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Abstract

A Flip Chip on Board package (FCOB) is analyzed under thermal cycling loading 

to study the effect of underfill filler settling on the thermo-mechanical reliability of the 

package. The Mori-Tanaka method, a micromechanics based formulation, is utilized to 

model the property gradation caused by filler settling to obtain the effective material 

model for underfill. The modeling of the underfill material depends on the filler settling 

assumed. A total of five different underfill material models are used to assess their impact 

on the reliability. The equivalent underfill material properties calculated are subsequently 

used in finite element simulations to evaluate the FCOB assembly reliability. The 

reliability issues investigated in this work are solder joint fatigue and die cracking. This 

work aims to predict solder joint fatigue lifetime and also determine an acceptable pre

existing flaw size in the die backside to prevent die cracking. The results show that, when 

the underfill filler settling is gradual (instead of homogeneous), the corresponding solder 

joint has the minimum fatigue lifetime among the models assessed. However, the filler 

settling configuration has very little influence on the critical flaw size in the die and the 

board warpage.
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Chapter 1: Introduction

Packaged electronics is “the embodiment of all electronic equipment” [Tummala et 

al., 1997]. Electronic equipment consists of active components, such as integrated circuit 

(IC) chips, flat panels, cathode-ray-tube displays and so on. The active components are 

delicate, requiring the package to mechanically support and protect it. The active 

components should be interconnected to form a functional unit. To function, electrical 

circuits need to be supplied with electrical energy which is consumed and transformed 

into thermal energy (heat), so the package must offer an adequate means for the removal 

of heat. The electronic packages serve four major functions: power distribution, signal 

distribution, heat dissipation and circuit protection. Electronic packages consist of the 

components that interconnect, house and supply electrical power for the active 

components [Lau et al., 1998].

Packaging is an art based on the science of establishing interconnections ranging from 

zero-level packages (i.e., chip-level connections, e.g., gold and solder bumps), to first- 

level packages (either single- or multi-chip modules), second-level packages (e.g., printed 

circuit boards (PCB)), and third-level packages (e.g., a motherboard). The levels of 

packaging are shown in Fig. 1.1.

Fig. 1.1 Levels of electronic packaging [Lau et al., 1998].
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Electronic components are generally classified into four major IC device categories; 

the microprocessor, the ASIC (Application-Specific IC), the cache memory, and the main 

memory. Different packaging technologies are required for different semiconductor IC 

devices and applications. Depending on the IC device’s requirements of package pin 

count and clock frequency the packaging technology is selected [Lau et al., 1998].

Electronic packages designed to hold a single IC are called Single-Chip electronic 

packages. Several Single-Chip electronic package techniques are available. The evolution 

of IC packages is shown in the Fig. 1.2.

IC Packaging Evolution

Time and Packaging Efficiency

Fig. 1.2 IC package evolution (http://www.virtualave.net/packaging).

The first integrated circuit was developed in the late 1950’s. Later, in the early 1960’s 

Dual-Inline-Packages (DIP) were developed. In DIPs, the leads are perpendicular to the 

body for inserting the mounting onto printed wiring boards (PWBs) using plated through 

holes (PTH). Surface Mount Technology (SMT) evolved in the 1970’s. Instead of 

inserting the leads into the PWB, the ICs can be mounted on either side thereby 

increasing the density of ICs on the PWB. The next to follow were the Quad Flat Packs 

(QFPs) in the 1980’s. In this design leads are present on all four sides of the package. In

http://www.virtualave.net/packaging
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the early 1990’s Ball Grid Arrays (BGAs) were developed, where the mounting is 

accomplished by solder reflow technology. They contain a matrix of solder bumps at 

their base and have the advantage of supporting higher densities, smaller footprint and 

shorter electrical paths for faster signal propagation. The BGAs can be used in Multi 

Chip Module (MCM) packaging. The BGAs were followed by Chip Scale Packages 

(CSPs) in the late 1990’s. They are most compact, about 1.2 times the size of a bare die.

1.1 Chip Level Interconnects

The most common methods for chip level interconnections are Wirebonding, Tape 

Automated Bonding (TAB), and Flip Chip bonding. Different methods of chip level 

interconnections are shown in Fig. 1.3. Brief introductions to the above mentioned 

interconnection are given [Tummala, 2001].

Wire Bond TAB Flip Chip

Fig. 1.3 Illustration of different chip level interconnections [Kasturi, 2004],

1.1.1 Wirebonding

Wirebonding is the most widely used method for chip level interconnections. In this 

method, the thin gold or aluminum wires are used to make connection between the 

bonding pads on the chips and the metallization on the substrates. The chip is attached to 

the substrate (with the active die face facing up) before the wirebonding process starts.
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Depending upon the bonding method there are three types of wirebonding: thermo

compression wirebonding, thermo-sonic wirebonding, and ultrasonic wire bonding.

1.1.2 Tape Automated Bonding

In tape automated bonding, the copper lead pattern on polymer tape is used to form 

connections between bonding pads of bare chips and substrates. The process consists of 

bump formation, inner lead bonding, and outer lead bonding, respectively.

1.1.3 Flip Chip Bonding

In Flip Chip bonding, solder bumps provide connections between the bonding pads of 

the chips and the metallization on the substrates. Bumps can be formed either on the 

chips or on the substrates.

1.2 Flip Chip Packaging Technology

One of the significant developments to improve cost, reliability and productivity in 

the electronic packaging industry has been the advancement of Flip Chip technology. The 

name “Flip Chip” is not a specific package or package type; instead, it is used to indicate 

one of the bonding technologies for providing electrical contact from the chip to the 

substrate and/or printed circuit board (PCB) [Tummala, 2001].

Since IBM first developed the Flip Chip technique on a ceramic substrate for its Solid 

Logic Technology (SLT) to replace the wirebonding in 1962, Flip Chip technology has 

been drawing increased attention for the development of new packaging techniques.

Flip Chip Technology is an advanced form of Surface Mount Technology (SMT), in 

which the bare die is flipped, i.e., the active face facing down and hence called the “Flip 

Chip.” The connection from the active die side to the chip carrier is usually through the 

solder bumps, also called Controlled Collapse Chip Connection (C4). The bumps provide 

the electrical and mechanical interconnectivity between the die and the substrate. The 

bumps can be arranged in an area array pattern or on the periphery. Several Chip Scale 

Packages also utilize Flip Chip ICs to reduce the overall size of packages. The Flip Chip 

type of package is shown in Fig. 1.4.
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Fig. 1.4. Schematic diagram of high density Flip-Chip packaging.

Flip Chip on Board (FCOB) is the focus of this research because of its prominent 

future in the electronic packaging market. This research will also explore the reliability 

problems associated with this packaging technology.

1.3 Advantages of Flip Chips

The increase in demand for Flip Chip packaging resulted from Flip Chip's advantages 

in size, performance, flexibility, reliability, and cost over other packaging technologies 

and from an increase in the availability of Flip Chip materials, equipment, and services 

[Riley, 2000].

Small size

Eliminating bond wires reduces the required board area by up to 95% and requires far 

less height. Weight can be less than 5% of a packaged device’s weight. Flip Chips are the 

simplest minimal packages; they are smaller than Chip Scale Packages (CSP’s) because 

they are chip sized. This is extremely important for electronics manufacturers because of 

the ever increasing demand to miniaturize products or assemblies.

Performance

Flip chips offer the highest speed electrical performance. Eliminating bond wires 

reduces the delaying inductance and capacitance of the connection and makes the 

connecting path through the solder bump, which minimizes the path length that the signal
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has to travel. Faster signal transmission means decreased cycle times for increased 

functionality. It leads to high speed off-chip interconnection.

Highest Packaging Density

Flip Chips provide the highest input/output connection flexibility. Wire bond 

connections are limited to the perimeter of the die, making die sizes up as the number of 

connections increases. Flip Chip connections can use the whole area of the die, 

accommodating many more connections on a smaller die. Area connections also allow 3- 

dimensional stacking of dies.

Most Rugged

Flip Chips are mechanically the most rugged interconnection method. In Flip Chips 

the under-chip space is usually filled with a non-conductive "underfill" adhesive joining 

the entire surface of the chip to the substrate. The underfill protects the bumps from 

moisture or other environmental hazards, and provides additional mechanical strength to 

the assembly. Underfill mechanically "locks together" chip and substrate so that the 

differences in thermal expansion of materials do not break or damage the electrical 

connection of the bumps.

Improved Process Time

There is an improvement in process cycle time required for interconnect formation 

because a Flip Chip is an area process, where wire bonding is a point to point process and 

processing time is dependent on the number of I/Os.

1.4 Disadvantages of Flip Chips

Large Coefficient of Thermal Expansion Mismatch

The large coefficient of thermal expansion (CTE) mismatch between the silicon die 

and the PCB results in thermo-mechanical stresses in the assembly. These stresses 

threaten the reliability of the package. The best solution to this problem involves polymer 

underfills that are used to couple the silicon to the PCB, effectively redistributing the 

stresses.
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Processing Time

Underfills are expensive and they increase processing time considerably. 

Reworkability

Reworkability is a concern once the die has been attached and underfill has been 

applied.

Substrate Re-design:

As the dimensions of dies decrease, the chip footprints on the board change 

accordingly, resulting in the need for a change in the design of the motherboard 

(substrate). This can be very costly for high I/O count devices.

Inspection

Flip Chips are difficult to inspect since the devices are faced down.

Cost

The cost is high for low volume and low I/O count packaging.

1.5 Failure Modes in Flip Chips

Some of the prominent failure modes in Flip Chips are reviewed below [Tummala, 

2001],

Delamination

Delamination is the debonding or the separation of the adjacent material layers which 

were bonded before. Delamination occurs when the stress at the interface exceeds the 

interfacial fracture strength. This may be due to various processing issues, such as 

inadequate surface preparation, inadequate cleaning and the presence of contaminants, 

inadequate baking, moisture and volatiles, inadequate material dispensing, non-polarity 

and topological variations in the surfaces, etc. The main reason for delamination is the 

low adhesion strength between the two different material interfaces. In Flip Chips the 

delamination of the underfill at the die or substrate site will lead the underfill to function
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poorly, which in turn will cause interconnects to experience more stress and leads to 

rapid interconnect failure.

Solder Migration

Solder migration is due to current induced mass transportation at high temperatures, 

leading to voids and extrusion in the solder. As the solder expands (as the underfill 

shrinks) the solder material is forced into the surrounding void. This solder migration 

increases the electrical resistance and may sometimes lead to solder bridges thus 

shortening the device life. Since the solder migration may cause delamination and/or 

voiding, it might be reduced by using low cure materials for the underfill, preventing 

delamination by using good adhesion or compatible materials and providing good chip 

cooling methods.

Die Cracking

Die cracking occurs due to excessive stresses in brittle silicon, caused by the 

difference in the coefficient of thermal expansion of the components in the Flip Chip 

assembly. Machining defects such as blade scoring and chopping act as stress raisers, 

therefore and reduce the fracture strength. Die fractures occur when the maximum 

principle tensile stress reaches the effective fracture strength of the single crystal silicon.

Underfill Fillet Cracking

Underfill fillet cracking is a common underfill material failure. It occurs mainly in 

assemblies subjected to thermal cycling. Fillet cracks can be classified into three types: 

chip-side cracks, board-side cracks and complete cracks. Chip side cracks are the small 

cracks that originate at the chip/underfill interface and usually form a “V” shaped pattern 

that extends partially down the fillet. Board side cracks are short cracks that extend up the 

fillet or run parallel to the fillet edge. Chip side cracks can lead to localized areas of 

delamination between the underfill and the side of the chip, while board side cracks can 

lead to localized areas of delamination between the underfill and substrate/solder mask. A 

complete fillet crack extends from the top of the fillet to the substrate and propagates 

completely through the fillet.
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Solder Fatigue Cracking

Solder fatigue cracking is a common mode of failure in Flip Chips. It occurs due to 

repetitive cycling from high positive stress to high negative stress leading to a crack 

through the interconnection. Solder fatigue is mainly due to increasing delamination of 

the underfill to die passivation interface. This delamination develops stress 

concentrations at the solder joints causing a fatigue crack to propagate through the 

interconnection.

