7.5 1.25 3.07+0.2 47.55
Cooling
Jf N

Angle remains constant
(approx 48 degrees)

Figure 5-10: IMC Layer Morphology Details for 3 Coding Rates
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A comparative view of the SEM pictures and modebrgetry of the IMC layers has
being shown in Fig. 5-11. Close to the upper imigef of CySn; lead-rich solder has been
incorporated. This is because during the aginges®clead particles are accumulated towards

the interface. The properties of all the differsraterial layers are shown in Appendix 5.

Figure 5-11: Geometric Comparison of the IMC Layersn Shang’s Experiment and FEA

5.5.3 Calculation of Strain Energy Release Rate
Cracks are introduced in the form of unmerged noaeshe CgSrs and lead-rich solder
interface. Since, each cell has three differenpedo different crack positions (total of 54) are
simulated for each of the three roughness levédls.Bloundary conditions are varied for different

crack lengths which are obtained from the nodglldtsements of the macromodel.

The strain energy release rate computation wasredst by J-integral computation which
can be compared to the experimental results. AsrJdmtegral calculation, a local coordinate
system has been specified at the tip of the crattktive crack normal plane being perpendicular
to the local x-axis. To prevent interpenetratiommtie crack tip, contact elements are used at

that interface (Fig. 5-12). This resulted in fashweergence of the J-integral value at the crack tip
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across contours (Fig. 5-13).

Surface elements are
replaced by 3 node
contact elements

Surface elements are
replaced by 3 node
target elements and
paired with the contact
elements with a shared
real constant

—————

Figure 5-12: Nodal Von-Mises Strain Plot at the Crak Tip

J-integrals of all the crack positions are avedaghich is subsequently compared across
the different roughness levels. Thus, the wholé melrphology is taken into account in this

process with different mode mixity levels.
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Figure 5-13: (a) J-Integral Contours around the Crak Tip (b) Convergence of the J-
Integral Value

+ Contours around er:

5.5.4 Combined Effect of Crack Length and Roughness

Fig. 5-14 shows the typical crack behavior acrass IMC cell in FC configuration. The trends
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are similar for each of the three initial crackddrs where strain energy release rate increases
steadily along upslope, holds steady in the hoteloportion and then drops down along the

down slope. So, it takes more energy to propagatack at an angle than horizontally.

FlatHor. (2

Strain Energy Release Rate (rel.)

1 5 ¢ 13 17 21 23 28 33 37 41 43 49 53

Crack Tip Positions in Local Model

Fig. 5-14: Crack length Effect on Strain Energy Redase Rate

The strain energy release rate averaged over ahealhfor different initial crack lengths was

then plotted on a semi log scale alongside Shaexperimental results (Fig. 5-15). Both linear
and nonlinear properties are used to see the mateptasticity plays over here. Also, a fit curve
of Hutchinson’s equation Eqn. (5-1) has been pdbittethis graph. The results are normalized to
the fastest cooling rate so that the role of agiag be tracked. As can be clearly observed,
elastic FEA predicts stronger drop than measurégesaand simple analytical models. The curve

is convex upwards as cooling time incread@ssticity further adds to the decrease rate gpf G

with cooling time.

1o Elastic FEA
= 0.800 X —E:H—_mo_de]
& A
5 0600 . =
= Experiment  gj,.,,,6 1nodel
= 0.400
B Nonlinear FEA
z 0200 (10mm crack)
QcC AC FC
0.000 4

0.01 100

1
Normalized Cooling Time (sec/deg C)

Figure 5-15: Comparisons of Results from Shang’s fperiment and FEA (1)
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Fig. 5-16 shows the comparison of the nonlinearuation results for different initial crack
lengths alongside the experiment results. It caliserved that FEA predictions are not very
sensitive to initial crack length. Also, longer dkdength makes the curve slightly more convex

Effect of roughness & crack length
Nonlinear FEA

P 10 mm crack)

=038
% Experiment
0.6 —
) Nonlinear FEA 20 | ~
= 04 mm crack)
s Nonlinear FEA
1
2 0.2 (30 mm crack)
C AC EC
0 ¢ .
0.01 1 100

