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SUMMARY 

 

No-flow underfill materials that cure during the solder reflow process is a 

relatively new technology.  Although there are several advantages in terms of 

cost, time and processing ease, there are several reliability challenges 

associated with no-flow underfills.  When micron-sized filler particles are 

introduced in no-flow underfills to enhance the solder bump reliability, such filler 

particles could prevent the solder bumps making reliable electrical contacts with 

the substrate pads during solder reflow, and therefore, the assembly yield would 

be adversely affected.  The use of nano-sized filler particles can potentially 

improve assembly yield while offering the advantages associated with filled 

underfill materials.  

 

The objective of this thesis is to study the thermo-mechanical reliability of nano-

filled epoxy underfills (NFU) through experiments and theoretical modeling.  In 

this work, the thermo-mechanical properties of NFU’s with 20-nm filler particles 

have been measured. An innovative residual stress test method has been 

developed to measure the interfacial fracture toughness.  Using the developed 

residual stress method and the single-leg bending test, the mode-mixity-

dependent fracture toughness for NFU-SiN interface has been determined.  In 

addition to such monotonic interfacial fracture characterization, the interface 

crack propagation under thermo-mechanical fatigue loading has been 

experimentally characterized, and a model for fatigue interface crack propagation 
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has been developed.  A test vehicle comprising of several flip chips was 

assembled using the NFU material and the reliability of the flip-chip assemblies 

was assessed under thermal shock cycles between -40oC and 125oC. The NFU-

SiN interfacial delamination propagation and the solder bump reliability were 

monitored.  In parallel, numerical models were developed to study the interfacial 

delamination propagation in the flip chip assembly using conventional interfacial 

fracture mechanics as well as cohesive zone modeling. Predictions for interfacial 

delamination propagation using the two approaches have been compared.  

Based on the theoretical models and the experimental data, guidelines for design 

of NFUs against interfacial delamination have been developed. 
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CHAPTER 1 

INTRODUCTION 

 
The packaging of silicon into smaller devices has resulted in marked 

miniaturization of electronic products. However, this trend is not fully over, or as 

many say, not yet started. As more functionality gets built into a given size of 

silicon, packaging the silicon into smaller devices will continue to be a major 

challenge will require the development of high density interconnect techniques. 

Predictions are that by 2016, a high performance silicon chip will have more than 

7000 solder joints at a spacing of 50 microns [ITRS roadmap, 2002].   

 

Flip chip packaging, first developed by IBM in 1964 [Prasad, 1997], continues to 

be a very attractive technique to achieve electrical and mechanical connection 

between the chip and the substrate at small pitches. Originally known as 

Controlled Collapsible Chip Connection or C4, it was primarily done using 

ceramic substrates and the solder joints were arranged along the perimeter of 

the chip. Today, this technology passes the benefits of large-scale integration at 

the silicon level by allowing an array of solder joints that cover the entire area of 

the chip, commonly known as area array packaging. In addition, the chips are 

assembled on cheaper organic substrates using smaller solder joints. 

 

The use of organic substrates for flip chip packaging results in the well-known 

problem of thermal mismatch between the chip and the substrate. The 
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Coefficient of Thermal Expansion (CTE) of silicon is about 3ppm/oC and is 

closely matched to that of ceramic substrates, which is about 6ppm/oC. On the 

other hand, organic substrates have a relatively higher CTE, about 16-17ppm/oC. 

This means that as the assembly is heated (mostly due to its operation) the 

substrate expands about 5-6 times more than the silicon and the stresses on the 

solder joints reach fatal proportions [Suryanarayana et al, 1991]. As the solder 

joint pitch reduces, the standoff of the assembled solder joint reduces and this 

translates into lower thermo-mechanical reliability. 

 

The thermal mismatch between the substrate and the chip is alleviated by the 

introduction of an underfill material (Figure 1.1). This adhesive material couples 

the chip and the substrate and has been shown to enhance the reliability of flip 

chips by over 30 times [Darbha et al, 1999]. However, underfilling introduces an 

additional step in the assembly of flip chip packages. This process (Figure 1.1) 

involves the capillary flow of the underfill through the gap between the substrate 

and the chip and hence is time consuming.  
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Figure 1.1 Conventional Flip Chip Assembly Process 
 

 

The no-flow underfilling process (Figure 1.2) was developed to avoid the time 

consuming capillary flow at the end of reflow [Wang and Wong, 1996]. In this 

process, a special no-flow underfill is first dispensed on the substrate. 

Subsequently, the chip is placed on top of the substrate with sufficient force to 

displace the underfill. As the assembly passes through reflow, the no-flow 

underfill material acts as flux for the soldering process and is also cured by the 

end of reflow. Many no-flow underfill materials require some additional curing 

after the reflow process to completely harden them.  
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Figure 1.2 Flip Chip Assembly Using No-Flow Underfill 
 

Wafer level underfilling [Prabhakumar et al, 2004] is a process in which the 

process of underfilling is accomplished immediately after wafer bumping (Figure 

1.3). In this setup, the bumped wafer is coated with a layer of underfill material 

such that the solder bumps just stick out of the underfill layer. The underfill is 

then partially cured or B-staged. Later, the wafer is diced and assembled onto 

the substrate. Since the underfill is only partially cured, it starts to flow during 

reflow and an underfilled chip is obtained at the end of reflow. However, the 

partially cured underfill lacks the fluxing capacity of the uncured material and 

hence the chip has to be fluxed using a thin film applicator before placement 

(Figure 1.3).  
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Figure 1.3 Wafer Level Underfilling 
 

The underfill material is typically a resin material filled with ceramic particles such 

as silica or alumina. The modulus and viscosity of the underfill material increase 

with increase in filler content whereas the CTE decreases with increase in filler 

content [Qu and Wong, 2002]. As a general rule, underfills with higher modulus 

and lower CTE are preferred for good reliability while a low viscosity is useful in 

reducing the time spent in underfilling [Mahalingam, 2001]. A tradeoff between 

the three is achieved to get the correct filler content in the underfill. The size of 

the filler particles can vary from a few microns to about 25 microns and a 

standard capillary underfill will have about 40-65% filler particles by weight 

[Mahalingam, 2001].  

 

Nano-filled underfills (NFU) [Prabhakumar et al, 2003; Gross et al, 2003; 

Rubinsztajn et al, 2003], as the name suggests, use nano-sized filler particles 
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instead of the micron sized ones. NFU possess a number of advantages over the 

conventional underfills. Most of the current no flow underfills are unfilled, as the 

filler particles tend to interfere with the soldering process. Further, unfilled 

materials tend to have a high CTE and a low modulus and reliability of such 

materials is poorer than conventional underfills [Mahalingam, 2001]. Compared 

to conventional micron sized fillers, NFU use nano-sized fillers that do not 

interfere with the soldering process [Prabhakumar, 2004] (Figure 1.4). However, 

they serve to reduce of the CTE and increase the modulus of the underfill. 

Further, previously unattainable combinations of underfill material properties are 

also made possible by using nano-sized fillers. In addition, NFU is optically 

transparent, making it an excellent choice for the wafer level underfilling process 

(Figure 1.3). The dicing of the wafer into individual chips requires the recognition 

of fiducials and an opaque underfill will not suit the process. 

 

 

 

 

 

 

Figure 1.4 Excellent Soldering Achieved Using Nano-filled No Flow Underfill 
[Prabhakumar, 2004] 
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The underfill material has an important part in the reliability of flip chip devices. It 

is important to understand the performance of the nano-filled underfill materials in 

the context of reliability.  
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CHAPTER 2 

LITERATURE REVIEW 

 

The performance of the underfill material is crucial to the reliability of a flip chip 

package. The mechanical properties of the underfill such as the elastic modulus, 

coefficient of Thermal Expansion (CTE) and the adhesion of the underfill to 

silicon, passivation and other packaging materials are important factors that 

determine the performance of the underfill material. Underfill delamination, 

especially from passivation interface is the first step in the failure of an underfilled 

flip chip package. In this chapter, literature pertaining to interfacial delamination 

in general and underfill delamination in particular is presented. 

 

2.1 Flip Chip Reliability 

It would be fair to say that most electronic packaging problems are about getting 

the correct material combinations. Given this, it is not easy to change any one 

material in the system and expect the system to behave in the same fashion. It is 

therefore not surprising that underfilling does change the issues involved in flip 

chip packaging, not amongst the least of them is the reliability of the underfilled 

flip chip. Therefore, the design of the underfill material must be done with proper 

consideration of the failure modes of flip chips. 

 

Two types of failures occur in an underfilled flip chip assembly, delamination and 

solder joint fatigue [Mahalingam, 2001; Smith et al, 2000]. Though both of these 
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mechanisms ultimately involve failure of the solder joint, the manner in which it is 

achieved is different. Corner delamination (Figure 2.1) is strongly correlated to 

cracking of the fillet at the corner of the flip chip package. It has been observed 

that thicker fillets tend to crack sooner in thermal cycling than thin ones. Once the 

fillet is cracked, delamination between the passivation and the underfill is 

initiated. As this delamination grows towards the solder joints, deformation of the 

solder reaches fatal proportions and premature failure of the joint is assured. 

Fillet cracks are also observed along the edges of the chip causing delamination 

between the vertical chip edge and the underfill fillet (Figure 2.2). This later could 

lead to delamination between the passivation and the underfill and result in 

solder joint failure. Solder joint fatigue occurs when delamination is initiated 

around the solder joint, mostly due to the presence of residues of the soldering 

process (Figure 2.3). Such a delamination causes a delayed failure of the solder 

joint and the solder ‘dies a more natural death’. 

 

 

 

 

 

Figure 2.1 Underfill Fillet Cracking and Corner Delamination [Mahalingam, 2001] 
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Figure 2.2 Delamination of the Fillet from the Die Edge [Mahalingam, 2001] 
 

 

 

 

 

 
Figure 2.3 Delamination Around the Solder Joints [Mahalingam, 2001] 

 

2.2 Underfill Design 

Flip chip reliability and the design of the underfill material for the same has been 

the subject of many technical publications. Many of them do not include the 

presence of delamination in the different forms that were discussed above. There 

is a wide variety in the approaches that have been taken resulting in equally 

varied results. For example, [Okura et al, 2000] prefer a higher modulus and 

higher CTE underfill for good solder joint reliability. [Popelar, 1998] claims lower 

CTE and higher modulus is preferable. While [Okura et al, 2000] consider the 
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effect of hydrostatic stresses on the solder, [Popelar, 1998] is more conventional 

and does not consider hydrostatic stresses. The following papers consider the 

effect of underfill material properties such as CTE, modulus, adhesion strength 

and glass transition temperature on flip chip reliability [Shi et al, 2000; Smith, et 

al, 2000; Shim et al, 2000; Pearson et al, 2000; Dudek et al, 2000; Darbha et al, 

1999; Goh, 2000; Zhang et al, 2000; Lu et al, 2000; Tsukada et al, 2000; Xu et al, 

2000; Suryanarayana et al, 1991; Lau et al, 2000; Popelar, 1998; Okura et al, 

2000].  

 

2.3 Finite Element Modeling of Underfill Delamination 

[Le Gall et al, 1996] were one of the first to publish results on a fracture 

mechanics analysis to understand cracking along the chip-fillet interface. Using 

linear elastic fracture mechanics, they showed that the energy release rate for an 

underfill with a modulus of 6GPa and CTE of 30ppm/oC increased and 

subsequently decreased with crack length. [Lau et al, 2000a, b] presented a 

similar approach to delamination along the passivation-underfill interface. The 

equivalent plastic strain in the solder increases as the crack grew closer to the 

solder joint. While the study presented results for different underfill material 

properties, the effect of modulus and CTE of the underfill is inconclusive. 

[Mercado et al, 2000] have shown that the energy release rate for the 

delamination along the passivation-underfill interface decreases with crack 

length. [Zhai et al, 2004] have analyzed the passivation-underfill interface using 

Frac3D for different thermo-mechanical properties of the underfill. The energy 
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release rate increased with both modulus and CTE of the underfill material. [Fan 

et al, 1999] have reported stress intensity factors for the underfill-passivation 

interface. [Saitoh et al 2000a, b] have presented results on the effect of geometry 

and material parameters on the delamination between the silicon chip and 

encapsulant/die bonding material in a J-leaded package. [Ayhan et al, 1998], 

[Ayhan et al, 1999] and [Ayhan et al, 2001] have used enriched crack tip 

elements to understand cracks along the die-underfill, passivation-underfill and 

substrate-underfill interfaces. [Gu et al, 2001] have looked at delamination of the 

underfill from the passivation initiating at the root of the solder joint. The 

delamination of the underfill from the surface of the solder joint and subsequent 

delamination from the substrate is also considered. [Harries et al, 2001] have 

looked at the delamination between the chip and the encapsulant in a Very Small 

Peripheral Array package (VSPA). Energy release rate increases with increase in 

modulus and CTE of the encapsulant. 

 

2.4 Fracture Toughness Characterization 

The energy release calculated from the above models must be compared against 

the critical energy release rate or the fracture toughness of the interface to 

determine whether crack propagation would occur. There are a number of 

options to determine the fracture toughness of a given bimaterial interface.  

 

Three point bend specimens such as End Notched Flexure (ENF), 

Unsymmetrical End Notched Flexure (UENF), Single Leg Bending (SLB), 
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Symmetrical Three Point Bending (S3PB), Asymmetric Three Point Bending 

(A3PB) and Mixed Mode Bending (MMB) have been developed [Auersperg, et al, 

2002; O’Dowd, et al, 1992; Davidson, et al, 1996; Sundararaman, et al, 1998; 

Klingbeil et al, 1997; Yeung, et al, 2000; Lam et al, 2000]. 

