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ABSTRACT

Market for telecommunication products (e.g., mobile phones) is very competitive,
demanding products which are more reliable, higher performance, lighter, smaller,
cheaper, and shorter time-to-market. These technology requirements are possible with
the recent development of advanced Chip Scale Packages (CSPs), such as thin-profile
fine-pitch Ball Grid Array (TFBGA), Quad-Flat-No-lead (QFN), and wafer-level CSP
(WL-CSP). However, due to limited product development time, these CSPs are usually
not tested and studied in detail before introduction to the market. As a result, the
package design may not be optimized for various reliability requirements, e.g., popcorn,
thermal cycling test, and drop test.

Computer-aided-engineering (CAE) or modeling, is getting popular as an efficient
tool for design analysis and improvement, and even virtual prototyping. This thesis
presents a novel and comprehensive research on package and board level reliability
modeling of advanced CSPs. Main areas of research interest are moisture diffusion
modeling, hygroswelling modeling, integrated stress modeling, and solder joint
reliability modeling during board level thermal cycling test and drop test. A series of
advanced finite element models are established for various types of CSPs with hundreds
of design cases. These modeling results provide useful design guidelines for package
designers to enhance the product reliability, and save time, cost and manpower in
performing the reliability tests. With these models, the time of typical reliability
evaluations (e.g., thermal cycling test) can be reduced from months to hours, which

indirectly shortens the time-to-market of product.

The physics of failure behind various reliability issues is well understood through

sophisticated mathematical models and constitutive equations. These models are

XXl
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validated through excellent correlation with actua reliability tests and failure analysis.
The novel theories developed in this research project are whole-field vapor pressure
modeling, integrated package stress modeling with interactions of multiphysics
phenomena, modified Darveaux's method for fatigue modeling, global/loca 3D model
for efficient solution, warpage-solder joint fatigue life correlation, and drop impact life

prediction model.

XX
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CHAPTER 1 INTRODUCTION

11 BACKGROUND AND MOTIVATION

A Chip Scale Package (CSP) is defined as any Integrated Circuits (IC) package with
package area less than 15 times of its die area, or package width less than 12 times of
its die width, or sometimes can be any fine-pitch (0.5mm or less) area-array package
[1]. In recent years, CSPs have become popular in the industry due to their high
demand in telecommunication applications, such as mobile phones, PDASs, and other
portable and hand-held devices. CSPs have advantageous of small footprint, light
weight, and high electrical performance.

Thin-profile Fine-pitch Ball Grid Array (TFBGA), Quad-Flat-No-lead (QFN), and
Wafer-Level CSP (WL-CSP) are the recent advanced CSPs developed for the
telecommunication applications. TFBGA is widely used due to its moderate cost, high
density and high performance interconnect technology, suitable for medium pin-count
applications. QFN is preferred because of its low cost and good thermal and electrical
performance, usually used in low pin-count applications. As for WL-CSP, it is getting
popular with the decreasing manufacturing cost, targeted for high pin-count and high
performance applications, due to its high density area-array interconnect technology.

Design for Reliability (DFR) is a concept on up-stream product design, anticipating
possible failures even before the product is manufactured or tested. Due to rapid
technology evolution and shorter product development time, there has been lack of
advanced research in design for reliability of advanced CSPs. There are relatively few
publications available for semiconductor industry to learn to enhance the CSPs and
board designs, e.g. for QFN, stacked die BGA, and Microelectromechanical Systems
(MEMS) packages. Therefore, there is a strong need for design recommendations of

CSPs. Besides, failure mechanisms of CSPs under popcorn, board level solder joint
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reliability under thermal cycling test and drop test, are till not well investigated. For
example, handheld telecommunication devices are susceptible to drop impact, but there
isvery little research work done on these CSPs.

Computer-aided-engineering (CAE) or computer modeling becomes highly
demanded in the reliability analysis of IC packages due to the recent advances in high-
speed computer and development of more sophisticated finite element modeling (FEM)
software. CAE is aconvenient tool for virtual-prototyping [2] and design for reliability
[3]. Traditional design-build-test-redesign type of package development cycle is no
longer efficient for competitive semiconductor industry, which emphasizes on short
time-to-market. For standard package and board level reliability tests, typicaly it can
take up to 3-4 months to complete. The tests also require expensive test equipment and
manpower for data collection. With validated computer models, the Design of
Experiment (DOE) studies of package geometry, material properties, and test conditions
become more efficient, with saving in time, cost and manpower to the company. Figure
11 describes the role of CAE in the new package development. The optimized design
is proposed by CAE to shorten the package development cycle. Besides, CAE is aso
useful for new package validation to evaluate the feasibility of new package concept

without any investment in prototyping and testing [4].

Figure 11 Role of CAE in new package design
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12 OBJECTIVES

The objectives of this thesis research project are to

1) understand physics of failures of CSPs under pressure cooker test, moisture
sensitivity test, thermal cycling test, and drop impact test, which determine the
package and board level reliability performance.

2) establish new modeling methodologies which are lacking in current research,
e.g., integrated package stress modeling and drop impact life prediction.

3) develop a series of advanced multiphysics models with good correlation to
experimental test results, astools for design for reliability.

4) apply the validated models with detailed DOE design analysis on various types of
advanced CSPs, so that design guidelines can be recommended to improve or

even optimize the package and board level reliability.

13 SCOPE

The modeling analyses are divided into two main categories. package and board
levels (see Figure 1.2). For package level, an integrated package stress model is
proposed to study the combined effects of moisture diffusion, heat transfer, thermo-
mechanical stress, hygro-mechanical stress, vapor-pressure-induced stress, and coupled
with fracture mechanics analysis. As for board level, solder joint reliability during
thermal cycling test and drop test is the main concern, and life prediction models are
needed. For each of the eight main types of models, it requires detailed knowledge of
material models and constitutive equations. The theory of physics for each model has
to be well-understood. @ ANSY S/Mechanica/LS-DYNA software is applied for
modeling. The computer programs written are fully parametric, suitable for design

analysis with material or geometry variations. For moisture and hygroswelling material



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

properties, special material characterization techniques are required due to lack of
published data from material suppliers. Most of the modeling results are compared and
correlated with the actual reliability tests performed by other researchers.

The advanced CSPs studied cover TFBGA, QFN, WL-CSP packages of the current
technology. Some variations of these CSPs are also be studied, following the trends of
technology over the past 12 vyears, eg., Conduction-cooled BGA (C’BGA),

PowerQFN, stacked die BGA, MEMS package, and Integrated Passives Device (IPD).

Package Level Models

Moisture Diffusion Thermal Cycling
. Fatigue Life
Heat Transfer i
. — Drop Impact Life

Thermo-mechanical

Hygro-mechanical

Vapor Pressure

Fracture Mechanics

Figure 1.2. Types of package and board level reliability models established
14 THESIS LAYOUT

The thesis is divided into 9 main chapters. introduction, literature review, moisture
diffusion and hygroswelling modeling, integrated package stress modeling, board level
solder joint reliability modeling, applications of solder joint fatigue modeling, board
level drop impact modeling, and conclusions and recommendations. In each of the
main chapters, there is an individual section on introduction, theories applied or
established, descriptions of models, reliability tests results, modeling results, and

summary for that particular topic.
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CHAPTER 2 LITERATURE REVIEW

2.1 ELECTRONIC PACKAGING

An electronic or IC package is the housing which assures environmental protection
to the IC chip and provides for complete testing and high-yield assembly to the next
level of interconnection [5]. Usualy, there are three main levels of packaging, i.e.
package, board, and system levels.

At level 1 packaging, the IC is assembled into a package such as Quad Flat Pack
(QFP) or Bal Grid Array (BGA) using wirebonding or flip-chip bumping assembly
techniques. Figure 2.1 shows an example of typical process flow for BGA package.
Firstly, epoxy die attach (polymer) is dispensed on top of substrate (a chip carrier), and
a piece of silicon die is placed and bonded after thermal curing of die attach. Then,
wirebonding is performed to connect the die with substrate using gold wires.
Subsequently, the structure is protected by epoxy mold compound (molding). Lastly,
solder balls are attached to bottom of substrate, to provide a path for signal to transmit

to the next level of interconnect, i.e. board level.

Figure 2.1. Typica assembly processes of a BGA package
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At Level 2 packaging, the IC package is mounted to the printed circuit board (PCB)
usng SMT (surface mount technology). The solder balls are melted and solidified to
connect the package and PCB. Finaly, the board sub-assembly can be assembled into a
sysem (Leve 3 packaging), eg. a motherboard of personad computer or a mobile
phone, asafinal functiond product.

Figure 2.2 shows an example of IC packaged in aflip-chip CSP, being assembled to
a PCB, and findly added to a mobile phone. The rdiability of CSPs at both package
and board level isthe main focus in thisthesis, asit will affect the functiondity of final
product. Packaging has four mgor functions, i.e. sgnd distribution, power
distribution, heat disspation, and mechanicd/environmenta protection [6]. The
emphasis of this thesis is to enhance the mechanica reliability of CSPs. In addition,
package components must be manufactured and assembled a affordable costs.
Therefore, the design guiddines recommended in the following chapters are ensured to
be practical, sudied according to industrid needs. Sometimes, a compromise may be
required between reiability and cogt.

Package (Level 1) System (Level 3)

Figure 2.2. Mobile phone assembly at package, board and system levels



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

2.2 MODELING OF CSP

The trend of microelectronics product today is moving towards high density and low
cost integrated circuit packaging [7]. These factors have promoted the development of
CSPs [8-11] such as fine-pitch BGA, FCBGA, wafer-level package (WLP), and QFN.
Figure 2.3 shows the evolution of electronic packages over the past few decades, with

development moving towards CSPs.

TO Can

Q MP

PBGA

CSP

Time and Packaging Efficiency

Figure 2.3. Evolution of electronic packages

However, due to the requirement of fast time-to-market, new types of CSPs usually
are designed based on previous experience of bigger-size IC packages. It usually takes
a least 1-2 yearsto develop comprehensive validated models on all aspects of package
reliability. Therefore it is not surprised that most publications in this area of research,
are based on CSPs that are developed at least one year ago. To cope with this practical
design constraint, the types and scope of CSPs studied in this thesis are reviewed from
time to time to ensure that the latest CSP designs are considered. For example, recent
technology advancement and interest in stacked-die CSPs, MEMS package, |lead-free
solder joint, and drop impact test are also included in the later stage of research work.

The current literatures available on CSP modeling are very focused on one particular

type of CSP and certain reliability issues [12-22], e.g., package warpage, die cracking,
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delamination, and solder joint fatigue. IC package design should be an integrated
process, with consideration of al aspects of reliability concerns. It may require a
compromise in design, e.g., lead-free solder is useful to enhance the solder joint fatigue
life under thermal cycling test, but may not for drop test. Therefore, thisthesis provides
comprehensive modeling analyses on both package and board level reliability
modeling. To ensure sufficient depth of modeling, only three types of most popular
CSPs, i.e. TFBGA, QFN, and WL-CSP, are chosen as test vehicles. QFN, in particular,
has relatively few numbers of publications [23-26]. This thesis has contributed to
several new publications related to original research of QFN.

In literature, usually only effects of afew design parameters of interest are studied by
modeling [13-14]. In this thesis, most practical design parameters and variations are
considered, e.g., die area size, die thickness, package area size, package thickness,
substrate and board thickness, solder joint size and shape, mold compound and die
attach materials. The models created are fully parametric, and convenient for DOE type

of analysis which involves large matrix of design cases.

2.3 MOISTURE DIFFUSION MODELING

Numerous studies in the literature [27-37] reported the damaging effect caused when
plastic packages are stored in a noncontrolled humidity environment. During solder
reflow of surface mount devices, the temperature of package is raised to more than
220°C (see Figure 2.4). The moisture absorbed in the plastic package becomes
vaporized and exerts a high pressure along the critical interfaces. This could induce a
failure mechanism often referred to as "popcorn” package cracking [38].

Moisture ingress, either through the bulk encapsulant or along the interface between

the leadframe/substrate and mold compound, can accelerate delamination in plastic
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packages. At each interface, moisture can hydrolyze the epoxy, degrading the
interfacial chemical bonds. However, different mold compound materials respond
differently to moisture exposure. In addition, surface cleanliness is a crucia
requirement for good adhesion. Oxidized surfaces, such as copper-aloy leadframes

exposed to high temperatures, often lead to delamination [6].

L i

Stage 1: moisture absorption Stege 2: Initiation of delamination & refiow

1 1

Stage 4: Package cracking and vapor release Stage 3: Delamination propagation and package bulge

Figure 2.4. Process of package delamination and popcorn failure

Poborets et al. [39] showed that there is arelation between package weight gain and
package cracking or delamination. Kitano et al. [40] showed that the package cracking
is not controlled by the absolute moisture weight gain, rather it is due to the local
moisture concentration at the critical interface. Moisture transport models developed
for plastic encapsulated packages are readily available [41] but cannot be easily
extended to account for multi-layer materials used to fabricate typical CSPs.

Mass transfer is mass in transit as the result of a species concentration difference in a
mixture. In modeling, the transient moisture diffuson equation is analogous to heat

conduction, and it can be described by Fick's Second Law [42] as

dC _ D(dZC gC dc »

_ (2.1)
dt B x dy d 7

where C is the loca moisture concentration, X, y, z are the spatial coordinates, D is the

diffusivity which measures the rate of diffusion, and t isthe time. Just as a temperature



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

gradient constitutes the driving potential for heat transfer, a moisture concentration
gradient in a package provides the driving potential for transport of moisture.

Assuming 1-dimensiona moisture diffusion in athin disc specimen, by integrating
Eg. (2.1) over time and space (*), the moisture uptake of the specimen when exposed to

a constant temperature and humidity environment is described as [43]

L =1-f ? epf-CEnVIZAQ 22

where M, is the mass of moisture absorbed a time t, Mg, is the saturated mass of

moisture absorbed, and h is the thickness of the specimen.

However, unlike temperature, the moisture concentration is discontinuous along the
bi-material interface. Therefore, Galloway and Miles [43] introduced a new dependent
variable, partial pressure, which is continuous across the multi-material interfaces, to

resolve this computational problem. Eqg. (2.1) can be rewritten as

dP C P d’P d’Pn
=D 2 4 . . (23)
ct d x 8y dZ j

where P is partial pressure, defined as
P-£ (2.4)

where 5 is solubility of gasin the solid.

However, this approach has a fundamental limitation, i.e. requiring moisture to
retains its gas state in the solid package material. This is not the case for most IC
packages, as usually the moisture absorbed is condensed as liquid water in the
microvoids [44]. In Section 3.4.1, another moisture modeling methodology applied in

this research will be highlighted. It uses wetness or normalized moisture concentration

10
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approach, as compared to partial pressure method mentioned above. ANSYS software
can only accept the wetness approach, and therefore it is applied in the model.
Previously, moisture diffuson modeling was performed by researchers [45] on older
leaded packages (eg. TQFP and SOJ) and larger PBGA packages. There is a lack of
research related to moisture diffuson modeling of CSPs. The focus of this thesis is to
apply the established moisture diffuson model on the analysis of CSPs such as FCBGA
with no-flow underfill and QFN, which are susceptible to moisture-induced failures, but

have relatively very few publications in this area of research.

24 HYGROSWELLING MODELING

Polymeric materials swell when absorbs moisture. Each material has different
swelling rate. The mismatch in expansion induces so caled hygroswelling or hygro-
mechanical stress, and it is analogous to thermo-mechanical stress. The theories of
hygroswelling modeling applied will be presented in Section 3.4.2.

While some researchers [46-51] have reported the adverse effects of hygro-swelling
on package integrity, this type of analysis has yet to become a common practice. Its
effect is usually ignored in the analysis of package stress and fracture. The limitation is
mainly because [52]

a) Unlike coefficient of thermal expansion (CTE), material data on coefficient of

moisture expansion (CME) is lacking. There is no standard characterization

procedure.

b) Hygroswelling stress analysis requires prior knowledge of moisture distribution

in the package, which can only be obtained through modeling. Moisture diffusion

modeling, especialy of multi-material system, remains unfamiliar to many

researchers.

11
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c) The magnitude of hygroswelling strain was deemed to be insignificant

compared to that of thermal strain.
The values of CME have been measured for different types of package materials [53],
i.e. die attach, underfill, mold compound, and BT substrate. Nguyen et al. [47] has
reported measurement of CME for two commercially available mold compound
materials a room temperature. Liu et al. [54] has established a model which can
fundamentally explain the shift of the crack-tip loading mode from sliding to opening
mode during moisture absorption. They pointed out that the CME is an important
parameter in influencing package fracture. The research in this thesis emphasizes on
measurement of CME and application of hygroswelling modeling in QFN and FCBGA

with no-flow underfill, which no researcher has studied before.

2.5 VAPOR PRESSURE MODELING

Moisture absorption and the ensuing high vapor pressure generated is known to
induce popcorn failure [55-58]. Package cracking results from internal stresses
generated by the reflow solder temperature profile during the assembly of plastic-
encapsulated devices on circuit cards.

JEDEC (Solid State Technology Association) standard [59] is widely used to
conduct reliability tests on moisture sensitivity of the electronic packages. Modeling of
vapor pressure within the package during reflow isthe key element in understanding the
physics and mechanism of moisture-induced failures. Previous researchers [40, 43-45]
assumed that the delamination exists before reflow, and considered the vapor pressure
as traction loading subjected to the delaminated interfaces. There were some studies
done and a few methods were proposed to estimate the vapor pressure acting on the

delaminated interface. Bhattacharyya et al. [60] proposed that

12
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f

KTiNaHipi sq, ™V 2740 _1
P= M J o (2.5)
where P = vapor pressure in the package
Tjj = initial and reflow temperature respectively
N. = Avogadro's number (6.023 x 10% /mol)
Hij = humidity
Ast = initia density of the saturated vapor a T;
Mo = molecular weight of the water molecules (18gm/mol)

On the other hand, Sawada et al. [61] stated that

P=CieAsRH*T (2.6)
where P = vapor pressure in the package
C, = 48xi0"
A = aconstant depends on package resin
RH = relative humidity of the surrounding vapor
T = reflow temperature

Since the vapor pressure is generated anywhere in the package, it is necessary to
investigate the whole field vapor pressure distribution before the package delamination.
The research in this thesis applies the theories developed by Fan and Tee [62-63], and
implements the whole-field vapor pressure modeling using finite element method. For
the first time, the vapor pressure distribution in QFN package iswell studied here. This
approach is different from other vapor pressure theories, as it does not require
assumption of delamination to occur before reflow. More details of vapor pressure

modeling will be given in Section 4.2.5.