Intermetallic Diffusion

Intermetallic diffusion is a common failure mechanism in solder joints. During solder 

reflow the bonding process forms an intermetallic layer which is required for good 

interconnect joint. Intermetallic growth is a time and temperature dependent diffusion 

process. Long exposure to high temperature for a sufficient time can form excessive 

intermetallic layer which leads to local embrittlement and coarsening of the grains at the 

interface and degrade solderability. Such a layer is formed during the solder reflow 

process where diffusion occurs between copper and tin forming an intermetallic 

compound, Cu-Sn, between the copper pads and the Sn-Pb interface.

Corrosion

Corrosion is the degradation of metals as a result of electrochemical activity. 

Corrosion may be caused because of the moisture absorption and the presence of ionic 

impurities. Corrosion occurs in the solder and Under Bump Metallurgy (UBM). 

Corrosion causes the anode (which is the solder bump or the UBM) to degrade and 

accumulate on the cathode under the presence of moisture, which acts as an electrolyte.

Moisture Induced Failures

The presence of moisture is the main reason for the failure of underfilled packages. 

The underfilled packages and encapsulations contain moisture. As the chip gets heated 

up, the high temperature causes the out gassing of moisture and other gases from the 

underfill. This leads leading to popcorn like formations on the underfill surface. This is
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commonly called the popcorning effect. It leads to several problems like die cracking, 

delamination and corrosion. Therefore it is important for the packages to be moisture 

resistant.

1.6 Flip Chip on Board (FCOB)

FCOB technology has been in use since the 1970’s. The advances in technologies 

such as organic substrates, underfill polymers and solder bumps have made FCOB widely 

usable in consumer electronics.

As schematically illustrated in Fig. 1.5, FCOB is one form of the Direct Chip Attach 

(DCA) technology. FCOB consists of a Flip Chip IC that is attached to the substrate or 

board by a solder bump and the gap between the die and the substrate is filled with 

underfill. Underfill is an epoxy compound suspended with filler particles. The substrate 

used can be of ceramic or organic material. Packages on ceramic substrates are more 

reliable compared to organic substrates but the organic substrate is cheaper and hence 

widely used, especially in consumer electronics. The problem with organic substrates is 

that they have a higher coefficient of thermal expansion (CTE), around 17-22 ppm/ °C 

while the CTE of die (silicon) is around 3 ppm/ °C. This causes a considerable amount of 

thermal stresses and strains in solder joints at higher temperatures, resulting in a low 

fatigue life of a solder joints. One way to reduce the stresses and strains in the solder 

joints is to apply underfills such that the thermal stresses can be redistributed, possibly 

lowering the stresses in the solder joints.

Applications of FCOB are widespread in consumer electronics. FCOB can be used as 

a single chip as well as part of a multi-chip module (MCM).
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Fig. 1.5. Schematic of Flip Chip on Board

The main advantages of using a FCOB are its size, performance, flexibility, 

reliability, etc., over other packaging technologies. FCOB can offer the same number of 

I/O’s as other packages, while at the same time minimizing the area and height of the 

overall assembly. In FCOB the connecting path from die to substrate is only through 

solder bumps, which minimize the interconnection length that the signal has to travel. 

This reduces the delaying inductance and capacitance of the connection, therefore 

resulting in a high speed off-chip interconnection.

The main disadvantage of using FCOB is due to a large CTE mismatch between the 

silicon die and the PCB, which results in thermo-mechanical stresses in the assembly. 

These stresses threaten the reliability of the package. The best solution to this problem 

involves polymer underfills that are used to couple the silicon to the PCB, effectively 

reducing the stresses. The primary modes of failure for a FCOB are solder fatigue, 

delamination and die cracking. The present research focuses on solder fatigue and die 

cracking of a FCOB.

1.7 Rationale of Studies

The thermal mismatch between the die and the substrate in Flip Chips is a major 

concern, since it can cause a solder reliability problem. The problem can be improved by 

filling an epoxy-fillers mixture into the space between the die and the substrate. The 

filling materials, underfills, can help redistribute stresses in the package, reduce the 

thermal mismatch, and enhance the mechanical support of the solders by mechanically 

coupling the material properties of the die to the substrate. Therefore, the thermo

mechanical reliability of the solder joints can be improved.
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Usually epoxy-fillers mixed underfills are assumed to be homogeneous to predict the 

solder lifetimes. However, fillers generally settle in a non-homogeneous manner during 

the underfill dispensing process. Underfills are commonly dispensed into the gap between 

the die and the substrate using capillary flow. The process often causes the fillers to settle 

toward the bottom where the substrate resides. Filler settling occurs when the viscosity of 

the underfill becomes too low to hold the filler as a suspension.

The fillers settling can cause variation in the underfill material properties. For 

example, it causes a gradual decrease in the density of fillers distributed from the bottom 

to the top in the gap. The variation may have impact on predicting the package reliability. 

It can cause a poor stress distribution in the package [Zoba, 1996]. Hence, it is important 

to understand the influence of the filler settling on the package reliability.

1.8 Thesis Objectives

Many technical papers have been published discussing the reliability of the Flip Chips 

by considering the underfill as a homogeneous material. However, due to the low 

viscosity of the epoxy the filler particles in the underfill settle on the substrate due to their 

own weight. This causes a gradual decrease in the volume fraction of the filler particle 

from the substrate side of FCOB to the die side, resulting in variation of the material 

properties (e.g., the stiffness, Poisson’s ratio and the coefficient of thermal expansion) of 

the underfill from the die side to the substrate side.

The primary objective of this thesis is to understand and quantify the impact of the 

underfill filler settling in the way of the aforementioned phenomenon. Specifically, 

comparative simulations of the thermo-mechanical reliability of a Flip Chip on Board 

subjected to thermal cyclic loading will be conducted, with the underfill model having 

variation in its material properties due to the natural settling of the filler particles in it.

Three approaches will be used to model the underfill material in the thesis. In the first 

method the underfill is considered to be homogeneous having a constant CTE and 

stiffness. In the second method the underfill is considered to consist of two layers. The 

layer towards the die (the top layer) is considered to consist of only pure epoxy and the
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layer towards the substrate (the bottom layer) consist of both epoxy and the filler 

particles. The height of the lower layer is called the ‘stand-off height’ of the filler 

settling. The stand-off height depends on the assumed packing pattern of the filler in the 

epoxy for the finite element model. Simple cubic and face-centered cubic packing of the 

filler will be considered in the modeling. In the third method the properties of the 

underfill are modeled in such a way that it gradually changes from the substrate side to 

the die side of the FCOB to represent the property gradation caused by the filler settling. 

In these three methods micromechanics based formulations are used to calculate the 

effective material properties of the underfill. The calculated material properties are then 

used in finite element simulations to assess the FCOB assembly reliability.

The reliability issues studied in this work are solder joint fatigue and die cracking. 

This work aims to predict solder joint fatigue and also to determine an acceptable pre

existing initial crack in the die backside to prevent die cracking.

1.9 Thesis Outline

The approaches to accomplish the objective of this research are to:

1. Calculate the effective material properties of the underfill models using 

micromechanics based formulations,

2. Employ these material properties in finite element simulations,

3. Create numerical models of FCOB assembly using ABAQUS 6.4, and

4. Compare the results of FCOB assemblies with different underfill material models 

subjected to thermal cyclic loading.
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Chapter 2: Literature Review

The first part of this chapter provides an introduction to the underfills, the settling of 

the filler particles and the Mori-Tanaka method which will be used to calculate the 

effective underfill material properties. The second part of this chapter discusses thermo

mechanical reliability, thermo-mechanical failure modes and the fatigue models used for 

solder joints.

2.1 Underfill

Underfill adhesives are generally epoxy resins reinforced with inorganic fillers such 

as silica to enhance mechanical properties and make the coefficient of thermal expansion 

(CTE) of the epoxy-filler mixture similar to that of solder material. The underfill also has 

additives to improve adhesion and flow properties.

In a typical Flip Chip device, the epoxy underfill fills the space between the silicon 

chip and the printed circuit board (PCB) giving reinforcement to the solder joints by 

mechanically coupling the chip-to-PCB. The differences in the thermal expansion 

coefficient between the board and silicon die generate shear strains on the solder joints 

during temperature cycling loading, which induce fatigue and premature solder joint 

cracking. Underfill helps in minimizing the thermally-induced stresses by restricting the 

relative lateral motion of board and die, and converting in-plane stresses to bending 

stresses.

Mechanical shock and bending of the substrate can cause stresses in the interconnect 

bumps [Kasturi, 2004], Underfill encapsulant reduces that stress by distributing the load 

over a large area, therefore reducing the strains in the interconnect bumps. Furthermore, 

while the metallurgy of interconnect bumps may vary, the bumps can be vulnerable to 

corrosion. Underfill encapsulant can also act as a hermetic seal to protect the interconnect 

bumps from corrosion.
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It was found that underfilling the Flip Chip tremendously improved the reliability of 

the solder joints [Peng et al., 1999], The improvement is based on at least three factors 

[Tummala et al., 1997]:

(1) Chip constraint is enhanced, thus reducing shear on the solder joints. The 

added glue also reduces the tendency to curl.

(2) With the elastic modulus close to that of the solder, the epoxy forms a quasi

continuum with the solder joints, thus reducing the stress riser associated with 

the sharp angle made by the joint profile at the chip and the substrate 

interface.

(3) The solder is essentially hermetically sealed from the environment, as the 

avoidance of the oxidation at the crack tip retards crack growth.

The underfill not only takes away one attribute while giving another, it also adds 

extra steps that increase manufacturing time, cost and complexity. For instance while the 

underfill adds protection, it usually eliminates die removability and the important rework 

option.

The emphasis of this research is placed on the representation of the filler settling in 

the underfill material.

2.2 Classes of Underfill

Post-Dispensed Underfills

The post-dispensed class is the most obvious type of underfill. Flip Chips can be 

assembled to the substrate, tested and then underfilled last; hence, the term post-dispense 

can be used.

The method of post dispensing the underfill between the die and the substrate is by 

capillary flow. Once the underfill has been dispensed along side the chip, capillary action 

allows the underfill to flow under the chip where the underfill wets to the chip and 

substrate surface.
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The capillary underfill process involves several extra steps such as preheating the 

assembly substrate, dispensing of the underfill adjacent to a Flip Chip on the preheated 

substrate and curing it. These additional steps required in applying capillary underfill are 

the process bottleneck, which adds additional cost and reduces throughput.

Pre-Dispensed Underfills

In the pre-dispense method the underfill is pre-dispensed onto the unassembled chip 

(die) or substrate and then the underfill is solidified. The underfill, with flux properties, 

becomes an integral part of the Flip Chip.

The no-flow underfill process provides a more efficient procedure for attaching chips 

onto the substrate and protecting the assembly. In this process a self-fluxing, no-flow 

underfill is dispensed on the assembly site prior to placing the chip. Once the chips are 

placed the underfill allows the solder to flux, wet and interconnect with the circuit 

assembly. The underfill then cures during the latter part of the reflow process. A 

limitation of this process is that the substrate and the chip have to be pre-dried to avoid 

excessive voiding within the underfill which can lead to solder extrusion and shorting 

problems.

No-flow underfill adhesives are mostly unfilled or filled with very low filler loading 

due to the interference of fillers with solder joint yield. A no-flow underfill adhesive is 

therefore less effective than a capillary underfill at mitigating the CTE mismatch problem 

in Flip-Chip assemblies because of its comparatively higher CTE. The lower reliability 

that has appeared in no-flow underfills generally limits their use to small Flip-Chip 

assemblies.