 

Two variants of the four point bending specimen exist (Figure 2.4) [Matos et al, 

1989; Yao et al, 1999a; Qu et al, 2000]. Standard Double Cantilever Beam (DCB) 

and Unsymmetrical Double Cantilever Beam (UDCB) are the two variants of the 

cantilever beam [Guo et al, 2001; Swadener et al, 1999; Sundararaman, 1997; 

Gurumurthy et al, 1998a]. Sandwich specimens [Suo, et al, 1989] are very useful 

to characterize the mixed-mode fracture toughness of interfaces. In general, 

different mode mixities can be achieved either by changing the geometry or by 

changing the loading direction. Sandwich specimens rely on the latter to achieve 

different mode mixities.  Brazil Nut Sandwich, Modified Compact Test Specimen 

(MCTS) and Compact Mixed Mode (CMM) (Figure 2.5) are some of the typical 

sandwich specimens that have been reported [Awaji et al 1978; Wang et al, 

1990; Huang et al, 1996; O’ Dowd et al, 1992; Pang et al, 2002; Pang et al 2000; 

Madhusudhana et al, 2002; De et al, 1998; Mercado et al, 2000]. 

 

 

 

 

 
Figure 2.4 Four Bending Specimens [Qu et al, 2000 ; Matos et al, 1989] 
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Figure 2.5 Compact Mixed Mode Specimen [Pang et al, 2002] 
 

Theoretically, the bending specimens can produce a wide range of mode mixities 

and this is achieved by changing the dimensions of the specimen. The sandwich 

specimens are quite robust since they rely on changing the loading angle to get 

different mode mixities. This means that the specimen preparation can be 

standardized. However, not many analytical solutions exist for the sandwich 

specimens and calculation of mode mixity and stress intensity factors involve 

extensive finite element modeling.  

 

[Qu et al, 2000] and [Yao et al, 1999a,b] report the use of a four point bending 

specimen to determine the fracture toughness of underfill-substrate interface. 

The fact that residual stresses have not been considered and that the 

experimental results give the ‘apparent’ fracture toughness of the interface is 

emphasized in these papers. [Yeung et al, 2000] and [Auersperg et al, 2002] 

discuss different specimen geometries that are suitable for interfacial fracture 

toughness testing in electronic packaging. [Lam et al, 2000] report the use of 
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ENF specimen to test interfacial fracture toughness while [Wang et al, 1999] use 

the actual flip chip in a three point bending configuration to obtain interfacial 

fracture toughness. [Pang et al, 2002] use the CMM test specimen (Figure 2.5) to 

estimate the fracture toughness of aluminum-underfill interface. It is important to 

note that none of these papers correct for the residual stresses that occur in the 

process of fabricating the test specimen. 

 

2.5 Fatigue Crack Propagation 

Fatigue crack propagation in bulk materials is well described by the Paris law. It 

has widely been demonstrated that such a behavior applies to fatigue crack 

propagation along interfaces as well [Xie, 2000; Ritter et al, 2002; Cheng et al, 

2001; Gurumurthy et al, 1998b; Nagarajan et al, 2002; Kook et al, 1998].  

 

da/dN = k(∆G)m  

 

where da/dN is the crack growth rate, ∆G is the range of energy release rate for 

the fatigue cycle and k & m are empirically fitted constants. 

 

[Zhang, 2001] has tested fatigue crack propagation in homogenous underfill CT 

specimens under both ambient as well as 85oC/85% R.H. conditions. As 

expected, crack propagation rates were faster under moisture laden conditions. 

Filler particle debonding from the epoxy matrix was the primary mode of crack 

propagation and materials with larger and more irregular particles were seen to 
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perform better. Under moist conditions, cracks grew below the threshold 

established under dry conditions and no clear threshold could be established 

[Zhang, 2001]. [Snodgrass et al, 2002] have studied the sub-critical debonding of 

a 3µm BCB layer from SiO2 under both dry and moist conditions. While the Paris 

law exponent under dry conditions was 4-6, it was in the order of 17-34 under 

moist conditions. [Gurumurthy et al, 1998b] have used a thermo-mechanical 

approach to test the fatigue crack propagation between an underfill material and 

polyimide using a DCB specimen. In this approach, the fatigue load is applied by 

applying a temperature load and the energy release rate and mode mixity are 

calculated based on the deflection observed in the specimen. Underfills that did 

well in the fatigue propagation tests did well in actual flip chip packages as well.  

 

Literature related to adhesives reveal a number of issues pertaining to interfacial 

fatigue crack propagation studies. One of them concerns the metric to be used to 

judge the severity of loading on a propagating mixed-mode crack. The range of 

the total energy release rate (∆GT) and the range of the mode I energy release 

(∆G1) seem to be popular [Xu et al, 1995]. Among the other options, [Kenane et 

al, 1997] has outlined 

∆Geff = [1 + 2GII/(GI+GII)]∆GI  

as a metric. This parameter, in fact, places more emphasis on mode I than mode 

II, which is clear because ∆Geff goes to zero as ∆GI diminishes. 
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One other feature that is striking about lap adhesive joints is that they exhibit 

cracks along the adhesive fillet just as an underfilled flip chip package though the 

shape of the fillet are completely different [Cheuk et al, 2002]. Adhesive joints 

have convex fillets while the underfill fillets are concave. However, the presence 

of fillet has been shown to enhance fatigue life of the lap joint [Dessureault et al, 

1997] just as it has been for flip chip packages [Borgesen, 2000]. 

 

2.6 Cohesive Zone Modeling 

The use of models having a cohesive zone or a damage zone is becoming more 

and more popular in the simulation of fracture processes [Zou et al, 2003; 

Petrossian et al, 1998; Needleman, 1988; Mohammed et al, 2000; Rahul Kumar, 

1999; Borg et al, 2001]. The basic idea for such models can be traced back to 

[Dugdale, 1962] and [Barenblatt, 1960]. These models relate traction to the 

relative displacement at an interface where a crack may occur. Crack initiation is 

related to interfacial strength i.e. the maximum traction that can be sustained by 

the body. When the area under the traction-displacement curve equals the critical 

fracture energy, the tractions reduce to zero and the crack is said to have 

initiated or progressed. Various traction-displacement laws have been explored – 

cubic/exponential [Needleman, 1989], bilinear [Reedy et al, 1997; Mi et al, 1998], 

trapezoidal [Tvergaard et al, 1992] and perfectly plastic [Cui et al, 1993]. The 

advantage of this approach is that crack initiation and propagation can be 

combined into a single model. Moreover, the cohesive zone model can easily be 

implemented into finite element code. 
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CHAPTER 3 

OBJECTIVES, APPROACH AND OUTLINE 

 

3.1 Gaps in Existing Research 

Based on the detailed survey of literature, the following gaps were observed. 

i) There are only limited studies on no-flow underfill reliability; practically 

there is no study on nano-filled no-flow underfill reliability.   

ii) While extensive work has been done on the measurement of fracture 

toughness of FR4-underfill, solder mask-underfill and aluminum-underfill 

interfaces, there exists very limited work on the measurement of the 

fracture toughness of the die passivation (SiN)-underfill interface.  Most 

specimens involve tedious fabrication and residual stresses are usually 

ignored.  

iii) There is practically no empirical model for the propagation of delamination 

in underfill/passivation interface under thermo-mechanical fatigue loading. 

A lot of work in open literature focuses on delamination under monotonic 

loading.  

iv) Conventional fracture mechanics is typically used in studying interfacial 

delamination propagation in electronic packages.  Although such 

interfacial fracture mechanics models are popular, they require 1) pre-

existing crack and 2) extensive calculations for mode mixity.  Therefore, 

there is a need to explore alternate approaches. 
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v) Limited work that combines both numerical models and experiments. 

Practically no work exists that correlates the experimental underfill 

delamination data to numerical predictions. Most of the work in open 

literature focuses on either modeling or on experimentation. 

vi) Inadequate design guidelines for nano-filled underfill material development. 

Most guidelines focus on formulating underfills for solder joint fatigue 

reliability without considering underfill delamination.  

 

3.2 Research Objectives 

The objectives of this research are, therefore, to study the thermo-mechanical 

reliability of nano-filled epoxy underfills (NFU) through experiments and 

theoretical modeling.  In particular, this work aims to  

• characterize the mechanical properties of nano-filled underfills,  

• develop a test methodology to measure the interfacial fracture toughness 

and use the methodology to measure the interfacial fracture toughness of 

SiN-underfill interface,  

• conduct experiments and develop models for thermo-mechanical fatigue 

delamination propagation,  

• explore the application of cohesive zone models to study interfacial 

fracture 

• validate the developed models by using experimental data from NFU flip 

chip assemblies subjected to thermal cycling and 
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• to develop design guidelines against interfacial delamination propagation 

in flip chip assemblies through experiments and theoretical models.  

 

3.3 Thesis Outline 

To achieve the objectives, the following systematic approach was employed in 

this work: 

 

3.3.1 Characterization of Mechanical Properties of the Underfill 

The underfill material was prepared by using nano-sized silica particles as filler 

material. The reduction in size of the filler particles leads to some unique 

advantages and disadvantages. One of the advantages is that the properties of 

the underfill, especially the CTE, can be engineered to a level not previously 

attainable using micron sized filler particles. However, the properties of the 

underfill have to be tailored to meet competing requirements of low underfill 

viscosity and low CTE. The challenges in underfill material preparation are 

described in Chapter 4. Based on various considerations, a no-flow, nano-filled 

underfill material was synthesized and its temperature dependent thermo-

mechanical properties are characterized. 

 

3.3.2 Interfacial Fracture Toughness Determination 

Under monotonic loading conditions, the propagation of delamination will occur if 

the energy release rate is higher than or equal to the fracture toughness of the 

underfill-passivation interface. Interfacial cracks are inherently mixed mode due 
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to the elastic mismatch between the materials and the fracture toughness of 

interface needs to be specified at a given mode mixity. In Chapter 5, the fracture 

toughness of the underfill-passivation interface is evaluated at two different mode 

mixities by using two different experiments. First, an innovative residual stress 

induced decohesion (RSID) test was developed and used to evaluate the mode I 

fracture toughness of the NFU-SiN interface. Second, a single-leg bending 

specimen is used to evaluate the fracture toughness at a mode mixity of -32o. 

 

3.3.3 Cohesive Zone Modeling 

As mentioned earlier, much of work in open literature focuses on using 

conventional fracture mechanics to understand underfill delamination. Cohesive 

zone models are an alternate way of studying fracture processes. Unlike 

conventional fracture mechanics, these models do not need require a pre-

existing crack and do not involve complex mathematical computations for mode 

mixity. In Chapter 6, a cohesive zone model (CZM) is formulated for the underfill 

delamination problem using available experimental results.  

 

3.3.4 Fatigue Crack Propagation 

The propagation of delamination in a flip chip package occurs under thermo-

mechanical fatigue loading. In Chapter 7, a Paris law for underfill delamination 

propagation is developed based on a thermo-mechanical fatigue crack growth 

study of the NFU-SiN interface. 
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3.3.5 Reliability of Flip Chip Assemblies with NFU 

The qualification of an underfill materials for flip chip assembly is done using 

accelerated thermal cycling. In Chapter 8, a reliability study of a test vehicle 

comprising of several flip chip assemblies assembled using NFU material is 

presented. Two dimensional finite-element models are developed for underfill 

delamination propagation under monotonic as well as fatigue loading. In addition, 

the cohesive zone model developed in Chapter 6 is employed to study underfill 

delamination under monotonic thermal loading. 

 

3.3.5 Design Guidelines 

In Chapter 9, a comprehensive study of different types of delamination occurring 

in a flip chip assembly is presented. The effect of underfill material properties is 

particularly emphasized. Based on numerical modeling and the results from 

experimental test results, guidelines for the design of nano-filled underfill 

materials against underfill delamination are presented. 
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CHAPTER 4 

MATERIAL CHARACTERIZATION 

 

Nano-filled underfill (NFU) materials possess some unique properties that make 

them attractive candidates for the no-flow and wafer level underfilling processes. 

It is necessary to tailor the properties of the NFU such that the reliability of flip-

chip assemblies is good, and at the same time, the properties are consistent with 

standard flip-chip assembly processes. In this chapter, work done on the 

characterization of the NFU material and the relevance of the results to the 

assembly process are presented. 

 

4.1 Synthesis of NFU Materials 

Organic-inorganic composites offer an excellent range of material properties and 

are commonly used in electronic packaging. The underfill material is a good 

example of such a composite. In the underfill material, the inorganic part is the 

filler particles. As the size of the filler particles is reduced, better dispersion of the 

filler particles in the organic matrix occurs and the intended effect of the filler 

particle is more easily achieved. For example, [Sun and Wong, 2004] report that 

the CTE of an underfill material reduces from 40ppm/oC to about 26ppm/oC when 

the size of the fillers were reduced from 30�m to about 7�m, even when the filler 

weight fraction in the underfill composite was maintained at 70%. At a given filler 

weight fraction, there are fewer 30�m particles than 7�m particles in a given 

quantity of underfill. Therefore, the effect of the filler is more pronounced with the 
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7�m particles and there is a further reduction in CTE. In the same vein, the use 

of nano-sized filler particles should offer a wider range of mechanical properties 

for the underfill material that were previously difficult to attain. However, there are 

some significant challenges in the synthesis of nano-filled underfills.  