13
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2.6 INTERFACIAL FRACTURE MECHANICS

Strength of material approach usually uses stress as the failure criteria, e.g., when
stress is larger than strength, failure will occur. However, when there is a defect or flaw
in the material, the stress is infinite at the crack tip. The modeling stress results are
usually mesh-size dependent, and only useful for relative design comparison.
Therefore, for delamination modeling, fracture mechanics approach has to be applied
with consideration of both stress and crack size.

In some cases, delamination may be initiated due to high interfacia stresses.
Although there is no clear criterion to predict the initiation of delamination, one
approach is to determine the interfacial shearing and peeling stresses, and make a
comparison with the interfacial shear and peel strength. Delamination is expected to
initiate, when the following equation is satisfied [64]:

W'_f o

« K™ J

where a® and a, are interfacial shear and peel stresses respectively, andcT'xzand G*
are experimentally-determined interfacial shear and peel strength respectively. Once
initiated, the delamination may or may not propagate, depending on the energy
available for it to propagate. Interfacial fracture mechanics is typically applied to
predict the propagation of delamination. Detailed description of this complex topic is
beyond the scope of this thesis. The focus here is more on application of common
interfacial fracture mechanics modeling methods in delamination analysis of IC
packaging.

Figure 2.5 shows that there are three main types of fracture modes, i.e. opening
(Mode 1), shearing (Mode 2), and tearing (Mode 3). For 2-dimensional analysis,

usually only Modes | and Il are considered.

14
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Model Mode II Mode

Figure 2.5. Three types of fracture modes

Due to the elastic mismatch of a bi-material, an interface crack tip as shown in
Figure 2.6 experiences both normal and shear stresses. The elastic mismatch between
the two materials is governed by the Dundurs' parameters (a, P) [65]. For plane strain

condition,

2.8
& (|-vJ/A+Cl-v,)I, 2:8)

L(1-2ve) /- (1-2v,) /i, (2.9)
2 (I-vJ"+0O-v,)/",

where Vj and Vv? are the Poisson's ratios of the bi-materials, /// and JU2 are the shear
moduli of the bi-materials. Another important bi-material constant related to the

Dundurs' parameters isthe oscillatory index
e=—1In- (2.10)

While the concept of critical stress intensity factor (SIF) to predict fracture in
structures have already been developed and applied to other areas of engineering, the
first suggestion of applying SIF criterion to actual plastic IC packages appears to be
Hattori et al. [66]. Later, other researchers [67-69] have applied various fracture

mechanics methods in delamination and popcorn analysis.

15
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Figure 2.6. Interface crack

Unlike fracture mechanics of homogeneous material, the theories of interfacial
fracture mechanics are much more complicated [70-72]. The stress near the crack tip
appears to be oscillating. Severa numerical methods such as Jintegral, Crack Tip
Opening Displacement (CTOD), and Virtual Crack Closure (VCC) methods, can be
applied to obtain the numerical solution [73-76]. Lin and Tay [74] employed a
modified JIntegral methodology for analyzing interfacial delamination under
hygrothermal loading during solder reflow. An initial defect or delamination is
assumed to exist at the interface.

The focus of research here is to apply VCC method (see Section 4.2.7 for further
details) in the delamination analysis of QFN package. There is no other publication
related to interfacial fracture mechanics modeling of QFN. More importantly, an
integrated package stress model is established with considerations of multiphysics
(whole-field distribution of moisture, temperature, and vapor pressure), combined
stresses (thermo-mechanical, hygro-mechanical, and vapor-pressured induced), and
interfacial fracture mechanics. Currently, thereis alack of package delamination model

with detailed considerations in this area of research.
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2.7 SOLDER JOINT FATIGUE MODELING

Fatigue is a common failure mechanism for most structural and electrical failures,
known to occur in metals, polymers and ceramics. For a simple flip-chip on board
structure, there is CTE thermal mismatch between the silicon chip (2.8 ppm/°C) and
FR4 board (16 ppm/°C). During cooling, FR4 board shrinks more than silicon die, and
therefore the solder joints are deformed inwards (see Figure 2.7). Under repeated
heating and cooling cycles during thermal cycling test, irreversible plastic and creep

strains are induced in the solder joints, causing fatigue failure to the component.

Figure 2.7. Deformation of solder joints during thermal cycling test

Generdly, there are two main approaches in determining the number of cycles to
fatigue failure. The first approach is stress-controlled fatigue (to be discussed in
Section 2.8), using elastic stress as failure criterion to calculate the fatigue life, usually
applicable for high-cycles fatigue such as vibration. The second approach is strain-
controlled fatigue, applying plastic or creep strain to predict the life of low-cycle
fatigue, e.g., thermal cycling test.

Solder joint interconnects serve two important purposes. 1) to form the electrical
connection between the component and the substrate, and 2) to form the mechanical
bond that holds the component to the substrate. Predicting solder joint fatigue has been
one of the electronic industry's most difficult problems. Successful prediction of solder

joint fatigue failure depends on the ability to accurately model the behavior of solder

joints.
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For typical solder materials (e.g. 63Sn37Pb), creep is the dominant process during
thermal cycling condition. Steady-state creep behavior of solder can be expressed by a

constitutive equation in the form of [77]

A - = C,[sinh( aa)Y exp(” -) (211)
at kT

where fls. isthe steady state strain rate, k is the Boltzmann's constant, Tis the absolute
dt

temperature, a isthe applied stress, Q, is the apparent activation energy, n is the stress
exponent, a isthe stress level at which the power law dependence breaks down, and Cg
IS a constant.

There are many approaches used by researchers [77-106] in the modeling of solder
joint fatigue life, e.q. stress-based, plastic/creep strain-based, energy-based, and damage
accumulation-based [107]. Darveaux methodology [77-79] is acommon approach used
in the fatigue modeling which applies both energy and damage accumulation-based
theories. Over the past few years, this model has been widely applied by many
researchers [80-81]. In Darveaux's method, crack initiation life (Ng) and crack
propagation life (N,) are calculated:

No=K,(SED)* (2.12)

N, = a/[Ks(SED)*<] (2.13)
where K/, K2, Kj, and K, are constants, SED is strain energy density per cycle, and a is
the length of critical pad interface. The characteristic life (r]) of solder joint is given as

rj=No +N, (2.14)

For plastic strain-based fatigue models, Coffin-Manson, Solomon, Engelmaier, and
Miner predict the fatigue life based on calculation or experimental determination of the
applied plastic shear strain. Coffin-Manson fatigue model was the most popular

approach before the introduction of Darveaux's model. The total number of cycles to
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failure (N/) is dependent on the plastic strain amplitude (Asp), the fatigue ductility
coefficient (€'J) and the fatigue ductility exponent (c). The relationship among these

variables is given by the well-known Coffin-Manson Equation [82]:
- = ey2N,y (2.15)

Experimental data are required to determine the constants and are typically collected by
application of strain gauges.

Solomon's [83] low cycle fatigue model relates the plastic shear strain range (A/,) to
number of cyclesto failure (Np)

AyN,2=e (2.16)
where a and 9 are constants. This fatigue model has been applied to leaded plastic
quad flat packages and underfilled flip-chip by various researchers. However, since this
model does not account for creep, it has limited practical use for solder joints [83-85].

The fatigue life predicted by Engelmaier fatigue model [83] is given by

"I e

Ay (2.17)
2 2€'

f
where Ay istotal shear strain, E'/ is fatigue ductility coefficient, and the variable, c, isa
function of frequency and temperature. Pang et al. [83] reported 2e'/ of 0.65 in
applying Engelmaier's model to underfilled flip-chip. This fatigue model improves on
Solomon's model and Coffin-Manson's model by including effects of cyclic frequency,
temperature, and elastic-plastic strains.

Creep can be separated into two possible mechanisms, matrix creep and grain

boundary creep. Knecht and Fox [86] have proposed a simple matrix creep fatigue

model relating the solder microstructure and the matrix creep shear strain range:

Ny =- £ - (2.18)
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where C is a constant, which is dependent on failure criteria and solder microstructure,
and Aynt is the strain range due to matrix creep.

By applying Miner's linear superposition principal, both plastic and creep strain can
be considered in a strain-based fatigue model. This model combines the Solomon

fatigue model with the Knecht and Fox creep model, and is given by [83-85]

J-= L+ L (2.19)
N N, N

where TV is total number of cycles to failure, N, is fatigue life due to plastic strain, and
N, is fatigue life due to creep strain.

For fatigue modeling of area-array IC packages, energy-based model is more
popular, as the accuracy of absolute life prediction usualy is within +2x variation (by
Darveaux's method), and the relative trend of results are consistent when compared
with experimental data. However, Darveaux's model and correlation constants were
originally developed for large plastic BGA packages, and the accuracy of results is
compromised when it is applied in the analysis of fine-pitch CSPs. In this thesis, a
modified Darveaux's method is proposed for advanced CSPs studied, using a global-
local modeling approach. This novel method has excellent correlation with solder joint
fatigue lives obtained from the experiments. Two sets of unique correlation constants
are established for accurate fatigue life prediction of TFBGA and QFN packages.
Currently, these correlation constants are lacking in research publications, especially for
advanced CSPs. In addition, the global-local model approach helps to significantly

reduce the long computational time, and maintain the same level of accuracy.

20



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

2.8 DROP IMPACT SIMULATION

An impact is a forceful collision or contact between two bodies over a very short
period of time. Due to increasing demand of mobile phone, drop impact has become a
critical concern to both consumers and manufacturers. Board level drop test is a form of
accelerated test to evaluate the robustness of package under impact.

The governing equation of a one-degree-of-freedom linear dynamic system can be
expressed as

M'X + Cx + Kx = F (2.20)
where M, C and K are the system mass, damping coefficient, and spring constant
respectively, while x, x, and x are the displacement, velocity and acceleration
respectively, and F is force, usually function of time.

The overal drop impact process involves a series of energy transformation. Firstly,
the drop table falls down freey from a certain height, and its potential energy is
converted into kinetic energy. Then, the drop table hits the strike surface and creates an
impact pulse with certain G level and pulse duration. Finally, the impact forces are
transmitted through mounting screws to PCB, solder joints, and components. At the
same time, the initial force causes the PCB to bend and induce stress in solder joints.

From kinematics, the theoretical impact velocity during free fdl just before impact,

Vy, can be related to drop height, H, by
Vp = J2gH (2.21)
where g is the gravitational acceleration (9.81m/s?). According to impulse and

momentum theory [108], the velocity after impact, V,, isin the range between 0 (zero

rebound) and -Vb (full rebound). Assuming V4 is some fraction of Vb, V, = cVb, then

“MCVy-MVi= -EMG(t)dt (2.22)
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yb — TT_[G(t)dt <2_23>

l+c *
where c is the coefficient of redtitution, and its vaue is between O (perfectly plastic
impact) and 1 (perfectly dagtic impact), G(t) isthe acceleration a time t during impact,
T isthe pulse duration, and misthe mass.

Many engineering components must withstand numerous load or stress reversas
during their service lives. For stress-controlled cyclic loading, there is a popular SN
diagram (see Figure 2.8) based on empiricd data, stating that the faigue life increases
with lower stress amplitude, and there is a fatigue endurance limit where the fatigue life

isinfinite when the stress leve is Sgnificantly low [109].

Stress ¢

Fatigue Life (cycles)

Figure 2.8. SN diagram for stress-controlled fatigue

Publications related to board level drop test and smulation are very limited [110-
114]. Early drop test smulation work was reported by Wu [111-112], who used LS
DYNA to modd drop test a both component and product levels. Zhu [113] gpplied
submodeling technique to study the board level BGA drop test, but the experimental
work is limited. Sogo and Hara [114] developed a 2-sep mode to reduce the
computationa time, and showed some correlation of time-dependent solder ball strain
between drop test and smulation. However, the details of drop test parameters such as
shock level experienced by the solder joint were not provided. Arra et a. [115] has
studied the performance of lead-free solder under dynamic mechanica loading using a
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free-fall drop test. The mechanical shock and random vibration response of personal
computer motherboards were measured and modeled by Pitarresi et al. [116]. The
effect of strain rate on solder joint failure under mechanical loading was reported by
Gengetal. [117].

The state of the art of drop test modeling is only on qualitative analysis for relative
design comparison of solder stresses. There has been a lack of life prediction model in
the area of research on board level drop test, and it will be addressed in this thesis. For
the first time, an accurate quantitative solder joint impact life model is proposed to

relate the stress and actual impact life based on power law (see Section 7.6).

29 SIMULATION SOFTWARE

In this thesis, acommercial finite element software, ANSY S (Version 6.0), is applied
extensively in various areas of modeling (see Figure 2.9). It is a multi-purpose
modeling software with capabilities in structural, thermal, fluid, electromagnetics, and
multi-physics analyses. It is a user-programmable tool, allowing parametric design
analysis. ANSYS is a popular software of choice by many researchers for design
analysis of IC packages. In particular, ANSY S/Mechanical is applied for structural
(static) and heat / mass transfer analysis using implicit numerical methods, whereas
ANSY S/LS-DYNA with explicit solver is used in dynamic simulation of drop impact.
The research work in this thesis has resulted in many novel ANSY S models, making a
contribution to both academia and industry.

The ANSYS models established do not directly consider the effect of strength or
faillure criterion (e.g., see EQ. (2.7)). There is no post-failure element which can allow
the structure to break when the stress exceeds the strength, i.e. damage occurs.

ANSY S software enables researchers and engineers to perform the following tasks:
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1) Build computer models or transfer CAD models of structures, products,
components, or systems.

2) Apply operating loads or other design performance conditions.

3) Study physical responses, such as stress levels, temperature distributions, or
electromagnetic fields.

4) Optimize adesign early in the development process to reduce production costs.

5) Do prototype testing in environments where it otherwise would be undesirable
or impossible (for example, biomedical applications).

A typical ANSYS analysis has three distinct steps, i.e. 1) build the model, 2) apply
loads and obtain the solution, 3) review the results. Model generation is usually the
most time-consuming part. Therefore, parametric programmed model is preferred over
the GUI (Graphical User Interface) model in the research work here. The same model
can then be modified conveniently for extensive design analysis.

e.mam muiiniMnii ¢ ¢ > 1 "o — — | | | |i| «auiuirgi®»iritfiMMiwr..>i«i*as

£3e fetoct L»t P*X PWQms WarfcPLare Paametwj Macio MenuOns Hefc

Figure 2.9. A typical IC package model in ANSY S
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The ultimate purpose of a finite element analysis is to re-create mathematically the
behavior of an actual engineering system. In other words, the analysis must be an
accurate mathematical model of a physical prototype. In the broadest sense, this model
comprises al the nodes, elements, material properties, real constants, boundary
conditions, and other features that are used to represent the physical system.

In this thesis, sources of thermo-mechanical material properties used as modeling
input are mostly provided by respective material suppliers (e.g. CTE and moduli of
epoxy materials) or through in-house testing (for special measurement, e.g. CME). For
material with unknown Poisson's ratio, usualy a value of 0.3 is assumed, as it is a
common value for packaging materials a room temperature. This assumption will not
change the relative stress comparison of design cases which is the main interest. If
there is any inaccuracy in calculation of stress, it can also be adjusted at later stage, e.g.
using correlation constants for impact life prediction.

In the solution phase of the analysis, the computer takes over and solves the
simultaneous set of equations that the finite element method generates. The results of
the solution are:

1) Nodal degree-of-freedom values, which form the primary solution.

2) Derived values, which form the element solution.

The element solution is usualy calculated at the elements' integration points.

Several methods of solving the system of simultaneous equations are available in the
ANSYS program: sparse direct solution, frontal direct solution, Jacobi Conjugate
Gradient (JCG) solution, Incomplete Cholesky Conjugate Gradient (ICCG) solution,
Preconditioned Conjugate Gradient (PCG) solution, and an automatic iterative solver
option (ITER). The numerical method applied in each solution method is not

elaborated here, as it isbeyond the thesis scope.
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Nevertheless, suitable solver, i.e. PCG solution, is chosen for the 3D models
generated in this research work. The PCG solver is best suited for structural analysis
[141]. It is valid for elements with symmetric, sparse, definite or indefinite matrices.
This solver is available only for static or steady-state analyses and transient analyses.
The PCG solver usualy requires less than 'A of the disk file space used by the frontal
solver. Savings increase with the problem size. The PCG solver usually runs faster than
the frontal solver for large models (wavefront greater than about 1000). It is especialy
well suited for large models with solid elements 50000 to 1000000 degree-of-freedom.

After building the model and obtaining the solution, post-processing is required to
review the results of an analysis. It is probably the most important step in the analysis,
because it helps to understand how the applied loads affect the design, how good the
finite element mesh is, and so on. Two post-processors are available: POST1, the
general postprocessor, and POST26, the time-history postprocessor. POST1 allows
reviewing of results over the entire model a specific load steps and substeps (or at
specific time-points or frequencies. On the other hand, POST26 allows reviewing of
variation of a particular result item at specific points in the model with respect to time
or frequency. It is particularly useful for drop impact simulation, as results throughout

the entire impact duration can be extracted.

210 SUMMARY

Comprehensive literature review on relevant topics has justified the direction and
scope of research here, i.e. integrated package stress modeling, board level solder joint
fatigue modeling, and drop impact life prediction modeling. Due to limited writing
space available in this thesis, it is challenging to provide detailed literature review for

each type of modeling analysis.
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CHAPTER 3 MOISTURE DIFFUS ON AND
HYGROSWELLING MODELING

3.1 INTRODUCTION

There is an increasing trend toward miniaturization in the electronics industry.
Electronics products are getting smaller, lighter and faster which demand for more
compact and efficient electronic packaging. The use of flip-chip interconnection has
inherent advantages over the conventional wire bonding techniques for electronic
packaging in terms of higher packaging density and better performance. No-flow
underfill process for flip chip interconnection has gained popularity in the industry
during recent years due to its simpler and shorter process flow, compared with
conventional capillary flow underfill process. The elimination of assembly steps
enables high throughput and reduces process complexity [118]. In addition, the use of
snap-cure no-flow underfill material further eliminates the process time. However, the
reliability of such package must be examined to ensure its performance.

The no-flow underfill adhesives used in this study are non-filled, as the presence of
the fillers might inhibit the solder reflow connection process. In comparison with
conventional capillary flow underfill materials, which are highly filled with silica or
other filler, the modulus of no-flow underfill is lower while coefficient of thermal
expansion (CTE) is expected to be higher. Underfill material is an important factor for

reliability of flip-chip BGA (FCBGA) interconnection.