2.3 Filler Particles

Fillers are low-expansion and high strength particles, which are mixed with epoxy 

resins to form a composite underfill with the desired properties. The filler is the most 

important single ingredient in the underfill composition. Typically, the filler size ranges 

from approximately 1 to 50 microns depending upon the application [Frear, 2004]. The 

underfill comprises a large portion of filler material by weight. The selection of the filler
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depends on the particle size, particle geometry, particle surface area, particle distribution 

and other attributes.

The major drawback in adding solid filler in the low viscosity epoxy resins is the 

slower flow rates of the underfill. The selection of the filler size depends on the gap 

height of the bumps. But, depending on the filler, the underfill would either not flow in 

the gap, or the filler would settle, giving a poor distribution of stresses under the part. The 

shape of the filler particle is important because the ratio of volume to surface area affects 

settling, separation during flow, viscosity, and particle packing.

Silica ( S i0 2) is the most widely used filler in underfill encapsulants. Silica (often 

spherical) is used as the filler material because of its lower expansion, dielectric 

properties, compatibility with the silicon chip and high chemical and thermal stability. In 

this research silica is considered as the filler material.

Most of the defects in Flip Chip packaging have their root cause in the underfill 

process. The underfill dispensing process is considered successful if the fluid underfill 

makes intimate contact with the substrate, the die face and the sides of all solder balls. It 

must also occur without any voids in the underfill.

2.4 Filler Particles Settling

One of the process induced defects caused during underfill dispensing is the settling 

of fillers on the substrate. Filler settling occurs when the viscosity of the underfill 

becomes too low to hold the filler as a suspension. This occurs when the temperature of 

the underfill is raised beyond the recommended flow temperature or if the base chemistry 

is not able to keep the filler buoyant [Rasiah, 1999]. The rate of filler settling depends 

upon the density of the filler, the particle size of the filler and the viscosity of the epoxy 

used. Underfills with high density fillers are more susceptible to filler settling, 

particularly during high-temperature cures. Fig.2.1. shows a SEM micrograph of the filler 

settling.

This causes a gradual decrease in density of the filler particle from the substrate side 

(located at a lower level) to the die side (located at a higher level) in a Flip Chip package.
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This leads to variation of the stiffness and the coefficient of thermal expansion of the 

underfill across its thickness (from the die side to the substrate side). Due to the filler 

settling, the underfill is a non-homogeneous material in nature. In a simpler viewpoint, it 

may be assumed to consist of two layers with different properties: the layer next to the 

die consists of pure epoxy and the layer next to the substrate consists of both epoxy and 

the filler particles. In a more practical viewpoint, the filler-mixed underfill is a matrix

like material having location-dependent material properties. Both of the viewpoints will 

be adopted in the thesis work to conduct comparative studies of their impact on the 

thermo-mechanical reliability of FCOB.

In this research the effect of filler settling is incorporated into the finite element 

model. A micromechanics based formulation is used to calculate the effective material 

properties of the underfill. The calculated material properties are then utilized in finite 

element simulations to access the FCOB assembly reliability.

Fig.2.1. SEM micrograph of the filler settling in epoxy.

(Source: http.V/dauskardt.Stanford.edu/lorraine_wang/underfdl.html)

2.5 Effective Linear Elastic Properties

Several micromechanics approaches are available to predict the effective properties of 

composite materials. The approaches include: effective medium theories (e.g., the Mori-

http://http.V/dauskardt.Stanford.edu/lorraine_wang/underfdl.html
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Tanaka method by Mori and Tanaka [1973] and Benveniste [1987]; self-consistent 

method by Hill [1965] and Budiansky [1965]) and variational approaches leading to 

bounds (e.g., Hashin and Shtrikman [1963]).

The thesis work will employ the Mori-Tanaka method [Benveniste, 1987] to evaluate 

the effective properties of the underfill material. The underfill can be viewed as a 

composite material consisting of a matrix phase and a particle phase. Both the epoxy 

based matrix and silica filler particles are assumed to be linearly elastic and isotropic 

solids. The silica particles are assumed to be spherical in shape and of a single diameter.

2.5.1 The Mori-Tanaka Method

According to the Mori-Tanaka method, the effective bulk modulus K  and the 

effective shear modulus / / 'o f  a matrix inclusion composite with spherical particles is 

given by:

K - =K  ,
e ( l - f ) ( K s

(2.1)

f(Ms - K e )»e (2.2)

where,

/  volume fraction,
k, bulk modulus of filler,
Ke bulk modulus of matrix
V, shear modulus of filler, and
ve shear modulus of matrix.

To implement the calculations of K and // formulated above, it needs to find out the 

following parameters:

Ye 3Ke +AjUe 3(1 — ve)
3 Ke _ \ + ve (2.3)
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where,

= 6(Ke+ 2 f ie) _ 2(4-5 v .)  (2 4)

5(3ATe+ 4 ^ e) 15(1- v , )

K = — ^   (2.5)
3(1-2 v „)

Vn = \ (2.6)
2(1+ vn)

£ v elastic modulus of filler,
Ee elastic modulus of matrix,

Poisson’s ratio of filler, 
ve Poisson’s ratio of matrix, 
a  coefficient of thermal expansion of filler, and
a  coefficient of thermal expansion of matrix.

The effective Elastic modulus (£*) of the material is given by:

9K j/_
3 K* +ju*

(2.7)

The effective Poisson’s ratio (v*) of the material is given by:

* 3K - 2  
v = ■

6K +2 //
(2.8)

The effective coefficient of thermal expansion ( ) of the material is given by:
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a  = oc
a s - a

{UK - U K e)
n

U *
(2.9)

Qu and Wong [2002] compared the analytical results from the Mori-Tanaka method 

to the experimental measurement of the underfill material, and it showed an excellent 

agreement between the theoretically predicted and experimentally measured values.

2.6 Thermo-Mechanical Reliability

Reliability is defined as the ability of a device to fulfill its intended function. It is 

often expressed in terms of number of years of useful life. Packaged electronics may 

experience various failure modes during the manufacturing process and their lifespan. 

They are caused by thermo-mechanical, electrical, chemical and environmental 

mechanisms. There are two different phenomena for failure, overload and fatigue failure. 

Overload will cause failure in the material when the stress in the material is greater than 

the material static strength. Fatigue failure is caused even when the stress is less than the 

material static strength. The nucleation of more and more dislocations degrades the 

crystallographic perfection leading to crack initiation, rapid growth and sudden failure. 

Fatigue is the main cause of failure in thermal cycling.

Thermo-mechanical failures are caused by stresses and strains generated within an 

electronic package due to thermal loading from the environment or internal heating in 

service operation. Due to the factors like the mismatch in the coefficients of thermal 

expansion among different materials, thermal gradient in the system, and geometric 

constraints, the thermally-induced stresses and strains will be generated in various parts 

of a system.

Thermo-mechanical failures include delamination and fracture of copper traces, vias 

and plated through holes (PTH’s) in substrate under large or cyclic stresses. Solder and 

lead interconnects between the substrate and components may fail due to fatigue. 

Underfills may delaminate from their surrounding materials. Thermo-mechanical
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reliability study is needed to understand the underlying mechanism of electronic product 

failure and to improve electronic packaging design.

In a FCOB assembly the silicon die has low CTE as compared to the rest the 

materials. When the assembly temperature is below the stress-free reference temperature, 

the die shrinks less than the rest of the assembly. This causes the entire assembly to warp 

down. The warpage causes tensile stresses on the top (or backside) and compressive 

stresses on the bottom (or active side) of the die. As the temperature cycle magnitude 

rises during the temperature cycling, tensile stresses develop in the central portion of die 

and shear stresses on the edges this type of loading may cause fracture along the backside 

or edges of the die. A schematic of the substrate bending during temperature change is 

shown in Fig.2.2. The bending of the substrate induces stresses in the solder joint.

At a higher temperature 
than the stress-free state

Fig. 2.2. Schematic of the substrate bending during temperature change.

The thermal cyclic loading causes a considerable amount of shear stresses and strains 

in the solder joints and these stresses fluctuate with temperature changes in the assembly.
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As thermally induced stresses and strains occur, damage accumulates in the solder bump 

causing the bump to crack. This result in a low fatigue life and poor reliability of the 

solder joint furthest from the neutral point. This is shown in Fig. 2.3. One method to 

reduce these stresses is to underfill the gap between the die and the substrate, but this 

causes high stresses in the die resulting in the die cracking [Tummala, 2001].

Fig. 2.3 Cross section of an area array package, 
(iSource: www.asymtek.com)

The shear strain in the comer most solder ball is given by:

7 =
[DNP * AT* (CTEmh -  „)]

H
(2.10)

where :

AT relative thermal excursion,
H solder height,
DNP distance to neutral point,
CTE coefficient of thermal expansion,
‘sub ’ shortening of substrate, and

‘si’ shortening of silicon chip.

http://www.asymtek.com
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Extensive modeling and simulations are required to understand the thermo

mechanical reliability issues such as solder fatigue and die cracking. This is critical to 

ensure cost effective and timely solutions for analyzing existing technologies and 

exploring new ones. Modeling provides more insights into the underlying mechanisms of 

thermo-mechanical behavior.

2.7 Thermal Loading

To ensure product reliability, extensive reliability tests are need. To perform 

reliability tests within a reasonable amount of time in a well-controlled environment, 

accelerated tests are commonly carried out in a laboratory environment for collecting 

reliability data and product qualification [Tummala, 2001], Commonly accepted thermal 

accelerated stress conditions include temperature cycling and thermal shock loading 

[DACQ, 2003],

2.7.1 Temperature Cycle Test

The temperature cycling test is the most common thermo-mechanical environmental 

test. It tests the ability of the assembly to endure the stresses imparted by the various 

materials that make up the device, interconnect and polymer encapsulation. The cycling 

load imposes cycles of temperature variation with both cold and hot dwells and a gradual 

change of temperature between the dwells. The primary damage mechanism in the 

temperature cycle test is the creep and stress-relaxed-enhanced fatigue of the solder joint.

2.7.2 Thermal Shock

The thermal shock test has an additional stress application compared to the 

temperature cycling test, because it has a sudden change of temperature with a rapid 

transfer time. As a result, a failure mechanism caused by these temperature transients and 

temperature gradients will be detected in this test.

There is a fundamental difference between thermal shock and temperature cycling. 

Thermal shock tends to result in multi-axial states of stress dominated by tensile
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overstresses and tensile fatigue, whereas thermal cycling results in shear loads and failure 

occurs from an interaction of shear fatigue and stress relaxation.

2.8 Thermo-Mechanical Failure Modes

Thermo-mechanical failures include delamination and fracture of copper traces, vias 

and plated through holes. Solder and lead interconnects between the substrate and 

components may suffer fatigue and fracture, underfill may delaminate from its 

surrounding materials and the silicon die may fracture. The failure modes studied in this 

work are solder joint fatigue and die fracture in FCOB.

2.8.1 Die Fracture

Die cracking is the occurrence of fracture in the die. Surface scratching and micro 

cracks develop in the die during manufacture through crystal growth, wafer scrubbing 

and slicing and die separation. During temperature and power cycling, tensile stresses 

develop in the central portion of the die, while shear stresses develop at the edges [Lall et 

al., 1997],

A preexisting defect may develop into a crack under the influence of thermal cycling 

in the die. This crack may not be of critical size at the applied service stress, but may 

grow to critical size gradually by stable fatigue propagation. Thus, the rate of fatigue 

crack propagation per cycle is determined by the cyclic change in the stress intensity 

factor, a measure of the stress at or around the crack tip [Lall et al., 1997],

Some micro cracks in the die may be large enough to cause brittle failure of the die. 