 

One of the challenges in the synthesis of NFU materials is the homogenous 

dispersion of the nano-sized filler particles. In this research, nano-sized silica 

particles were used as fillers. The silica particles do not have any particular 

affinity to the organic matrix and tend to agglomerate easily [Liu et al, 2003; Sun 

and Wong, 2004]. Surface modification of the filler particles is needed to increase 

the compatibility of the inorganic filler with the organic matrix by using 

alkoxysilanes [Prabhakumar et al, 2003; Lewis et al, 1995]. In this step, organic 

functional groups are introduced on the silica filler surface by the condensation 

reaction between the silanol group (Si-OH) on the silica surface and the 

alkoxysilanes (Figure 4.1). However, some silanol groups can remain in the final 

product of this reaction due to incomplete dehydration [Liu et al, 2003]. These 

silanol groups tend to be highly reactive and can cause further condensation 

during storage of the blend. This problem is especially severe in the case of 

epoxy resins and the condensation reactions during storage results in dramatic 

increase in viscosity. In the extreme case, premature curing of the blend can 

occur [Prabhakumar et al, 2003]. 
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To overcome this problem, the stability of the blend was first enhanced by 

removing traces of acid that may be present. Additionally, the use of 

hexamethyldisilazane (HMDZ) results in the conversion of unreacted silanol 

groups into the unreactive trimethylsiloxy functionality. The stability of the blend 

was dramatically improved by these steps and no additional condensation was 

observed even after 6 weeks of storage. The underfill was then prepared by 

combining the functionalized silica blend with a standard set of epoxy, hardener, 

flow promoters and catalyst. The uniform dispersion of the nano-particles is 

confirmed by Transmission Electron Microscopy (Figure 4.2). 

 

 

 

 

 

Figure 4.1 Functionalization of Nano-sized Silica [Liu et al, 2003] 
 

 

 

 

 

 

 

 
Figure 4.2 TEM of NFU Showing Uniform Dispersion of Functionalized Silica 

Fillers 

  

 200nm 
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4.2 Material Properties 

In this work, nano-colloidal silica with an average diameter of 20nm was used in 

the preparation of the underfill. The CTE and viscosity of the NFU with filler 

contents varying from 0 to 55% by weight was evaluated. Thermo-mechanical 

analysis (TMA) was used to determine the coefficient of thermal expansion (CTE) 

and the glass transition (Tg) of the underfills. Specimens were prepared by 

casting the NFU material in a stainless steel mold (5 cm x 1.25 cm x 2 mm cavity) 

and curing it under a temperature profile approximating a eutectic reflow profile. 

In order to fully cure the samples, they were placed in a hot air oven at 150oC for 

1 hour. TMA specimens measuring at least 2 mm in each dimension were cut 

from these cast samples.  

 

Figure 4.3 Effect of Filler Content on Underfill Material Properties 
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TMA was performed on a Perkin Elmer® TMA 7 Instrument. The sample 

temperature was first ramped at 5°C/min from 25°C to 250°C then cooled at 

5°C/min to 0°C. The second heat, used for analysis, ramped from 0°C at 5°C/min 

to 250°C. An initial vertical probe force of 0.05N was used. Viscosity was 

measured at room temperature by a standard Brookfield® viscometer using 

spindle #52 at 50rpm.  

 

Figure 4.3 shows the variation in CTE and viscosity with the filler content. The 

weight fraction of filler content has opposite effects on CTE and viscosity and it is 

clear that beyond 50% filler content by weight, the viscosity increases 

dramatically. Even with 30% weight fraction of the fillers, there is a significant 

decrease in the CTE of the NFU material.  

 

Viscosity of the NFU material is critical to the yield of the no-flow assembly 

process. The viscosity must be low enough such that the underfill can be 

displaced by the chip during the assembly process resulting in good solder joint 

formation. A typical sequence of steps involved in the no-flow assembly process 

is as follows [Thorpe et al, 2001]. The underfill is first dispensed on the substrate 

and is guided into place in the automated chip placement machine. The chip is 

carefully placed on the dispensed liquid underfill and pushed towards the 

substrate at a constant velocity until a preset force is reached. Once the force is 

reached, it is maintained for a certain dwell time until the solder balls on the chip 

touch the pads on the substrate. The key parameters in this process are the 
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placement velocity and the force. For a given underfill, both these parameters 

need to be optimized in order to achieve good assembly yield. 

 

According to [Thorpe et al, 2001], the force exerted by the underfill on the chip is 

given by the Stefan equation. 

3

4 )(3

o
fluid h

hR
F

�−= µπ
 where 

π
A

R =  is the effective radius of a chip have an area, A 

µ  is the viscosity of the underfill 

h�  is the velocity 

oh  is the distance between the chip and the substrate 

The head that holds the chip during the placement process starts at a certain 

height above the substrate and moves towards the substrate at a constant 

velocity. As the chip comes in contact with the underfill, the placement head 

measures the resistance offered by the fluid. Using the Stefan equation, the 

distance ( oh ) at which the fluid resistance equals the preset force is reached can 

be determined by equating  

placementfluid FF =  

 

As mentioned earlier, from this point, the placement force is maintained until the 

solder bumps on the chip touch the pads on the substrate. Since the height of the 
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solder bumps on the chip is known, the dwell time can be calculated by solving 

the Stefan equation. 

 

�
�
�

�

�
�
�

�
−= 22

4 11
2

3

ofplacement hhF
R µπτ  where 

fh  = height of solder bumps on the chip 

 

Using this equation, the dwell time that would be needed to assemble a PB08 

chip measuring 5mm x 5mm using nano-filled underfills with 30, 50 and 55% 

weight fraction was evaluated. The effect of placement velocity and placement 

force was also evaluated (Figure 4.4). Clearly, the dwell time needed for 

assembly increases with underfill viscosity. There is a dramatic increase in the 

dwell time for underfills with more than 50% weight fraction due to the sudden 

increase in viscosity of these materials. However, the dwell time needed for chip 

assembly decreases with placement force and velocity. The effect of the 

placement velocity is not as strong as the effect of placement force. 

 

As mentioned earlier, one of the motivations for using nano-fillers is to tailor the 

mechanical properties of the underfill material to levels that were previously 

difficult to attain. A lower CTE would be preferred for good solder bump reliability, 

which can be achieved by increasing the weight fraction of the filler material. 

However, increasing the weight fraction of the filler increases the viscosity of the 

NFU material and a larger placement force would be needed in order to reduce 
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the dwell time needed for assembly. Since a large placement force can 

potentially damage the flip chip, there is a limit to which the placement force can 

be increased. As a result, it may be difficult for the chip to displace viscous NFU 

materials completely and the chances that the solder bumps on the chip would 

not touch the substrate pads increases.  

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Effect of Underfill Viscosity and Assembly Parameters on Dwell Time 
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lower CTE and viscosity. When flip chips were assembled using a no-flow NFU 

material with 30% filler particles by weight, excellent solder bump contact and 

reflow were achieved. A placement force of 150g with a dwell time of 500ms 

[Prabhakumar, 2004] was used in the process. These results are in good 

agreement with the predictions made using the Stefan equation. 

 

Based on the tradeoff between CTE and viscosity, 30% weight fraction of the 

fillers in the NFU material appeared to be most suitable. The rest of this thesis is 

focused on studying the reliability of flip chip assemblies with a NFU material has 

30% nano-silica particles by weight. 

 

As a first step to understanding the thermo-mechanical behavior of the NFU 

material, the temperature dependent CTE and modulus of this underfill were 

evaluated using the Thermo-Mechanical Analyzer (TMA) and Dynamic 

Mechanical Analyzer (DMA) respectively. As discussed before, the CTE of the 

NFU material was measured on a fully cured underfill sample using a 

temperature scan from 0oC to 250oC (Figure 4.5) on a Perkin Elemer® TMA 7 

instrument. DMA analysis was done using cured underfill bars measuring 10mm 

x 30mm x 1.7mm from 0oC to 200oC in a single cantilever mode at a heating rate 

of 3oC/min and multiple frequencies (1, 2, 5, 10Hz) [Rubinsztajn et al, 2003] 

(Figure 4.6).  
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Figure 4.5 Temperature Dependent CTE of the Nano-filled Underfill 
 

 

Figure 4.6 Temperature Dependent Modulus of the Nano-filled Underfill 
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As seen from Figures 4.6 and 4.7, the glass transition temperature of the underfill 

material was between 150o – 165oC. Separate differential scanning calorimetry 

(DSC) measurements confirmed that the glass transition temperature was 

around 155oC [Prabhakumar, 2004]. The temperature dependent properties of 

the underfill show that the thermoset underfill is stable and glassy in typical 

thermal cycling temperature ranges.  

 

Figure 4.7 Glass Transition Temperature Measured by TMA 
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change in free molecular volume. The rate of dimensional change of the NFU 

sample increases at the glass transition temperature and is seen in the form of a 

change in slope (Figure 4.7). Similarly, the rate of decrease of the modulus with 

temperature changes at the glass transition temperature (Figure 4.6).  On the 

other hand, DSC defines the glass transition as a change in the heat capacity as 

the underfill material. 

 

The glass transition temperature of the NFU material is higher than the 

temperature usually witnessed by the flip chip assembly under accelerated 

thermal testing. Within the range of the typical temperature shock test, the CTE 

of the underfill material increases from 50ppm/oC at 25oC to 75ppm/oC at 125oC 

while the modulus of the NFU material decreases from 2.6GPa at 25oC to 

2.1GPa at 125oC. Since the change in NFU material properties when the flip chip 

assembly is subjected to thermal cycling is quite small, the reliability of the flip 

chip assembly is not adversely affected due to the change. In contrast, the glass 

transition temperature of unfilled no-flow underfill materials is typically 100-120oC. 

The CTE of such no-flow underfill materials increases from about 70ppm/oC 

below glass transition temperature to more than 110ppm/oC above the glass 

transition temperature and such a change can have an adverse effect on the 

reliability of the flip chip assembly. In the rest of this thesis, the temperature-

dependent material properties characterized in this chapter are used in numerical 

simulations and other analyses. 



 

 

35 

CHAPTER 5 

INTERFACIAL FRACTURE TOUGHNESS CHARACTERIZATION 

 

5.1 Introduction 

It is necessary to measure the interfacial fracture toughness to be able to predict 

the propagation of interfacial delamination under monotonic loading.  The 

fracture toughness of an interface is the critical energy release rate for 

delamination propagation. The critical energy release rate is a measure of the 

minimum energy per unit area required for crack extension.  

 

According to [Irwin, 1956], the energy needed to propagate a crack under a 

monotonic load comes from the potential energy of the body. Assuming that any 

inelastic dissipation at the crack tip is negligible, the energy release rate equals 

the change in potential energy of the body for a unit change in crack area 

[Anderson, 1995].  

Mathematically, 

dA
dF

dA
dU

dA
d

G −=Π=  where 

Π  = Potential energy of the body 

U  = Strain energy stored in the body 

F  = Work done by external forces 

When the available energy release rate exceeds the fracture toughness or the 

critical energy release of the interface, the crack propagates. In this work, the 
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term fracture toughness and critical energy release rate are used 

interchangeably. 

 

Unlike cracks in homogenous materials, cracks along interfaces are inherently 

mixed mode in nature. This is due to the elastic mismatch between the two 

materials forming the interface. Unlike the solutions for mode I and mode II 

cracks in homogenous materials, the solution for the interfacial crack shows an 

oscillatory nature close to the crack tip [Williams, 1959; Erdogan, 1963; England, 

1965]. Typically, the estimation of mode mixity and stress intensity factors for an 

interfacial crack is done with the help of finite element modeling. One such 

method, called the crack surface displacement (CSD) method is described in 

Appendix A and is used throughout this work to estimate mode mixity. Additional 

details on interfacial fracture mechanics are also described in Appendix A. 

 

In this chapter, results from two different fracture toughness tests are presented. 

First, a single leg bending (SLB) test was used to estimate the fracture 

toughness of the underfill-passivation at a mode mixity of around -32o. Second, 

an innovative residual stress test is used to evaluate the fracture toughness of 

the underfill-passivation interface at a mode mixity close to 0o.  
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5.2 Single Leg Bending Test 

As mentioned in Chapter 2, there are several existing methods to evaluate 

interfacial fracture toughness. The criteria that were used to select a test method 

were as follows - a) Ease of specimen preparation and fabrication b) 

Repeatability of the experiments c) Minimal effect of residual stress d) Small 

underfill consumption and e) Existence of an analytical solution. The first two 

requirements are self-explanatory. The importance of thermal residual stresses 

on fracture toughness testing is well known [Yao et al, 1999a; Nairn, 1999]. Since 

the underfill needs to be cured at 150oC, residual stresses are inevitable as the 

test specimen cools down from cure temperature to room temperature. The 

residual stresses can cause a change in the energy release rate as well as in the 

mode mixity of the crack. As the effect of residual stresses cannot be completely 

avoided, at best, it must be minimized and also appropriately accounted for in the 

computations. During this research, the quantity of nano-filled underfill available 

for use was limited and hence a specimen using a small amount of underfill 

material was sought. For many test specimens, analytical solutions exist in open 

literature. However, most of these solutions ignore the effect of residual stresses. 

Therefore, finite element modeling of the test specimen is required.  

 

Based on the specific requirements listed above, the single-leg-bending (SLB) 

test was used to measure the fracture toughness of the SiN passivation-underfill 

interface. As seen in Figure 5.1, the passivated silicon strip and the NFU material 

are sandwiched between two steel bars and the starter crack is introduced in the 
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form of a Teflon™ film. The specimen is tested using the standard three-point 

bend setup as seen in Figure 5.1. 

 

 

 

 

 

 

 

 

 

Figure 5.1 Single Leg Bending Test 
 

5.2.1 Specimen Fabrication 

A 4 inch silicon wafer having a 2 micron thick silicon nitride (SiN) passivation was 

diced into strips measuring 80mm long x 10mm wide x 0.5mm thick. Steel bars 

measuring 120mm long x 10mm wide x 5mm thick, 80mm long x 10mm wide x 

5mm thick, and 20mm long x 10mm wide x 6mm thick were fabricated and 

phosphatized to improve adhesion to the underfill [Lord, 2004]. Small silicon 

supports measuring about 3mm long x 10mm wide x 0.5mm thick were cut from 

the corner of the diced wafers. All these parts were carefully cleaned using 

isopropyl alcohol in an ultrasonic bath and were wiped using lint-free cloth. 
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Subsequently, the silicon and steel strips were baked for one hour at 125oC to 

get rid of any moisture that may be present. 