Pressure cooker test (PCT) under 121°C/100%RH, is a stringent accelerated test for
moisture-sensitive package, especially with underfill material. The moisture weakens
the interfacial adhesion strength, generates internal vapor pressure during reflow, and
induces tensile hygroswelling stress on underbump metallization (UBM) during PCT.

Previous researchers [53] have shown that hygroswelling of underfill is the key factor
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for UBM failure during PCT. However, so far there is no hygroswelling material
characterization and modeling done for no-flow underfill (snap/post-cure) material.
No-flow underfill absorbs more moisture than conventional underfill, due to lack of
fillers as moisture barrier. Therefore, no-flow underfill is more susceptible to moisture-

induced failures.

In this study, FCBGA (8x8mm, 80 1/0), both unmolded and molded packages (see
Figure 3.1), are used as the test vehicles for modeling studies and reliability tests. The
substrate is similar as used in TFBGA package, which only has 0.22mm thickness. The
control case chosen is unmolded FCBGA-8x8, with no-flow underfill type A, and die
thickness of 0.525mm. Parametric studies are performed to study the effects of no-flow
underfill materials (types A, B & C), package type (molded vs. unmolded), die
thickness (0.525 vs. 0.325mm), and substrate size (8x8 vs. 6x6mm) on the stresses of
UBM during reflow and PCT. For each case, only one design parameter is varied with
respect to the control case. The moisture diffuson modeling (85°C/85%RH) is first
performed to study the relative moisture distribution of various underfill materials.
Then, the results of moisture diffuson are used in the hygroswelling modeling.
Independent thermo-mechanical stress modeling is also applied to calculate the stress
during reflow. The failure criteria applied are the maximum normal peeling stress (S))

and shear (S,,) stresses on UBM, which contribute to the UBM-opening failure during

8x8(6x6) Unit: mm »
it
«- s
MC (optional) r
Die 0.525
0.745 (0J2s)

0.15 0.25

Inderfiil rn

i
0.22 | Substrate
|}

Figure 3.1. Schematic of FCBGA-8x8mm package
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3.2 MATERIAL CHARACTERIZATION

Three types of no-flow underfill (epoxy-based) materials (identified by UF A, B, and
C) were obtained from commercial sources. The underfill materials are divided into
two categories i.e. snap-cure and conventional cure. Conventional cure type underfill
requires additional post curing at 165°C for 1 hour and snap-cure type material requires
no further curing asit ispolymerized during the solder reflow stage.

In the solder wettability tests, underfill material was first dispensed on the substrate.
Two eutectic solder spheres were placed at proximity on the underfill and lightly
pressed down such that they were in contact with the copper trace. The specimen was
then under reflow. The spreading of the reflowed solder was observed visualy and
wetting angle was measured with a contact angle meter. The wetting percentage (see
Figure 3.2), W%, is defined by

we = 2b'a aJ - 100 % (3.1)

where a is the solder height, and b is half of solder width after reflow. A higher wetting

percentage has alower contact angle, and therefore better wettability.

Figure 3.2. Wettability measurement
The results of solderability and wettability test on Cu/Ni/Au surface are shown in

Table 3.1. In this evaluation trial, good wettability is denoting as having a wetting

percentage of >80% while poor wettability is classified when the wetting percentage is
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<80%. Underfill-A, B, and C exhibit good solderability and wettability demonstrated
by the merging of two eutectic solders balls after the reflow process. Wettability of

conventional post-cure underfill is slightly better than snap-cure underfill.

Table 3.1. Results of solderability, wettability, and degree of cure

UF Cure Condition  Solderability =~ Wettability Degree of Cure

A Snap-cure Good 83% 71%
B Post-cure Good 87% 2%
C Snap-cure Good 81% 93%

Differential Scanning Calorimeter (DSC) was used to study the curing profile and
curing kinetics of the underfill materials. An uncured sample of about IOmg was
placed in a hermetic aluminum pan and heated to about 250°C at a rate of 5°C/min to
obtain the curing profile. The heat enthalpy recorded is the energy required to obtain
fully cured condition. An exothermic peak exhibits during the curing reaction. The
degree of cure can then be determined (see Table 3.1). Underfill-A requires apost cure
to achieve fully cured condition and Underfill-B needs alonger post cure time.

Coefficient of Thermal Expansion (CTEs) of cured underfill materials were
measured using Thermo-mechanical Analyzer (TMA). No-flow underfill has a much
larger CTE value compared with conventional underfill, because it has no low-CTE
fillers. The large CTE mismatch among underfill, solder bump, and die may induce
high thermal stress. The storage modulus (E) and glass transition temperature (T,) were
determined by Dynamic Mechanical Analyzer (DMA). The results are listed in Table
3.2 asinput for modeling. CTE/ and CTE, are CTEs below and above T, respectively.
Ei and E2 are moduli below and above T, respectively. The underfill samples
characterized were fully cured to ensure stable material properties during the testing.

The characterization of hygroswelling properties will be introduced in Section 3.4.2.
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Table 3.2. Thermo-mechanica materia properties

Materials (pﬁr-lr-]/%IC) (png]/EfC) (ng) (GEF,’a) (GEFfa) Rttt
Silicon Die» 2.6 - - 155 - 0.25
BT Substrate * 15 - - 21 - 0.35
Copper * 17 - - 120 - 0.3
Solder Mask» 59 - - 4 - 0.35
Eutectic Solder 247 : YA 04

Bump*

Underfill A # 78.1 213.2 124 24 19 0.35
Underfill B # 86.1 223.7 129 31 19 0.35
Underfill C * 55.8 159.9 120 2.7 165 0.35
Mold Compound # 8 36 147 245 - 0.3

Sources: * material sujpliers, # in-louse testing. E of UF and MC are storage modulus

3.3 RELIABILITY TESTS

The test vehicle, TFBGA 8x8 packages with daisy-chained die and two categories of
underfill materials, i.e. snap-cure type and conventiona post cure type were selected for
assembly. The evduation matrix was divided into molded and unmolded FCBGA to
understand their reliability. After assembly, the samples were baked a 125°C for 24
hours before subjecting to four different reiability tests condition as shown in Table
3.3. Electrica continuity test was sdected as the falure criteria, and resstance
measurements were taken a various intervals to monitor the continuity of the daisy

chain.

Table 34 shows the rdiability test results (falure rates) of unmolded and molded
FCBGA packages. For each case, 30 samples were tested. The packages have passed
most of the reliability tests such asthermd cycling test (TCT), high temperature storage
test (HTS), and temperature humidity storage test (THS), but faled the PCT after 168
hours (after Level-3 moisture preconditioning and reflow). For unmolded FCBGA,

underfill materid A isthe best choice. It passes dl the reiability tests, except PCT with
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10% failure. For the molded version, underfill materia B has the best performance,
with 10% failure in PCT. Generaly, unmolded FCBGA has better PCT results than
molded FCBGA.

Table 3.3. Rdiability test conditions

Reliability Test Stress Conditions Inspection Intervals
T?;Crﬁgd&ji ;g TCT -40/+150°C 100,500,1000 cycles
Temps't;;‘grgid”y THS 85°C / 85%RH 1000 hrs

Precolgg._r L3+ oCT 121°(é/2?r(r)]%RH 0. 96, 168hrs
High Temp. Storage  HTS 150°C 500, 1000krs

Table 3.4. Rdiahility test results (falure rates) of FCBGA

UE Package TCT THS PCT HTS
Type 1000 eye 1000 hr 168 hr 1000 hr

Unmolded 0% 0% 10% 0%
A Molded 0% 0% 100% 0%
Unmolded 0% 0% 30% 0%
° Mol ded 0% 0% 10% 0%
Unmolded 0% 0% 63% 0%

¢ Mol ded 7% 0% 100% 27%

Typicd falures ater PCT are UBM-opening and die/underfill delamination (see
Figure 3.3). It is sugpected the falures are due to hygroswelling of no-flow underfill.
Therefore, -there is a need for comprehensve modeling to andyze the package on
moisture distribution, therma stress during reflow, and hygroswelling stress during

PCT.
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Figure 3.3. Typical moisture induced failures during PCT

3.4 Finite Element Models
3.4.1 Moisture Diffusion Model

The research work here applies another approach to normalize the moisture
concentration, i.e. moisture wetness, w, as the field variable, which is aso continuous
across multi-material interface [44, 52]. It is defined as

=— 1>w>0 (3.2
t-sat

where Cg is the maximum moisture concentration that can be absorbed by the material,

the lower limit w = 0 means it is dry, and the upper limit w —1 means it is fully

saturated with moisture. The Eq. (2.1) can be rewritten as

(dPw d’w d2wn

3.3
dt «dx Tdv dz?, @3)

and it may be solved as atypica transient heat transfer problem using any commercial

FEA software with implicit solver. Thetime step applied in modeling is 604.8s.

2D FEA half-model (due to symmetry) is established for the FCBGA, with fine
meshing around the critical region (see Figure 3.4). Same geometry model is used for

moisture, hygroswelling, and thermo-mechanical modeling, but different element types,
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loadings, and solutions are applied. For moisture absorption modeling, the initial
condition is w = 0 for the whole package, and the boundary condition isw = 1 at the
external interfaces which are exposed to ambient moisture (see Figure 3.5). Centerline

of package is symmetric (mass flux = 0).

Figure 3.4. FEA model of molded FCBGA

dw/dx\,—o = 0

Figure 3.5. Initial and boundary conditions of moisture diffuson model

The moisture properties, i.e. diffusivity and Cg, characterized under 85°C/85%RH,
are listed in Table 3.5. The moisture properties can be obtained by curve-fitting the
moisture weight gain data of a thin disc specimen with the solution of 1D moisture
diffusion. Underfill B has the largest Cg, and Underfill C has the highest diffusivity.
Die, copper, and solder bump are assumed to be impermeable to moisture, i.e. do not
absorb moisture, so they have zero diffusivity and Cg;. Besides, the moisture diffusion
rate on interfaces of adjacent materials may be higher due to possible delaminated area

or voids filled with air. For smplicity, this effect is not considered in the model.
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Table 3.5. Moisture and hygroswelling material properties at 85°C/85%RH

Materials (mr?zls) (mgclztm% (mcr:nl\éll rlig) TOt(aclth:I %(gztoMSItEr)al "
Underfill A 9.02e6 0.0152 0.18 0.0027
Underfill B 1.55e6 0.0329 0.22 0.0072
Underfill C 1.14e5 0.0112 0.31 0.0035

Mold Compound 2.79¢6 0.0043 04 0.0017
Solder Mask 4.83e5 0.0143 0.2 0.0029
BT Substrate 2.13e6 0.0075 04 0.0030

* Sources: al from in-house testing

Since the moisture properties at PCT (121°C/100%RH) cannot be characterized, the
moisture distribution under 85°C/85%RH is calculated for relative comparison of
different underfill materials. Inthemodel, a factor of 100/85 is applied to estimate Cgt
under 100%RH. The actual moisture distribution under PCT for 168hr should be more
severe than under JEDEC Level 1. Alternatively, the diffusivity and Cg a PCT may

be extrapolated using equations published by Galloway et a. [43].

3.4.2 Hygroswelling Model

Coefficient of moisture expansion (CME) is a measure of change in material strain
with moisture concentration. Here, it isthe ability of material to expand when subjects
to moisture absorption during moisture preconditioning. Dueto CME mismatch among
various materials, the hygro-mechanical or hygroswelling stress is induced. The
concept is analogous to CTE mismatch and thermo-mechanical stress, which we are
more familiar with. The hygro-mechanical problem can be solved using the same
procedure as a typical thermo-mechanical solution. The moisture loading applied is
from 0% to 100% of moisture concentration. The centerline of package is symmetric

(no x-displacement), simply supported at the package center (see Figure 3.6).
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u,U =o

U, (x=0,y=0) O

Figure 3.6. Boundary conditions of structural model

The general hygroswelling characterization technique was developed [52-53]. For
this study, two identical underfill disc samples are preconditioned with moisture under
85°C/85%RH for about 2 weeks. Then the samples are monitored for desorption under
Thermo-gravimetric Analyzer (TGA) and Thermo-mechanical Anayzer (TMA)
respectively at the same time at 85°C temperature for about one day. Both TMA and
TGA show very close time-dependent curves (see Figure 3.7) because the initial
moisture content and desorption condition are also close. The change in linear
dimension (sample thickness direction) and weight can be related by CME, obtained

from the slope of the graph, strain vs. concentration (see Figure 3.8):

£, = P,C (3'4)

where €), is the linear hygro strain, f5,, is the CME, and C is the moisture concentration.
The values of CME measured for no-flow underfill and mold compound materials are
shown in Table 3.5. Underfill B has the largest hygro strain, due to the relatively large
Csat and CME values. Die, copper, and solder bump materials are assumed to have zero

CME, i.e. has no hygroswelling. All materials are considered as linear elastic.
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TGA and TMA Curves
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Figure 3.7. TGA and TMA curves for Underfill C

Graph of Strain vs. Concentration
Strain

0.004
y = 0.31x

0 0.002 0004 0006 0008 001 0012
Moisture Concentration (mg/mm3)

Figure 3.8. Computation of CME for Underfill C

3.4.3 Thermo-mechanical Mode

Linear-elastic thermo-mechanical stress model is established. Linear-elastic model is
preferred due to faster solution speed and availability of material properties, making it
suitable for design analysis. The temperature loading is from curing temperature of
underfill or mold compound (if molded) to the reflow temperature of 220°C. Boundary
conditions are shown in Figure 3.6. The thermo-mechanical material properties used in

the modeling are shown in Table 3.2.
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3.5 DISCUSSION OF RESULTS

3.5.1 Moisture Diffusion

From results of moisture diffuson modeling (see Figure 3.9), it is shown that the
unmolded packages are fully saturated with moisture (wetness, w = 1) after 12 hours
under 85°C/85%RH. The transient moisture wetness distribution is only dependent on
the diffusivity of the materials. Underfill C has the highest diffusivity, therefore
saturated the fastest. However, once saturated, the final moisture concentration is only
dependent on Cgt- Therefore, Underfill B has the highest moisture concentration

according to Eq. (3.2). Interface material properties are not considered.

Figure 3.9. Transient moisture distribution for Underfill A-C (unmolded)

Figure 3.10 shows that molded package saturated slower than unmolded package, but
both types of packages are fully saturated after 168 hours of moisture preconditioning
under 85°C/85%RH. Under the more severe PCT condition (121°C/100%RH), the
packaging materials will have even higher diffusivity and Cgy. Therefore, both the
unmolded and molded packages will be fully saturated at a faster rate during PCT than

under 85°C/85%RH.
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Figure 3.10. Transient moisture distribution of unmolded vs. molded package

In the subsequent hygroswelling modeling, the moisture distribution can be assumed
to be uniform, equal to the Cgof the materials. There is no moisture concentration
gradient within the material. If the package is not fully saturated, the moisture
concentration distribution results have to be input as the final moisture loading in the

hygroswelling model, instead of assuming w = 1 (fully saturated) throughout the

package.

3.5.2 Hygroswelling Stress During PCT

Figure 3.11 shows that during PCT, the normal hygroswelling stress (S;) acting on
UBM and solder bump is mostly tensile (peeling mode), causing the UBM-opening
failure. Shear stress of lower magnitude also contributes to the interfacial delamination.
The swelling of underfill induces compressive normal stress on the die/underfill
interface (see Figure 3.3), but the UBM (die/bump) is under tensile normal stress,

because the solder bump doesn't absorb, nor swell with moisture.

From the parametric studies, unmolded FCBGA with Underfill-A has the lowest

hygroswelling stress. Previous reliability test results (Table 3.4) aso show that
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unmolded FCBGA with Underfill-A has the best performance. Underfill-A has the
least hygroswelling strain (see Table 3.5), due to relatively low Cg and CME.
Interfacial adhesion strength of underfill under high temperature and high moisture
condition, is also an important consideration. For better UBM reliability during PCT,
material suppliers may need to compromise in the formulation of no-flow underfill

materials, to achieve low vaues of both Cg; and CME.

Unmolded FCBGA with smaller die thickness of 0.325mm has 23% lower stress
than FCBGA with die thickness of 0.525mm, but substrate size has little effect on UBM
stress. Molded package has 38% larger stress than unmolded package (for Underfill A),
due to additional CME mismatch with mold compound material. This correlates well
with reliability test results that unmolded package generaly performs better than

molded package during PCT.

Since the test vehicles experience severa tests (moisture preconditioning at
Level 3, followed by reflow and 168 hours of PCT), the actual failure mechanism is
more complex, and could be a mixed mode. The moisture-induced failures could be
contributed by combined effects of process defects, interfacia adhesion strength,

moisture, vapor pressure, thermal stress, and hygroswelling stress.

H lling St during PCT (MP . .
78.099 YOrosweling Stress dunng (MPa) Hygroswelling Stress on UBM during PCT

Case Shear Stress Normal Stress
-39.759  UF A (Control) 77.72 266.96
UFB 139.06 491.14
1419 ype 8 09 30116
§ * UF A (Control)
36921  DT=0.325mm 59.86 206 33 . UFB
SS=6x6mm 77.36 265.87
7526  Molded 101.32 36888 pUFC
nDT=0.325mm
113.6 UBM e SS=5x5r~
« Molded
151.94
190.28 Shear Stress Normd Stress
228.62
266.96 Control case: Unmolded, Underfill A, Die

Normd Stress (MPa) of Control Case Thickness of 0.525mm, Substrate Size of 8x8mm

Figure 3.11. Design analysis on hygroswelling stress induced during PCT
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3.5.3 Combined Hygroswelling Stress and Thermo-mechanical Stress During PCT

At PCT condition of 121°C/100%RH, there is a combination of both hygroswelling
stress and thermal stress. During temperature cooling, from underfill curing
temperature to 121 °C of PCT, the thermal stress induced on UBM and solder bump is
compressive, acting against the tensile hygroswelling stress (see previous results in
Section 3.5.2). For the unmolded package with Underfill-A, the compressive stress is
262MPa, close to the tensile hygroswelling stress of 267MPa. Compressive thermal
stress during PCT is also observed by Wong et a. [53]. Vanlandingham et al. [119] and
Zheng et al. [120] show that T, of material can reduce up to 20°C below its dry state
value, when the sample is subjected to humid environment. Therefore, a 121°C, all
underfill materials studied here may be above T4. Under high CTE2, the thermal stress
induced is even more compressive, 278MPa, greater than the hygroswelling stress.
Underfill with high CTE helps to generate compressive stress, against the tensile

hygroswelling stress.