Ultimate brittle fracture may occur suddenly, without any plastic deformation, when 

surface cracks at the center of the die or at the edge of the die reach their critical size and 

propogate during thermal cycling to the critical crack size. The fracture criteria can be 

quantified by the size of a critical crack on the external die surface. Vertical die cracks 

propagate under tensile stress and horizontal die cracks propagate under shear stress at 

the edge. Horizontal edge cracks, developed from die cutting damage, may propagate 

from the corner of the die to the active chip element and induce device failure, or may 

propagate horizontally causing the die to lift [Lall et al., 1997].



26

Although die fracture is mainly governed by the sizes, shapes and locations of defect 

in the die, voids in the attachment material or in the die attach interface may also affect 

die fracture by perturbing the thermal and stress transfer [Lall et al., 1997].

If a small flaw is assumed to exist already along the back of the die where the 

maximum tensile stress occurs, it is possible to use linear elastic fracture mechanics to 

find the critical flaw size [Tummala, 2001],

Numerical models can be used to determine the axial stresses in the die. The axial 

stresses are then used in the linear elastic fracture mechanics model to estimate the 

maximum allowable flaw size above which die fracture will occur. According to linear 

elastic fracture mechanics, failure will occur when the stress intensity factor of the 

applied load becomes equal to the material fracture toughness [Tummala, 2001].

A simplistic fracture mechanics approach was used by Popelar [1998] to estimate the 

maximum flaw size ( a^ ) that can exist under a tensile loading (a). The stress intensity 

factor K for a tensile stress (a) and crack size ( a ) is calculated as:

where o is the tensile stress in the die, and Ktc is the die fracture toughness.

The fracture toughness of silicon was given as 25.9 N/mm3/2 by Van Kessel et al. 

[1983]. This value can be used to determine the maximum flaw size before brittle fracture 

occurs under a given tensile stress. The stress free condition of FCOB assemblies is taken 

at room temperature (i.e., 25°C) in this work, so the maximum tensile stress will occur on 

the back side of the die at the lowest temperature (i.e., -55°C) of the thermal cycling

K =1.12 Gyfrn (2 .11)

where, a is the applied stress, and a is the edge crack depth.

The maximum flaw size is given by:

a (2.12)max
1.2544^<J2

loading.
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2.8.2 Solder Fatigue Life Prediction

Thermal cycling loading of the FCOB assembly generates thermally induced stresses 

and strains in the solder joints and the FCOB assembly due to the difference in the CTE 

of the materials in the assembly. The regions at the interface of the solder joint to the 

silicon and the PCB are the regions of high strain concentration accumulated over each 

thermal cycle. Solder joint fatigue failure is due to the accumulated cyclic creep and 

plastic strain leading to crack initiation and propagation to failure.

Fatigue failure of solder joints is considered the most important mode of failure for 

FCOB [Newman and Yuan, 1998]. Various failure prediction models have been 

developed based on the experimental observations of fatigue behavior and on the physics 

of failure. The currently used fatigue models for solder joints fall into the following 

categories [Tummala, 2001]:

• Inelastic strain amplitude based on the Coffin-Manson-type fatigue model,

• The strain-energy density-based fatigue model,

• The fracture-mechanics-based fatigue model, and

• The matrix/grain boundary creep based fatigue model.

During thermal cycling loading solder joints can crack and fail due to plastic and 

creep strains that develop in the joints. When analyzing a finite element model first we 

have to determine the solder ball where the highest plastic strain and creep strain occur, 

and find out the plastic and creep strain rates for one thermal cycle. Two parameters, the 

equivalent plastic and creep strain ranges per cycle computed from the finite element 

model, will be used to calculate the effective shear strains. These shear strains are used in 

low cycle fatigue prediction models to calculate the fatigue life of the solder joint. The 

equivalent creep and plastic strain over a single load step during a temperature cycle can 

be calculated from the change in component strains as:
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(2.14)

The equivalent creep and plastic strain from each load step can then be summed to 

calculate an effective creep and plastic strain over one cycle:

£ "  = S A £ cr (2.15)
H equ

£ i = Z A  £ pl (2.16)equ eg U

Creep and plastic shear strain ranges can be calculated from the effective plastic

strain as:

Ay - e cr *V3 (2.17)
'  cr equ

= e PJqu *V3 (2-IB)

Coffin-Manson Low-Cycle Fatigue Model

The Coffin-Manson fatigue model has been widely used to predict the low-cycle 

fatigue life of most metallic materials in terms of the plastic strain range. Solomon [1986] 

performed isothermal, mechanical shear strain fatigue experiments on Pb/Sn eutectic 

solder (60% of Pb and the remaining 40% of Sn) at -50°C, 35°C, 125°C, and 150°C, 

respectively, to derive the Coffin-Manson coefficients at each temperature. Since 

Solomon’s experiments were based on shear strains, the equations for fatigue life were 

given in terms of plastic shear strain range (A The exponent is nearly constant for 

temperatures from -50°C to 125°C. The equation here is for the case when the plastic
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shear strain is dominant (e.g. at -55°C where the creep effect is negligible). The fatigue 

model is described by:

Matrix Creep Formulation

Knecht and Fox [1991] proposed a fatigue model which correlates fatigue life with 

creep strain range. This model assumes that matrix creep deformation is dominant in the 

solder joint and the fatigue life during thermal cycling is related to the creep shear strain 

range (A y cr)per cycle. Yeo et al. [1996] suggested using a creep ductility constant, Cd,

of 890% in this model:

N  = (2.20)
c A r A r

cr Cr

The above models use either creep or plastic shear strain to predict the fatigue life of 

the solder joint. However, it is necessary to consider the interaction between the creep 

and plastic deformation in order to estimate the resultant fatigue life of the solder joint 

due to both creep and plastic deformations.

Pang et al. [1998] proposed that the creep and plastic shear strain based fatigue 

models can be combined to give a creep-fatigue life prediction model based on Miner’s 

rule approach. The model gives a resultant fatigue life ( /) by:

(2.19)

1 _ 1 1
N f  ~ N c + N p

(2 .21)



30

2.9 Conclusion

Underfill adhesives are generally epoxy resins reinforced with inorganic fillers. 

Underfilling the Flip Chip tremendously improved the reliability of the solder 

interconnects on substrate. Most of the defects in Flip Chip packaging have their root 

cause in the underfill process. One of the process induced defects caused during underfill 

dispensing is filler settling on the substrate which causes variation of the stiffness and 

CTE of the underfill from the die side to the substrate side. The Mori-Tanaka method was 

reviewed and will be used to calculate the effective properties of the underfill material in 

the following chapters.

During thermal loading, thermo-mechanical failures are caused due to the thermally- 

induced stresses and strains caused by the mismatch in the CTE among different 

materials in the packages. Temperature cycle tests the ability of the assembly to endure 

the stresses imparted by the various materials that make up the package. The failure 

modes studied in this work are solder joint fatigue and die fracture in FCOB. The Coffin- 

Manson low-cycle fatigue model and the Matrix Creep formulation will be used to 

calculate the fatigue life of solder joints.
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Chapter 3: Effective Material Properties of Underfill

Underfill is a matrix-like material composed of fused silica particles settled in an 

epoxy. In this chapter five underfill material models will be proposed to consider 

different settling conditions of fused silica in the epoxy resin. The effective properties of 

the underfill, for the whole volume fraction (/) of the silica particles in the underfill, will 

be calculated individually.

3.1 Overview of Effective Elastic Property of Underfill

In this research the underfill is considered as a mixture of polymeric epoxy (matrix) 

and silica (filler). To calculate the effective properties we assume the silica particles are 

spherical in shape and similar in size. We employ the Mori-Tanaka method [Benveniste, 

1987] described in Chapter 2 to calculate the effective shear modulus (//*) and the bulk 

modulus ( K*) using Equations (2.1) ~ (2.6). The effective elastic modulus, Poisson’s ratio 

and the coefficient of thermal expansion (CTE) can be obtained from the effective shear 

modulus (// ) and effective bulk modulus (K ) using Equations (2.7) ~ (2.9). The 

material properties of the polymer epoxy and the silica taken are given in Table 3.1.

Tabel 3.1. Material properties of silica and polymeric epoxy used in calculation.

Material Elastic Modulus(MPa) Poisson’s ratio CTE (ppm/°C)

Silica 73,000 0.17 0.5

Polymer-epoxy 4,500 0.33 60.0

The volume fraction of the silica particles in the epoxy varies, and apparently affects 

the material properties of the underfill formed. First we look into the influence of the 

volume fraction on the effective material properties of the underfill. By varying the silica 

particles volume fraction, f, from zero to one, the effective material properties (the
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effective Elastic modulus, Poisson’s ratio and the CTE of underfill) can be calculated 

parametrically. Figures (3.1) ~ (3.3) illustrate the parametric variation of those material 

properties, individually. It shows that as the silica particles’ volume fraction increases, 

the effective Elastic modulus of underfill increases, while the effective Poisson’s ratio 

and the effective CTE decrease.

V o l u m e  F r a c t i o n

Fig. 3.1.Variation of elastic modulus with volume fraction of silica particles.
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V o l u m e  F r a c t i o n

Fig. 3.2.Variation of Poisson’s ratio with volume fraction of silica particles.

V o l u m e  F r a c t i o n

Fig. 3.3. Variation of CTE with volume fraction of silica particles
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3.2 Overall Consideration of FEA Models of Underfill

In this work the volume fraction of silica particles in underfill is taken as 0.35, which 

is required to achieve a low CTE for underfill [Burkhart et al., 1994], While calculating 

the effective properties of the underfill, we assume that the silica particles are spherical in 

shape and similar in size. We use different underfill models with this constant volume 

fraction of silica particles (i.e., 0.35) to model the silica particles settling in the epoxy. 

Based on the settling configuration of the silica particles, the corresponding effective 

material properties are calculated.

In the Flip Chip on Board (FCOB) package, the component configuration is that the 

die is placed on the top side, the underfill in the middle, and the substrate (board) on the 

bottom side. The silica particles in the underfill settle due to their own weight on the 

substrate because of the low viscosity of the epoxy. This causes a gradual decrease in 

volume fraction of the silica particle from the substrate side of FCOB to the die side. It 

apparently varies the material properties of the underfill from the die side to the substrate 

side.

Five underfill material models are proposed in this thesis work; all of them are 

considered to be elastic. Model 1 considers the underfill as a homogeneous material (i.e., 

the silica particles are homogeneously distributed in the polymer epoxy). This assumption 

has been mostly employed in the literatures, e.g., [Pang et al., 2000] and [Zhang et al., 

2002], In Models 2 and 3 the underfill is considered to consist of two layers. The layer 

next to the die (top) contains pure epoxy and the layer next to the substrate (bottom) is a 

mixture of the epoxy and the silica particles. In Model 2 the silica particles are packed in 

a face-centered cubical configuration in the epoxy, while in Model 3 they are in a simple 

cubical configuration. The thickness of the bottom layer, i.e., the stand-off height of the 

packed silica particles in the epoxy, will be calculated based on the individual cubical 

packing configuration.

In Models 4 and 5 the properties of the underfill are modeled in such a way that they 

gradually change from the substrate side to the die side in the FCOB to represent the
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property gradation caused by the natural settling of the silica particles. In the following 

sections, each model will be addressed in detail.

3.3 Underfill Model 1

In this model the underfill is modeled as a homogeneous material, i.e., the silica 

particles are homogeneously distributed in the polymer. The effective material properties 

of the underfill are calculated using the Mori-Tanaka method given in Equations (2.7) ~ 

(2.9). The effective material properties of underfill Model 1 are given in Table 3.2.

Table 3.2. Effective material properties of underfill Model 1

Material Elastic Modulus (MPa) Poisson’s ratio CTE (ppm/°C)

Underfill Model! 8,647 0.2982 0.3417

3.4 Two Layered Underfill Models

In Model 2 and Model 3 the underfill material is considered to consist of two layers. 