 

The long silicon strip (80mm x 10mm x 0.5mm) was adhered to steel bar 1 

measuring 120mm x 10mm x 5mm using a thin layer of adhesive, as shown in 

Step 1, Figure 5.2. A 15mm long x 10mm wide x 15�m thick Teflon™ tape was 

then placed on to the edge of the silicon strip (Step 2 in Figure 5.2) and pressed 

firmly by hand into place.  This Teflon™ tape will serve as the starter crack or 

pre-crack for the SLB test and the starter crack length was 15 mm in all 

specimens. As shown in Figure 5.2, steel bar 2, which measures 80mm x 10mm 

x 5mm was then placed on top of the silicon strip using two 3mm long x 10mm 

wide x 0.5mm thick silicon separators.  The separators are intended to provide 

the necessary standoff height for the underfill.  The silicon separators were 

placed at least 40mm away from the crack tip (the point where the Teflon™ pre-

crack ends). Subsequently, steel bar 3 was adhered on steel bar 1, as shown in 

Step 3 of Figure 5.2 using a thin layer of adhesive. The entire setup was carefully 

placed on a hot plate, which was maintained about 100oC. The underfill was then 

dispensed near the edge of the assembly as shown in Step 4 of Figure 5.2 and 

the entire gap between the long silicon strip and steel bar 2 was filled with the 

underfill through capillary action. The entire assembly was cured in a hot air oven 

at 150oC for 2 hours. 
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Figure 5.2 SLB Specimen Fabrication 
 

5.2.3 Experimental Results 

Eight specimens were prepared according to the method described above and 

tested on a Zwick™ mechanical testing system having a 1kN load cell. The test 

was displacement controlled and a loading rate of 0.1mm/minute was used. As 

shown in Figure 5.3, the load increases linearly with the displacement and when 

the crack propagates, the load drops. The test was stopped once the load 

dropped by 20%. The failure load varied between 240N to about 292N and the 

mean load to failure was about 265N (Table 5.2). Figure 5.4 shows an actual 

SLB specimen before and after testing. The separated upper (NFU) and lower 

(SiN) halves of the SLB specimen after testing are shown in Figure 5.4. It can be 

seen that the failure is purely interfacial and crack runs to an extent of about 20 

mm along the interface. 
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Figure 5.3 Typical Load-Displacement Curve 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.4 Single Leg Bending Test Specimen Before and After Testing 
 

5.2.3 Extraction of Fracture Parameters 
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crack tip [Anderson, 1995]. Temperature dependent properties of the NFU 

material reported in Chapter 4 were used. Silicon, steel and SiN passivation were 

considered as temperature independent linear elastic materials (Table 5.1). In 

order to account for the residual stresses, the temperature change from the NFU 

cure temperature to room temperature was first simulated. The underfill cure 

temperature (150oC) was considered as the stress-free temperature. The 

boundary conditions for the first step was such that a set of nodes corresponding 

to a length of 0.5mm along the outer edge of steel bar 1 were prevented from 

moving in both X and Y directions (Figure 5.5). 

 
Table 5.1 Properties of Materials Used in the SLB Test 

 

 

 

 

 

 

 

 

 

Figure 5.5 Boundary Conditions for Cooling Down from Cure Temperature to 
Room Temperature 
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At the end of the first step, residual shear and peel stresses were observed 

(Figures 5.6 and 5.7).  

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Contour Plot of Residual Shear Stresses Showing the Path for J 
Integral 

 

 

 

 

 

 

 

 

 

Figure 5.7 Contour Plot of Residual Peel Stresses 
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Following the cool down to room temperature, the critical load that caused the 

failure of the SLB specimen in the experiment was applied in the model. The 

boundary conditions are shown in Figure 5.1. The deformed shape of the SLB 

specimen after the application of the point load is shown in Figure 5.8.  

 

 

 

 

 

 

Figure 5.8 Deformed Shape of the SLB Specimen under Three-Point Bending 
 

When the point load was applied, the peel stresses at the crack tip were larger 

than the residual stresses observed after the cool down (Figure 5.9). 

 

 

 

 

 

 

 

 

Figure 5.9 Peel Stresses Due to Three-Point Bending 
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The energy release rate (ERR) at the end of both the steps was calculated by 

performing the J integral over a suitable contour (Figure 5.9). The mode mixity 

was calculated by using the CSD method described in Appendix A.  

 

The energy release rate due to residual stresses was about 30J/m2 and the 

mode mixity of the crack was about -40o. The ERR due to three-point bending 

varied non-linearly with the load and is listed Table 5.2. The mode mixity of the 

crack under three-point bending was -32o. The ERR at the end of curing were 

less than 20% of the ERR when the point load was applied. Therefore, the 

specimen is quite insensitive to the residual stresses. 

 

Table 5.2 Fracture Toughness of the SiN-NFU Interface – SLB Test 
 

 

 

 

 

 

 

 

 
As shown in Table 5.2, the mean fracture toughness of the NFU-SiN interface 

was 121.6J/m2.  

 

S No. Failure load (N) G (J/m2)
1 240 109.5
2 252 115.2
3 267 122.4
4 280 128.9
5 292 135.0
6 249 113.7
7 283 130.4
8 257 117.6

Mean 265 121.6
Std. Dev. 17.3 8.5
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5.3 Residual Stress Induced Decohesion (RSID) Test 

Thermal residual stresses are common in electronics packaging, primarily due to 

the processing of thermally mismatched materials under various temperature 

conditions.  If one were to tailor the materials, dimensions, and curing profiles, it 

would be possible to propagate delamination through the presence of residual 

stresses alone, without the need for external load.  Such a test will provide an 

easy way to measure the interfacial fracture toughness.  Since the test relies 

upon the residual stresses, rather than external loads to drive the delamination, 

there are no corrections to be applied to the measured fracture toughness.  The 

success of this test method, however, depends on the materials and the 

dimensions chosen to drive the delamination at the intended interface.  

 

[Choi and Kim, 1992] have studied the spontaneous interfacial decohesion of a 

thin polyimide film on a glass substrate under a uniform temperature change. 

[Shaffer, 1994] developed the Edge-Liftoff-Test (ELT) based on the same 

principle. [Im et al, 2000] modified the ELT and introduced an epoxy backing 

layer to increase the energy release rate experienced by the specimen under a 

given temperature change. However, the test requires the use of a cryo-stage to 

cool the temperature of the specimen to below -70oC. It has been reported that 

cohesive failure of the polymer layer could occur at low temperatures and the 

failure need not be purely interfacial. The test also relies on the delamination 

occurring due to biaxial stresses, which can complicate the analysis of the test. 

 



 

 

47 

In this chapter, the mode I fracture toughness of the NFU-SiN passivation 

interface is measured using an innovative test method. However, in order to 

prevent problems associated with crack face contact and cohesive cracking of 

the underfill, the residual stresses are tailored by using a polycarbonate 

superlayer. The polycarbonate material is stable up to 150oC and possesses a 

CTE of 70ppm/oC, which is higher than the CTE of the NFU material at room 

temperature. Therefore, when the specimen is cooled from the underfill cure 

temperature (150oC) to room temperature, the polycarbonate layer would have a 

tendency to peel the underfill layer away from the substrate. Further, since the 

CTE of silicon is quite low, the silicon strip is adhered to a steel bar, which has 7 

times the CTE of silicon. The cumulative effect of this setup is that the NFU and 

passivated silicon are pulled away from each other by the polycarbonate and 

steel layers respectively. 

 

5.3.1 Specimen Fabrication  

As mentioned above, the specimen consists of four layers comprising of four 

different materials – steel, silicon with SiN passivation, underfill and 

polycarbonate (Figure 5.10). The thickness of the steel layer was about 5mm 

while the underfill and silicon layers were each 0.5mm thick. The thickness of the 

polycarbonate layer varied from 0.8mm to 4mm. All the layers were 60mm long 

and 13mm wide. 
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Figure 5.10 Residual Stress Induced Decohesion Test 
 

The fabrication of the specimen was similar to the SLB test. The steel bar and 

silicon and polycarbonate strips were cleaned in an ultrasonically bath with 

isopropyl alcohol and were wiped using lint free cloth. Subsequently, the parts 

were baked for one hour at 125oC to drive out any moisture. The SiN passivated 

silicon strip measuring 60mm long x 13mm wide x 0.5mm thick was first adhered 

to the steel bar measuring 60mm long x 13mm wide x 5mm thick using a thin 

layer of adhesive, as shown in Step 1, Figure 5.11. A pre-crack in the form of a 

Teflon™ film, 15mm long x 13mm wide and 15�m thick was firmly pressed on the 

passivated face of the silicon strip as shown in Step 2, Figure 5.11.  This 

Teflon™ strip will serve as the starter crack and the length of the starter crack in 

all specimens was 15mm. As discussed under the SLB test, a spacer strip of 

40mm long x 13 mm wide and 0.5 mm thick was then placed on the silicon strip 

and a 10 mm dot of standard Araldite™ was placed at the far left side of the 
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specimen. The 60mm long, 13mm wide, and 0.8 – 4.0 mm thick polycarbonate 

strip was then placed on top supported by the spacer and the Araldite™ as 

illustrated in Step 3, Figure 5.11.   The entire assembly was then placed on a hot 

plate and Araldite™ dot was cured at 100oC  for about 10 minutes.  The curing 

temperature and time for Araldite™ were based on vendor specifications. Once 

the Araldite™ was fully cured, the spacer strip was removed carefully and the 

NFU material was dispensed in the gap between the polycarbonate layer and 

silicon and the NFU material filled the gap completely by capillary action. The 

assembly was placed in a hot air oven for 2 hours at 150oC to cure the underfill 

(Figure 5.11). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Fabrication of Residual Stress Induced Decohesion Test Specimen 
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5.3.2 Experimental Results 

The specimens were allowed to cool to about 35oC (ambient temperature) at less 

than 1oC per min. Due to the residual stresses that develop as the specimen 

cools down, it was found that the underfill-passivation interface had delaminated 

completely starting at the Teflon™ pre-crack. As mentioned earlier, several 

polycarbonate layers with different thicknesses were used.  It was seen that the 

all polycarbonate strips thicker than 0.8mm would provide enough energy to 

propagate the interfacial delamination. Figure 5.12 shows interfacial delamination 

in a specimen with 1mm thick polycarbonate strip. 

 

 

 

 

Figure 5.12 Residual Stress Driven Interfacial Delamination 
 

Since the ambient temperature in this particular lab (35oC) was higher than the 

normal room temperature (20-25oC), it was conjectured that the specimen with 

0.8mm thick polycarbonate layer did not witness enough temperature change to 

cause interfacial delamination. Therefore, it was decided to subject the samples 

with a 0.8mm thick polycarbonate layer to a larger temperature change. In order 

to prevent delamination due to a rapid change in temperature, the specimens 

were first cooled to about 35oC from the underfill cure temperature at less than 

1oC/min. Subsequently, in order to cool the specimens below the ambient 
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temperature, the specimens were placed on a steel block that had been cooled 

to about 5oC. A linear displacement sensor and a thermocouple were placed on 

top of the polycarbonate layer, exactly above the pre-crack (Figure 5.13). The 

linear displacement sensor would record any change in displacement as an 

equivalent change in voltage. The voltage from the linear displacement sensor 

and the temperature from the thermocouple were continuously monitored and the 

data was acquired using a computer aided data acquisition system.   

 

When the temperature dropped below 22oC, the delamination between the 

underfill and passivation propagated and the polycarbonate layer lifted up. Figure 

5.14 shows the plot of temperature of the polycarbonate layer against the voltage 

recorded by the linear displacement sensor. A sudden change in voltage from 

3.6V to 4.25V occurred at the same instant as the temperature dropped below 

22oC. The test was repeated for 7 specimens with 0.8mm thick polycarbonate  

strips and the interfacial delamination propagated when the temperature dropped 

to about 22-25oC (Table 5.4). 

 

 

 

 

 

 
Figure 5.13 Residual Stress Test Setup 
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Figure 5.14 Residual Stress Test - Temperature Vs. Voltage 
 

5.3.3  Extraction of Fracture Parameters 

A 2D finite element model of the residual stress induced decohesion test was 

developed in ANSYS and the energy release rate and the mode mixity were 

calculated for a temperature change experienced by the specimens in the actual 

test (Figure 5.15). The temperature dependent properties of the NFU material 

reported in Chapter 4 were used. In the mode, silicon, silicon nitride, steel and 

polycarbonate were specified as temperature independent linear elastic materials 

(Table 5.3). The cure temperature of the NFU material (150oC) was set as stress-

free temperature. Nodes along a 0.5mm length along the outer edge of the steel 

bar were constrained in X and Y directions in the model. A uniform temperature 

change corresponding to the experiment was applied. 
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Table 5.3 Material Properties 
 

 

 
 

 

 

Figure 5.15 Boundary Conditions in the Finite-Element Model 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.16 Peel Stresses Close to the Crack Tip 
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Figure 5.17 Vertical Displacement Due to Residual Stresses 
 

The peel stresses close to the crack tip are shown in Figure 5.16. The average 

voltage change due to the progress of delamination in the experiment was about 

0.6V, which translates to a mean displacement of 1.4mm for the sensor probe. 

From finite element modeling, the displacement of the tip of the polycarbonate 

layer was found to be about 1.65mm (Figure 5.17) for a temperature change of 

125oC. The smaller value in the experiment is due to the resistance offered by 

the sensor probe. 