In order for failure to occur during PCT, the hygroswelling stress must be much
greater than the thermal stress. Previous hygroswelling stress modeling was performed
based on CME a 85°C. Wong et a. [53] show that CME is a strong function of
temperature. At 121°C, the CMEs of materials can be about 2 times higher than values
measured at 85°C. When CME is doubled, the hygroswelling stress is also doubled
accordingly. For the case with Underfill-A, the magnitude of hygroswelling stress can
be as high as 534MPa, much larger than the thermal stress of 278MPa. Therefore, the
hygroswelling stress is the dominant stress. For relative comparison among design

variations, the previous results based on assumption of CME at 85°C are still valid.
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3.5.4 ! her-mo-mechanical Stress During Reflow

Figure 3.12 shows that during reflow, the normal thermal stress (S;) acting on UBM
and solder bump is also mostly tensile, and therefore has a negative effect on UBM
reliability. The magnitude of normal and shear thermal stresses induced during reflow
are much lower than the hygroswelling stresses during PCT. More fallures are
observed during PCT than during reflow. The UBM and underfill/die adhesion strength
may be affected during reflow, but the package till manage to pass the electrical test
(solder bump resistance measurement). The subsequent hygroswelling stress during
PCT is the main factor causing the underfill/die interfacial delamination and UBM
opening failure. The effect of vapor pressure isnot considered in this model. Details of

vapor pressure modeling will be introduced and discussed in later Section 4.2.5.

Parametric studies show that the thermal stresses are close for these three types of
underfill materials, because there is no large variation in the underfill thermo-
mechanical material properties. Unmolded FCBGA with smaller die thickness of
0.325mm has 24% lower stress than FCBGA with die thickness of 0.525mm. Substrate

size and molded package have little effect on thermal stress of UBM during reflow.

-383  Thermal Stress during Reflow (MPa) Thermal Stress during Reflow

Case Shear Stress Normal Stress
-100  UF A (Control) 23.69 253.61
UFB 12.87 21935
0 UFC 19.99 265.07 « UFA (Control)
DT=0.325mm 35 36 192.79 . UFB
50 SS=6x6mm 24.23 251.09
DUFC
Molded 0.85 250.05
103 D DT=0.325mm
¢ SS=6x6mm
15" Molded

Shear Stress Normal Stress

253
Unmolded, Underfill A, Die

Izss Normd Stress (MPa) of Contral Case Thickness of 0.525mm, Substrate Size of 8*8mm

Figure 3.12. Design anaysis on thermal stress induced during reflow
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3.6 SUMMARY

The package reliability of FCBGA packages with no-flow underfill materials is
evaluated. Comprehensive moisture diffusion, hygroswelling, and thermo-mechanical
models are established to study FCBGA-8x8 with no-flow underfill under moisture
preconditioning, reflow, and PCT. The actual falure mechanism is complex,
contributed by combined effects of process defects, interfacial adhesion strength,
moisture, vapor pressure, thermal stress, and hygroswelling stress. From modeling, the
UBM stress calculations correlate well with the reliability test results. Moisture-hygro-
thermo-mechanical modeling can be an useful tool to analyze and enhance the
reliability of FCBGA against moisture-induced failures.

Moisture diffuson modeling shows that both unmolded and molded packages are
fully saturated during PCT. High moisture concentration weakens the critical
interfacial adhesion, generates vapor pressure during reflow, and induces tensile
hygroswelling stress on UBM during PCT. Hygroswelling stress induced during PCT
is found to be greater than thermal stress generated during reflow. The UBM-opening
and die/lunderfill delamination failures occur mostly during PCT. Although the
packages did not fail during reflow, the reliability could have been affected.

Parametric studies from modeling show that underfill with lower Cy and CME has
lower hygroswelling stress on UBM and therefore has better reliability performance.
FCBGA with smaller die thickness aso helps to enhance the UBM reliability during
reflow and PCT. However, the substrate size has little effect. In general, a molded
package has larger hygroswelling stress on UBM during PCT than an unmolded

package.
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CHAPTER 4 [INTEGRATED PACKAGE STRESS
MODELING

4.1 INTRODUCTION

QFN packages are getting popular as a low-cost solution for applications with low
pin-count requirements. QFN is also known as MLF (Micro LeadFrame), MLP (Micro
Lead Package), QON (Quad Outline Non-lead), or SON (Small Outline Non-lead)
package. It isatype of CSP and can be assembled and molded in matrix form for cost-
saving. A schematic of QFN-8x8mm (52 leads) package used in this study is shown in
Figure 4.1. The peripheral leads are exposed at the package bottom for soldering to the
board. Extra soldering under the center die pad and at diagonal corners is optional.
Currently, there are not many publications available on reliability modeling of QFN
packages. Moisture induced failures during moisture preconditioning and reflow are

main concerns for QFN packages.

] Unit: mm
8x8 Package Size
5x5 Die Size x
Mold . dwkith=10.2
Compound Die t0.38 Leadpitch « 05
DIP Aflai-h
09
01 01 Die Ped Cu Lead
of «&fFU  F 1r

N 5.7x5.7 Pad Size

Figure 4.1. Schematic of QFN 8x8mm (52L) package

The moisture-induced failures, e.g., popcorn and delamination, of IC packages are
common phenomena during solder reflow. Usually the package is first preconditioned
at certain temperatures to absorb moisture. Then failures occur partly due to sudden

vaporization of moisture in the package a high temperature condition. Therefore, it is
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critical to evaluate the strength of internal vapor pressure generated in the package
during reflow. The popcorn failure was first postulated by Fukuzawa et al. [38] in

1985, and later supported by many publications [43-45].

4.2 TYPES OF MODELING

The integrated stress modeling during reflow requires five types of modeling, i.e.
moisture diffuson during moisture preconditioning and reflow, thermal modeling,
hygro-mechanical modeling, thermo-mechanical modeling, and vapor pressure
modeling. 2D half-model is established for QFN. For al types of models, the same
finite element geometry model is used, but different element types, boundary
conditions, loadings, and solutions are applied. The theories and procedures for each

type of modeling are briefly explained in the following sections.

4.2.1 Moisture Diffuson Modeling

The theory of moisture diffuson modeling applied was previously explained in
Section 3.4.1. Initia and boundary conditions applied are shown in Figure 3.5. The
moisture properties, i.e. diffusivity and Cgt, characterized under 85°C/85%RH, are
listed in Table 4.1. The moisture properties can be obtained by curve-fitting the
moisture weight gain data of a thin disc specimen with the analytical solution of 1D
moisture diffusion. Die and copper leadframe are assumed to be impermeable to
moisture, i.e. do not absorb moisture, and therefore they have zero diffusivity and Cgy.

The moisture weight gain curve of mold compound under 85°C/85%RH is shown in
Figure 4.2. Thisisatypical curve with a high moisture absorption rate at the beginning
(first few days), and then reaching steady state or saturation at longer time. It was

found that the weight gain curve-fitted by Fick's Law solution (Eq. (2.2)) overestimates
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the moisture absorption rate at longer time. The non-Fickian behavior of test sample
could be that moisture diffusion close to saturation stage is dominant by a slow rate of
water condensation from vapor to liquid phase. The Cg;of material is much higher
than the moisture density in the humidity chamber. Therefore, some of the vapor-phase
water must be condensed into liquid water, to make more room for moisture diffusion at
vapor phase from ambient into the microvoids in the material. At the beginning of
weight gain test, moisture density in the microvoid is low, therefore there is no
condensation, and the curve can be fitted well with Fick's Law. At longer time, the
slower condensation process is dominant. Therefore, the moisture diffusivity at vapor
phase is reduced at higher moisture concentration, or the so-caled non-Fickian

behavior. Theeffect of this condensation process shall be studied in detail in future.

Table 4.1. Moisture and hygroswelling material properties

. D Csat P,CME Hygro Strain
Material (mm?s)  (mg/mm3®  (mm%mg) (P xC*.)
Mold Compound 7.43e-7 7.06e-3 0.222 157e-3
Die Attach 1.25e5 6.20e-3 0.520 3.22e-3

Sources: al from in-house testing

Moisture Weight Gain Curve

160

Experiment Data

Equation
8 £.7.43jrl0-'(2n + 1)V /
M. m22M i, 025
200 400 600 800 Time
(hr)

Figure 4.2. Moisture weight gain curve for mold compound
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Moisture desorption diffusivity is also an important material property, especially
during reflow, to determine the moisture weight loss. Moisture diffusivity during
desorption at reflow is larger than absorption at preconditioning temperature. Figure
4.3 shows the effect of temperature (30°C to 220°C) on moisture diffusivity during
desorption for mold compound, D (MC), and die attach, D (DA). The diffusivity is
larger at higher temperature, and the relationship can be described by the following

equation:

Q
D = DM (4.1)

where Dg isthe diffusion coefficient, Q isthe activation energy (ev), R isthe Boltzmann
constant (8.83e-5 ev/K), and T is the absolute temperature (K). The Dy and Q of mold

compound and die attach materials during desorption are listed in Table 4.2.

Figure 4.3. Diffusivity asafunction of temperature

Table 4.2. Diffusivity constants of moisture desorption

Material Do (Mm?/s) Q(ev)
Mold Compound 0.18 -0.304
Die Attach 0.35 -0.293
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4.2.2 Therma Modding
Smilar to mass diffuson, the following trandgent heat conduction equation can be
solved to obtain the temperature distribution in the IC package during reflow.

dT CdT 8T T °
d = a 8 x? 8y 8 Z2

4.2)

where T is the temperature, X, v, z are the spatid coordinates, and ar is the therma
diffusvity. The efect of phase change is not consdered in this model. The thermal
material properties, specific heat (Cp), therma conductivity (k), and dendity (p) are

lised in Table 4.3. They are rdated to therma diffusvity (ar) by:

*

ar = (4.3)
PCi
Table4.3. Therma materid properties
, C k
Material P P
(IkgK) (W/mK) (kg/m?)
Copper 385 390 8950
Die 712 108 2330
Mold 900 067 2088
Compound
Die Attach 800 12 2400

* Sources. al from materia suppliers

The initia condition is interior of package set a room temperature (see Figure 4.4).
The boundary condition used is fixed external surface temperature, according to the
reflow temperature profile measured, within the specification of JEDEC test standard
(e.g. maximum temperature of 220°C, +5/-0°C). The effects of convection coefficient
(h) and ambient temperature in the multi-zone oven are conddered indirectly by
measuring the surface temperature of the package. The centerline of package is

symmetric (heat flux =0).
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aT/ax|y=0 = 0
T =220°C

Figure 4.4. Initial and boundary conditions of heat transfer model

4.2.3 Hygro-mechanical Modeling

The theory of hygro-mechanical modeling and material characterization procedure of
CME were explained in Section 3.4.2. For mold compound samples tested, both TMA
and TGA show very close time-dependent curves (see Figure 4.5) because the initial
moisture content and desorption condition are also close. According to Eg. (3.5), CME
can be computed from the slope of the graph (see Figure 4.6), strain vs. concentration.
The values of CME measured for mold compound and die attach are shown in Table
4.1. Die and copper leadframe materials are assumed to have zero CME, i.e. no
hygroswelling. All materials are considered as linear elastic.

For this case, the hygro strain is as high as the thermal strain. For example, the mold
compound hygro strain is equivalent to therma strain with mold compound CTE of
34.9ppm/°C under the same temperature loading of 175-220°C using the analogous

Egs. (3.5) and (4.4):
st = aAT (4.9)
where g is the thermal strain, a isthe CTE, and AT is the temperature loading. The

boundary conditions applied are similar to previous hygro-mechanical model (see

Figure 3.6).
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Figure 4.5. Hygroswelling material characterization

Graph of Strain vs. Concentration
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Figure 4.6. Computation of mold compound CME

4.2.4 Thermo-mechanical Modeling

Linear-elastic thermo-mechanical stress model is applied. The temperature loading
applied is from the post mold cure temperature of mold compound, 175°C, to the reflow
temperature of 220°C. The thermo-mechanical material properties used in the modeling
are shown in Table 4.4. The boundary conditions applied are similar to previous

thermo-mechanical model (see Figure 3.6).
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Table 4.4. Thermo-mechanical material properties

Modulus at Mean CTE
M aterial 220°C (GPa) (ppm/°C)
Copper * 127.4 17.4
Die. 131 28
Mold Compound # 11 34
Die Attach # 0.043 170

Sources. * material suppliers, # in-house testing. MC and DA: storage modulus used.
4.2.5 Vapor Pressure Modeling

Representative Volume Element (RVE) approach is applied to estimate the vapor
pressure generated inside the material. Consider a very small representative material
sample, termed RVE. From the microscopic level, the RVE is large enough to be
statistically representative of the material properties a this location. Therefore, a field
quantity, the void volume fraction,/, can be defined as

dV

f= & |>/>0 (4.5)

where dVf is the void volume and dV is the element volume. When/= 1 (fully voided),
it implies that the delamination occurs at this location. The void volume fraction is a
field variable, and has different evolution at different locations. It evolves faster along
the interface than inside the material if the interfacial adhesion is weak. However, the
initial micro-voids are distributed randomly but uniformly in the material, and thus the

initial void volumefraction, fo, is amaterial property.

A usefﬂl guantity, the moisture density in the voids, can be described as

dw, dwiav C

Pn v, dvidv (46)
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where dW, is the moisture weight in aRVE. In addition, the transition temperature, 77,
can be defined as the temperature a which the moisture in the voids is fully

transformed to vapor phase,
Pm(Xi,To) = pg(T) (4.7)

where py (Tj) is the saturated vapor dendty a temperature 77, and To is the
preconditioning temperature a which the moisture i s absorbed.

There are three distinct cases a which vapor pressure can be computed [62-63]. Itis
assumed that the water vapor follows the ided gas law for Cases 1 and 2. The vapor
pressure can be caculated based on the locd moisture concentration after
preconditioning which determines the trangition temperature, 77.

The first case is when the moisture dengity in the voids is low enough such that dl
the moisture becomes vaporized a preconditioning temperature, To:

Cpy(To)T
luT/\rO whm7ikr. <4_8)

where/? isthe pressure andpy isthe saturated vapor pressure.
In the second case, the moisture is fully vaporized a a temperature between
preconditioning temperature, To, and the pesk reflow temperature, T.

PAT)T
pP=-A when T>T,>To (4.9)

For the last case, the moisture isnot fully vaporized even a reflow temperature, T:
p=Py(T) when 77>T (4.10)
This case uses thermodynamics table, instead of ided gas assumption, for saturated
pressure calculation at particular temperature.

The initid void volume fraction, fo, may be estimated from the materid temperature-

dependent moisture property. According to Eqg. (4.6), when saturated, the local
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concentration, C, isthe same as Cg~ Therefore, the initial void volume fraction can be

expressed as following
Jo=-ASt (4.11)

Sincepm * 1.0g/cm®, we have

10-C satj100°C7100%/71 (4.12)
where 100°C/100%RH is selected as the near-saturated condition, and unit of Cgy iSin
g/lcm or mg/mm . Alternatively, we may measure the Cg; Of test sample in boiling
water to accelerate the moisture absorption. Eg. (4.12) provides a simple way to
measure the approximate magnitude of the voids existing in materials. The estimation
is at the lower-limit since the moisture usualy exists as a mixture of water and vapor at
100°C/100%RH. Table 4.5 lists the results of the initial void volume fraction (fy) for
mold compound and die attach used. The accuracy off, is actually not critical in this
particular study because of its low sensitivity on vapor pressure results, and it will be

discussed in the later section.

Table 4.5. Initial void volume fraction

Material /.
Mold Compound 0.83%

Die Attach 0.76%

The linear vapor pressure induced strain (e,) may be estimated by
. ‘2 (4.13)

where v is the Poisson's ratio, E is the modulus, and p is the average vapor pressure.

The modulus of mold compound drops a few orders at the reflow temperature, and thus
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the vapor pressure strain may become as important as therma or hygro strain.  For
example, for mold compound with saturated vapor pressure of 2.32MPa, the Srain
induced is equivaent to therma dtrain (see Eq. (4.4)) with CTE of 18ppm/°C under the
same 175-220°C temperature loading. The magnitude of this vapor pressure induced
grain is in the same order as hygro and thermd strains. The vapor pressure dtrain
induces additional mismatch to the package, in addition to the CTE (thermo-mechanica
grain) and CME (hygro-mechanica) mismatch. It must aso be pointed out that such
an expanson is directly related to the vepor pressure digtribution, rather than the

moisture distribution.

4.2.6 Integrated Stress Modeling

Figure 4.7 shows the methodology of integrated stress modeling to calculate the
package stress induced during reflow. The five modds mentioned earlier are related to
one another. Result of moisture distribution from the moisture diffuson modd is used
as input for both the vapor pressure modd and the hygro-mechanical model. On the
other hand, the temperature distribution from the therma modd is gpplied in both vapor
pressure model and thermo-mechanica modd.

The stress and strain induced by vapor pressure, thermo-mechanical, and hygro-
mechanicd models are combined into an equivaent linear eastic stress modd to
compute the package stress and drain induced during reflow.  The hygro strain and
vapor pressure induced dtrain are converted to an equivalent thermd strain, defined by

CTE under the same temperature loading (175-220°C).
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Figure 4.7. Integrated package stress model during reflow

4.2.7 Interfacial Fracture Mechanics Modeling

Subsequently, the integrated package stress is anayzed with linear interfacial
fracture mechanics. There are severa possible ways used by researchers for fracture
mechanics analyses [67], e.g., Jintegral method, Virtual Crack Closure (VCC) method,
and Crack Flank Displacement Extrapolation Method (CFDEM), depending on the type
of application. Here, VCC method with non-singular crack-tip element (see Figure 4.8)
can be applied conveniently in modeling using ANSY S software to calculate the strain
energy release rate, G, of a crack, assumed along the die/mold compound and die/die
attach corner interfaces, which are the potential delamination layers. Crack-tip
elements used are PLANES82, or 6-nodes 2D triangular elements. Rau [121] developed
a convenient approach to compute G and the mode mixity, y/, based on the crack
opening displacements and the nodal forces. The work required to extend the crack by
Aa is equivalent to the work needed to close the crack tip by Aa. The mode | (Gj) and

mode Il (G//) components of G and mode mixity are described by

G/=T~-(I",Avy+I"Av)) (4.14)
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. (4.15)
G=G+ G, (4.16)
yl = tan c (4.17)

where Aa is the crack extension, F,j, Fx2, Fyi, and F,2 are the x andy components of
nodal forces per unit thickness at nodes 1 and 2, Aw, AUJ, Ay, and AVJ are the x and y
displacements at nodes i andj (see Figure 4.8). From Eq. (4.17) it is clear that when

mode | is dominant, G/ > Gn, mode mixity is lessthan 45° (vice versa for mode I1).