Normalized Cooling Time (sec/deg C)

Figure 5-16: Comparisons of Results from Shang’s Eperiment and FEA (without strain rate effect)

5.5.5 Combined Effect of Loading Rate and Roughness
The FEA results in the previous sections didn'tude the effect of loading rate. To understand
that effect, creep properties of solder (Appendiare now included in the global models. The
same sets of runs have been performed and comperesk different roughness levels. The 5 Hz
frequency loading condition didn’'t produce muchegretrain and thus the results (Fig. 5-17) are

negligibly different from the ones without the $traate effect.
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Figure 5-17: Comparisons of Results from Shang’s eeriment and FEA (with strain rate effects)

5.6 Summary and Conclusion

A finite element framework has been generated daat predict the real interfacial crack
behavior, by incorporating the geometric complesitiof a wavy interface and the material
nonlinearities, that cannot be addressed in simgalytic fracture models available in the
literature. Crack behavior across one unit inteatftietcell has been compared across different
roughness levels and various initial crack lengthterfacial toughness estimates show stronger
sensitivity to roughness in FEA models than in dergmalytic models. However, the effect of
initial crack length is minimal based on these nuoaé results. By introducing rate sensitive
properties in solder, the strain rate effect hasnbestimated on the crack behavior, which is
found to be weak due to the type of loading cooditiThe existing analytical model's
predictions in general are reasonably close to wi@afFEA models predict which suggests that
they can be used with good confidence for approtenassessment of the strength of solder

interfaces for moderate roughness levels.
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Appendix 1: Material Properties for Finite Element Model

The linear material properties used in the FEA ysialare in Table Al-1.

Young’s Poisson’s

MATERIAL | \louiys (GPa) | Ratio
Copper 110 0.343
Sn-Pb Solder 32 0.38
Pb-rich Solder 23.5 0.35
CugSn; 85.56 0.309
Cu;Sn 108.3 0.299

Table Al-1: Linear Properties for Solder-IMC Model (Source- www.matweb.com)

The elastic-plastic properties used in the FEAysislare depicted in Fig. A1-1 & Al1-2.
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Stress-Strain Curves for 95Pb55n (Darveaux & Banerji) at
Various Temperatures
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Figure Al-1: Stress-Strain Curves for 95Pb5Sn (Damaux & Banerji) at Various
Temperatures
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Figure Al1-2: Von Mises Stress vs Von Mises Strain@ves for SnPb (Qian) at Various
Temperatures

Garofalo Creep Law (Eqn. Al-1) was used for the-gansitive modeling. The model constants

were extracted from Qian et.al, 2004.

e, =C,[SinNC,s)]“ exp( C,/T) (Al1-1)

whereC1 =66.40; C2 =0.115E C3=2.2;C4=7130; T = 298K
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Chapter 6: Dissertation Contributions & Benefits

The contributions and benefits from the thesis hasen classified below according to the two

different parts of the study.

6.1 Gold Bumps in Flip-Chip Interconnects

Quantified the effect of bonding parameters onAlieAu bond strength in Au-Au flip-

chip joints.

Provided insights into the relative contributioorfr diffusion-assisted creep mechanisms
for the bond strength growth over time. Demonstiahat the creep-assisted growth in

contact area correlates very well with measureavtiroate of bond strength.

Constructed a diffusion-based empirical model tedpt the bond strength for different

bonding parameters and roughness features.

Used detailed finite element viscoplastic modelitogidentify the role of the most
influential surface features, material propertiesl donding parameters, that affect the
interfacial bond strength for flip-chip intercontec Demonstrated that the FEA model
prediction of bond strength evolution has very famitrends as that from simpler

diffusion-based analytic models.

Developed a response surface model, based on th#edeFEA, that can be used for
optimizing process parameters for adhesive joinwofg flip chips that have gold

metallization.
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6.2 Solder Bumps in Flip-Chip Interconnects

Investigated the influence of complex IMC microsttral morphology on solder
interconnect strength, using detailed global-lo8&), elastic-plastic-creep finite element

modeling and fracture mechanics concepts.