 

The energy release rate for the test was found by performing the J integral along 

a suitable path around the crack tip (Figure 5.15). The ERR values for the test 

are shown in Table 5.4 The mode mixity was evaluated using the CSD method 

described in Appendix A and was -0.1o. The mean fracture toughness of the SiN-

NFU interface at a mode mixity of -0.1o is 77J/m2. 
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Table 5.4 Fracture Toughness of the SiN-NFU Interface – Residual Stress 
Induced Decohesion Test 

 

 

 

 

 

 

 

To ensure that the energy release rates determined through finite element 

models are in the same range as predicted by analytical models, certain 

simplified analytical models were used for calculating the interface fracture 

parameters.  One such model is due to [Suo and Hutchinson, 1990] where they 

have shown an analytical expression for energy release rate for crack 

propagation for a two-layer strip under thermal loading.  As the current test set-

up consists of four layers, certain simplifications were made to reduce it to two 

layers.  

 

The underfill and the polycarbonate have similar properties (high CTE and low 

modulus) (Table 5.3) and therefore, can be treated as a single layer.  On the 

other hand, silicon and steel have similar modulus of elasticity.  As the modulus 

of these two materials are close to each other and are nearly two orders of 

magnitude greater than underfill and polycarbonate, it is reasonable to treat them 

as a single material with a combined thickness of 5.5mm.  Between steel and 

S. No Temperature (C) �T (C) ERR (J/m2)
1 24 126 76.4
2 25.4 124.6 74.7
3 23.4 126.6 77.1
4 22.5 127.5 78.2
5 24.3 125.7 76.0
6 22.9 127.1 77.7
7 22 128 78.8

Mean 126.5 77.0
Std. Deviation 1.16 1.4
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silicon, as the thickness of steel is one order of magnitude greater than silicon, 

the properties of steel will dominate the interfacial delamination propagation, and 

therefore, calculations have been made with steel as the bottom layer with a 

combined thickness of 5.5 mm.  It should be stated that the purpose of these 

analytical calculations is to compare with the finite-element results and therefore, 

any simplifying assumption that leads to conservative estimate of the interfacial 

fracture toughness is acceptable.  Thus, when steel’s CTE is used in the 

analytical calculations, the results will be conservative, and as seen in Figure 

5.18, the results from the analytical solution are lower than the finite-element 

results.  The details of the analytical calculations are presented in Appendix B.  

The mode mixity based on the analytical solution increases from -1o and -1.3o as 

the polycarbonate layer thickness increases from 0.8mm to 4mm. According to 

the FEM solution, the mode mixity increases from -0.1o to 5.1o as the 

polycarbonate  layer thickness increases from 0.8mm to 4mm.  

 

 

 

 

 

 

 



 

 

57 

 

Figure 5.18 Effect of Polycarbonate Layer Thickness on ERR 
  

5.4 Discussion 

From the SLB test it was established that the mean fracture toughness of the 

underfill-passivation interface was about 120J/m2 at a mode mixity of -32o and as 

expected, the fracture toughness of the interface close to mode I was lower. Both 

the tests have their unique advantages. The SLB test is well suited to evaluate 

fracture toughness at different mode mixities. However, the residual stresses that 

occur during specimen fabrication have to be considered in the analysis of the 

specimen. The residual stress induced decohesion test, on the other hand, relies 

on residual stresses caused by temperature change to propagate the crack and it 

offers a unique way to evaluate the mode I fracture toughness of the interface. 

By changing the geometry or the materials involved in the test, it is possible to 
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achieve different mode mixities. However, rapid temperature changes must be 

avoided and the temperature must be measured as close to the crack tip as 

possible. The effect of temperature variation across the specimen could play an 

important role on the outcome of the test. In the test, both steel and silicon have 

higher thermal conductivity than the underfill or polycarbonate. This means that a 

temperature gradient across the underfill-passivation interface can occur and 

such gradients must be minimized. In order to get conservative estimates of the 

fracture toughness, the temperature on top of the polycarbonate layer was 

measured because it would be higher than the temperature at any other location 

in the same. A higher temperature would mean a smaller temperature change 

and hence smaller fracture toughness. In the actual test, the cooling rate after the 

specimen was placed on the cooled steel block was about 3oC/min, which is not 

a thermal shock. At any point during the test, the temperature of the steel block 

was about 5oC less than the temperature of the polycarbonate layer. This is 

comparable to the variation in temperature at which the delamination propagated. 
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CHAPTER 6 

COHESIVE ZONE MODELING 

 
6.1 Introduction 

Conventional fracture mechanics needs a pre-existing crack and extensive 

calculations for mode mixity calculations when applied to interfacial problems. As 

an alternative, the cohesive zone modeling (CZM) of this problem has been 

explored in this research and the details are presented in the following 

paragraphs. The 2D models were developed using ANSYS 7.1 and some of the 

limitations that arise due to this restriction are discussed.  

 

Linear elastic fracture mechanics suggests that the stresses are singular at the 

crack tip. Infinite stresses cannot be physically sustained by the material and are 

alleviated by the occurrence of damage in the material surrounding the crack tip. 

In metals, this damage results from void formation and coalescence due to 

plastic deformation. In polymers, the molecular chains slide past each other in a 

manner similar to dislocation motion in metals and leads to permanent damage. 

In brittle materials, the damage is due to the formation of micro-cracks, which 

reduces the energy available for crack growth. Though the actual mechanism of 

the process is different, the stresses in all these cases are lowered due to the 

damage occurring ahead of the crack tip. The region around crack tip in which 

this damage occurs is known as a cohesive zone. The extent of this zone 

depends on the material/interface [Anderson, 1995; Feng and You, 1996].  
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The use of models having a cohesive zone or a damage zone is becoming more 

and more popular in the simulation of fracture processes [Zou et al, 2003; 

Petrossian et al, 1998; Needleman, 1988; Mohammed et al, 2000; Rahul Kumar, 

1999; Borg et al, 2001]. The use of cohesive zone models dates back to 

[Dugdale, 1962] and [Barenblatt, 1960] who used it to estimate the extent of 

plastic deformation in ductile materials. In brittle materials, a similar damage 

zone does exist, although smaller in size [Wang and Shen, 1993].  

 

 

 

 

 

Figure 6.1 Cohesive Zone 
 

The fundamental feature of a CZM is to incorporate cohesive interface elements 

ahead of the crack tip and accurately predict the propagation of the crack based 

on the deformation occurring in the damage/cohesive zone (Figure 6.1). A well-

defined cohesive law relates the traction and displacement for the interface 

element. When the area under the traction-displacement curve equals the critical 

fracture energy, the tractions reduce to zero and the crack is said to have 

progressed. Various traction-displacement laws have been explored – 

cubic/exponential [Needleman, 1989], bilinear [Reedy et al, 1997; Mi et al, 1998], 

trapezoidal [Tvergaard et al, 1992] and perfectly plastic [Cui et al, 1993] (Figure 

6.2). The cohesive interface elements can be implemented ahead of a pre-
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existing crack as well as in regions where there is no pre-existing crack.  In other 

words, the CZM can be used to study not only crack propagation but also crack 

initiation. 

 

 

 

 

 

 

Figure 6.2 Traction Displacement Curve Used by [Cui et al, 1993] 
 

With the advent of high speed computing, the implementation of CZM has 

become considerably easier. In the finite element models, the future path(s) of 

the crack are laced with non-linear spring like elements, which obey a given 

traction-displacement law. These elements have zero thickness and exist 

between coincident nodes that move away as the load is applied. The maximum 

traction that can be sustained by these elements is related to the strength of the 

material/interface in which the crack exists [Tomar et al, 2004]. The parameters 

that define the traction-displacement law are derived by matching modeling 

results to available interfacial decohesion experimental data. Since the fracture 

toughness of the underfill-passivation interface was measured using the Residual 

Stress Induced Decohesion (RSID) test and Single-Leg Bending (SLB) test, the 

cohesive law parameters were extracted from these same experimental data. 
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The cohesive zone element is represented as non-linear spring element with a 

multi-linear traction-displacement law, which can include softening. These 

elements are placed between coincident nodes and have one displacement 

degree of freedom, either in the normal (Y) or in the tangential direction (X). In a 

mixed-mode problem, both normal and tangential displacements have to be 

accounted for, and in such cases, two springs can be used between the same 

pair of coincident nodes. One spring acts in the tangential direction while the 

other spring acts in the normal direction. The behavior of the springs is non-linear 

elastic and though the traction law includes softening, the damage is only 

notional. When the springs are unloaded, they retrace the traction law in the 

reverse direction without any hysterisis. 

 

In the published literature, a single variable λ usually defines the state of the 

interface element in a mixed mode problem. λ is usually defined as, 
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The traction-displacement law for the interface element is specified between the 

non-dimensional λ and interfacial stress. The trapezoidal law developed by 

[Tvergaard and Hutchinson, 1992] (Figure 6.3), the triangular laws used by [Borg 

et al, 2003] and [Tomar et al, 2004] are good examples.  As seen, the interface is 

assumed to have broken when λ reaches unity and the cohesive element can no 

longer sustain traction. This implies that the failure of the interface, i.e., the 

progression of the crack will take place when λ reaches unity. This also means 

that the individual displacements in the two directions need not reach their critical 

values in order to cause failure.  It should be pointed out that although the term 

“traction-displacement” is used to describe the cohesive element behavior, it is 

usually represented as “stress vs. non-dimensionalized displacement” as shown 

in Figures 6.3. 

 

 

 

 

 

 

 

 

 

Figure 6.3 Trapezoidal Traction-Displacement Law 
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6.2 Derivation of the Cohesive Law 

The cohesive law parameters are derived by fitting the results from the residual 

stress induced decohesion (RSID) test and the single-leg bending (SLB) test, 

described in Chapter 5. Since the mode mixity for the RSID test was -0.1o, only 

one spring acting in the normal direction was used in the model. However, for the 

SLB test, the mode mixity was close to -32o and hence both normal and 

tangential springs were used.  A triangular traction-displacement law was used 

(Figure 6.4). The point of maximum interfacial stress was defined by parameter 

�1, as seen in Figure 6.4. Since the NFU-SiN interfacial fracture toughness was 

characterized at room temperature, which is much lower than the glass transition 

temperature of the NFU material, it is reasonable to expect very little softening 

behavior. Therefore, �1 was kept constant at 0.95 in all the models. The same 

shape of the traction-displacement law was used for both the normal and 

tangential springs though the critical tangential and normal parameters were 

different. The area under the curve equals the critical energy release rate for the 

particular mode. 

 

 

 

 

 

 

Figure 6.4 Triangular Traction-Displacement Law 
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6.2.1 Characterization of Normal Cohesive Element using RSID Test 

The RSID test was used to measure the mode I fracture toughness of the NFU-

SiN interface. Therefore, in the cohesive zone model of the test, springs acting in 

the normal direction were introduced in the cohesive zone.  

 

The peel stresses at the NFU-SiN interface in the RSID test were tensile to an 

extent of 0.2mm from the crack tip (please refer to Figure 5.15, Chapter 5) and it 

was assumed that the damage would be restricted to this region. Therefore, 

cohesive elements were introduced along this region between coincident nodes 

at the NFU-SiN interface. As the load is applied, the cohesive elements act as 

non-linear springs coupling NFU and SiN solid elements across the crack face.  

 

In ANSYS, the traction-displacement law for the non-linear spring elements had 

to be specified in force and displacement units. Therefore, the critical interfacial 

stress had to be translated into a critical traction for the spring element. This was 

done by using the technique of weighted element area employed by [Borg et al, 

2001]. In the 2D model, the weighted area for each spring element equals the 

product of the width of the specimen and the distance between two adjacent 

spring elements. It is important to note that all of the normal springs in cohesive 

zone had the same magnitude of critical normal stress and critical normal 

displacement. For this simulation, the distance between adjacent springs was 

maintained at 2.5�m. 
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Boundary conditions and material properties were the same as the RSID test 

described in Chapter 5. A uniform temperature change from NFU cure 

temperature (150oC) to room temperature (25oC) was simulated. The 

propagation of delamination was said to occur when the spring, closest to the 

crack tip is at the point of failure. Since the delamination in the RSID propagated 

under the uniform temperature change, the problem is reduced to finding the 

value of critical normal interfacial traction that would cause the spring closest to 

the crack tip to fail. Two criteria could be used to determine the cohesive law 

used for the springs: 1) the energy release rate associated with the breaking of 

the first spring closest to the crack tip and this value should be close to the 

experimentally measured mode I fracture toughness.  2) � should approach 1 for 

the first spring closest to the crack tip, and this is consistent with the definition 

given in equation 6.1.   

 

Using these two criteria, the cohesive law for the normal springs was obtained 

are: 

un
c = 2.6µm 

�n = 55MPa 

It may be pointed out that the area under the traction-displacement law (Figure 

6.3) equals the mode I critical energy release. In other words, 

c
nny uσ

2
1=Γ  

nσ  is the critical normal interfacial stress 
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c
nu  is the critical normal displacement 

yΓ  is the Mode I fracture toughness 

 

6.2.2 Characterization of Tangential Cohesive Element using SLB Test 

Now that the normal cohesive element has been characterized, the tangent 

cohesive element was characterized using the SLB test.  The SLB test was used 

to evaluate the fracture toughness of the NFU-SiN interface at a mode mixity of -

32o. Since this is a mixed-mode problem, two springs between the same pair of 

coincident nodes were introduced. The extent of cohesive zone for this test was 

found to be 4mm (please refer to Figure 5.9, Chapter 5). The normal springs 

were represented with the cohesive law obtained from the RSID test. In order to 

calibrate the tangential springs, either the mode II fracture toughness or the 

critical tangential interfacial stress needs to be known. Following [Mohammed 

and Liechti, 1999], who also use two separate springs to handle the mixed-mode 

problem, the critical tangential interfacial stress was set to be equal to the critical 

normal interfacial stress. As mentioned earlier, for the propagation of mixed-

mode crack, the individual displacements in the two directions need not reach 

their critical values. 