Figure 4.8. Non-singular crack-tip elements

4.3. DISCUSSION OF RESULTS
4.3.1 Moisture Diffusion Modeling

The transient moisture wetness distribution in QFN (symmetric half model) is shown
in Figure 4.9, ranging from 0 to 100% saturation. The moisture diffuses into the
package through mold compound, and gradually spreads into die attach layer. At the
end of 168 hours of moisture preconditioning under 85°C/85%RH, the package is
amost fully saturated with moisture. During the 5-minute solder reflow, external
package surface loses a significant amount of moisture due to high moisture desorption
rate. The moisture diffusivity is a few orders higher at reflow temperature than

moisture preconditioning temperature. However, the moisture concentration in the
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interior of the package, including critical die attach and die/mold compound interfaces,
still remains relatively unchanged. The local moisture concentration in these critical
interfaces determines the strength of interfacial adhesion and magnitude of internal
vapor pressure induced, which partially lead to moisture induced failures, e.g.,

delamination and popcorning, in the package.

Figure 4.9. Transient moisture wetness distribution

4.3.2 Thermal Modeling

The solution of thermal model is analogous to moisture diffusion. However, the
thermal diffusivity is much larger than the moisture diffusivity. Figure 4.10 shows the
temperature distribution in the package during 5-minute reflow (from 25°C to peak
temperature of 220°C). Heat is conducted faster in die and copper leadframe than in
mold compound. When the external surface is heated to 220°C after 5 minutes, the
internal package reaches this uniform temperature within a few seconds. Therefore, in
the subsequent thermo-mechanical and vapor pressure models, temperature distribution

during reflow (5 minutes) can be assumed to be uniform throughout the package.
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219.853

Figure 4.10. Package temperature distribution during reflow

4.3.3 Vapor Pressure Modeling

From the transient moisture distribution (see Figure 4.9), the corresponding vapor
pressure distribution at reflow temperature of different moisture preconditioning time
can be calculated (see Figure 4.11) based on Egs. (4.8)-(4.10). Case 3 of saturated

pressure is mostly encountered here.

Figure 4.11. Vapor pressure distribution at reflow temperature
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It is interesting to note that moisture diffuson and vapor pressure models have very
different rates of saturation. For moisture diffusion, the distribution gradually reaches
near-saturation at 168 hours of moisture preconditioning. However, for vapor pressure,
the distribution reaches saturated pressure at reflow temperature with only 12 hours of
moisture preconditioning under 85°C/85%RH. This impliesthat at JEDEC Level 1, the
void moisture density exceeds its critical density value after about 12 hours.
Subsequent addition of moisture density has no effect on the saturated pressure.
Therefore, the vapor pressure induced strain is related directly to vapor pressure

distribution, rather than to moisture distribution.

At 1hour of moisture preconditioning (see Figure 4.11), the void moisture density is
below the critical value. Therefore, the vapor pressure has closer distribution pattern as
moisture diffusion, with lower vapor pressure inside the package, and gradually larger
towards the external package surface. This corresponds to Cases 1 and 2 (Egs. (4.8)-
(4.9)), which assume idea gas behavior for non-saturated pressure conditions.
Comparison is made with vapor pressure obtained from thermodynamics table, and the
ideal gas assumption only has less than 5% of error. Anyway, for JEDEC Level 1with
168 hours of moisture preconditioning, saturated pressure (Case 3, Eq. (4.10)) is always
encountered, and its magnitude is much larger than the vapor pressure in Cases 1and 2.

The effect of initial void volume fraction (fo) is also studied. When/, isincreased 5
times, the vapor pressure distribution is ailmost unchanged (see Figure 11), because the
void moisture density is still above the critical value. It is important to point out that
although fo (until 5 times) has little effect on vapor pressure, it may weaken the
interfacial adhesion. Exact measurement of/, is not critical for Level 1, but it can be

important for low moisture conditions, e.g., Level 3 or below, due to low void moisture

density.
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4.3.4 Integrated Stress Modeling

The total strains induced by thermo-mechanical, hygro-mechanical, and vapor
pressure loadings in mold compound and die attach are listed in Table 4.6. For hygro-
mechanical and vapor pressure induced strains, they are converted into equivalent mean
CTEs, under the same 175-220°C temperature loading, so that all three models can be
integrated in a thermo-mechanical model with equivalent strains. For example, hygro-
mechanical strain of mold compound is 1.57e-3 (see Table 1, according to Eq. (3.4)),
and the equivalent mean CTE is computed as 1.57e-3/(220°C-175°C) = 34.9ppm/°C.
The total equivalent CTE is much larger than only considering equivalent CTE of
individual model. Therefore, the thermal stress and strain due to mismatch of these

three models are much higher than values of individual model.

Table 4.6. Total strains and equivalent CTEs in integrated stress model

Mold Compound Die Attach
Total Equivalent mean Total Equivalent mean
Strain CTE (ppm/°C) Strain CTE (ppm/°C)
Thermo- ) 309 34 7.656-3 170
mechanical
Hygro- 157e3 34.9 3.22e-3 71.6
mechanical
Vapor 8.14e-4 181 21662 479.6
Pressure
Integrated 54703 87 3.256.2 7212
(total)

The relative package warpage or vertical displacement distributions during reflow
among various models (not the same scale) are shown in Figure 4.12. Thermo-
mechanical model has upward warpage, opposite in direction as compared to hygro-
mechanical and vapor pressure induced stress models. This is because for hygro-

mechanical and vapor pressure induced stress models, the die and copper leadframe do
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not absorb moisture, and therefore have zero CME and vapor pressure. For thermo-
mechanical model, al the materids have different non-zero CTEs. As for the
integrated model, the warpage distribution is more complex, a mixture of all three

models. The integrated model isvery different from the individual models.

Warpage (mm)

Figure 4.12. Comparison of warpage distributions

The Von Mises stress distribution in mold compound for the integrated model is
shown in Figure 4.13. The maximum stress is located at thejunction of die, die attach,
and mold compound. This location is the same for all other models, despite they have
different warpage distribution. However, the magnitude of the maximum stress is
different (see Figure 4.14). For Von Mises stress, the principle of superposition is not
applicable here, because it is an equivaent stress, linearity isno longer valid. For other
stress components, the stress computed by integrated stress model equals exactly to the
sum of stresses given by three basic stress models mentioned above. Among the three

models, thermo-mechanical stress is the highest. The integrated stress model has about
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50% larger maximum stress in mold compound than the thermo-mechanical stress
model. Without considering the hygro-mechanical and vapor pressure induced stresses,

the package stress during reflow would have been underestimated.

. 012734
MPa 3.595
7.177
10. 759
14.342

17.924

Maximum 21.506
stress 25. 088
28. 671

32. 253

Figure 4.13. Integrated model: Von Mises stress distribution
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Figure 4.14. Comparison of maximum Von Mises stresses

Besides the difference in stresses, the considerations of moisture diffusion and vapor
pressure also have impact on interfacial adhesion strength. The interfacia adhesion
should be characterized under reflow temperature with the same level of moisture

preconditioning.
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4.3.5 Interfacial Fracture Mechanics Modeling

Two potential failure interfaces, i.e. die/mold compound and die/die attach, are
further analyzed for delamination. An initial crack of 0.1mm is assumed a the die
corner (both top and bottom interfaces), which is induced by the integrated stress under
the thermo-mechanical, hygro-mechanical, and vapor pressure loadings. Once the
delamination is initiated, the vapor pressure fills up the cavity quickly and saturated
vapor pressure of 2.32 MPa is generated to open-up and extend the crack length. The
initial delamination will propagate when G is larger than G, critical interfacial
toughness of the bi-material. G, depends strongly on mode mixity, and generally G,
increases with larger mode mixity. It is the strongest under the pure mode Il (mode

mixity = 90°). The values of G; have to be determined experimentally.

Figure 4.15 shows that G (calculated by Egs. (4.14)-(4.16)) increases with crack
length at both interfaces studied. The effect of crack length is very significant for
die/mold compound interface. If this interface has an initial crack, the crack may be

extended by the vapor pressure until the whole interface is fully delaminated.

Figure 4.15. Effect of crack length on strain energy release rate (G)
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Figure 4.16 shows that the mode mixity (calculated by Eq. (4.17)) decreases with
longer crack length, gradually changed from in-plane shear mode (mode E) to opening
mode (mode I). This is because the contribution of vapor pressure loading becomes
greater with longer crack length, and naturally it acts to open-up the interfacial gap. For
die/mold compound interface, mode mixity becomes stable when crack length exceeds
Imm. However, for die/die attach interface, mode mixity continues to decrease with
crack length. Therefore, the interfacia fracture toughness is aso reduced, and the crack
is more susceptible to further delamination.

It should be noted that the interfacial fracture mechanics theories are very complex
and modeling is very challenging. The modeling calculations are made with highly

oscillating stress field.

Figure 4.16. Effect of crack length on mode mixity

44 SUMMARY

The actual package failure mechanism during reflow is complex, contributed by
combined effects of process defects, interfacial adhesion strength, moisture, vapor
pressure, thermo-mechanical stress, and hygro-mechanical stress. Therefore, there is a

need for comprehensive studies on moisture diffuson, thermal, hygro-mechanical
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stress, thermo-mechanical stress, and vapor pressure modeling. An integrated stress
model with interfacial fracture mechanics is then established to study the QFN package
stress, and compute the strain energy release rate when delamination is initiated. It is
an useful tool to analyze and enhance the reliability of package, minimizing the
delamination and popcorn failures encountered during reflow.

The package vapor pressure distribution during reflow is the key factor in
understanding the failure mechanism. Moisture diffuson model is applied to predict
the local moisture concentration at the critical interfaces, which can be used for
subsequent vapor pressure calculations. High moisture concentration weakens the
critical interfacial adhesion, generates vapor pressure during reflow, and induces hygro-
mechanical stress in the package. The vapor pressure induces additional mismatch to
the package, which is of the same order as the CTE and CME mismatch. When the
interfacial adhesion is reduced to the level below the stress predicted by the integrated
stress model, delamination will occur.

For both die/mold compound and die/die attach interfaces, G increases with a longer
crack length, and mode mixity decreases with a longer crack length. The propagation
of an initial crack depends on the relative values of G and G.. The contribution of
vapor pressure to interfacial delamination is significant, especially when there is a

defect or crack along the interface.
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CHAPTER 5 BOARD LEVEL SOLDER JOINT
RELIABILITY MODELING

51 INTRODUCTION

Board-level solder joint reliability isimportant for CSPs during thermal cycling test.
The typical test condition required is -40°C to 125°C to ensure a reliable package
performance under the extreme operating conditions. The required fatigue life varies
among the customers, e.g., 1000 cycles under -40°C to 125°C thermal cycling test.

However, the process of thermal cycling test is time-consuming and costly.
Therefore, FEA modeling [78-107, 122-130] is widely used as an analysis tool for
solder joint reliability, especially during the design stage of new package. A fatigue life
prediction accuracy of £2x is generally considered adequate due to the complex nature
of solder material's creep behavior, and also uncertainty in the board level thermal
cycling test.

Here, modeling and testing of three types of 0.5mm pitch CSPs are analyzed for
TFBGA, QFN, and WL-CSP. Complete board level solder joint reliability comprises of
thermal cycling test, drop test, vibration test, bending test, and twisting test. TFBGA,
for example, has different failure mode and mechanism under thermal cycling and drop
test. Design engineers have to compromise on various board level design constraints
and customer requirements. The design recommendations given in this chapter are

based on thermal cycling test.

52 BOARD LEVEL THERMAL CYCLING TEST
Board level thermal cycling tests were performed on TFBGA, QFN, and WL-CSP.
Test board with daisy-chain routing is used to monitor the resistance change resulted

from solder joint failure. Resistance reading above 300Q is considered as a failure by
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event detector, areal-time resistance monitoring system. The test standard followed is
JESD22-A104-B, and thermal profile of -40°C to 125°C (40 min/cycle) is applied.

The cycles to failure, Weibull plots of these CSPs can beobtained from thermal
cycling tests. The Weibull equation can be fully described with the availability of two
Weibull parameters, J3and TJ, by

i
N = rj[-\n(\-F)]" (5.1)

where N is the solder ball fatigue life at corresponding failure rate (F;), ft isthe slope of
Weibull plot, and TJis the characteristic life at 63.2% failure rate, which can be

correlated directly with FEA predicted fatigue life, computed from strain energy density

(SED) per cycle.

5.3 TFBGA FATIGUE MODEL

5.3.1 Background

TFBGA packages are now widely used inthe telecommunication applications, e.g.,
mobile phone, because of its high density and high performance interconnect
technology. TFBGA has thin substrate of 0.22mm, 0.6mm mold compound thickness,
and fine ball pitch of 0.5mm. Itisatype of CSP and can be assembled and molded in

matrix form for cost-saving.

5.3.2 SOLDER JOINT FATIGUE MODEL

Both global and local 3D finite element models are constructed for TFBGA on board
to predict thefatigue life of solder joint during thethermal cycling test. Figure 5.1
shows asample model of TFBGA108 - 7x7mm, 0.5mm pitch, with 3 rows peripheral

solder balls. Temperature-dependent material properties are considered for the TFBGA
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package materials used, e.g. CTEs of mold compound and die attach materials, and
modulus of solder material. Stress-free temperature is assumed to be 125°C, highest
temperature of thermal cycling test. The boundary conditions are similar to typical
structural model (see Figure 3.6), except here is a 3D model. For solder material,
Anand's viscoplastic model [78] is applied to describe the creep behavior (see
Appendix for more details). The rest of the materials are assumed to be linear elastic.
Board material is considered to be orthotropic. The thermo-mechanical material

properties, i.e. CTES, T4 moduli, and minor Poisson's ratio, are listed in Table 5.1.

Figure 5.1. Model for TFBGA108 - 7x7 on board

Table 5.1. Material properties applied in TFBGA model

Materials CTE1 CTE2 T, Modulus Poisson's
(ppm/°C)  (ppm/°C)  (°C) (GPa) Ratio
Silicon Die 2.8 - 131 0.3
CuPad 17.7 - 117 0.3
Mold Compound 8 32 165 25.02 0.3
Die Attach 72 145 24 0.5 0.3
Eutectic Solder Ball 25 - 35.37-0.15T,q 04
Solder Mask 95 - 5 0.3
] - . xy: 0.39
FR4 Board . gl'i’ ((|:th I;rfe)lane) - e 24 yz: 0.39
y 5% P y- 1 xz:0.11
. - ] xy: 0.39
BT Substrate x,z._ 12.42 (in-plane) ] X,Z .. 26 yZ: 0.39
y :57 (out-of-plane) y :11 %7:0 11

* Sources: al from materia suppliers. Modulus of MC and DA are storage modul us.
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Firstly, global model with rough-mesh solder balls is solved to identify the critical
solder ball with the maximum plastic work or strain energy density (SED) per cycle.
The solution time required is about half of detailed local model. The critical solder ball
for TFBGA108 studied is observed to be at the diagonal package corner (see Figure
5.2). Then, a loca model with much finer mesh is established for the critical solder
ball, and solved to obtain accurate SED along the top layer of solder ball, which is the
potential failure interface for crack propagation. The loca model has detailed pad
design, eg. SMD (Solder Mask Defined) pad on substrate side and NSMD (Non Solder
Mask Defined) pad on PCB side, with realistic shape of non-spherical solder ball (see
Figure 5.3). The element mesh mismatch between interfaces of local and global models
are linked by constraint equations to interpolate the displacements along the boundary.
This methodology saves the long computational time required for global model with
fine solder mesh for all solder balls, but still obtains reasonable accuracy of results
required for the critical solder ball. However, it requires detailed and complex

geometry model construction.

Global model (rough mesh for non-critical balls)

Figure 5.2. Transition from global to local model
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*d
\ A Solder
Ball

PCB

Figure 5.3. Details of local model for critical solder ball

Modified Darveaux's metiiod is applied to calculate the average SED per cycle
accumulated along the critical failure interface, i.e. top solder layer. Larger SED leads
to shorter solder joint fatigue life. The SED obtained from the viscoplastic modeling
can then be related to compute the characteristic life:

n=a/[Ci (SEDf} (5.2)
where r| is the fatigue life a 63.2% falure rate, Ci and C2 (0.93E-7 and 159
respectively) are the unique correlation constants derived in this thesis, and a is the
length of critical pad interface (diameter of solder mask opening). This modified
approach does not consider the crack initiation life (see Egs. (2.7)-(2.9)), and assumes
that the crack propagation life is dominant. This assumption is confirmed by good
FEA-thermal cycling correlation (see later section).

There are no universal correlation constants, because these values are dependent on
the type of packages and finite element model constructed. Since the original constants
published by Darveaux were derived for larger BGA packages [78-79], there is a need
to modify the constants for application in TFBGA and other CSPs. The constants can

be curve-fitted from correlation of FEA and thermal cycling test data, to minimize the
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errors induced during board assembly, testing, and modeling. The same constants can
then be applied confidently for further design analysis. This approach is more accurate

than using the original Darveaux constants.

5.3.3 FEA-THERMAL CYCLING CORRELATION
From the failure analysis (see Figure 5.4), it is clear that the diagonal solder joint
fails first, and the crack initiated propagates through the top solder ball interface. The

failure mode and location agree well with the maximum SED predicted by modeling

(see Figure 5.2).

Figure 5.4. Failure analysis of solder ball

Board level thermal cycling tests were performed on seven different types of
TFBGA packages. Figure 5.5 shows that the FEA-thermal cycling correlation is within
+13% error, which is much better than +2x error acceptable by Darveaux [78-79].
Correlation constants (C/ and Q) in Eq. (5.2) are iterated such that the fatigue life
differences between modeling and experiment data are minimized using least square fit
method. Similar modified constants are applied throughout the rest of parametric
studies of package geometry and material properties, to obtain a consistent relative

comparison of solder joint fatigue life. In future, when there are more thermal cycling
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results available for other cases, the correlation constants may be fine-tuned further for
more accurate fatigue life prediction. Nevertheless, for typical design analysis of solder

joint performance, the relative life prediction is more meaningful.