Developed fundamental insights into the effect offecent parameters (interface
roughness as characterized by statistical measiirése asperity profile, crack length,
load rate) on solder-IMC interface fracture stréngthrough detailed micro-scale

modeling of the IMC structure, under bending load.

An impact of this study is that the proposed corapaibal framework can be used to
predict the strength of solder joints for variouther solder compositions and under

different aging processes, based on their effeabi@nfacial IMC morphology.
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Chapter 7: Limitations and Future Work

The thesis work has its limitations that can bermapd upon by further studies. Below is a

summary of the limitations that provides the fouraafor future work:

7.1 Gold Bumps in Flip-Chip Interconnects

The bonding matrix for the experiments in this gtutld not capture the effect of
temperature with sufficient rigor or detail. Examigp the role of temperature on the
saturated bond strength will provide broader urtdading of the role of all the bonding

parameters.

The effect of surface diffusion and grain-bounddrifusion contributions have been
neglected in the computational model, comparedheobulk-diffusion contribution, when
estimating the growth of the contact area. Thisraxmation is based on published
properties of gold, but needs to be experimentadified for the specific type of gold
used in the bond pads. Therefore, in subsequediestthe role of such other forms of

diffusion needs to be taken into account.

FEA model is limited on the roughness details bseaof the 2D single-asperity
representation for the time-dependent modeling.evidetailed 3D modeling of realistic
multi-asperity contacts should be undertaken tafywéne findings of this study. Such a
study could start by assuming the asperity fornmatias isotropic and then extending them

to anisotropic random asperity features.

Local temperature effects at the interface duextiheermic bonding reactions can locally

spike the diffusion and creep rates, which hasa@&rbcaptured in the present study. A
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detailed atomistic scale study could provide insigh any local temperature rise and its

effect on the overall bond formation.

The surface oxides can be one of the causes anitied time lag to form any measurable
bond strength. However, this needs to be clarifig@tomistic scale simulations that will

be useful to understand the bond strength behavibie short bonding time region.

The statistical variability of the input parameters particular the asperity distribution,
has not been captured in great detail in this stGdgh variability can potentially impact

the actual bond strength and needs to be considesetsequent studies.

7.2 Solder Bumps in Flip-Chip Interconnects

FEA model developed in this study can be furthébcated by experiments conducted on

other solder alloy compositions.

Broader aging conditions can be incorporated is #tudy to help calibrate the FEA

model and better understand the roughness effects.

Parametric variation of loading rates can be apptie the model to properly determine

the strain rate effect.

The properties at smaller length scales can vangiderably due to strain gradient effect.
Experiments can be conducted to extract strainigmagbroperties which can be used to

further refine the model. (true for both the stsgjlie
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Appendix 1: Characteristics of the Pull-Test Speciran (Chapter 3)

Owﬂ-"ﬂ'_".uﬂ
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Figure Al1-1: Pull Test Specimen Schematic

Size:5.0 x 5.0 mm
Pitch of the Bumps:130 m
Bump for adhesive bonding:
Finish: Standard Al bondpad
Galvanic Au Bump
Height: 20 mm (measured: 20.9 — 22.5 mm)
Bump Height Variation over Die: 0.2 m- 0.7 m (measured)
Size:81 mm, octagonal (measured 86-88)
Hardness:40.9-49.0 HV
Tensile Strength:130 MPa (soft gold) to 220 MPa (hard gold)
Quantity of Bumps Overall: 84

Quantity of Connected Bumps:58
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Appendix 2: Specifications of Pull Tester (ChapteB)

Figure A2-1: Pull Tester
Y axis Maximum Force: 100 Kg
X axis Maximum Force: 5 Kg
Z axis Maximum Force: 10 Kg
Z axis Travel: 65 mm
Z axis accuracy over full travel: £ 10 m
Z axis maximum test speed5 mm/second
Work Holder Working Envelope: X 220 mm, Y 220 mm, Z 50 mm
Load Cartridges: All load cartridges have 4 software selectablel langes as standard

Accuracy: Total system accuracy + 0.25 % of load range ssdedlaximum load cartridge
accuracy and repeatability to within 0.01%