 

The boundary conditions and material properties for the cohesive zone model of 

the SLB test are the same as shown in Chapter 5. As in the previous case, the 

distance between adjacent springs was maintained at 2.5�m. In order to achieve 

parity with the fracture mechanics analysis of the SLB test, the temperature 
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change from the NFU cure temperature (150oC) to room temperature (25oC) was 

first simulated. As before, two criteria could be used to determine the cohesive 

law used for the springs: 1) the energy release rate associated with the breaking 

of the first pair of normal and tangential springs closest to the crack tip and this 

value should be close to the experimentally measured mixed-mode fracture 

toughness.  2) � should approach 1 for this first pair of normal and tangential 

springs closest to the crack tip, and this is consistent with the definition given in 

Eqn. 1.  Using these two criteria, the critical tangential displacement was 

obtained as 6.3µm.  

 

The uniqueness of the CZM parameters that were deduced in this chapter cannot 

be asserted due to the limited number of experiments from which the parameters 

were derived. In open literature, there are a number of approaches to CZM 

leading to equally different results. While many of them claim that the CZM 

parameters that were deduced worked well when extrapolated, it is difficult to use 

the same set of parameters in another work, though applied to the same material 

system.  

 
The objective of this work was to explore the possibility of using CZM for 

modeling underfill delamination. The development of sophisticated finite-element 

code for the interface element behavior was beyond the scope of this work. 

Therefore, commercially available finite-element code, ANSYS was used. As a 

consequence, the cohesive modeling approach presented here is different from 

the approach usually presented in open literature where cohesive zone models 
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are developed using special finite-element routines. Nevertheless, the cohesive 

zone model developed here is used in Chapter 8 to predict the delamination 

behavior of a flip chip assembly under monotonic loading.  
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CHAPTER 7 

EXPERIMENTAL CHARACTERIZATION OF FATIGUE CRACK 

PROPAGATION 

 

In addition to interfacial crack propagation under monotonic load, it is necessary 

to study the interfacial crack propagation under cyclic or fatigue loading.  This is 

because the underfill in flip-chip assemblies typically delaminates after a few 

hundred thermal cycles and such delamination propagates with thermal cycling.    

Once the delamination starts to grow, the underfill is no longer able to provide its 

intended mechanical support to the solder bumps, and the solder bumps could 

crack and fail prematurely.  Therefore, it is important to study the growth of 

underfill delamination under fatigue loading, and it is equally important that the 

characterization is done using thermo-mechanical loads, not mechanical fatigue 

loads at room temperature. Such a characterization is especially important for a 

novel nano-filled underfill material. In this chapter, a model for the growth of NFU 

delamination under thermo-mechanical fatigue loading is developed. 

 

7.1 Experiment 

Typical fatigue crack propagation studies involve the use of an optical system to 

monitor crack growth under fatigue loading [Xie, 2001]. Such tests are usually 

conducted at room temperature and use mechanical fatigue loads, and do not 

account for the effect of temperature on crack propagation. In this work, the 

interface crack propagation was studied using thermo-mechanical fatigue loading 
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on a test specimen representative of flip-chip assemblies in terms of materials, 

and dimensions. 

 

The test specimen consists of three layers – a microscopic glass slide measuring 

76mm long x 25mm wide x 1mm thick, an underfill layer and a SiN passivated 

silicon strip measuring 40mm long x 5mm wide x 0.5mm thick (Figure 7.1). The 

glass slide and the silicon strips were cleaned in an ultrasonic bath of isopropyl 

alcohol and wiped clean using lint free cloth. Subsequently, they were baked for 

one hour at 125oC to get rid of any moisture that may be present.  

 

 

 

 

 

 

 

 

 

Figure 7.1 Fatigue Testing Specimen 
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Figure 7.2 Fatigue Specimen Fabrication 
 

First, 5mm long, xxx wide, and 15�m thick Teflon™ strips were placed on both 

edges of the silicon strip as pre-cracks (Step 1 in Figure 7.2) by firmly pressing 

by hand. The silicon strip was placed on the glass slide by using 0.15mm thick 

microscopic cover slips as supports. The setup was placed on a hotplate about 

100oC and the NFU was dispensed carefully between the silicon strip and the 

glass slide (Step 2 in Figure 7.2). The NFU filled the gap between the glass slide 
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and silicon strip by capillary action. Care was taken to ensure that the underfill 

did not touch the cover slips. It must also be noted that the underfill covered a 

part of the pre-crack extents at either end (Figure 7.2). The setup was placed in a 

hot air oven at 150oC for 2 hours to cure the underfill. Subsequently, the cover 

slips were removed and the underfill was dispensed in their place (Step 3 in 

Figure 7.2). The setup was again placed in a hot air oven at 150oC for 2 hours to 

cure the additional underfill dispensed near the edges. Care was taken to ensure 

that there were no underfill fillets along the edges of the assembly as fillets tend 

to crack during thermal cycling tests and delamination would be initiated from the 

sides of the specimen.  Four underfill thicknesses (0.15mm, 0.3mm, 0.45mm and 

0.6mm) were considered in this study using appropriately-sized cover slips and 

two samples for each underfill thickness  were fabricated. 

 

7.2 Results 

The specimens were subjected to air to air thermal shock testing between -55oC 

and 125oC with a dwell of five minutes at each extreme. The underfill-passivation 

interface was scanned using C mode scanning acoustic microscopy (CSAM) 

after every 300-500 cycles to monitor the progress of delamination (Figure 7.3). 

Since the nano-filled underfill was transparent, the extent of delamination could 

be seen from the bottom (glass) side as well (Figure 7.4). In the absence of 

delamination, light is reflected from the underfill-passivation interface. However, 

in the presence of delamination, there are two reflections – one from the underfill 

and one from the passivation surface. The resulting interference between the two 
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reflections becomes clear as the specimen is inspected optically by slightly tilting 

the specimen. This is shown in the right hand side picture of Figure 7.4. 

 

 

 

 

 

 

 

 

 

Figure 7.3 Progress of Delamination 
 

 
 
 

 

 

 

 

Figure 7.4 Optically Visible Delamination 
 

7.3 Analysis 

A 2D, half-symmetric finite-element model of the fatigue test specimen was 

developed in ANSYS (Figure 7.5). The mesh close to the crack tip was 

particularly fine (Figure 7.5) and quarter-point elements were used at the crack 
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tip to simulate the singularity. The right edge of the specimen was constrained in 

the X direction and one node at the bottom right corner was constrained in the Y 

direction as well (Figure 7.5). Contact elements were introduced between the 

crack faces to prevent interpenetration during the simulation of thermal shock 

testing [Figiel and Kaminski, 2003]. The temperature dependent properties of the 

NFU material, reported in Chapter 4, were used. Glass, silicon and silicon nitride 

passivation were all considered as temperature independent linear elastic 

materials (Table 7.1). The cure temperature of the underfill material (150oC) was 

considered as the stress-free temperature for the model.  

 

 

 

 

 

 

 

 

Figure 7.5 Finite Element Model of the Fatigue Specimen 
 

Table 7.1 Material Properties 

 

 

 

Material Elastic Modulus (GPa) Poisson's Ratio CTE (ppm/C)
Steel 210 0.32 16
Silicon 170 0.26 2.3
Silicon Nitride 300 0.25 2.8
Glass 62.75 0.2 3.3
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A thermal shock cycle between -55oC and 125oC was simulated for all the 

thicknesses of the underfill layer used in the experiment. The peel stresses close 

to the crack tip at -55oC for an underfill thickness of 0.15mm are shown in Figure 

7.6. The energy release rate (ERR) was calculated at both the extreme 

temperatures of the cycle by performing the J integral around a suitable contour 

(Figure 7.6) 

 

 

 

 

 

 

 

 

 

 

Figure 7.6 Peel Stresses Around the Crack Tip at -55oC 
 

The mode mixity of the crack was evaluated at both the extreme temperatures 

using the CSD method described in Appendix A. Table 7.2 lists the ERR and 

mode mixity values for the different thicknesses of the underfill layer.  
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Table 7.2 Energy Release Rate and Mode Mixity in Fatigue Testing 
 

 

To ensure that the energy release rates determined through finite element 

models are reasonable, the analytical solution due to [Gaudette et al, 2000] was 

used to predict the range of energy release rate in the fatigue test specimen for a 

temperature change from -55oC and 125oC. This three-layer solution is 

applicable to cases where the outer two layers are made of the same material 

and the middle layer is made of a different material, and the crack is assumed to 

exist between the top two layers similar to the silicon and underfill in the fatigue 

test specimen. However, as the analytical solution assumes that two layers 

sandwiching the middle layer are made of the same material, the analytical 

model differs from the current test specimen where the top layer is silicon and the 

bottom layer is glass. Glass and silicon have very similar CTE while the elastic 

modulus of silicon is about 2.5 times that of glass (Table 7.1). In order to 

compare the results of the finite element model with the analytical solution, two 

cases were studied using the analytical solution. In the first case, silicon was 

assumed to exist on either side of the underfill layer (labeled ‘G Si’ in Figure 7.7) 

and in the second case, glass was assumed to exist on either side of the underfill 

layer (labeled ‘G Glass’ in Figure 7.7). It is important to note that the thickness of 

Underfill 
Thickness (mm) -55C 125C �G -55C 125C %��

0.15 3.01 0.06 2.95 -70.1 -67.6 4%
0.3 12.18 0.23 11.95 -63 -58.7 7%

0.45 20.91 0.40 20.51 -57.2 -53.5 6%
0.6 43.12 0.82 42.30 -51 -49.4 3%

Energy Release Rate Mode Mixity
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the silicon replacing the glass substrate in the first case is the same as the 

thickness of the glass substrate. Similarly, the thickness of the glass replacing 

the silicon in the second case is the same as the thickness of silicon. As seen in 

Figure 7.7, the finite-element solution predicts a similar dependence for �ERR on 

the thickness of the underfill layer. 

 

Figure 7.7 Comparison Between Finite-Element Model and Analytical Model 
 

While the analytical solution agrees with the FEM solution well, the energy 

release rate for a specimen with glass on either side is higher than a specimen 

with silicon on either side. Since the elastic modulus of silicon higher than that of 

glass, the energy release rate of a specimen with silicon on both sides is 

expected to be higher under a uniform temperature change. In fact, the analytical 

solution for a crack between two layers [Suo and Hutchinson, 1990] used to 
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analyze the residual stress test in Chapter 5 shows increase in energy release 

rate with increase with elastic modulus or CTE of one of the layers (Appendix B). 

 

The reason for this anomaly in the result can be explained as follows. The elastic 

modulus has opposite effects on cracked and uncracked bimaterial strips. The 

energy release rate (ERR) of a cracked specimen increases with increase in 

elastic modulus. However, in an uncracked strip, a higher elastic modulus means 

smaller radius of curvature and hence lower compliance. Since the analytical 

solution assumes that the materials on either side of the underfill layer are the 

same, an increase in elastic modulus of that layer causes two competing effects. 

The ERR increases in the cracked part and at the same time, the overall ERR 

decreases due to reduced compliance of the uncracked part. 

 

Just as the analytical solution, the finite element model also showed that both the 

mode mixity and the ERR were independent of the crack length. This is very 

useful because the conditions for crack propagation do not change as the crack 

propagates and the rate of crack propagation can be calculated based on the 

crack lengths that are more than a few hundred cycles apart. 

 

Since each specimen had two crack fronts and two specimens were cycled for a 

given thickness of underfill, a total of four data points were obtained for the extent 

of delamination for a given value of �G. From the extent of delamination for each 

crack front, the rate of crack propagation (
dN
da

) was obtained based on a least 
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square fit (Figure 7.8). A good linear fit was obtained for the rate of crack 

propagation.  

 

Figure 7.8 Rate of Crack Propagation 
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Figure 7.9 Paris Law for Underfill Delamination 
 

 

[Xu et al, 2004] have fit a similar law for underfill delamination propagation based 

on testing of flip chip packages and according to their work, the exponent in the 

Paris law is around 0.60 and the pre-exponential constant is 4.0x10-5. The values 

for the exponent and the pre-exponent constant in the present work are higher 

because samples were subjected to thermal shock cycles between -55oC and 

125oC whereas [Xu et al, 2004] have employed a thermal cycling test. In the 

present thermal shock tests, it took about 90 seconds for the temperature to 

change between the extremes whereas it took about 5 minutes for thermal 

cycling tests [Xu et al., 2004]. 
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The fatigue crack propagation at the NFU-SiN interface was characterized using 

a thermo-mechanical test and a Paris law was fitted to the experimental results. 

Together with the fracture toughness of the interface, evaluated in Chapter 5, the 

integrity of NFU-SiN interface in actual flip chip assemblies can be studied. 
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CHAPTER 8 

RELIABILITY OF FLIP CHIP ASSEMBLIES WITH NANO-FILLED 

UNDERFILL MATERIAL 

 

Flip chip assemblies underfilled with the NFU material under typical accelerated 

thermal cycling tests in important to qualify the NFU material for commercial use. 

In this chapter, the reliability of flip chip assemblies with the NFU material is 

assessed under a thermal shock test between -40oC and 125oC and the 

delamination occurring at the NFU-SiN passivation interface is monitored. Finite-

element models of the flip chip assembly are developed and the results are 

correlated to the interfacial fracture studies reported in Chapters 5, 6 and 7.  