FEA « TC Correlation for BGA Packages

100 1000 10000
Thermal Cycling Test Fatigue Life (Cycles)

Figure 5.5. Correlation of modeling and thermal cycling tests for TFBGA

5.3.4 Design Analysis of TFBGA

The validated TFBGA fatigue model is applied for parametric studies of package
geometry and material properties, to enhance the board level solder joint reliability.
There are 14 effects studied relative to the control case (printed in bold font, one effect
studied at atime), and results are tabulated in Table 5.2. The package details of the
control case, TFBGA 108-7x7, is listed in Table 5.3. For parametric studies, one design
variable will be changed a atime with respect to the control case. Design optimization
is not considered as it requires knowledge of package manufacturability and material
availability, which is usually unknown during the early design phase of anew package.

It is a comprehensive analysis on effects of TFBGA die area size, die thickness, ball
standoff, maximum ball diameter, solder mask opening, board size, board thickness,
substrate thickness, mold compound thickness, modulus and CTE of mold compound,
temperature range of thermal cycling test, ball layout pattern (number of balls remains

constant), and number of solder balls (ball pitch is constant).
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Table5.2. Summary of TFBGA parametric sudies

Design Life %
No Variations Values (cycles) Difference
. 3.74°mm 1547
1 Die size ,
4.74% mm 1186 -23.3
. . 0.235 mm 15647
2 Die Thickness
0.375 mm 1450 -6.3
0.25 mm 1547
3 Bal Standoff
0.30 mm 1720 11.2
4 Max. Ball 0.30 mm 1547
Diameter 0.40 mm 1303 1538
5 Solder Mask 0.275 mm 1547
Opening 0.350 mm 2410 55.8
] 10x10 mm 1547
6 Board Size
20x20 mm 1398 -9.6
1.0 mm 1547
7 Board Thickness
16 mm 1060 -31.5
8 Substrate 0.22 mm 1547
Thickness 0.30 mm 1683 88
05 mm 1618 4.6
9 MC Thickness
0.6 mm 1547
20GPa 1683 88
10 MC Modulus
25GPa 1547
8 ppm/°C 1547
11 MCCTE
11 ppm/°C 1887 220"
-40 to 125°C 1547
12 TC Temp. Range
Oto 100°C 4503 191.2
Depopulated 1547
13 BaIPI Layout
attern Full Array 1338 -135
1 Number of Solder 108 1547

Balls 144 1639 6.0
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Table 5.3. Package parameters for the correlation case

Design Parameters Values
Package Size 7X7 mm
1/0 108 (3rows Depopulated Array)
Die Size 3.74x3.74 mm
PCB Thickness 1 mm
Ball Standoff 0.25 mm (eutectic solder)
Ball Pitch / Diameter 05/0.3 mm
Solder Mask Opening 0.275 mm
MC Thickness 0.6 mm
Substrate Thickness 0.22 mm
TC Test Condition -40tol25°C

Effect of Die Sze

Bigger die size has shorter fatigue life, because the die edge is closer to the critical
diagonal ball, resulting in more local CTE mismatch. The die also reduces the overall
package CTE, leading to greater globa CTE mismatch with the board, and more stress
induced in the solder ball. For the TFBGA package studied, the Distance to Neutral
Point (DNP) effect is more dominant than the die edge effect. Therefore, the failure

occurs at the outermost diagonal corner solder joint, instead of under the die corner.

Effect of Die Thickness

Die thickness has little effect on fatigue life. Thicker die has worse solder joint
performance, because there is more loca CTE mismatch between die and solder joint.
Thicker die implies that the overall CTE of package is lower, resulting in more global
CTE mismatch with the FR4 board. Thinner board is more compliant, and therefore the

strain induced in critical solder ball is lower.
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Effect of Ball Standoff

Higher ball standoff helps to increase the fatigue life. By changing the ball standoff
from 0.25mm to 0.3mm, the fatigue life can be enhanced by 11%. The larger
separation distance of solder helps to reduce the shear strain induced during thermal

cycling.

Effect of Maximum Ball Diameter

For the barrel-shape solder ball studied, the maximum ball diameter (with the same
ball standoff and solder mask opening) has negative effect on fatigue life. This effect
may be solder joint shape-dependent. The collapse of solder ball during reflow leads to
larger maximum ball diameter and shorter ball standoff (combination of two negative

effects studied), which weaken the fatigue life.

Effect of Solder Mask Opening

For SMD pad design, size of solder mask opening determines the interfacial length
of solder ball and upper copper pad. According to Eqg. (5.2), larger solder mask opening
requires longer time for crack to propagate through the failure interface. This effect is

very significant.

Effect of Board Size
The board size has little effect on fatigue life. Bigger board size will induce slightly
larger global CTE mismatch with the package. Therefore, in fatigue modeling, smaller

board size may be assumed to reduce the computational time.
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Effect of Board Thickness

Thicker board has much lower fatigue life because the global CTE mismatch
between package and board is increased. Thinner board is more compliant, and
therefore the strain induced in critical solder ball is reduced. It is important to use
consistent board size and thickness in the thermal cycling test to minimize variations

among packages of similar type.

Effect of Substrate Thickness
Thicker substrate only slightly improves the fatigue life by increasing the overall
package CTE, and reducing global CTE mismatch with the board. It implies that future

substrate design can be thinner to reduce the cost, without significant negative effect on

the fatigue life.

Effect of Mold Compound Thickness

Sometimes thinner mold compound is desired to assemble thinner package. Here,
thinner mold compound leads to dightly longer fatigue life. The CTE of mold
compound used is close to the mean CTE of the package (die + substrate + mold

compound). Therefore, the thickness of mold compound has little effect on the fatigue

life.

Effect of Mold Compound Modulus

Lower mold compound modulus helps to dlightly increase the fatigue life because

the material is less diff, therefore inducing less stress to the neighboring materials.
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Effect of Mold Compound CTE

Higher mold compound CTE helps to increase the fatigue life, as it increases the
mean package CTE, and reduces the CTE mismatch with PCB. Idealy, there should be
an optimum mold compound CTE (see Section 5.4.4 on QFN) which minimizes the
global CTE mismatch between the package and the board. This requires more
modeling trials of different CTE values, ranging from 8 to 30 ppm/°C, which will be

reported in the future study.

Effect of Temperature Range of Thermal Cycling

The effect of temperature range of therma cycling on solder joint reliability is
significant. Thermal cycling test with larger temperature difference results in lower
fatigue life, due to larger thermal induced stress and strain.  Test condition of O to
100°C has 191%longer fatigue life than -40°C to 125°C temperature range. Therefore,
it isimportant to set a standard test condition for thermal cycling test. Modeling can be
useful to convert the past experimental data obtained from different sources or various

test conditions.

Effect of Ball Layout Array

With the same number of 1/0 (108 for this case), depopulated array ball layout (3
rows peripheral) has better fatigue performance than full array (slightly larger ball
pitch), because it makes use of more critical peripheral solder balls to support the
maximum SED induced. For full array, solder balls under the center of package are
"wasted" because they have relatively lower SED than the solder ball "under the package

edge. The depopulated array helps to distribute the SED more uniformly among the
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solder balls. Alternatively, dummy balls may be used for critical diagonal corner balls,

at the expense of extra cost, to improve the fatigue life.

Effect of Number of Solder Balls

For fixed ball pitch, package with more solder balls (full array of 144 balls vs.
depopulated array with 108 balls) helps to sightly improve the fatigue life because the
SED is shared by more solder balls. However, since the critical balls are along the
package peripheral, the extra balls of full array under the package center have no

significant improvement on the fatigue life.

5.4 QFN FATIGUE MODEL

5.4.1 Background

QFN, atype of leadframe Chip Scale Package (CSP), is getting popular as a low-cost
solution for applications with low pin-count requirements. A schematic of QFN-
8x8mm package used in this study is shown in Figure 5.6. The periphera leads are
exposed at the package bottom for soldering to the board. Extra soldering under the
center die pad and at diagonal corners is optional.

Currently there are very few publications available on board-level solder joint
reliability modeling and testing of QFN packages [23-26]. In this thesis, QFN fatigue
model with accurate life prediction capability is established. Many in-house thermal

cycling test data are available for correlation with modeling.
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Figure 5.6. Schematic of QFN-8x8mm package on board

54.2 Solder Joint Fatigue Mode

Figure 5.7 shows the 3D FEA diced modd usaed for QFN-8x8mm package. Half
modéd is constructed due to symmetry. Only onerow of lead with solder is smulated to
reduce the computation time. Compared to full 3D modd, the accuracy of diced mode

is acceptable [79], and both models give the same trend of results, useful for relative

comparison of solder joint fatigue life.

Figure 5.7. 3D diced modd for QFN-8x8

79



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

The solder fillet is included, and constant element size is maintained in the
parametric modeling, especialy for viscoplastic solder joint (global element size of
35jam). Selection of solder element size is arbitrary (but should be consistent in all
analysis), especially in the thickness direction [78], because the results will always
vary with element size. The cutting surfaces are constrained to have the same
displacement. Detailed PCB geometry dimensions such as land size, copper pad, and
solder mask, are also considered in the model.

Temperature-dependent material properties are considered for the QFN packaging
materials used. For solder material, Anand's model is used to describe the creep
behavior. The rest of the materials are assumed to be linear elastic. Board is
considered to be orthotropic. The thermo-mechanical material properties are listed in

Table 5.4.

Table 5.4. Material properties applied in QFN model

Materials CTE, CTE; Tg Modulus
(Ppm/°C) (ppm/°C) (°C) (GPa)
Silicon Die 29 - - 130
Cu Leadframe 16.9 - - 128.9
Mold Compound 10 33 190 26.29
Die Attach 72 170 -10 0.86
Eutectic Solder Ball 245 - - 45.5
Solder Mask 34.85 - - 4.14
FR4 Board 176 - - 19.51

* Sources:. all from material suppliers. Modulus of MC and DA is storage modulus.

Modified Darveaux's method is applied to predict the fatigue life using SED per
cycle accumulated along the critical failure interface, i.e. one layer of element along the

top peripheral solder and lead interface. However, the structure of QFN package is very
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different from BGA. Therefore, the fatigue life correlation constants are unique and
can be derived through in-house thermal cycling tests. C/ and C2 are 8.264E-7 and
0.78 respectively, and a is the lead length of QFN (see Eq. (5.2)). The SED per cycle
used is calculated between the end of second and third thermal cycling cycles. Figure
5.8 shows that the hysteresis loops of modeling converge after three thermal cycling
cycles, with less than 1% difference in SED. For the QFN-8x8 studied, the maximum
SED is observed at the top corner of peripheral solder joint, close to the solder fillet.

Solder joint under center of die pad has much lower SED.

Figure 5.8. Convergence of hysteresis loops

5.4.3 FEA-Thermal Cycling Correlation

From the failure analysis (see Figure 5.9), it is clear that the periphera solder joint
cracks and propagates through the top interface. The failure mode and location agree
well with the maximum SED predicted by modeling.

Eight different types of QFN packages were tested under thermal cycling tests. The

cycles to failure, Weibull plots of these cases are obtained. The Weibull equation can
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be fully described with the availability of two Weibull parameters, /? and 77 (see Eq.
(5.1)). Theresults are listed in Table 5.5. In general, the experimental data shows that
the solder joint fatigue life of QFN can be enhanced with:
1) Smaller QFN package size
- QFN-4x4 has longer fatigue life (about 2500 cycles) than QFN-8x8
2) More center pad soldering
- Solder coverage of 91% has longer fatigue life (176 cycles) than 75% coverage
3) Thinner die is better
- Die thickness of 0.24mm has longer fatigue life (1903 cycles) than 0.36mm
4) Mold compound with higher CTE
- Mold compound CTE of 16ppm/°C has longer fatigue life (1763 cycles) than
10ppm/°C
5) Package with solder high fillet is better
- 240 longer cycles
These relative trends of thermal cycling results correlate well the modeling studies

(see later section).

Experimental Failure Analysis . .
P y Fatigue Modeling (SED)

Scale: 180X

Figure 5.9. Correlation of failure analysis and SED of critical solder joint
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Table 5.5. Thermd cycling test results

Case Package Dominant Effect P (dope) r\ (cycles)
1 QFN-4x4  Mold compound CTE=10ppm/°C 3.92 3131
2 QFN-4x4  Mold compound CTE=16ppm/°C 7.57 4894
3 QFN-4x4 Die thickness = 0.24mm 5.40 4646
4 QFN-4x4 Die thickness = 0.36mm 166 2743
5 QFN-8x8 75% center pad soldering 4.94 1242
6 QFN-8x8 91% center pad soldering 4.85 1426
7 QFN-8x8 Without solder fillet 8.09 631
8 QFN-8x8 With solder fillet 5.85 871

For the eight correlation cases, SED per cycle can be obtained from modeling, and
characterigtic life is determined by experiment. Corrdation congtants (C/ and Q) in
Eg. (5.2) ae iterated such that the fatigue life differences between modding and
experiment data are minimized using least square fit method. Figure 5.10 shows that
the FEA-thermd cycling corrdation is within £34% error, which is much better than
12X error acceptable by Darveaux [78-79]. Similar modified constants are applied
throughout the rest of parametric studies of package geometry and materia properties,

to obtain a consistent relative comparison of solder joint fatigue life.
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Figure 5.10. Correlation of modding and thermal cycling tests for QFN
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5.4.4 Design Analysis

The validated QFN fatigue model is applied for parametric studies of package
geometry and material properties, to enhance the board-level solder joint reliability.
The package geometry of the control case, QFN-8x8, is shown in Figure 5.6. The
predicted characteristic life is 1356 cycles. There are 17 effects studied relative to the
control case (printed in bold font, one effect studied a atime), and results are tabulated

in Table 5.6.

It is a comprehensive analysis on effects of type of QFN package, amount of center
pad soldering, die size and thickness, die pad size, board thickness, land size, lead size,
lead pitch, solder standoff, solder fillet, mold compound CTE and modulus, die attach
materials, and temperature range of thermal cycling test. There are total of 30 different
cases simulated (one variable a a time from the control case). Although the design
analyses are studied relative to QFN-8x8, the effects of these design parameters on
other QFN packages (QFN-4x4, 5x5, 6x6, and 7x7) are similar (magnitude may be

different).

Effect of Type of QFN Package

The configurations of QFN-4x4 to 8x8 packages (package size, pad size, die size,
and number of 1/0) are listed in Table 5.7. Results from Table 5.6 show that smaller
type of QFN package has longer fatigue life. The relative trend of this effect is
consistent with thermal cycling test results. Smaller package size induces less warpage
and smaller relative displacements in the critical solder joint. Smaller package aso has
smaller die size, which is good for solder joint reliability. QFN-4x4 has more than

double longer fatigue life than QFN-8x8.
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Table 5.6. Summary of results for QFN design analysis

No

10

1

14

16

17

Design Variations

Type of QFN
package

Amount of center pad
soldering

Diesize

Die thickness

Die pad size
Board thickness
Land length
Lead/land length
Lead/land width
Lead pitch
Solder standoff

Solder fillet

Fillet length
(inner/outer)

MCCTE

MC modulus (MPa)

DA materias

Temp, range of
thermal cycling test

Values
4x4mm (20L)
5x5mm (28L)
6x6mm (36L)
7X7Tmm (44L)
8x8mm (52L)

50%
75%
100%
2.5x 2.5mm
5.0 x 5.0mm
55 x 5.5mm
0.25mm
038mm
0.50mm
5.2 x 5.2mm
5.7 x 5.7mm
0.8mm
1.6mm
1.00mm
1.15mm
0.40/1.00mm
0.55/ 1.15mm
0.2/ 0.25mm
0.3/ 0.35mm
0.50mm
0.65mm
50um
70um
With
Without
0.1/0.5mm
0.3/0.3mm
10 ppm/°C
17.6ppm/°C
24.5 ppm/°C
28 ppm/°C
32 ppm/°C
21032 (-20%)
26290
31548(+20%)

Type-Q

Type-A

Type-S
-40to 125°C
-40 to 150°C
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Life (cycle)

2928
2165
2015
1635
1356
1155
1356
1739
2776
1356
1186
1670
1356
1266
1185
1356
2959
1356
1329
1356
769
1356
1356
2156
1356
1079
1126
1356
1356
1129
1356
1303
1356
2421
3475
3684
3551
1399
1356
1329
1356
1409
1446
1922
1356

% Difference

1156
59.7
48.6
20.6

-14.8
28.3
104.8
-12.5
231
-6.7
-12.6

1183

-2.0

-43.3

59.0

-20.4
-17.0

-16.7

-39

78.5
156.3
1717
161.9
32

-2.0

3.9

6.6
41.7
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Table 5.7. Configurations of QFN-4x4 to 8x8 packages
QFN Leads Pad Size Die Size
4x4mm 20L 2.1x2.1mm 2x2mm
5x5mm 28L 2.7x2.7mm  2.5X2.5mm
6x6mm 36L  3.7x3.7mm 3x3mm
7X7/mm 441 4.7x4.7mm 4x4mm
8x8mm 92L 5.7x5.7mm 5X5mm

Effect of Amount of Center Pad Soldering

Additional soldering under the center die pad helps to enhance the fatigue life,
because there is more solder materia to support the plastic work induced during
thermal cycling. Therefore, the SED of critical peripheral solder isreduced. For QFN-
8x8 with 100% full coverage of center soldering, the fatigue life is 28% longer than the

control case with 75% center soldering. The relative trend of this effect is supported by

thermal cycling test results.

Effect of Die Size

Smaller die size has longer fatigue life, because the die edge is farther from the
peripheral solder joint, resulting in less local CTE thermal mismatch. Compared with
die size of 5x5mm, smaller 2.5x2.5mm die size improves the fatigue life by two times.

Usually for the same package size, various die sizes may be chosen, depending on the

applications.

Effect of Die Thickness

Thinner die has better solder joint performance, because there is less local CTE

mismatch between die and solder joint. Thinner die implies that there is more mold
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compound material (higher CTE than die), resulting in less global CTE mismatch with
the FR4 board (higher CTE than average package materials). QFN-8x8 with die
thickness of 0.25mm has 23% longer life than the control case with 0.38mm die

thickness. The relative trend of this effect is similar asthermal cycling test results.

Effect of Die Pad Size

Larger die pad size helps to enhance the fatigue life, but it is not as significant as the
effect of die size. Larger pad size results in more copper materia (and less mold
compound), which has closer CTE to solder joint material. By varying the die pad size

from 5.2x5.2mm to 5.7x5.7mm, the fatigue life isincreased by 13%.