The layer towards the die (the top layer) is considered to consist of only pure epoxy and 

the layer towards the substrate (the bottom layer) consists of both epoxy and the silica 

particles, which are in a cubical packing configuration in the epoxy. The thickness of the 

lower layer is defined as the ‘stand-off height’ of the filler settling. The stand-off height 

depends on the packing configuration of the fillers in the epoxy. Model 2 models the 

fillers packed in a centered cubical configuration in the epoxy, and Model 3 considers a 

simple cubical configuration.

3.4.1 Filler (Silica) Particles’ Cubical Packing Fraction

The cubical packing fraction of filler particles (C/) is defined as the fraction of a cubic 

volume that is occupied by filler particles:
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cube

(3.1)

Where Vfiuer is the total volume of the filler in a cube and Vcube is the total volume of the 

cube. The volume of the spherical filler particle in a cube is given as:

3.4.2 Stand-Off Height of Filler (Silica) Settling

The stand-off height of the filler settling can be calculated provided that the volume 

fraction of filler in the underfill and the cubical packing fraction of the filler are given.

Let the total volume of the underfill be V, the volume fraction of the fillers in the 

underfill be/, the volume of the fillers be Vf, and the filler settling stand-off height be h. 

By using the illustration of Fig. 3.4, we have the following calculations:

_  nr3
* filler — ~

The volume of the cube is given as:

Vcube =l*w*h

where :
n is the number of spherical particles in cube,
r is the radius of the filler,
I is the length of the cube,
h is the height of the cube, and
w is the width of the cube.

Volume of underfill V=HLW (3.2)

Volume of fillers V /= f *  HLW (3.3)

Volume of the epoxy Ve= (3-4)
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H

Fig. 3.4. Schematic of a two-layered model of the filler settling in the underfill.

If the fillers are arranged in a cubical packing with a volume fraction then the 

height of the filler settling ( h)is given as follows:

Volume of the fillers * h*LW

Combine Equations (3.3) and (3.5) and obtain:

C f  * h*LW= f  * HLW

f  * H

(3.5)

h = -
C

f

In the present work the volume fraction of the silica filler particles is taken as 0.35 

and the thickness of the underfill (H) is 0.1 mm, so the stand-off height h (in mm), i.e., 

the thickness of the bottom layer in the two-layered underfill model, is given by:

h = 0.35*0.1
C,

(3.6)
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3.4.3 Underfill Model 2
In this model we assume that the packing configuration of the silica particles in the 

epoxy is a face centered cube. In a face centered cubical packing, spherical silica particles 

in each packing plane are placed diagonally next to one another. The crevices formed in 

a packing plane will be stacked with the spherical silica particles of the neighboring 

packing planes. Figure 3.5 shows the face centered cubical packing of the fillers.

Fig. 3.5. Face centered cubic

The maximum cubical packing fraction of silica particle for a face centered cubical 

packing is calculated by:

_ Vjm I_ = 16;r*r3 /3 jz  = Q 74Q5
Vcube (2a/2 * r )  3V2

The calculation states that 74.05% of the space in the cube is occupied by the silica 

particles and 25.95% of the space is occupied by epoxy. The stand-off height of the silica 

particles settling ( h) is calculated by using Equation (3.6) and it gives h = 0.473H (where 

H is the thickness of the underfill). The thickness of the underfill is 0.1mm in the finite 

element model, so the stand-off height of the silica particles settling is 0.0473mm.
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Fig. 3.6. Silica particles setting for face centered cubic packing case

Now the underfill consists of two layers with different material properties as shown in 

Fig. 3.6. The top layer consists of pure polymer-epoxy and the bottom layer consists of 

both the epoxy and the silica particles. The effective material properties of the bottom 

layer of the underfill is calculated using the Mori-Tanaka method by taking/ =  0.7405. 

The effective material properties of the underfill are given in Table 3.3.

Table 3.3. Effective material properties of underfill Model 2

Material Elastic Modulus (MPa) Poisson’s ratio CTE (ppm/°C)

Top layer (pure epoxy) 4,500 0.3300 60.0

Bottom layer 21,883 0.2574 11.8

3.4.4 Underfill Model 3

In this model we assume that the packing configuration of the silica particles is 

simple cubical, where the spheres are stacked to one another by aligning their centers. 

Figure 3.7 shows the simple cubical packing of fillers.
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Filler (silica)

Fig.3.7. Simple cubical packing of filler

The maximum cubical packing fraction of silica particle for simple cubical packing is 

calculated as:

The calculation shows that 52.35% of the space in the cube is occupied by the silica 

particles and 47.65% is the space occupied by the epoxy. The height of the silica particles 

settling (h) is equal to 0.67H (were H is the thickness of the underfill) following Equation 

(3.6). The thickness of the underfill is 0.1mm in the finite element model, so the stand-off 

height of the silica particle settling is 0.067mm.

v
c  _  filler _
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h=0.067mm

H=0.1 mm

Silica and Epoxy

Fig. 3.8. Silica filler setting for simple cubic packing case

The underfill consists of two layers with different material properties as shown in Fig. 

3.8. The top layer consists of pure polymer-epoxy and the bottom layer consists of both 

polymer-epoxy and the silica particles. The effective material properties of the bottom 

layer of the underfill are calculated using the Mori-Tanaka method by taking 

/ =  0.5235. The effective material properties of the underfill are given in the Table 3.4.

Table 3.4. Effective material properties of underfill Model 3

Material Elastic Modulus (MPa) Poisson’s ratio CTE (ppm/°C)

Top layer (pure epoxy) 4,500 0.33 60.0

Bottom layer 12,446 0.28 23.7

3.5 Underfill Models with Material Properties in Gradual Variation

In Model 4 and Model 5 the properties of the underfill are modeled in such a way that 

they gradually change from the substrate side to the die side in the FCOB to represent the 

property gradation caused by the silica particle settling. The property gradation is 

achieved by varying the silica particle cubical packing fraction (C/) along the thickness of 

the underfill. Second degree polynomial equations for C/ are found for both the models
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such that C f  varies along the underfill thickness and satisfies the total volume of the silica 

particles in the underfill (i.e. 0.35 volume fraction of underfill).

3.5.1 Equation of Varying Cf along Underfill Thickness for Both Models

To find the equation of the packing fraction ( C f )  as a function of underfill thickness 

(y) for silica particles settling, it is assumed that the equation is a second degree 

polynomial in y. A schematic drawing of the curve is shown in Fig. 3.9. Let the total 

volume of the underfill be V and the volume fraction of the silica particles in the underfill 

be/, and the volume of the silica particles be V f.

A second degree polynomial equation for silica particle cubical packing fraction ( C f )  

as a function of underfill thickness (y) can be obtained as follows:

H  (underfill thickness)

Variation of Cf 
with y.

Fig. 3.9. Schematic of variation of along underfill thickness

C j  -  ay1 (3.7)

The volume of the underfill and the silica particles is given by:

Volume of underfill V = H * L * W

Volume of silica particles V f = f *  H * L * W (3.8)
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Take a small strip of thickness dy shown in the Fig. 3.9, which multiplied by C f , W 

and L give the volume of silica particles at that instant. The volume of the strip (silica 

particles) is given by:

The whole volume of the silica particles in the underfill is given by integrating 

with limits 0 to H (underfill thickness which is 0.1mm).

H

The whole volume of silica particles is given by Vf  = \dv
o

By substituting H=0Amm (the underfill thickness) into the equation, it becomes:

The volume of the silica particles dv= dy * C f  * L * W (3.9)

H ~

Vf  = J C *dy*L*W = J * L * W
o {o

Combine Equations (3.9) and (3.11) and obtain:

(3.10)

{( aŷ  +  by + c)dy = f *  H
o

0.1 r,
\ {ay +by + c)dy 0.1
o

a *  y 
3

w here/ = 0.35, the volume fraction of silica particles in the underfill

(3.11)
3 2
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The boundary conditions assumed for Model 4 are is zero at the top of the underfill 

material (i.e., C/(0.1) =0) and C/is 0.5235 at the bottom of the underfill material (i.e., C f  

(0) =0.5235). And the boundary conditions assumed for Model 5 are C f  is zero at the top 

of the underfill material (i.e., C/(0.1) =0) and C/is 0.7405 at the bottom of the underfill 

material (i.e., C/(0) =0.7405).

From the boundary condition of C/ at y = 0, the value of c is 0.5235 for Model 4 and 

0.7405 for Model 5. A Matlab code is written to find the constants a and b for both 

Model 4 and Model 5, such that they both satisfy Equation (3.11) and the boundary 

conditions of C/ at y = 0.1 (i.e., C/ (0.1) = 0). First ranges of a and b are chosen by trial 

and error using the option Polyfit in Matlab. A tolerance of ±0.0002 for volume fraction 

and + 0.01 for the boundary conditions of C/ at y = 0.1 is chosen in the Matlab code. All 

the values of a and b are stored which comes under the above tolerances. From all the 

available a and b, the values with the least error are taken to give the equation for C/.

The equations satisfying the above boundary condition, which were found using

Matlab, are given by Equations (3.12) and (3.13). Both the equations are not exact

solutions. Equation (3.12) is for Model 4; it has an 0.057% overestimation of the volume 

fraction of the silica particles, which is a negligible quantity.

Cf  =-53.05y2 +0.07y + 0.5235 (3.12)

The Equation (3.13) is for Model 5; it has an error of 5e'4 at C/ (0.1) (i.e., C/ has a 

value of 5e’4 rather than having a value of zero at C/ (0.1)), which is of a negligible 

magnitude.

Cf  =12.3y2 -8.63y+ 0.7405 (3.13)

where y is the thickness of underfill.

A flow chart for the Matlab code used is shown in the Fig. 3.10, where VF is the 

volume fraction and Yb the value of Cf at y=0.1.
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Fig. 3.10. Flow chart for the Matlab code to find a and b
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3.5.2 Underfill Model 4

In this model the cubical packing fraction of 0.5235 (i.e. the maximum cubical 

fraction for a simple cubic arrangement) is considered at the bottom of the underfill 

material, and let it gradually decrease to zero at the top of the underfill material. In the 

finite element model the thickness of the underfill layer is taken as 0.1 mm.

The gradual decrease of the cubical packing fraction (C/) along the underfill thickness 

is given by Equation (3.12).

Cf  =-53.05 y2 + 0.07y + 0.5235

where y is the thickness of the underfill

Figure 3.11 shows the variation of the cubical packing fraction of silica particles 

along the thickness of the underfill.

Due to the variation of the cubical packing fraction along the thickness of the 

underfill, the properties of the underfill change along the thickness. The effective material 

properties are calculated using Mori-Tanaka method. Figures (3.12) ~ (3.14) shows the 

variation of the Elastic modulus, Poisson’s ratio and the coefficient of thermal expansion 

along the thickness of the underfill.
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3.11. Variation of cubical packing fraction with underfill thickness for Model 4

Fig. 3.12. Variation of elastic modulus with underfill thickness for Model 4
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Fig. 3.13. Variation of Poisson’s ratio with underfill thickness for Model 4

Fig. 3.14. Variation of coefficient of thermal expansion with underfill thickness for Model 4
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3.5.3 Underfill Model 5

In this model the cubical packing fraction of 0.7405 (i.e., the maximum cubical 

fraction for a face centered cubical arrangement) is considered at the bottom of the 

underfill material and it allowed to gradually decrease to approximately zero at the top of 

the underfill material. In the finite element model the thickness of the underfill layer is 

taken as 0.1 mm.

The gradual decrease of the cubical packing fraction (C/) along the underfill thickness 

is given by Equation (3.13).

Cf  = \2 3 y2 -  8.63y  + 0.7405

where y  is the thickness of the underfill.

Figure 3.15 shows the variation of the cubical packing fraction of silica particles 

along the thickness of the underfill.