 

8.1 Experiment 

A total of 30 flip chips measuring 5mm x 5mm x 0.5mm were assembled on a 

6.5mm x 6.5mm x 1.5mm FR4 substrate (Figure 8.1). There were 88 solder 

bumps along the periphery of the chip and the bump pitch was 200�m. The no-

flow assembly process with a standard eutectic-solder reflow profile was used to 

assemble the chip using the NFU material. To ensure that the underfill is fully 

cured, the flip chip assemblies were placed in a hot oven for one hour at 150oC 

after the reflow process. 
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Figure 8.1 Test Vehicle 
 

As a baseline, the underfill-passivation interface was scanned using CSAM 

immediately after assembly and no voiding or delamination was detected. The 

solder joints in the flip chip were daisy-chained and the electrical resistance of 

the solder joints can be monitored via the test pads. The flip chip assemblies 

were tested in air-to-air thermal shock between -40oC and 125oC. The packages 

were held at the extreme temperatures for 10 minutes during each cycle. The 

samples were inspected under C-mode Scanning Acoustic Microscopy (CSAM) 

for delamination between the underfill and passivation at regular intervals. The 

electrical resistance of the solder joints was also monitored. Since the 

assemblies had to be dipped in water for CSAM, the assemblies were baked for 

2 hours at 125oC before the resumption of thermal shock testing. This was done 

to remove any moisture that may have seeped in during CSAM. 

 

Cracks in underfill fillets were observed after 1000 cycles of testing (Figure 8.2). 

It is believed that these cracks later lead to delamination of the passivation-
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underfill interface. After 1000 cycles, all the flip chip assemblies were electrically 

continuous and there was little delamination along the passivation-underfill 

interface. The solder joints in the flip chip assemblies started failing by 1200 

cycles and by 1800 cycles, all the flip chip assemblies were electrically open. At 

this point, there was a significant amount of delamination at the underfill-

passivation interface, mostly starting from the corner of the chip as seen in 

Figure 8.3. Due to the no-flow assembly process, the corner of the chips had 

very thin fillets unlike the edges. Fillets are known to offer protection against 

premature underfill delamination [Mahalingam, 2001]. Added to the thin fillets, the 

stress concentration caused by the chip corner resulted in the underfill-

passivation delamination starting at the corner.  

 

 

 

 

 

 

 

 

 

Figure 8.2 Underfill Fillet Cracking 
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Figure 8.3 Delamination of the Underfill-Passivation Interface 
 
 

8.2 Analysis of Delamination in Flip Chip Assembly 

A half-symmetric 2D plane stress model of the flip chip test vehicle was 

developed in ANSYS (Figure 8.4). The left edge of the model was constrained in 

the X direction and one node at the left bottom edge of the model was 

constrained in the Y direction as well (Figure 8.4). The crack was assumed to 

exist at the NFU-SiN passivation interface with complete separation of the chip-

fillet interface. Quarter-point elements were used at the crack tip to simulate the 

singularity and an initial crack length of 3�m was used (Figure 8.5) [Anderson, 

1995]. The temperature dependent properties of the underfill material, presented 

in Chapter 4, were used. Eutectic solder was modeled as an isotropic, elastic-

plastic material obeying the bilinear kinematically hardening law (Figure 8.6) and 

the FR4 substrate was modeled as a linear orthotropic material. Silicon, silicon 

nitride and the solder mask were modeled as linear elastic materials (Table 8.1). 

Except the solder and NFU material, all the other materials were specified with 

temperature independent properties. Since the flip chip assembly was placed in a 
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hot air oven at 150oC for two hours to completely cure the NFU material, this 

post-cure temperature was taken as the stress-free temperature for the analysis.  

 

 

 

 

 

 

Figure 8.4 Finite Element Model of Flip Chip Assembly 
 

 

 

 

 

Figure 8.5 Model of Underfill Delamination 
 

 

 

 

 

 

 

 
Figure 8.6 Elastic-Plastic Properties of Eutectic Solder 
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Table 8.1 Material Properties 
 

 
8.2.1 Monotonic Loading 

A uniform temperature decrease from the underfill cure temperature (150oC) to 

room temperature (25oC) was first simulated. The energy release rate was 

evaluated by performing the J integral along a suitable contour. The mode mixity 

was evaluated using the CSD method described in Appendix A. The energy 

release rate and mode mixity for the uniform temperature change was 0.7J/m2 

and 48o respectively. This is much smaller than even the mode I fracture 

toughness of the NFU-SiN interface. Therefore, the NFU-SiN interface will not 

delaminate due to the residual stresses that develop as the flip chip cools down 

to room temperature after the assembly process.  

 

In the same model, normal and tangential cohesive elements were introduced 

ahead of the crack tip. The cohesive law parameters that were calculated in 

Chapter 6 were employed and a uniform temperature decrease from 150oC to 

25oC was simulated. The energy release rate associated with the spring closest 

to the crack tip was evaluated as 5.04J/m2, which is much lower than even the 

mode I fracture toughness of the NFU-SiN interface. Like conventional fracture 

mechanics, the cohesive zone model of underfill delamination indicates that 
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interfacial delamination will not propagate even under large monotonic changes 

in temperature. However, this value is higher than the value predicted by 

conventional fracture mechanics. The CZM parameters were derived from two 

fracture toughness tests, one at mode I and another at mode mixity close to -32o. 

Clearly, when extrapolated to larger mode mixities, the CZM parameters do not 

perform as well as linear elastic fracture mechanics. 

 

8.2.2 Fatigue Loading 

In order to understand the propagation of delamination under fatigue loading, a 

thermal shock cycle between -40oC and 125oC was simulated on the finite-

element model developed earlier. Contact elements were used between the 

crack faces to prevent interpenetration during the simulation [Figiel and Kaminski, 

2003]. The mode mixity at the two extreme temperatures was calculated using 

the CSD method, described in Appendix A. The mode mixity was calculated 

using the CSD method and was found to be 49.2o and 47.1o at -40oC and 125oC 

respectively and this is slightly higher than the mode mixity of the delamination 

studies in the fatigue test. The energy release rate (ERR) was calculated by 

performing the J integral around a suitable contour and the range of ERR (�G) 

was calculated as the difference between the ERR at the two extreme 

temperatures. The ERR was found to be 1.6J/m2 and 0.03J/m2 at –40oC and 

125oC respectively.  
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According to the Paris law developed in Chapter 7, the rate of crack propagation 

for a �G of 1.57J/m2 is 0.86�m per cycle. At this rate, the crack length at the end 

of 1800 cycles would be 1.54mm. Assuming the delamination grows in a circular 

shape where the radius is defined by the crack length (Figure 8.7), the extent of 

delamination at the end of 1800 cycles is about 30% of the chip area. The extent 

of delamination in the flip chip assemblies that were tested under thermal shock 

varied between 2 and 25% and the average extent of delamination was about 7% 

of the total chip area (Figure 8.8). The Paris model predicts much faster 

delamination in actual flip chip packages. 

 

 

 

 

 

 

 

 

Figure 8.7 Growth of Delamination in Flip Chip Assembly 
 

 

 

 

 

 

 

Crack length 

Substrate 

Chip 



 91 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8.8 NFU-SiN Interfacial Delamination in Flip Chip Assemblies 
 
 

Unlike the flip chip assembly, the finite-element model assumes the presence of 

initial delamination. In the actual flip chip assemblies, it took about 1000 cycles 

for the delamination to initiate and this is not accounted in the prediction based 

on the Paris law. Therefore, the delamination in the flip chip assemblies 

propagated only over 800 cycles and not for the entire duration of 1800 cycles 

and the crack length of at the end of 1800 cycles would then be 0.68mm, which 

translates to a delamination of about 6% of the chip area. When compared to the 

flip chip assemblies, this is a reasonable estimate of the extent of delamination. 
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CHAPTER 9 

GUIDELINES FOR UNDERFILL DESIGN 

 

In the previous chapters, the behavior of the underfill-passivation interface under 

monotonic and fatigue loading was studied. It was shown that while the 

delamination may not progress under monotonic loading, it may delaminate 

under thermal cycling. Based on the experiments and models developed thus far, 

general guidelines for NFU material design are developed and presented in this 

chapter.  

 

9.1 Interfacial Delamination 

In this chapter, different types of delamination occurring in flip chip assemblies 

are studied using finite-element models and the effect of underfill material 

properties is emphasized (Figure 9.1). In particular, three delamination patterns 

were analyzed: 

a) A crack along the chip-fillet interface 

b) A crack along the underfill-passivation interface with complete separation 

at the chip-fillet interface (called L crack) 

c) A crack only along the underfill-passivation interface (called corner crack) 

 

The 2D model consisted of the diagonal section of a peripheral array, 5mm x 

5mm flip chip assembled on a 6.5mm x 6.5mm, 1.5mm thick FR4 substrate 

(please refer to Figure 8.4, Chapter 8). The parameters of interest were the 
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energy release rate (ERR) and mode mixity of the crack, and were evaluated 

using the J integral and the CSD method respectively (Appendix A). Plane stress 

conditions were assumed to give conservative estimates of ERR. Half-symmetry 

boundary conditions as shown in Figure 8.4 in Chapter 8 were considered.  

 

Solder was considered as an isotropic, temperature dependent elastic-plastic 

following the bilinear kinematically hardening law for plasticity. The substrate 

material, FR4, was modeled as a linear orthotropic material. Silicon, silicon 

nitride and solder mask were considered as temperature independent linear 

elastic materials  (please refer to Table 8.1, Chapter 8). 

 

 

 

 

 

 

 

Figure 9.1 Delamination Patterns 
 

The cracks lengths were normalized to the maximum length of the crack that was 

possible. Three levels of underfill modulus – 3, 6 and 9GPa and three levels of 

underfill CTE – 25, 50 and 75ppm/oC were simulated. For all the models, the post 

cure temperature of the NFU material (150oC) was taken as the stress free 
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temperature for the model. In order to simulate the worst case, a temperature 

change from 150oC to –55oC was studied. 

 

9.2 Chip-Fillet Interface 

Figure 9.2 shows the model of a crack between the underfill fillet and the vertical 

edge of the chip. The energy release rate (ERR) for the chip-fillet crack increases 

with increase in modulus and CTE (Figure 9.3). While the dependence on 

modulus appears to be linear, the dependence on CTE is non-linear. This is 

expected since the energy release rate depends using on the square of the load, 

which is proportional to ���T [Gurumurthy et al, 1998b]. The effect of underfill 

material properties on the mode mixity at the chip fillet interface is shown in 

Figure 9.4. Unlike the energy release rate, the pre-dominant effect here is one of 

the crack length itself. As the crack opens, it approaches mode I and as it was 

shown in Chapter 5, the mode I fracture toughness is usually smaller than the 

mode II fracture toughness. While it may seem that the crack would get arrested, 

the mode mixity of the crack and hence the fracture toughness decrease with 

crack length. Therefore, the crack can continue to grow even though ERR 

decreases. 

 

 

 

 

 

Figure 9.2 Finite Element Model of the Chip-Fillet Crack 
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Figure 9.3 Effect of Underfill Properties on the ERR for the Chip-Fillet Crack 
 

 

 
 
 

Figure 9.4 Effect of Underfill Properties on the Mode Mixity for the Chip-Fillet 
Crack 
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9.3 Crack Deflection 

Once the crack grows through the entire length of the chip-fillet interface, there 

are many paths the crack can deflect into. Five such options, θ = 0o, 45o, 90o, 

135o and 180o, were explored (Figure 9.5) and the energy release rate and mode 

mixity in all these cases were calculated. It is to be noted that in four of the five 

options investigated, the crack changes from being an interfacial crack into a 

crack purely in the underfill material. For these cases, calculation of ERR and 

mode mixity was achieved through the displacement extrapolation method built 

within ANSYS. The underfill modulus and CTE were 6GPa and 50ppm/oC 

respectively for all the simulations. The crack length in all the directions was 

assumed to be 50µm and a temperature change from 150oC to –55oC was 

applied to the model in all the cases. 

 

The ERR for the five options are shown in Figure 9.6. The criterion for crack 

deflection suggested by [He et al, 1989] is that between two options, A and B, for 

the crack to grow into, the crack would deflect into path A if the following criterion 

were satisfied.  

B
c

A
c G

G
G

G ][][ >  where 

G  is the energy release rate and cG is the critical energy release rate for that 

path. 
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Figure 9.5 Paths for Crack Deflection 
 

Based on this criterion, it seems most likely that the crack would get deflected 

into the underfill-passivation interface as is normally observed in flip chip 

assemblies. 
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Figure 9.6 Comparison of ERR for Different Crack Paths 
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9.4 L Crack  

The effect of underfill properties on the ERR for the L crack is shown in Figure 

9.7. It is clear that the ERR is not as high as the previous case. Higher underfill 

CTE leads to higher ERR. However, there is not a strong effect of the modulus of 

the underfill material. The ERR seems to increases steadily with the crack length 

as well. The mode mixity for all cases varies between 45 and 55 degrees and 

there is no clear trend in terms of the underfill properties or the crack length 

(Figure 9.8).  

 

 

 

 

 

 

 

 

 

 

 

Figure 9.7 Effect of Underfill Properties on the ERR for the L Crack 
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Figure 9.8 Effect of Underfill Properties on the Mode Mixity for the L Crack 
 

9.5 Corner Crack 

The effect of underfill properties on ERR for the corner crack is shown in Figure 

9.9. Compared to the L crack configuration, the corner crack is less prone to 

delamination because the entire length of the chip-fillet interface has not 

delaminated and this is reflected in the slightly lower values of energy release 

rate. Like the L crack, the underfill CTE has a strong effect on the ERR 

experienced at the crack tip compared to the underfill modulus. The mode mixity 

of the crack tip is higher than the L crack configuration indicating that the corner 

crack configuration may be less prone to delamination (Figure 9.10). However, 

there is no clear effect of the underfill material properties on the mode mixity of 

the corner crack configuration. 
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Figure 9.9 Effect of Underfill Properties on the ERR for the Corner Crack 
 

 

Figure 9.10 Effect of Underfill Properties on the Mode Mixity for the Corner Crack 
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9.6 Underfill Fillet Crack 

Besides the 2D models, a 3D model of an assembly with a crack in the underfill 

fillet at the chip corner was also modeled (Figure 9.11). A 3D quarter symmetry 

model of the flip chip was developed and a crack in the underfill fillet starting the 

corner of the chip was introduced. The solder joint, solder mask and the silicon 

nitride passivation were not included in the model. Silicon and underfill were 

modeled as temperature independent linear elastic materials while the FR4 

substrate was modeled as a linear orthotropic material. Since this is not an 

interfacial crack, 3D quarter point elements were used and the extraction of 

fracture parameters was done using the displacement extrapolation method built 

within ANSYS. The crack length was normalized against the fillet height and 

three crack lengths, 0.3, 0.5, and 0.7 were examined. Three levels of underfill 

CTE, 25, 50 and 75ppm/oC and two levels of modulus, 3 and 5GPa were 

simulated. 