Compliance: European CE regulations- EMC directive, low voltatirective and mechanical
safety directive

International Certification: Compliant with European CE Regulations- EMC DinextLow
Voltage Directive, Mechanical Safety Directive
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Appendix 3: Aluminum Pull Test Fixture Design
(Chapter 3)

(All dimensions here are in mm)

Figure A3-1: Pull Test Fixture Design
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Appendix 4: Surface Characterization Plots
(Chapter 3)

Below are the surface profiles (Top and Isometi@y from which the roughness parameters
were measured:

@)

A
- v

(b)

Fig. A4-1: 3D Suface Profile No.1 (a) Unmated (b) Bted
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(@)

A

v

(b)

Fig. A4-2: 3D Suface Profile No.2 (a) Unmated (b) Bted
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(@)

QV

(b)

Fig. A4-3: 3D Suface Profile No. 3 (a) Unmated (\lated
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(Cross-Section along A-A")

(Cross-Section along B-B’)

(Cross-Section along C-C’)
Figure A4-4: Measured Cross-Sections
The surface is assumed to have uniform distribubibthe peaks all across. 3 cross-sections are
chosen from 3 different mated bumps characterizether equatorial regions. Based on the
number of major peaks and the surface length, theelengths of the surface profiles are
estimated. For the surfaces as shown in Fig. AC Bhe wavelengths are determined to be 4, 5,
4.5 microns. The average wavelength thus thesamasgfwhich is used in the modeling is 4.5

microns.
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Appendix 5: Derivation of Rate of Change of Contacfrea for
Different Diffusion Models (Chapter 3)

Figure A5-1: Contacting Surfaces Modeled as Small €lls due to Assumed Symmetry
(Derby et al.)

List of Symbols-

o

= &

Half of interfacial void width

Modified creep constant

Strain rate power law creep constant
: Creep constant from uniaxial creep testing

Half of bonded length between two adjacent voidalfdf average wavelength from the
AFM measurement)

Half of interfacial cavity height (RMS roughnesstie AFM measurement)
Boltzmann's constant

Activation energy of volume diffusion

Bonding time

Bonding Temperature

Bonding Stress

Surface Tension
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R: Universal Gas Constant

Chemical Potential
S: Sign of Bonding Pressure (negative for congoes
V: Volume transferred in bonding

b, : Modulus of the burgers vector

V : Rate of change of V with respect to time

f:  Fraction of Bonded Area

Following are the values of gold for the above mat@arameters:

Table A5-1: Gold Property Constants
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Table A5-2: Other Parameters

Diffusion Mechanism 1:For surface source to neck

= v : e (ABAD)
b- a-r(- sinb)
a= ;‘h (_1b-1)- hb ......................................... (A5-2)
rtanb(———- 2+ p) S fan
sinb 2
Substituting equation (A7-2) in equation (A7-1) get
' 5t v
e T T L TR T TR A5-3
1 _1)_i) b- a- r(- sinb) (AS-3)
sinb tanb
Substituting a = bf where 0<f<1
sing" 2" v
2)- 1 ) b- bf - r@1- sinb)
smb tanb
1 p .
brtanb( e E+b)(b_ bf - r(L- sinb))
dt = T df .. (AB-5)
smb D- tanb

For surface diffusion,

- 2Wd,D, g
Vi 5 (e — ) e, A5-6
1 kT r( b- a) ( )
For volume diffusion,
: 2WD, g r
2= kT r( b- a) ( )
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2w

V=, = 2

L L T (A5-8)
r b-a r

Substituting (A7-8) in (A7-5), we get

k-|-br2[as7Ds.|r D, ] tanb( '1b - 'Z+ b)(b- bf - r(L- sinb))
dt, = ' : el : r Af oo (A5-9)
2g(h(—— - 1)- W(L-
e P tans™ b- o’

Diffusion Mechanism 2: For interfacial source to neck

h= 20N (A5-10)
o a

a=h ..o (AB-11)

Substituting (A7-11) in equation (A7-10), we get
a= 2(r+a) !