Effect of Board Thickness

In the model, one-layer board structure is assumed. For QFN-8x8, thinner board has
much better solder joint reliability. This is because the FR4 board has larger CTE than
mold compound (10ppm/°C) on the top, and thinner board helps to reduce global CTE
mismatch between the package and the board. For the case with 0.8mm board

thickness, the fatigue life is 118% longer than the typical 1.6mm board.

Effect of Land Length

When the land length isincreased while the lead length remains the same, the fatigue
life is not significantly affected. This is because the critical top pad interface remains
the same, and only the solder fillet length isincreased, which has little effect on fatigue

life.
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Effect of Lead and Land Length

When both the lead and land length are increased, the fatigue life is enhanced,
mainly due to increase in lead length (refer to Eq. (5.2)). The crack initiated takes
longer time to propagate through the failure interface with extended length. QFN-8x8
with lead length of 0.55mm has 43% longer fatigue life than lead length of 0.4mm,
assuming the number of leads and pitch remains unchanged (full 3D model is required

for this combined effect).

Effect of Lead and Land Width

Lead and land width has similar effect as lead and land length, because there is
larger pad interface, and more solder material which reduces the critical SED. The
fatigue life is improved by 59% when the lead/land width of the control case is

increased by 0.1mm.

Effect of Lead Pitch

The sliced model has thickness similar to lead pitch. Smaller lead pitch results in
slightly better solder joint performance, when the number of leads and lead
length/width remain the same. Smaller lead pitch implies that there is more percentage
of solder material per slice of model, which helps to support the stress induced during
thermal cycling. Lead pitch of 0.5mm has 20% longer life than lead pitch of 0.65mm.
For more accurate modeling of effect of lead pitch, a full 3D model will be established

in future study.
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Effect of Solder Standoff
Higher solder standoff has longer fatigue life. The larger separation distance of
solder helps to reduce the SED induced during thermal cycling. QFN-8x8 with 70um

solder standoff has 17% longer fatigue life than the case with 50"m solder standoff.

Effect of With and Without Solder Fillet

QFN with solder fillet has dlightly better solder joint reliability. With the additional
solder material, the maximum SED of peripheral solder joint is reduced and
redistributed (see Figure 5.11). The SED of center solder is not significantly affected.

This is assumed that the adhesion of solder fillet/lead edge is the same as the bottom
lead/solder interface. From experiment, the solder fillet/lead interface usualy fails first,
and then the crack propagates inward along the pad interface (see Figure 5.9). QFN-
8x8 with solder fillet has 227 longer cycles than the case without solder fillet, and this

is close to the 240 cycles predicted by thermal cycling test, and the relative trend is

similar.

Figure 5.11. Effect of solder fillet on SED
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Effect of Solder Fillet Length (Inner/Outer)

The details of control case with inner solder fillet length of 0.1mm, and outer solder
fillet length of 0.5mm are shown in Figure 5.6. The position of lead relative to land
which determines the inner/outer fillet length of peripheral solder, has little effect on the
fatigue life. The change does not affect the size of pad interface, and the impact on

solder volume is not significant.

Effect of Mold Compound CTE

The mold compound CTE used in this analysis equals to CTE1, because the Tg of
mold compound is 190°C, much higher than the maximum thermal cycling temperature
of 150°C. Figure 5.12 shows that for the control case of QFN-8x8, higher mold
compound CTE results in better solder joint reliability, and the optimum CTE is around
28ppm/°C, close to the CTE of eutectic solder. This trend is consistent with thermal
cycling test results. At optimum mold compound CTE, both the local CTE mismatch
(mold compound and solder) and global CTE mismatch (mold compound and PCB) are
minimized. As mold compound CTE is increased, the distribution of high SED is
partially shifted from the top corner of peripheral solder joint to the top corner of center
solder joint, and the magnitude of maximum SED is reduced. The peripheral solder
joint is still more critical, because if there is any failure in center solder joint (dummy
connection), the electrical continuity will not be affected. For QFN with optimum mold
compound CTE, the fatigue life can be improved by 172% compared with the control

case CTE of 10ppm/°C.
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Figure 5.12. Graph of fatigue life vs. MC CTE

Effect of Mold Compound Modulus
The mold compound modulus has little effect on the solder joint reliability, within
+20% range from the control case. Mold compound with lower modulus has dightly

longer fatigue life.

Effect of Die Attach Materials

The effect of die attach materials on the fatigue life isnot significant. Three types of
die attach materials have the following material properties:

- DA-Q (mean CTE = 154.5ppm/°C, Ei = 0.86GPa)

- DA-A (mean CTE = 115.1ppm/°C, E, = 1.76GPa)

-DA-S (mean CTE=  24ppm/°C, E, = 31.0GPq)
DA-Q and DA-A are commercial die attach materials. DA-S is a type of soft solder
material which has good electrical and therma performance. Die attach material
usually affects die stress, but not so much on board-level solder joint reliability, because

the die attach layer is thin and located relatively further away from critical peripheral
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solder joint. Similarly for FCBGA packages, usually package-level underfill enhances

solder bump reliability, but not the board-level reliability.

Effect of Temperature Range of Thermal Cycling

The effect of temperature range of therma cycling on solder joint reliability is
significant. Thermal cycling test with larger temperature difference results in lower
fatigue life, due to larger thermal induced stress and strain. Test condition of -40°C to

125°C has 42% longer fatigue life than -40°C to 150°C temperature range.

5.4.5 Enhanced QFN Design - Power QFN

PowerQFN is a variation of QFN package with longer lead length. The peripheral
leads are extended out of the package by 0.37mm with athrough hole of 0.15mm radius
a the end of lead (see Figure 5.13). Extended lead length is designed to enhance the
board-level solder joint reliability. The vertical edge of through hole in lead can be
plated with tin, allowing better solderability. This feature is intended to reduce the
stress induced along the lead/mold compound interface during the singulation process,
and therefore better package level reliability. Soft solder is selected as the die attach for
better electrical and thermal performance. PowerQFN can be used for medium-power
automotive application.

Design analyses are performed to compare QFN-8x8 vs. PowerQFN-8x8, and the
effect of special enhanced feature such as extended lead length. The control case of
PowerQFN-8x8 has 0.59mm inner lead length and 0.37mm extended lead length. The
results are summarized in Table 5.8. Other effects of PowerQFN-8x8 such as die size,

die thickness, die pad size, board thickness, amount of center pad soldering, solder
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standoff, and mold compound CTE have the similar relative trends as design analysis

studied earlier for QFN-8x8 (see Table 5.6).

8x8 Package Size Unit: mm
A 5x5 DieSize Leed width = 0.4
Die £1,. Leadpitch - 0.65
0.15mmradius, Hif 4ttarh 12
through hole o1 Die Ped Cu Lead
(halfdrcle) 5.8x5.8 Pad Size E
Eutectic Solder Toor
$<MaAMa>
-QL !
JUL » FR4Core « 5x0.45 Lend Size
Xu_
Snlrigr Mask

Figure 5.13. Schematic of PowerQFN-8x8mm package on board

Table 5.8. Results of PowerQFN design analysis

Design Life %
No Variation VALUES (cycle)  Difference
QFN-8x8 1356 -74.6
1 Package type
Power QFN-8x8 5331
0.18/0.37mm 1632 -69.4

(total = 0.55mm)

Inner / extended 0.59/0.17mm
lead length (total = 0.76mm)

0.59/ 0.37mm
(total = 0.96mm)

2 3727 -30.1

5331

QFN vs. PowerQFN

The SED distributions of periphera solder joint for PowerQFN-8x8 and QFN-8x8
are shown in Figure 5.14. PowerQFN hasmuch lower SED than QFN, mainly due to
extended lead length with more solder joint support, and better solder fillet adhesion
around theplated through hole of lead. PowerQFN-8x8 hasfour times longer fatigue

life than QFN-8x8 (see Table 5.8).
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Figure 5.14. SED of QFN vs. PowerQFN

Effects of Total and Extended Lead Length

Similar to QFN, PowerQFN also has better solder joint reliability with longer total
lead length. Control case of 0.96mm total lead length has more than three times longer
fatigue life than the case with 0.55mm (similar length as QFN-8x8). Besides, the
control case with extended lead length of 0.37mm aso has 30% longer fatigue life than
the case with shorter extended lead length of 0.17mm. The results show that most of
the PowerQFN solder joint enhancement is resulted from the effect of longer total lead

length (both inner and extended lead Iength).

5.5 WL-CSP FATIGUE MODEL
55.1 Background

Flip-chip (FC) CSP packages, aso known as wafer-level CSPs (WL-CSP), are
widely used in the low pin count telecommunication applications, e.g., mobile phones
and PDAs, because of its high density and high performance interconnect technology.
Underfill is usually not applied in WL-CSP assembly, therefore board level solder joint

reliability during thermal cycling test is critical. Figure 5.15 shows the schematic
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diagram of 0.5mm bump pitch WL-CSP, 18 I/O,with 2.44x2.19mm diesize. The

staggered array allows more solder bumps to fit under the same die area.

2.44x2.19
Unit mm
2 03um
Staggered solder bump layout (18 bumps) "A"O.Sum
?)(Sg Max bump
. I Solder Bump / *=0315
@ ~250nm

Figure 5.15. Schematic of WL-CSP with 18 staggered bumps

Solder joint fatigue modeling of WL-CSP or flip-chip on board (FCOB) hasbeen
studied by some researchers. Pitarress et al. [17] established parametric model for
WL-CSP and studied the variations of therma cycling profile. Pang et al.[83]
predicted thelives of FCOB based on several fatigue models, but no comparison or
correlation is made with thermal cycling test data. Yang et al. [125] applied
viscoelastic model to describe thecuring process of underfill used in FCOB. As for
Schubert et al. [126], they considered process-induced imperfections in FCOB
assemblies, and compared with modeling. Kim etal. [127] studied the enhancement of
solder joint performance using polymer reinforced WLPand Gonzalez et al. [128]
applied silicon under the bump configuration. The performance of WL-CSP using lead-
free solder [129] and thinner wafer [130] were also investigated. Thethesis here
provides detailed analysis of WL-CSP with 11 design parameters which were not

previously investigated by other researchers.
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55.2 Solder Joint Fatigue Modd
Here, the smilar globa/loca modding methodology used for TFBGA (see Section
5.3.2) is extended to the design andysis of WL-CSP, and the fatigue life prediction is

corrdlated to the therma cycling test data. The thermo-mechanical materia properties
areliged in Table 5.9.

Table 5.9. Thermo-mechanica materid properties

Materials (p;:r;]r/EC) Modulus (GPa)
Silicon Die 2.8 131
Copper Pad 17.7 117
Aluminium Pad 23.6 70.6
Passivation (S:3N4) 3 200
Eutectic Solder Bump 25 31.6
Solder Mask 95 5
FR4 Board z:X 25/417(?)l§tm0f|§n a?])e) Xﬁ: ﬁA

* Sources. dl from materid suppliers

Firgtly, globa modd with rough-mesh solder bumps is solved to identify the critical
solder bump with the maximum plastic work or strain energy density (SED) per cycle.
The solution time required is about haf of detalled local modd. The critica solder
bump for WL-CSP sudied is observed to be a the diagond die corner (see Figure
5.16). Then, alocd modd with much finer mesh is established for the critical solder
bump, and solved to obtain accurate SED dong the top layer of solder bump, which is
the potentid failure interface for crack propagation.

For WL-CSP, only one st of thermd cycling test result (1014 cycles) is available.

Therefore, the same correaion congants (C/ and Ci) are extracted from the TFBGA
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package group which belongs to smilar area-array type of package family. However,
Darveaux's method tends to under-predict the fatigue life of WL-CSP, as it was
originadly formulated for BGA agpplications. Therefore, afactor of 841 ismultiplied to

the fatigue model to correlate with thermd cycling test data.

Global model of FCOB 18 staggered bumps
SED (M Pa)

2.375

4.968
5.8321

Top interface of solder bump 6. 696

potential delamination layer 7.56

Figure 5.16. SED distribution of WL-CSP solder bumps

5.5.3 Modeling Solution Control

The accuracy of modeling solution depends on element size control and number of
solution time steps. Table 5.10 shows the sengtivity results of these modeling
variables. Thenumber of time steps (£2x) during temperature ramping and dwelling
have little effect on fatigue life prediction. Therefore, for faster solution, lesstime steps
may be used.

It isknown that moddling results are more accurate with smaler eement size. In
this model, the variation of in-plane solder bump dement size (0.5x to 2x) has

indggnificant effect onfatigue life. It showsthat the current dement size has stabilized.
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However, for solder bump element size in thickness direction, the fatigue life difference
is about 6% when coarser element mesh is applied. Therefore, it isimportant to control
a consistent element size, especially in the thickness direction, for the subsequent
parametric design analysis (see next section).

In the model, PCB size is assumed to be 3mm larger than die size. When bigger
PCB sizes are used (actual board size is 48x101mm), there is little change in results.
There is not much difference in result when al bumps are modeled with detailed mesh,
compared with one critical bump. Therefore, the previous assumption of using smaller
PCB size and detailed mesh for only critical bump to reduce the solution time is

acceptable.

Table 5.10. Results of modeling solution control

Design Variations (Clg/icfl?es) % Difference
12/3 steps 1034 1.97%
Time Steps 24/6 steps 1014
(Ramp/Dwell) 48/12 steps 997 -1.68%
31.2 um(2x) 1019 0.49%
B”mv‘f,ii'tf]mem 156 \im 1014
7.8 um(0.5x) 1013 -0.10%
Bump Element 50 urn 956 -5.72%
Thickness 30urn 1014
5.44 x 5.19 mm 1014
8.14 x8.19 mm 1015 0.10%
PCB size 15x 15 mm 1018 0.39%
20 x 20 mm 1018 0.39%
48 x 101mm 1020 0.58%
Detailed Bump 1 critical bump 1014
Mesh All bumps 1042 2.75%
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554 Desgn Analysis

The critical solder bump of WL-CSP is a the outermost diagond position, and the
falure interface is dong the die/solder bump interface (see Figure 5.16). The falure
mode and location are consistent with the observation from falure anayss of therma
cycling test samples. WL-CSP is not molded, and therefore the DNP effect is dominant
for solder joint reliability. Solder bump further away from die center has the highest
SED.

The control case of WL-CSP mode is corrdated with therma cycling test, which
has a fatigue life of 1014 cycles. The package details of the control case is listed in
Table 5.11. The vdidated WL-CSP fatigue mode isthen gpplied for parametric studies
of package geometry, materid properties and test condition, to enhance the board leve
solder joint reliability. For parametric studies, one design variable is changed a atime

with respect to the control case.

Table 5.11. Package parameters for the control case

Design Parameters Values
Die Size 2.44x2.19x0.65 mm
/0 18 (staggered), 0.5mm pitch
PCB Thickness 1 mm
Bump Standoff 0.25 mm (eutectic solder)
Max. Bump Diameter 0.315 mm
UBM Opening Size 0.25 mm
PCB Pad Size 0.25 mm
TC Test Condition -40tol25°C
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There are 11 effects studied relative to the control case (printed in bold font, one
effect studied at atime), and results are tabulated in Table 5.12. It isadetailed study on
effects of PCB CTE (in-plane and out-of-plane) and modulus, PCB thickness, die size
and thickness, solder bump standoff and maximum diameter, UBM opening size, PCB

pad size, and thermal cycling temperature range.

Effects of PCB CTE, Modulus and Thickness

For PCB, the effect of in-plane CTE (xy) is much more significant than out-of plane
CTE (z). The PCB thickness is only 1mm, therefore CTE-z has little effect. Lower
PCB in-plane CTE results in less global CTE thermal mismatch with die on top, and
therefore longer fatigue life. For WL-CSP, the choice of PCB type is critical. The

effects of PCB modulus and thickness are insignificant.

Effects of Die Size and Thickness

Thinner die reduces the globa CTE thermal mismatch between die and PCB, and
fatigue life is enhanced. If the bump layout and pitch remain constant, the extension of
die size (width and length) has little effect on fatigue life. If the bump layout and pitch
are varied with bigger die size, the position of outermost corner solder bump will be
further away from die center. The fatigue life will then be reduced because of larger

DNP effect.

Effects of Bump Standoff and Diameter
It is desirable to have higher bump standoff and smaller maximum bump diameter
during the board assembly. Higher bump standoff is known to reduce the interfacial

shear stress accumulated during thermal cycling test.
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Table 5.12. Summary of WL-CSP parametric studies

Design Variations Life (Cycles) % Difference
PCB CTE-xy 13.0ppm/°C 1295 27.7%
(in-plane) 17.6 ppm/°C 1014
PCB CTE-z 41 ppm/°C 1013 -0.1%
(out-of-plane) 64.1 ppm/°C 1014
-20% 1024 1.0%
PCB Modulus 25400 M Pa 1014
+20% 1008 -0.6%
. 1.0 mm 1014
PCB Thickness
16 mm 1022 0.8%
. . 0.35 mm 1153 13.7%
Die Thickness
0.65 mm 1014
o 2.44 x 219 mm 1014
Die Size
2.70 x 245 mm 1002 -1.2%
0.25 mm 1014
Bump Standoff
0.30 mm 1187 17.1%
_ 0.275mm 1154 13.8%
Max. Bump Diameter
0.315 mm 1014
_ . 025 mm 1014
UBM Opening Size
0.275 mm 1151 13.5%
0.20 mm 1139 12.3%
_ 0.225 mm 1082 6.7%
PCB Pad Size
0.25 mm 1014
0.275 mm 943 -7.0%
-25/85°C 1890 86.4%
Thermal Cycling o 0
Temperature Range -40/85°C 1238 22.1%
-40/125 °C 1014
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Effect ofUBM Opening Size

The size of UBM opening determines the interfacia crack length between solder
bump and die. According to Eq. (5.2), larger UBM opening size requires longer time
for crack to propagate through the falure interface, and therefore longer fatigue life.

This effect is significant.

Effect of PCB Pad Size
Smaller PCB pad size is useful for solder bump reliability. It helps to redistribute
the high stress from critical die/lbump interface to PCB pad interface, and reduce the

maximum SED.

Effect of Temperature Range of Thermal Cycling

The effect of temperature range of thermal cycling on solder joint reliability is
significant. Thermal cycling test with lower temperature difference results in higher
fatigue life, due to less thermal induced stress and strain.  Test condition of -25°C to
85°C has almost two times longer fatigue life than -40°C to 125°C temperature range.
Therefore, it is important to set a standard test condition for thermal cycling test.
Modeling can be useful to convert the past experimental data obtained from different

sources or at various test conditions, and used for direct comparisons.