Fig. 3.15. Variation of cubical packing fraction with underfill thickness for Model 5

Due to the variation of the cubical packing fraction along the thickness of the 

underfill, the properties of the underfill change along the thickness. The effective material 

properties are calculated using the Mori-Tanaka method. Figures (3.16) ~ (3.18) show the
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variation of the Elastic modulus, the Poisson’s ratio and the coefficient of thermal 

expansion along the thickness of the underfill.

Fig. 3.16. Variation of elastic modulus with underfill thickness for Model 5

Fig. 3.17. Variation of Poisson’s ratio with underfill thickness for Model 5
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Fig. 3.18. Variation of coefficient of thermal expansion with underfill thickness for Model 5

3.6 Conclusions

The significance of the chapter is to understand the influences of the silica particles’ 

volume fraction and settling configuration on the effective Elastic modulus, Poisson’s 

ratio and the CTE of underfill. In Model 1 we considered the underfill as a homogeneous 

material (i.e., the silica particles are homogeneously distributed in the polymer epoxy). In 

Models 2 and 3 the underfill was considered to consist of two layers. The layer next to 

the die (top) contained pure epoxy and the layer next to the substrate (bottom) was a 

mixture of the epoxy and the silica particles. In Models 4 and 5 the properties of the 

underfill were modeled in such a way that they gradually changed from the substrate side 

to the die side to represent the property gradation caused by the silica particles settling. It 

was found that as the silica particles’ volume fraction increased, the effective Young’s 

modulus of underfill increased, while the effective Poisson’s ratio and the effective CTE 

decreased. However, due to different assumptions in the settling configuration of fillers, 

discrepancies in the (underfill) effective material properties existed among the models. It 

is worth studying how they influence the packaging reliability. The effective material
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properties of the five underfill material models were calculated using Mori-Tanaka 

method and will be applied in finite element simulations.
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Chapter 4: Modeling

In order to investigate the response of a Flip Chip on Board (FCOB) subjected to 

thermal cyclic loading, a finite element model was built. The finite element modeling, 

using ABAQUS 6.4, of a FCOB subjected to thermal cyclic loading is described in this 

chapter. The FCOB consists of four different materials namely solder, silicon, Fr-4 

substrate and underfill. Five underfill material models, which were analyzed in the 

previous chapter, with different silica particle settling patterns were used in finite element 

modeling to quantify the effect of the underfill silica particle settling on the thermo

mechanical reliability of the FCOB.

The solder material was modeled to be temperature dependent elastic-plastic and 

creep, while other materials are modeled with elastic properties only. The material 

properties, analysis procedure, and the thermal loading required for the finite element 

modeling are given in this chapter.

4.1 Schematic of the FCOB Model

The FCOB consists of a Flip Chip IC die that is attached to the substrate or board by 

solder bumps, and the gap between the die and the substrate is filled with underfill. The 

solder bumps are assumed to be square in shape in this model. The dimensions of the 

FCOB assembly [Pang et al., 1998] are shown in Fig. 4.1.
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Fig. 4.1. Schematic of the Flip Chip on board package with underfill. Dimensions in mm.

4.2 Model Type

A two-dimensional model was built to study the effect of silica particle settling on the 

reliability of the FCOB. Since the objective is to understand the relative effects, a three 

dimensional model analysis is not required. A two-dimensional plane strain finite element 

model was used to model the geometry because the thickness of the assembly is large 

compared to its in-plane dimensions [Pang and Chong, 2001]. A 2D plane strain model 

uses 2D elements with two degrees of freedom for each node. The 2D plane-strain model 

imposes the out of plane strains to be zero (ea = exz = £yz = o), whereas, in a plane stress

model, the out of plane stresses are assumed to be zero. In 2D plane strain models, the 

lack of a third degree of freedom makes the computational time needed considerably less 

than that for 3D models.

The symmetry of a FCOB assembly is at the center of the die. This symmetry can be 

used to define boundary conditions on the model. In a 2D model these boundary 

conditions are a series of nodal constraints in the x direction along this symmetry line. A 

single constraint is also placed in the vertical direction at the bottom of the substrate on
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the symmetry line to prevent the rigid body motion. Figure 4.2 shows the boundary 

conditions applied to the 2D plain strain model of the FCOB assembly.

X symmetry

Fig. 4.2.Boundary conditions applied to the FEA model

4.3 Meshing

The FCOB model is divided into finite elements or meshed. The density of the mesh 

and the element type used to mesh affects the accuracy of the model and the 

computational time. The meshing of the underfill and the solders is very fine. The 

meshing was done using a 2D quadratic plane strain element CPE8R, which is a 8-node 

biquadratic plane strain quadrilateral, reduced integration element [ABAQUS, 2002]. 

Figure 4.3 shows the 2D plain strain FCOB model meshed using quadratic elements.

Fig. 4.3. Finite element mesh using quadratic plane strain elements
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4.4 Materials

The FCOB consists of different materials with different material properties. The 

solder joints were modeled with temperature dependent elastic-plastic and creep material 

properties, while the other parts of the FCOB assembly were taken as elastic. Five finite 

element models were built having the same material properties of solder, substrate and 

silicon die, but the underfill, had different material properties for each model.

4.4.1 Underfill

In this work the underfill is a mixture of polymer-epoxy (matrix) and silica (filler). In 

modeling underfill we assume that the underfill fillet consists of only epoxy and the 

volume of the underfill between the die and the substrate surface consists of both silica 

and epoxy, as shown in Fig. 4.4. We define different underfill material models for the 

underfill region between the die and the substrate, depending upon the silica particle 

settling.

Underfill fillet 
(only epoxy)

Fig. 4.4. Underfill cross section of the FCOB model

The volume fraction of silica particles is taken as 0.35. We use different underfill 

models with a constant volume fraction of silica particles (0.35). The modeling of the 

underfill depends on the silica particle settling assumed.
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Five underfill material models are used in this work to investigate the packaging 

reliability; all of the five models are considered to be elastic. In Model 1 we consider that 

the silica particles are homogeneously distributed in the polymer. Model 2 and Model 3 

assume silica particles settling. In Models 2 and 3 underfill is considered to consist of two 

layers. The layer towards the die (the top layer) consists of pure epoxy and the layer 

towards the substrate (the bottom layer) consists of both epoxy and the silica particles. In 

Model 4 and Model 5 the properties of the underfill are modeled so that they gradually 

change from the substrate side to the die side of the FCOB, to represent the property 

gradation caused by the settling of the silica particles. The underfill material properties 

for each model were calculated in Chapter 3 and are summarized below.

4.4.1.1 Underfill Model 1

In this model the underfill is modeled as a homogeneous material. It is assumed that 

there is no silica particle settling in the underfill, i.e., the silica particles are 

homogeneously distributed in the polymer. The effective material properties of the 

underfill are given in Table 4.1.

Table 4.1. Effective material properties of underfill Model 1

Material Elastic Modulus (MPa) Poisson’s ratio CTE (ppm/°C)

Underfill Modell 8,647 0.2982 34.17

4.4.1.2 Underfill Model 2

In this model the underfill is considered to consist of two layers with different 

material properties. The top layer consists of pure polymer-epoxy and the bottom layer 

consists of both polymer-epoxy and silica particles. The thickness of the bottom layer is 

calculated to be 0.0473mm and the thickness of the top layer is 0.0527mm. The material 

properties of the bottom and the top layers are given in Table 4.2.
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Table 4.2. Effective material properties of underfill Model 2

Material Elastic Modulus (MPa) Poisson’s ratio CTE (ppm/°C)

Top layer (pure epoxy) 4,500 0.3300 60.0
Bottom layer 21,883 0.2574 11.8

4.4.1.3 Underfill Model 3

The underfill is modeled to consist of two layers with different material properties in 

this model. The thickness of the bottom layer is calculated to be 0.067mm and the 

thickness of the top layer is 0.033mm. The material properties of the bottom layer and the 

top layer of the underfill Model 3 are given in the Table 4.3.

Table 4.3. Effective material properties of underfill Model 3

Material Elastic Modulus (MPa) Poisson’s ratio CTE (ppm/°C)

Top layer (pure epoxy) 4,500 0.33 60.0

Bottom layer 12,446 0.28 23.7

4.4.1.4 Underfill Model 4

In this model the properties of the underfill are modeled so that they gradually change 

from the substrate side to the die side of the FCOB, to represent the property gradation 

caused by the settling of silica particles. The silica particles’ cubical packing fraction is 

set at 0.5235 (i.e., the maximum cubical fraction for a simple cubic packing) at the 

bottom of the underfill, and gradually decreases to zero at the top of the underfill.
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The gradual decrease of the cubical fraction along the underfill thickness was 

given in Equation (3.13) and is repeated here:

Cf  =-53.05 y 2 + 0.07 y + 0.5235

where y is the thickness of the underfill.

The variation in material properties due to the variation of the silica particles’ cubical 

packing fraction along the thickness of the underfill is incorporated into the finite element 

model by dividing the underfill material into 10 layers with equal thickness and giving 

each layer the corresponding material properties. The layers of the underfill are shown in 

Fig. 4.5.

Fig. 4.5. Finite element modeling of the underfill material for Model 4 and Model 5.
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The material properties are given to each layer by creating an element set for each 

layer. Table 4.4 gives the material properties for each layer.

Table 4.4. Effective material properties of underfill Model 4

Elastic Modulus (MPa) Poisson's ratio CTE (ppm/°C)

Layer 1 12,414 0.2825 23.25

Layer 2 12,141 0.2834 23.85

Layer 3 11,608 0.2854 25.11

Layer 4 10,854 0.2882 27.02

Layer 5 9,943 0.2920 29.63

Layer 6 8,940 0.2967 32.98

Layer 7 7,902 0.3022 37.13

Layer 8 6,873 0.3087 42.20

Layer 9 5,880 0.3162 48.34

Layer 10 4,941 0.3250 55.74

4.4.1.5 Underfill Model 5

In this model the properties of the underfill are modeled such that they gradually 

change from the substrate side to the die side of the FCOB, to represent the property 

gradation caused by the settling of silica particles. The silica particle cubical packing 

fraction is set at 0.7405 (i.e., the maximum cubical fraction for a face centered cubic 

packing) at the bottom of the underfill, and gradually decreases to zero at the top of the 

underfill.

The gradual decrease of the cubical fraction along the underfill thickness, which 

was given in Equation (3.14), is:

Cf  =\2.3y2 -8 .63y + 0.7405
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where y is the thickness of the underfill.

The variation in material properties is incorporated into the finite element model in 

the same way as in the underfill Model 4. The material properties are given to each layer 

by creating an element set for each layer. Table 4.5 gives the material properties for each 

layer.

Table 4.5. Effective material properties of underfill Model 5

Elastic Modulus (MPa) Poisson’s ratio CTE (ppm/°C)

Layer 1 19,279 0.2632 14.38

Layer 2 15,420 0.2731 18.73

Layer 3 12,700 0.2814 23.19

Layer 4 10,682 0.2889 27.77

Layer 5 9,125 0.2957 32.45

Layer 6 7,890 0.3022 37.24

Layer 7 6,887 0.3085 42.13

Layer 8 6,058 0.3147 47.12

Layer 9 5,361 0.3208 52.19

Layer 10 4,768 0.3269 57.35

4.4.2 Solder

Eutectic solder (63Sn/37Pb) was used in the finite element analysis for the FCOB 

assembly. Elastic-plastic and creep behaviors are described for eutectic solder. FCOB 

assemblies use eutectic solder joints, which melt at 456°K (183°C). To assess the 

reliability of the solder joints subjected to accelerated thermal cycling (ATC), the 

temperature dependent material properties of the solder material must be considered in 

finite element analysis.

The temperature dependent elastic modulus of the solder is given by Pang et al. 

[2000],
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E (T) =75,970-152T(N/mm2) (4.3)

Constant properties, a Poisson’s ratio of 0.35 and a coefficient of thermal expansion 

of 21 ppm/°C are taken for the solder. The temperature dependent yield stress of solder is 

taken from Akay et al. [1993],

ay=49.2-0.097T (N/mm2) (4.4)

where T is the temperature in Equations (4.3) and (4.4) expressed in degrees Kelvin (K).