@
Substituting a = bf in equation (A7-12), we get

ot _2(r+a)Vv
2DV

ceeeeereeien. (AB-12)

b ceeiereenn (AB-13)

Simplifying (A7-13), we get
d = A8

2(r + a)V
For surface diffusion,

Vy=N%De pb_0 9y ... (A5-15)
2kTe a a r

For volume diffusion,

Ve=2WDy B9 9y . (A5-16)
kTe a ar
S vy = W b g 9,650,
V =V,+V, = p—-Z.< BB A D,) i, A5-17
34kT€(aar)(2 v) ( )
Substituting (A7-17) in equation (A7-14) we get,
2¢2
dt, = KThorb” f = A oo (AB-18)
2(r +bf)3WP = - 9 - 9y %" 1 p )
f bf r” 2
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Diffusion Mechanism 3: For mass transfer by bulk deformation

a :%(b+ Q) (A5-19)
=V e (AB-20)
a

QD
=y
o<

Substituting a=bf in equation (A7-21), we get

bdth _V
(b+a)dt a
dt=— M . (AB22)
(b+a)V
We know,
b g, "
. 2 2AP(--1- 7]
v = J3sAa @0 " A T A, (A5-23)
a. ., /m,
21- (B)n°]n°
Substituting (A7-23) in equation (A7-22), we get
:ooaetop- 9y
_ e 1Ne
dt, = 2hiL- (1)"] f O e (AB-24)
(b+bf)y/3SAf tanb m,
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Appendix 6: FEA Schematic (Chapter 4)

Figure A6-1: Schematic of FEA approach

Figure A6-2: Representative “a-spot” Finite ElementModel
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The above schematic (Fig. A8-1) is repeated forhedad of roughness in the Design of
Experiment. The number of asperities is calcul@edividing the total surface area (0.24 fim
(after taking into account the misalignment and pysositions) with the area of each asperity
(1.59E-5 mr) and we get a total of approximately 15094 asjestitThis is then used to scale
the total bonding force. Fig. A8-2 explains theasthoundary conditions. The left-side boundary
has zero displacement in x-direction while the tiglde boundary has coupled x-direction
displacement. The rigid surface is fully clampedla/ithe contact happens between the contact
elements of the gold bump and the target elemdrtseaigid surface. This study was extended
as mentioned in Chapter 4 to fractional factorigdD varying different parameters which
included different roughness shapes. The respondace model study had one of these 5
roughness profiles with varying bonding paramegerd material properties. Below are the shape
and meshing of the different roughness profileslustere the four moments are Sa is average
roughness, Sr is RMS roughness, Sq is skewnesShiglkurtosis. The details of the material

models and model constants are in Chapter 4.

Figure A6-3: Roughness Profile # 1
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Figure A6-4: Roughness Profile # 2

Figure A6-5: Roughness Profile # 3
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Figure A6-6: Roughness Profile # 4

Figure A6-7: Roughness Profile # 5
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Appendix 7: Multi-Asperity 2D Model Details (Chapter 4)

(b) (b)

(©)
Figure A7-1: Multi-Asperity Model (a) Geometry (b) Boundary Conditions (c) Meshing

The boundary conditions as explained in Fig. A9). (The bottom surface is fixed in y-

direction. The left hand edge is fixed in x-directiwhile the right hand edge has a coupled
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displacement in x-direction. A displacement bougdeondition is applied from the top. The
type of surface in contact is parametrically varnmdoffsetting the top surface stepwise by 0.5
microns. Below are the various configurations frenich the Force vs Displacement and Force

vs Contact Area curves are derived.

Figure A7-2: Offset Length: 0 m

Figure A7-3: Offset Length: 0.5 m
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Figure A7-4: Offset Length: 1 m

Figure A7-5: Offset Length: 1.5 m
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Figure A7-6: Offset Length: 2 m

Figure A7-7: Offset Length: 2.5 m
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Figure A7-8: Offset Length: 3 m

Figure A7-9: Offset Length: 3.5 m
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Figure A7-10: Offset Length: 4 m

Figure A7-11: Offset Length: 4.5 m
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Figure A7-12: Offset Length: 5 m
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