 

 

 

 

Figure 9.11 3D Model of a Flip Chip with a Fillet Crack at the Corner 
 

The effect of underfill material properties on ERR is shown in Figure 9.12. It is 

clear that the ERR increases with increase in modulus and CTE. The effect of 

crack length seems insignificant though it does increase slightly for the higher 

CTE underfills. For all these cases, the crack was purely mode I. The GII and GIII 
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values were three orders of magnitude smaller than the value of GI. This is 

expected since the corner crack is symmetric along the diagonal of the chip. 

 

 

 

 

 

 

 

 

 

Figure 9.12 Effect of Underfill Properties on the ERR for the Corner Fillet Crack 
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the ERR also increased with the modulus of the underfill material. In order to 

prevent the propagation of delamination, the energy available for crack growth 

needs to be minimized and lower modulus and CTE values are required to 

achieve this objective. Since it is not possible to decrease both the modulus and 

the CTE of the underfill material at the same time and since CTE has a stronger 

effect on the propagation of delamination, it is recommended that the CTE be 

given more emphasis in designing the underfill material against delamination.   

 

As mentioned earlier, underfill delamination in flip chip assemblies propagates 

under thermal excursions. The range of energy release rate or �G was used to 

calculate the rate of crack propagation in Chapter 8. Like monotonic loading, 

lower modulus and CTE of the underfill material lead to lower values of �G for 

the same thermal shock cycle, and the propagation of underfill delamination can 

be delayed. 
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CHAPTER 10 

CONCLUSIONS, RESEARCH CONTRIBUTIONS AND FUTURE WORK 

 

10.1 Conclusions 

The next generation of electronic packaging may truly be the era of nano-

composites. Using materials at the nano-size presents certain unique 

advantages and some tough challenges. Traditional dispense-and-cure underfills 

add time and process cost, and also cannot be effectively used with the 

continued reduction in the flip-chip solder bump pitch.  On the other hand, nano-

filled underfills have a great potential as no-flow underfills and could enhance the 

overall reliability of solder bumps.  In addition, nano-filled underfill materials are 

excellent candidates for the wafer level underfilling process because of their 

optical translucence. This eliminates the need for capillary as well as no-flow 

underfilling. However, as it was shown, the formulation of nano-filled underfill 

(NFU) materials is a challenging task. 

 

Based on the work that was presented in this thesis, the following conclusions 

can be drawn. 

1) The viscosity of NFU materials increases dramatically when the filler 

content is above 50% by weight.  For an efficient no-flow underfill 

process, it is estimated that the viscosity of the underfill has to be less 

than 10Pa.s. 
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2) The CTE of the underfill can be decreased by increasing the filler content.  

However, any additional decrease in CTE by having filler content beyond 

30% is not substantial and therefore it is recommended that  

3) The NFU be filled with 30% of 20nm silica particles by weight. The 

viscosity of such an NFU material is about 2Pa.s and the CTE is about 

50ppm/oC at room temperature. 

4) The glass transition temperature of an underfill filled with 30% by weight 

with 20nm silica particles is about 150oC. This glass transition 

temperature is higher than the typical temperature witnessed by the flip 

chip package in field-use conditions as well as most accelerated thermal 

cycling conditions.  This implies that the underfill remains glassy during 

such thermal excursions and will provide sufficient mechanical support to 

enhance solder bump reliability. 

5) The fracture toughness of the NFU-passivation interface is about 

120J/m2 at a mode mixity of 32o and about 79J/m2 at a mode mixity of -

0.1o. 

6) The energy release rate experienced by the NFU-SiN interface at the 

end of curing and cool down to room temperature as well during thermal 

cycling is much smaller than the fracture toughness of the interface. This 

means that the interface will not delaminate due to the thermal stresses 

resulting from the assembly process.  This is confirmed by both 

traditional fracture mechanics approach as well as CZM. 
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7) The fatigue crack propagation along the NFU-passivation interface 

follows a power law and is given by 8786.0)(0006.0 G
dN
da ∆= . According to 

this law , 6% of the NFU-SiN interface in a standard 5mm x 5mm flip chip 

would have delaminated by 1800 cycles. Experimental results show that 

the delamination varies from 2 to 25% between samples and the 

average delamination was about 6%.  

8) Flip chip assemblies using the NFU material lasted more than 1000 

thermal shock cycles. The first solder bump failure occurred at 1200 

cycles and all the assemblies were electrically discontinuous by 1800 

cycles.  

9) Finite element modeling of delamination occurring in a flip chip package 

indicates that the energy release rate increases linearly with the elastic 

modulus of the underfill and non-linearly with the CTE of the underfill. 

The driving force or energy release rate for delamination propagation 

can be reduced by reducing the CTE of the underfill and/or the modulus 

of the underfill.  

10) Cohesive zone modeling can be used to study underfill delamination. 

There was good agreement between the results from CZM and linear 

elastic fracture mechanics. However, the results are quite sensitive to 

the CZM parameters and it is recommended that these parameters be 

derived based on a number of experiments conducted at different mode 

mixities. 
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10.2 Research Contributions 

The following contributions have been made by this research. 

1) This research has contributed toward the fundamental understanding of 

interfacial delamination in NFU through both experiments and models.  In 

particular, this work 

a. Has characterized the properties of a nano-filled underfill material, 

and based on process and reliability requirements, has 

recommended an optimal filler content of 30% to satisfy competing 

requirements. 

b. Has developed an innovative residual stress induced decohesion 

(RSID) test and used the test to measure the interfacial fracture 

toughness of NFU-SiN interface at a mode mixity of -0.1o.  This 

research has also characterized the same interface at a higher 

mode mixity -32o using the single-leg bending (SLB) test. 

c. Has conducted comprehensive thermo-mechanical fatigue 

delamination test to create a model for delamination propagation 

under thermo-mechanical fatigue loading.  Such thermo-

mechanical fatigue characterization for underfills is different from 

isothermal mechanical fatigue tests reported in literature, and the 

developed characterization is representative of typical thermal 

excursions in flip chip assemblies. 

d. Has applied the developed models to flip-chip assemblies under 

thermal cycling conditions, predicted the delamination propagation 



 108 

under thermal cycling, and have validated the results with 

experimental data.  Such an approach is rarely found in literature, 

and is the first for nano-filled underfills. 

e. Has successfully used CZM to model and study interfacial fracture 

in flip chip assemblies, and such an application of CZM is unique. 

f. Has made design guidelines to enhance the reliability of flip-chip 

assemblies based on the experimental data and predictive models.  

 

10.3 Recommendations for Future Work 

The following are some recommendations for future work in this area. 

 

1) With the pending regulations toward moving to environmentally friendly 

lead-free solder alloys, the development of nano-filled, no-flow underfill 

materials for lead-free flip chip assembly would be a logical extension to 

this work. There are significant challenges in terms of material 

development because of the higher reflow temperature of the lead-free 

solder. The thermal stresses will be higher and the interfacial integrity will 

be crucial to ensure reliability of lead-free assemblies. 

2) The effect of moisture on the behavior of the NFU materials under 

monotonic and fatigue loading conditions will complete the picture of 

delamination under different environmental conditions. At present, the 

physics of moisture penetration in nano-filled underfills is not known.  
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3) The effect of temperature on the fracture toughness of underfill related 

interfaces is not known. Cracks tend to grow or initiate at low 

temperatures not only because the residual stresses are high but also 

because the fracture toughness of the interfaces are usually lower at 

lower temperatures. 

4) In general, the uniqueness of the cohesive zone parameters developed 

in this work cannot be emphasized because of the extensive use of finite 

element modeling. The physical relevance of the cohesive law 

parameters can only be qualitatively argued and their relevance to 

underlying material behavior will need extensive experimentation. 
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APPENDIX A 

INTERFACIAL FRACTURE MECHANICS 

 

In this work, interfacial delamination is considered as an interfacial crack and the 

calculation of the interfacial fracture parameters such as energy release rate and 

mode mixity can be achieved in a number of methods. [Williams, 1959], [Erdogan, 

1963], and [England, 1965] have provided elasticity solutions for bimaterial 

fracture. These solutions demonstrate the oscillatory nature of the singularity 

close to the crack tip. This can be represented as, 
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Due to the elastic mismatch of the materials involved in the interface, an interface 

crack experiences both a peel and a shear mode, even if the remote loading is 

strictly mode I. Therefore, mode mixity, which is a measure of the relative 

magnitudes of the in plane shear and peel stresses, has to be considered in any 
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interfacial crack problem. Since the elasticity solution is oscillatory in nature, the 

ratio of modes varies with the distance from the crack tip. 

 

The mode mixity and stress intensity factors are extracted using the Crack 

Surface Displacement (CSD) method [Matos et al, 1989]. The method is based 

on deriving fracture mechanics parameters from the relative displacements of the 

nodes along the crack surface that were initially coincident. The development of 

this method is as follows. 

 

Based on equation 1, the displacements also exhibit an oscillatory character,  
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and r is the distance from the crack tip 

 

The symbol ∆  is used to signify the relative displacements in the corresponding 

direction between two initially coincident nodes along the crack surface. Equation 

(2) can be expressed as  
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It can therefore be written that 
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r̂ is the characteristic dimension. 

  

The modulus of the complex stress intensity factor can now be related to the 

energy release rate, G as follows. 
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The “global” energy release rate is calculated using the J integral. Other 

techniques to calculate the energy release rate exist and are discussed in 

[Harries et al; Rybicki et al, 1977; Aslantas, 2003; Bjerken et al, 2001; 

Venkatesha et al, 1996]. The “local” energy release rate is given by equation 3 

and is based on the CSD method. Using an appropriate choice of r̂ , the 

characteristic dimension, the values of mode mixity and stress intensity factors 

are calculated at the node where the “global” and “local” values of the energy 

release rate are equal to each other. The characteristic dimension does not 

influence the mode mixity values much if the value of the oscillation indexε  is 

small. This is typically the case in the interfaces that are studied in this work. The 

characteristic dimension for all the mode mixity calculations done in this work 

was chosen as the thickness of the solder mask layer, which is 25 microns. 

 

In all the cases, the “global” value of the energy release rate was calculated by 

using the path independent J integral. For the linear elastic case, there is no 

difference between the global energy release and the J integral. 

 

Global Energy Release Rate )( ds
x
u

TWdyJG i
i�Γ ∂

∂
−== where iTW , and iu are 

strain energy density, nodal tractions and displacements respectively and are 

reported in any finite element solution [Harries and Sitaraman, 2001]. 
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APPENDIX B 

CRACK IN A BILAYER UNDER UNIFORM TEMPERATURE CHANGE 

 

[Suo and Hutchinson, 1990] have presented a general solution for a crack 

between two elastic layers under a given edge loading. They use superposition 

to reduce the problem and the energy release rate is given in terms of force P 

and moment M (Figure A2.1).  

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1 Crack between Two Elastic Layers – Superposition [Suo and 
Hutchinson, 1990] 

 

The case of the residually stressed thin film on a substrate is exactly equivalent 

to the following load combinations shown in Figure A1.1a. 
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h = thickness of the thin film layer 

H = thickness of the substrate 
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3

 for plane stress 

iµ  and iν  are the shear modulus and Poisson’s ratio of the respective layers 

(Figure A2.1a) 

 

The energy release rate can be computed by taking the difference of the energy 

stored in the structure far ahead and far behind the crack tip. 
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The mode mixity is given by 
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A
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Ph=λ  

and ω  is a function of α , β  and η  

[Suo and Hutchinson, 1990] have published values of ω  for various 

combinations of α , β  and η . In all the cases encountered, ω  varied between -

55o and -53o. 
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APPENDIX C 

CRACK IN A TRILAYER UNDER UNIFORM TEMPERATURE CHANGE 

 

[Gaudette et al, 2000] have presented the solution for energy release rate for a 

crack existing between the top two layers in a three layered structure under 

uniform temperature change (Figure A3.1). 

 

Figure A3.1 Crack in a Tri-layer Structure [Gaudette et al, 2000] 
 

The approach taken here is very similar to the approach taken by [Suo and 

Hutchinson, 1990] described in Appendix 2. The energy release rate is calculated 

as the difference between the energy stored ahead of the crack tip and energy 

stored ahead of the crack tip. 

 

The energy stored ahead of the crack tip is first estimated by solving for the 

strain at the interface between layers 1 and 2 and the radius of curvature of the 

uncracked tri-layer structure. 
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iα  is the CTE of the ith layer (Figure A3.1) 
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For the case (A) described in the paper, the material properties of the layer 1 and 

3 are assumed to be the same. This simplifies a number of the equations. 

 

The energy ahead of the crack is given by: 
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The energy stored in the wake of the crack is calculated by assuming the crack 

to exist between a substrate comprising of layer 1 and 2 and layer 3. The solution 

of [Suo and Hutchinson, 1990] with η  = 0 (Appendix 1) is used. This gives  
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