The solder material is assumed to experience perfectly plastic behavior after yielding, 

as shown in the Fig. 4.6. A material is said to exhibit perfectly plastic behavior if the 

yield stress does not change with plastic strain.

S t r a i n

Fig. 4.6. Stress strain material properties for solder

During a temperature cycle in the range -55°C to 125°C, the solder joints are 

subjected to temperatures of 0.5 to 0.87 Tm (Tm is the melting temperature of the solder). 

Hence, creep deformation plays an important role in the failure of Flip Chip solder joints 

[Pang and Chong, 2001]. The creep constitutive law for solder was taken from 

Darveaux’s paper [Darveaux and Banerji, 1992]:



(4.6)

where :

£c Equivalent creep strain rate (s’1),

a Equivalent von Mises stress (N/mm2),

a 866; stress level at which power law dependence breaks down,

G Temperature dependent shear modulus (N/mm ),

T Absolute temperature (Kelvin),

Ci 16.7 (K/s/N/mm2); a constant,

n 3.3; stress exponent for dislocation glide-controlled kinetics,

0.548 (eV); activation energy for creep deformation process, and

k 8.617x 10’3 (eV/K); Boltzmann’s constant.

Material subroutines for creep and plasticity for solder material were written in 

ABAQUS. The solder properties at 25 °C are given in the Table 4.6.

Table 4.6. Solder properties

Material Elastic Modulus (MPa) Poisson’s ratio CTE (ppm/°C)

Eutectic solder 30,674 0.35 21

4.4.3 Silicon Die

The Silicon die is considered as an elastic and isotropic material. The material 

properties of silicon are taken as temperature independent. The material properties of the 

silicon are taken at 25 °C (Table 4.7).
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Table 4.7. Silicon properties

Material Elastic Modulus (MPa) Poisson’s ratio CTE (ppm/°C)

Silicon Die 131,000 0.3 2.8

4.4.4 FR-4 (Substrate)

FR-4 board is considered as an elastic and isotropic material. The material properties 

of the FR-4 board are taken as temperature independent. The material properties of the 

FR-4 board are taken at 25 °C (Table 4.8).

Table 4.8. FR-4 properties

Material Elastic Modulus (MPa) Poisson's ratio CTE (ppm/°C)

FR-4(substrate) 22,000 0.28 18

4.5 Analysis Procedure

A nonlinear viscous analysis procedure option is used in the finite element model to 

obtain a transient static response of the model featured with time-dependent material 

behavior. A viscous analysis procedure takes in account the creep strain, which is a 

considerable part of inelastic strain produced in solder bumps during temperature cycling 

loading.

An automatic time increment is selected for this analysis. For automatic time 

increment the size of the time increment is limited by the accuracy of the integration. The 

tolerance parameter, CETOL, limits the maximum inelastic strain rate change allowed 

over an increment [ABAQUS, 2002], CETOL is taken as 2e-05 in the simulations.
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An explicit/implicit integration method was employed. A nonlinear creep problem 

can be solved efficiently by forward-difference integration (explicit method) of the 

inelastic strain. However, for creep at very low stress levels an unconditional stability of 

the backward difference operator (implicit method) is desirable. In such cases the implicit 

scheme will be invoked automatically by ABAQUS. The explicit method is 

computationally efficient because, unlike the implicit method, iteration is not required 

[ABAQUS, 2002],

4.6 Thermal Cycle Loading For FE Simulation

The temperature profile is based on the Mil-Std-883-D, method 1011.9 condition B 

which specifies the extreme temperatures to be -55°C (Tmin) and 125°C (Tmax) [Pang and 

Chong, 2001]. The start or stress free state of the thermal loading is taken as room 

temperature (25°C). The ramp rate is 50°C/min and the dwell period is 5min with a cyclic 

frequency of approximately 10 3Hz. One cycle of thermal loading was simulated as 

shown in Fig. 4.7.

T i m e  ( s e c o n d s )

Fig. 4.7. Temperature cycle loading profile
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4.7 Conclusion

The finite element modeling, using ABAQUS 6.4, of a Flip Chip on Board (FCOB) 

subjected to thermal cyclic loading is described in this chapter. The FCOB consists of 

four different materials namely solder, silicon, Fr-4 substrate and underfill. The solder 

material was modeled with temperature dependent elastic-plastic and creep material 

properties, while other materials are modeled with elastic properties. The material 

properties, analysis procedure, and the thermal loading required for the finite element 

modeling are given in this chapter.
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Chapter 5: Results

In this study, five different underfill material models are used to evaluate the effect of 

silica filler settling on the thermo-mechanical reliability of the FCOB assembly subjected 

to a pre-defined thermal cycling load. The simulation results are used to comparatively 

assess several failure modes, including solder joint fatigue, die fracture and board 

warpage, with emphasis on interpreting the influence of silica filler settling.

5.1 Solder Fatigue Life Prediction
During thermal cycling loading of the FCOB assembly, thermally induced stresses 

and strains are generated in the solder joints. The failure mode of solder fatigue will be 

incurred after accumulation of cyclic creep strains and plastic strains. This accumulation 

may also lead to other failure modes of solders, e.g., the joint crack initiation and 

propagation to failure, which will be addressed in the next section.

The calculation of the solder fatigue life cycles employs two failure parameters: the 

equivalent creep strain range per cycle and the equivalent plastic strain range per cycle 

from the finite element simulation results.

The Coffin-Manson fatigue model has been widely used to predict the low-cycle 

fatigue life of solder material in terms of plastic strain range. Solomon [1986] performed 

experiments, which were based on shear strains, and his equations for fatigue life 

prediction were given in terms of the plastic shear strain range (A ) per cycle as below:

r i2

Knecht and Fox [1991] proposed a fatigue model which correlates fatigue life with 

the creep strain range per cycle given by Equation (2.19). This model assumes that matrix 

creep deformation is dominant in the solder joint and the fatigue life during thermal
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cycling is related to the creep shear strain range (Aycr) per cycle. Yeo et al.[1996] 

suggested using a creep ductility constant, Co, of 890% in this model:

N
c A y  Ay

cr Cr

In the above equations, the creep and plastic shear strain ranges can be estimated 

from the effective creep and plastic strain, respectively, given by Equations (2.17) and 

(2.18):

A y  = ecr
’ cr equ

Pang et al. [1998] proposed that the creep and plastic shear strain based fatigue 

models can be combined to give a creep-fatigue life prediction model based on Miner’s 

rule approach. The model gives a resultant fatigue life (N /) by Equation (2.21):

1 1 1
N f ~ N c + N p

From the finite element results, it was found that in all the models the outermost 

solder joint is subjected to the greatest stresses and strains due to its largest distance from 

neutral point (DNP) as given by Equation (2.1). To predict the lifetime based on the 

worst scenario, the stresses and strains in the outermost solder joint are used in our 

calculations. Table 5.1 lists the equivalent creep strain range and creep shear strain range 

of the outermost solder joint after one thermal cyclic load is applied.
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Table 5.1 Equivalent creep strain range and creep shear strain range components

Models
Equivalent creep strain range ) 

from finite element analysis

Creep shear strain range (A  ycr) 
using Eq. (5.3)

Model 1 0.01463 0.02535
Model2 0.02166 0.03752
Model3 0.01991 0.03448
Model4 0.01854 0.03210
Model5 0.01981 0.03430

Figure 5.1 tracks the time-dependent equivalent creep strain for the whole thermal 

loading. The temperature set-up of the loading is overlaid in the same figure. Fig. 5.2 

shows a contour plot of the equivalent creep strain in the outermost solder joint of 

Models 1-5, respectively.

It was found that Model 2, which has the underfill modeled in two layers, has the 

maximum equivalent creep strain; Model 1 with the underfill modeled as a homogeneous 

material has the minimum. Model 4 and Model 5 have the underfill properties modeled 

so that they gradually change from the substrate side to the die side of the FCOB, and 

have the equivalent creep strain values in between those of Model 1 and Model 2. The 

order of maximum to minimum equivalent creep strain is Model 2, Model 3, Model 5, 

Model 4, and Model 1.

It can be seen from the results that the silica filler settling has a significant influence 

on the solder joint creep strain. From the models in which the filler settling is assumed, it 

can be seen that the models with two layered underfill has the maximum equivalent creep 

strain compared to that of the models with gradual property varying underfill. Model 4 

has the least strain among the models modeled with silica filler settling.

Overall, the accumulated creep strain in the outermost solder joint increases by about 

25% -  30% when the underfill material modeling considers the influence of the filler 

settling by using a non-homogeneous material model.
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Fig.5.l Plot of equivalent creep strain versus time increment.
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Fig. 5.2 Accumulated equivalent creep strain in the outermost solder joint at the end of the 

thermal loading for (a) Model 1 (b) Model 2 (c) Model 3 (d) Model 4 (e) Model 5.
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Figure 5.3 shows the accumulated equivalent creep strain for one thermal cycle. It can 

be seen that Model 2 has the maximum equivalent creep strain accumulated and Model 1 

has the minimum. Figure 5.4 shows the plot of von Mises stress versus equivalent creep 

strain for all the models.

0.025

M o d e l  1 M o d e l  2 M o d e l  3 M o d e l  4

Fig.5.3 Comparison of the equivalent creep strain accumulated in one thermal cycle.

0.01 0.02 0.03 0.04

E a u l v a l e n t  C r e e p  S t r a i

Fig. 5.4 Plot of von Mises stress versus equivalent creep strain. (Labels indicate the 
time sequence in a cycle shown in Fig. 5.1.)
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Table 5.2 gives the outermost solder joint equivalent plastic strain range and plastic 

shear strain range for one thermal cycle for all the five models.

Table 5.2 Equivalent plastic strain range and plastic shear strain range components

Models Equivalent plastic strain range(A £^u ) Plastic shear strain range( A ^ p)

Model 1 0.01040524 0.018022399

Model 2 0.03789005 0.065627491

Model 3 0.02316290 0.040119319

Model 4 0.01803991 0.031246040

Model 5 0.02024555 0.035066320

Figure 5.5 shows a contour plot of the equivalent plastic strain in the outermost solder 

joint of Models 1-5, respectively.

It was found that Model 2, which has the underfill modeled in two layers, has the 

maximum equivalent plastic strain, whereas Model 1, which has the underfill modeled as 

a homogeneous material, has the minimum. Model 4 and Model 5 have the underfill 

properties modeled so that they gradually change from the substrate side to the die side of 

the FCOB, and have equivalent plastic strain values in between those of Model 1 and 

Model 2. The order of maximum to minimum equivalent plastic strain is Model 2, Model 

3, Model 5, Model 4, and Model 1.
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Fig.5.5 Accumulated equivalent plastic strain in the outermost solder joint at the end of the 

thermal loading for (a) Model 1 (b) Model 2 (c) Model 3 (d) Model 4 (e) Model 5.
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Figure 5.6 tracks the time-dependent equivalent plastic strain for the whole thermal 

loading. The temperature profile of the loading is overlaid in the same figure.

T i m e ( s e c o n d s )

Fig. 5.6 Plot of equivalent plastic strain versus time increment

Figure 5.7 shows the accumulated equivalent plastic strain in one thermal cycle. It 

can be seen that Model 2 has the maximum equivalent plastic strain accumulated and 

Model 1 has the minimum. Figure 5.8 shows the plot of von Mises stress versus 

equivalent plastic strain for all the models.

It can be seen from the results that the silica filler settling has a significant effect on 

the solder joint plastic strain. Based on the filler settling assumed, the models with two 

layered underfill have the greater equivalent plastic strain than the models with gradually 

varying properties in the underfill. Model 4 has the least strain among the models with 

silica filler settling.
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Fig. 5.7 Plot of equivalent plastic strain accumulated in one thermal cycle

0.01 0.02 0.03 0.04

E q u i v a l e n t  P l a s t i c  S t r a i n

0.05

Fig. 5.8 Plot of von Mises stress versus equivalent plastic strain. (Labels indicate the 
time sequence in a cycle shown in Fig. 5.6.)

■
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Table 5.3 gives the predicted fatigue lifetimes of the outermost solder joint using the 

different fatigue models for all the models. It was found that Model 2 has the least 

predicted life and Model 1 has the highest predicted life for all the fatigue models.

Table 5.3 Predicted life time of FCOB solder joint

Models
Knecht/Fox Model

(A l
Solomon’s Model

(A l P)

Creep-Fatigue Model 
(N,)

Model 1 352 5695 332

Model 2 238 430 154
Model 3 259 1150 212

Model 4 278 1895 243

Model 5 260 1505 222

It can be seen that the variation in the accumulated strain is significant for different 

silica settling patterns. Hence the settling of silica particles has a significant effect on the 

fatigue life of the solder joint.

5.2 Die Fracture
Die fracture is also one of the potential failures in the FCOB assemblies. Linear 

elastic fracture mechanics is used to estimate the maximum flaw size ( a ^  ) that can exist 

under a tensile stress (a) on the backside of die. The maximum flaw size is given by.

K]c
Umax 1.2544;rer2max

where amax is the maximum tensile stress, and Kjc is the die fracture toughness. The 

fracture toughness of silicon was given as 25.9 N/mnx “ by Van Kessel et al. [1983]. This 

means that if the die had a pre-existing flaws that are longer than maximum flaw size 

( a max) then the die is likeIy to crack‘ Durin§ thermal cycling loading the maximum

backside die tensile stress occurs at -55 °C, which is the lowest temperature of the 

thermal cycling loading. Fig 5.9 shows the maximum tensile stress acting on the die
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backside at -55 °C for Model 1. The stress contours are similar to those of Model 1 for all 

the models.

S, S l l
(Ave. C r i t . :  75%) 

4S.362e401 
+ 4 .243*401 
43 .124e401 
42.004*401 
48 .852e400 
-2.339*400 
-1.353*401 
-2.472*401 
- 3 .591e401 
-4.710*401 
-5.830e401 
-6.949e401 
-8 .068e401

Fig 5.9 Die axial stresses at -55°C for Model 1 (unit in MPa) 
(deformed shape magnification is 20X)

Table 5.4 gives the FEA simulation results for the five models. The table has backside 

die tensile stresses for -55 °C, and the calculated maximum flaw size for the respective 

stresses. It was found that Model 5 has the lowest die tensile stresses and Model 1 has the 

highest die tensile stresses.

Table 5.4 Die stress (Sll) and maximum flaw size

Models Backside die stress(S11) at -55 °C (in MPa) Maximum flaw s iz e a ^  (in mm)

Model 1 53.618 0.0592

Model 2 53.180 0.0602

Model 3 53.472 0.0595

Model 4 53.106 0.0603

Model 5 53.049 0.0605
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From Table 5.4 it is observed that the maximum flaw size is of the same magnitude 

for all the five models. Hence the settling of silica particles has very little effect on die 

fracture.

M o d e I 1 M o d e I 2 M o d e l 3  M o d e l 4  M o d e l s

Fig. 5.10 Plot of equivalent creep strain versus time increment for all the models.

5.3 Board (Substrate) Warpage:

The package remains vulnerable to board warpage produced due to temperature 

changes. High-temperature component warpage is a concern and known to affect the 

robust assembly performance of packages [Shook et al., 2003]. A slight twist or bend in a 

board may cause the mounted electronics to break off. It may also cause failure of a 

solder joint due to excessive package body warpage. The board warpage is a good 

indicator of the stresses in the assembly. Table 5.5 gives the substrate warpage at -55 C 

and 125 °C for all of the five models.
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Table 5.5 Board warpage at -55 °C and 125 °C

Models Board warpage at -55 °C (in mm) Board warpage at 125 °C (in mm)

Model 1 -0.0131437 0.0163488

Model 2 -0.0128704 0.0160269

Model 3 -0.0130332 0.0162134

Model 4 -0.0126092 0.0156921

Model 5 -0.0126090 0.0156971

At -55 °C it was found that Model 5 has the least board warpage and Model 1 has the 

most board warpage. At 125 °C Model 4 has the least board warpage and Model 1 has the 

most board warpage. It was found that the Model 4 and Model 5 board warpage values 

are of nearly the same magnitude.

From Table 5.5 it is observed that the board warpage is of the same magnitude for all 

five models. Hence the settling of silica particles has very little effect on the board 

warpage.

40.000e400
- 1 . lB 7 e - 03
- 2 .375e-03
- 3 .5 62e- 03
- 4 .750e- 03 
-S.937e-03
- 7 .124e- 03
- 8 . 3 12e- 03 
-9.499&-03
- 1 .069e- 02 
-1.1B7&-02 
-1.306&-02 
-1.425&-02

Fig.5.11 Board warpage for Model 1 at -55°C (units in mm), 
(deformed shape magnification is 20X)
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Fig.5.12 Board warpage for Model 1 at 125°C (units in mm), 
(deformed shape magnification is 20X)
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Fig.5.13 Board warpage at -55 °C.



82

0.0164

Fig.5.14 Board warpage at 125 °C.

5.4 Conclusion

In this study, five different underfill material models were used to evaluate the effect 

of silica filler settling on the thermo-mechanical reliability of the FCOB assembly 

subjected to a pre-defined thermal cycling load. From the finite element results, it was 

found that in all the models the outermost solder joint is subjected to the greatest stresses 

and strains. The stresses and strains of the outermost solder joint were used for the 

calculation of the lifetime. It was found that Model 2, which had the underfill modeled in 

two layers, had the least fatigue life, whereas Model 1, which had the underfill modeled 

as a homogeneous material, had the maximum fatigue life. Model 4 and Model 5, which 

had the underfill properties modeled so that they gradually changed from the substrate 

side to the die side of the FCOB, had fatigue life values between those of Model 1 and 

Model 2. The order of maximum to minimum fatigue life of the outermost solder joint 

was, Model 1, Model 4, Model 5, Model 3, and Model 2.



83

Die fracture is also one of the potential failures in FCOB assemblies. From the 

results, the maximum flaw size that can exist under a tensile stress on the backside of the 

die was calculated for all the models. It was observed that the maximum flaw size is of 

the same magnitude for all the five models.

The finite element results were used to find the board warpage, which gives a good 

indicator of the stresses in the assembly. It was observed that the board warpage is of the 

same magnitude for all five models.

Within the assumptions of this model, it can be seen that the silica filler settling has a 

significant effect on the solder joint fatigue life and has very little effect on the die 

fracture and the board warpage of the FCOB.
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6. Conclusions and Future Work

6.1 Conclusions
The following conclusions can be drawn from this thesis work:

• The thermal cyclic loading causes a considerable amount of shear stress and strain 

in the solder joints, which result in a low fatigue life of the solder joint. It was 

found that the solder joint farthest from the center of the package has the 

maximum accumulated inelastic strain for all the models.

• Model 2 and Model 3, which had the underfill modeled as two layers, have 

showed the maximum accumulated equivalent creep and plastic strains; Model 1, 

which had the underfill modeled as a homogeneous material, had the minimum 

accumulated equivalent creep and plastic strain. Model 4 and Model 5, which had 

the underfill properties modeled so that they gradually change from the substrate 

side to the die side of the FCOB, had accumulated equivalent creep and plastic 

strains in between those of the two layered model and the homogeneous model.

• From the results it was found that Model 1, which is a homogeneous underfill 

model, had the maximum fatigue life.

• Model 2, which had the most dense silica particle settling (among the five 

models), had the least fatigue lifetime for the solder joint.

• It was observed the filler settling had very little influence on the critical flaw size 

in the die or on the board warpage.

• In summary, within the assumptions of this work, it can be seen that the silica 

filler particle settling has a significant effect on the solder joint fatigue life and 

has very little effect on the die fracture and the board warpage of the FCOB 

package.

6.2 Future Work
• Another major failure mode in FCOB packages is the delamination of the 

underfill from the surfaces of the die and substrate. It is necessary to study the
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influence of the filler settling on the delamination of the underfill, because the 

adhesion properties at the interface change due to filler settling.
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User subroutine for creep and plastic behavior of solder in ABAQUS:

C User subroutine CREEP
SUBROUTINE CREEP(DECRA,DESWA,STATEV,SERD,ECO,ESWO,P,QTILD,
1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND,
2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)

C
INCLUDE 'ABA_PARAM.INC'
CHARACTER*80 CMNAME
DIMENSION DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*),
1 TIME(2),COORDS(*)

DEFINE CONSTANTS
C=16 . 7 
N=3 .3 
Q=0.548
BK=8.617/100000 . 0 
T=TEMP 
K=273.16+T 
G=(28388-(56*(K)))
A=(C*G)/ (K)
B=866.0/G 

C
T1=EXP(B*QTILD)
T2=EXP(-B*QTILD)
E=EXP(-Q/(BK*K))
DECRA(1) = A*(.5*(T1-T2))**N*E*DTIME
RETURN
END

C User subroutine UHARD
SUBROUTINE UHARD(SYIELD,HARD,EQPLAS,EQPLASRT,TIME,DTIME,TEMP,
1 DTEMP,NOEL,NPT,LAYER,KSPT,KSTEP,KINC,
2 CMNAME,NSTATV,STATEV,NUMFIELDV,
3 PREDEF,DPREDEF,NUMPROPS,PROPS)

C
INCLUDE 'ABA_PARAM.INC'
CHARACTER*80 CMNAME

C
DIMENSION HARD(3),STATEV(NSTATV),TIME(*),
1 PREDEF(NUMFIELDV),DPREDEF(*),PROPS(*)

C
T=TEMP+DTEMP 
K=273-16+T
SYIELD = (49.2-(0.097*K))
HARD(1)=0.0

C
RETURN
END

Appendix A
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F o r  M o d e l 4 ,  t o  f i n d  Cf  

a l =  [] ; 

b l =  [] ; 

y b l=  [] ;

f o r  a = - 5 5 : 0 . 0 1 : - 5 0 ,

f o r  b = 0 . 0 5 : 0 . 0 0 1 : 1 ,

z=(a* 0 . 1 * 0 . 1 * 0 . l ) / 3 + ( b * 0 . 1 * 0 . l ) / 2 + ( 0 . 5 2 3 5 * 0 . 1 ) ;

v f  = ( z / 0 . 1 ) ;

y b = ( a * 0 . 1 * 0 . 1 ) + ( b * 0 . 1 ) + 0 . 5 2 3 5 ;  

i f  ( ( v f > = 0 . 3 4 9 8 ) & ( v f <  = 0 . 3 5 0 2 ) )  , 

i f  (y b < = 0  . 0 1 ) Sc (y b > = 0 )  , 

a l = [ a l  a ] ; 

b l =  [ b l  b]  ; 

y b l=  [ y b l  y b ] ; 

e n d

e n d

e n d

e nd  

a = a l  ; 

b = b l  ; 

y = y b l ;

Appendix B
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For M o d e l 5, to find Cf

al= [] ; 
bl= [] ; 
ybl= [] ;
for a= 10:0.001:14,

for b=-10:0.001:-5,
z=(a*0.1*0.1*0.l)/3+(b*0.1*0.l)/2+(0.7405*0.1); 
vf =(z/0.1) ;
yb=(a*0 .1*0 .1)+(b*0.1)+0.7405; 
if ((vf>=0.3498)&(vf<=0.3502)), 

if (yb<=0.01)&(yb>=0), 
al=[al a]; 
bl= [bl b] ; 
ybl=[ybl yb];

end
end

end
end 
a=al ; 
b=bl ; 
y=ybl;

Appendix C