5.6 SUMMARY

Detailed solder joint fatigue models with life prediction capability are established for
TFBGA, QFN, and WL-CSP. Modified Darveaux's approach is applied with unique
correlation constants for each type of CSPs. The validated models have excellent

correlation with thermal cycling test results.

102



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

For TFBGA, comprehensive design analyses are performed to study 14 effects,
consisting of package geometry, material properties, and thermal cycling test condition.
Generaly, for enhanced solder joint reliability of TFBGA, it is recommended to have
smaller die size, higher solder ball standoff, smaller maximum solder ball diameter,
bigger solder mask opening, thinner board, higher mold compound CTE, smaller
thermal cycling temperature range, and depopulated array type of ball layout pattern.
The effects of die thickness, board size, substrate thickness, mold compound thickness,
mold compound modulus, and number of solder balls are relatively insignificant.

For QFN, detailed design analyses are performed to study 17 effects, which consist
of package geometry, material properties, and thermal cycling test condition. The
relative fatigue life predictions are consistent with experimental observations.
Generally, for enhanced solder joint reliability of QFN, it is recommended to have
smaller package type, more center pad soldering, smaller die size, thinner die, bigger
die pad size, thinner board, longer lead length/width, smaller pitch, higher solder
standoff, solder with fillet, higher mold compound CTE, and smaller temperature range
of thermal cycling test. The effects of land size, mold compound modulus, and die
attach material are not significant. For PowerQFN, the extended lead length is the key
feature for significant enhancement in solder joint reliability. For material selection,
mold compound with optimum CTE of 28ppm/°C can increase the fatigue life greatly.
Center pad soldering has significant effect on solder joint reliability, especialy for
bigger package size such as QFN-8x8 which has relatively lower fatigue life. Design
optimization for both package geometry (e.g. center pad soldering, lead length, and
solder standoff) and material properties (e.g. mold compound CTE) may enhance the

fatigue life of QFN up to about 5 times.
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Detailed solder joint fatigue modds with life prediction capability are established for
WL-CSP. Both modeling and experiment show that the critical solder bump of WL-
CSP is a the outermost diagond postion, and the falure interface is dong the
die/solder bump interface. Comprehensive design analyses are performed to study 11
effects, conssting of package geometry, materiad properties, and thermd cycling test
condition.  Generally, for enhanced solder joint rdiability of WL-CSP, it is
recommended to have lower in-plane PCB CTE, thinner die, higher solder bump
gandoff, smaller maximum solder bump diameters, bigger UBM opening size, smdler
PCB pad size, and smadler therma cycling temperature range. The effects of out-of-
plane PCB CTE, PCB modulus, PCB thickness, and die sze (same bump layout) are
relatively insgnificant.

For therma cycling test, it is important to st condstent test conditions (e.g.
temperature range and cycle time) and test board design (eg. board thickness) for
various cases. The gandardization helps to make meaningful relative comparison
among different cases. One st of therma cycling test is recommended for each type of
CSPs to determine more accurate corrdation congtants for fatigue modeling and life

prediction.
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CHAPTER 6 APPLICATIONS OF SOLDER JOINT
FATIGUE MODELING

6.1 INTRODUCTION

Based on the modeling methodology as mentioned in Chapter 5, finite element
models are constructed for a few other CSPs to predict the board level fatigue life of
solder joint during the thermal cycling test. Design analyses are performed on unique
features of these advanced packages to assist in definition of package geometry and
material selection.

The modified Darveaux's method is applied to investigate solder joint reliability of
new CSPs which are getting popular recently, eg., stacked die BGA, stacked die QFN,
and thermally enhanced BGA package, under board level thermal cycling test. Stacked
die CSPs are developed to reduce the footprint and total cost of package, and enable
system-in-package (SiP) design through functions integration. Certain design rules
learned from single die CSPs (see Chapter 5) may not be applicable for stacked die
CSPs. The relationship between package warpage and solder joint fatigue life is aso an
area of research interest, as both parameters are sensitive to the temperature variation
and CTE thermal mismatch. It is studied and reported for the first time in this thesis.

Besides, green package requires the usage of environmental-friendly material such as
lead-free solder. The fatigue and creep behavior of lead-free solder is still not well
understood by many researchers. A comparison between eutectic solder and lead-free
solder (see Chapters 6-8) under thermal cycling test and drop test are investigated. The
solder materials have different relative reliability performance as the failure modes and
mechanisms are unique, i.e. CTE therma mismatch for therma cycling test, but

mechanical shock and PCB bending under drop test.
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6.2 LEAD-FREE STACKED DIE BGA PACKAGE

6.2.1 Background

Stacked die or 3D packaging has become popular recently. There are several types
of stacked die BGA available in the industry. An example for memory application is
stacking of SRAM and Flash dice, which can reduce the total footprint by 28% [131].
Other applications are integrated passives and sensors that can be put together into a SiP
with stacked dice. This is particularly useful for mobile phones or PDAsS, which
emphasizes on smaller and lighter products. Figure 6.1 shows severa variations of
stacked die interconnect, i.e. wirebond/wirebond (WB-WB), wirebond/flip-chip (WB-
FC), and flip-chip/wirebond (FC-WB), being developed and industrialized for mobile
electronic applications. The structure can be pyramida (top die smaller than bottom
die) or twin dice (equal in sizes). Mixing flip-chip technique with wirebonding leads to
interesting and competitive solutions. In this study, flip-chip/wirebond structure is
studied in detail, and comparisons are made with the other two interconnect methods.
Besides, lead-free solder materials have been applied in stacked die BGA, to comply

with the legislation to eliminate lead in "green" package.

FC-WB

Figure 6.1. Different interconnect methods for stacked die BGA
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Solder joint fatigue modeling of stacked die CSP has been studied by some
researchers [15-16]. Testing and modeling of lead-free CSPs (single die) are aso
investigated [132-133]. However, there are few publications available on lead-free
stacked die BGA with mixed flip-chip/wirebond interconnect, and detailed analyses of
design parameters. The behavior of critical solder joint in stacked die BGA is much
more complex than in single die BGA. There is a need to analyze the stacked BGA

design with a systematic and comprehensive approach.

6.2.2 Solder Joint Fatigue Model

3D FEA models are constructed for stacked die BGA to predict the fatigue life of
solder joint during the thermal cycling test. Figure 6.2 shows the schematic diagram of
0.5mm ball pitch stacked die BGA, 88 /0, with 3.6x3.5mm die on top and 5x5mm die
on bottom. For lead-free (SNAgCu) and eutectic solder materials, Anand's model is
applied to describe the creep behavior. The rest of the materials are assumed to be
linear elastic. Board is considered to be orthotropic. The thermo-mechanical material

properties are listed in Table6.1.

Package size = 6x6
Solder ball layout

Unit
(88 1/0) MC n

4 Top diesize=36x35 .| 02 in mm

J 032

L 0.025
0.165

Figure 6.2. Schematic of stacked die mixed flip-chip/wirebond BGA
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Table 6.1. Thermo-mechanical material properties of stacked die BGA

Materials CTE (ppm/°C) Modulus (GPa)
Silicon Die 2.8 131
Copper Pad 17.7 117
SnAgCu Solder 176 46.4
Eutectic Solder 25 31.6
Solder Mask 95 5
sTswsrae O e a1
PCB xy: 16 (in-plane) xy: 165
Z. 65 (out-of-plane) z:7.2
Die Attach 48/140(Tg = 42°C) 0.64
Underfill 45/143(Tg=140°C) 5.6
Mold Compound 8/32(Tg=165°C) 25

* Sources: al from material suppliers. Storage modulus isused for DA, UF, and MC.

6.2.3 Design Analysis

The critical solder ball of stacked die BGA studied is a (4,4) position,, between
3.6x3.5mm top die and 5x5mm bottom die (see Figure 6.3, quarter model), and the
faillure interface is along the top solder/pad interface, similar to single die BGA (see
Figure 5.2). The localized die edge effect is more dominant than the DNP (Distance to
Neutral Point) effect for solder joint reliability. The most critical solder ball is not at
the outermost corner. The characteristic life predicted for this lead-free stacked BGA is
5097 cycles with 1.6mm board thickness, under -40 to 125°C (60 min/cycle) thermal
cycling. This design configuration of stacked die BGA is good, because the critical
load is nearly evenly distributed between (2,2) and (4,4) solder balls (see Table 6.2).
The package can have optimum fatigue life when the SED can be evenly distributed

among the solder balls, instead of concentrating at one critical solder ball.
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5x5 mm die

Figure 6.3. Position of solder balls and dice edges

Table 6.2. Effects of solder material and stacked die interconnect methods
Position (Life/ cycles) Critical %

Desgn Variations 22 (44 (55  (lowest)  Diff.

Effects Descriptions
Elastic Fatigue
Eutectic Eutectic 1991 2133 4990 1991 -
Msgtlgr?:;\l Lead-free  Leadfree 5696 5097 13754 5097 2.6%
Lead-free Eutectic 7428 7216 16771 7216 3.6x
Eutectic Lead-free 1411 1455 3405 1411 0.7x
Stacked die FC-WB 5696 5097 13754 5097 -
Interconnect WB-WB 5966 4756 13227 4756 -6.7%
Methods WB-FC 5062 782 14522 5062 -0.7%
Stacked vs. Stacked Die 5696 5097 13754 5097 -
Single Die Single Die 4576 7113 28984 4576 -10.2%

The stacked die BGA fatigue model isthen applied for parametric studies of package
geometry and material properties, to enhance the board level solder joint reliability. For
parametric studies, one design variable is changed at a time with respect to the control
case. The geometry of control caseisgiven in Figure 6.2.

There are 10 effects studied relative to the control case (printed in bold font).
Critical solder ball is one of (2,2), (4,4) and (5,5) diagonal balls, which has the lowest
fatigue life. It is a detailed study on effects of solder material, stacked die structure,

dice size and thickness, and mold compound and die attach materials.
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Lead-free vs. Eutectic Solder

Table 6.2 shows that stacked die BGA with lead-free (SnAgCu) solder has 2.6 times
longer fatigue life than eutectic solder. The contribution of lead-free material is mainly
from elastic mechanical properties (e.g. CTE and modulus) which affect the CTE
thermal mismatch, and viscoplastic fatigue properties which govern the creep behavior
of solder during thermal cycling. It was observed that the solder material has great
performance (3.6 times longer life than eutectic solder), when lead-free elastic
properties and eutectic fatigue properties are used. It implies that the elastic properties
(mainly CTE) of lead-free solder is the main positive factor. SnAgCu has CTE of
17.6ppm/°C, much lower than CTE of eutectic solder (25ppm/°C). Lower solder CTE
results in less CTE thermal mismatch with other main packaging materials, which have

CTEs ranging from 2.8 to 17.7ppm/°C.

Effects of Interconnect Methods

Among three different stacked die interconnect combinations (see Figure 6.1), flip-
chip/wirebond design has the highest fatigue life (see Table 6.2). The SED is more
evenly distributed for flip-chip/wirebond design. The use of flip-chip interconnect
between the two dice, creates an interfacia layer with compliant underfill to absorb the
die stress.

Similarly, single die TFBGA-6x6mm (die size of 3.6x3.5x0.235mm and 0.6mm
mold compound thickness) performs not as good as stacked die BGA package. For
single die BGA, the SED is concentrated at innermost (2,2) solder ball, under single die
corner. For stacked die, (2,2) and (4,4) solder balls are under the top die and bottom die
corner respectively, therefore both are evenly loaded. The difference in dice length

helps to redistribute the die stress.
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Effects of Dice Sizes and Thickness

It is desirable to have either larger top die size or larger bottom die size to enhance
the fatigue life (see Table 6.3). The position of critical solder ball may shift with die
size, because the distribution of stress induced by die edge is changed. When top and
bottom dice sizes have the same length, larger die sizes of 5x5mm is better than
3x3mm, because the SED is more uniformly distributed in (2,2) and (4,4) balls. For
5x5mm dice sizes, outermost (5,5) ball (see Figure 6.3) aso helps to share the load,
therefore the performance is slightly better than control case with smaller top die size of
3.6x3.5mm. Selection of large and even length of top and bottom dice helps to improve
fatigue life.

Thicker stacked dice helps to increase the fatigue life. Thickness of top die is more
significant than bottom die. This trend is different from previous experience on single
die BGA, which prefers smaller die size and thinner die (see Section 5.3.4). The same
design guidelines learned from single die BGA may not be applicable for stacked die

BGA, due to the complex behavior of multiple die layers.

Effects of Mold Compound and Die Attach Materials

Mold compound CTE has small effect on fatigue life within the range of 6-10
ppm/°C (see Table 6.4). The existing value of 8 ppm/°C isjust nice because the SED is
nearly evenly distributed between (2,2) and (4,4) balls. Increasing or decreasing the
mold compound CTE will shift the critical load more towards one solder ball. For
single die BGA, higher mold compound CTE is better for solder joint reliability (see
Section 5.3.4). For die attach materia, there is little effect on fatigue life, even when it

isreplaced with underfill material.
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Table 6.3. Effects of dice szes and thickness

] Position (Life / cycles) o %
Des<g, v driaiious 22 @4 65 Critical g
Effects Descriptions
Top Die  Bottom Die
2.5x2.5 5x5 8388 4896 19493 4896 -3.9
T°p(zﬁ)5ize 3.6x35 55 5606 5097 13754 5007 -
5x 5%5 5684 5973 13025 5684 115
3.6x3.5 4x4 4889 10218 27006 4889 -4.1
Bottg;leDie 3.6x3.5 4.5x4.5 5476 8831 16868 5476 74
(mm) 3.6x3.5 55 5696 5097 13754 5097 -
3.6x3.5 5.5x5.5 5715 5476 13054 5476 74
Top & Bottom 3x3 3x3 4921 17965 37762 4921 114
Dice Sizes 3.6x3.5 3.6x3.5 4418 13418 26122 4418 -
(mm) 5%5 5%5 5684 5973 13025 5684 28.7
0.2 032 5696 5097 13754 5097 -
Th:Dcilfr?% 0.235 0.32 5543 5233 13699 5233 2.7
(mm) 0.2 0.335 5740 5110 13412 5110 0.3
0.235 0.335 5596 5245 13346 5245 2.9

Table 6.4. Effects of mold compound and die attach materia properties

Position (Life / cycles) o %

DeSIAii r at lauuiis Critical g,
(22 (44) (5.5
Effects Descriptions

6ppm/°C 4943 5412 12758 4943 -3.0

MC-CTE 8ppm/°C 5696 5097 13754 5097 -
10ppm/°C 6519 4780 12117 4780 -6.2

20012.8 MPa 5509 5386 15925 5386 57

MC-Modulus 25016 MPa 5696 5097 13754 5097 -
30019.2 MPa 5858 4856 11977 4856 -4.7

No changein DA 5696 5097 13754 5097 -

DA Material E-DA = E-UF 5249 5487 12098 5249 30
CTE-DA = CTE UF 5632 5108 13704 5108 0.2
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6.3 MEMS PACKAGE - STACKED DIE TQFN
6.3.1 Background

Accelerometer is a main application of Microelectromechanical Systems (MEMYS),
fabricated by surface-micromachining technique. When the device experiences a shock,
the silicon mass connected by a cantilever will move between two fixed electrodes,
resulting in a capacitance change, which can be correlated to linear acceleration. Thisis
a highly sensitive 3-axis accelerometer, and the maximum acceleration isonly a few G
(1G = 9.81m/s?).

Traditionally MEMS accelerometer is packaged using small outline (SO) package.
Stacked die TQFN (Thick Quad Flat No-lead) is an advanced new package introduced
for accelerometer, mainly to reduce the footprint of package. TQFN isadua and three-
axis accelerometer, targeted for consumer products (eg. toys, healthcare, and PDA),

industrial, automotive (eg. air bag), and telecommunication applications.

6.3.2 Solder Joint Fatigue Model

3D FEA model is constructed for stacked die TQFN to predict the fatigue life of
solder joint during the thermal cycling test. Figure 6.4 shows the schematic diagram of
TQFN with 32 leads, 0.65mm lead pitch with ASIC die on top and sensor die/cap on
bottom, in a 7x7x1.8mm package. The wafer cap is to protect the sensor die, and they
are bonded together by glass frit before the package assembly. The protection of the
fragile micro-mechanical structures is achieved by wafer level packaging technique. As

for ASIC die, it is used to make logical elaboration of sensor signal.

Similar to single die QFN (see Figure 5.9), the peripheral solder joint has much
larger SED than center pad solder. The crack initiates and propagates through the

peripheral top solder/pad interface.
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Package size=7x7

Unit:  mm
Lead width -0J
Mold Compound 3%2.76 U»d length " 055
Logic die |fo,2 V L«d pitch-0.65
Sensor c«p=3.9x3.97 s
0.75
Sensor die=4.3x3.97
Cu Cu Lead
P»d Sia-Stf
Solder Solder 0.07
! 16
2.5x2.5 0.7 x0.4 Land Size

Figure 6.4. Schematic of stacked die TQFN-7x7mm

6.3.3 Design Analysis

The characteristic life predicted for this stacked die TQFN is 1560 cycles with
1.6mm board thickness, under -40°C to 125°C (1 hr/cycle) therma cycling. The
fatigue model is applied for parametric studies of package geometry and material
properties, to enhance the board level solder joint reliability. For parametric studies,
one design variable is changed at atime with respect to the control case. The geometry
dimensions of the control case are given in Figure 6.4.

There are 12 effects studied relative to the control case (printed in bold font), and
results are tabulated in Tables 6.5-6.8. It is a detailed study on effects of PCB
thickness, package thickness, leadframe thickness, lead length, dice size and thickness,

solder fillet, center pad solder coverage, solder standoff, modulus and CTE of mold

compound.

Effects of Package and Board Geometry

PCB thickness is a critical design consideration. Thinner PCB of 0.8mm has 62%
longer fatigue life than PCB with 1.6mm thickness (see Table 6.5). Thinner PCB
results in smaller global CTE mismatch between package and board. For stacked die

TQFN, it is important to keep the package thickness as thin as possible to enhance the
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fatigue life. It is inevitable that stacked die package has lower fatigue life than single
die package, due to increase in package thickness.

As for leadframe, thicker one is better for solder joint reliability, as it increases the
mean package CTE, and therefore smaller CTE mismatch with PCB. For package with
longer lead, it takes longer time for crack to propagate through the failure interface,

therefore the fatigue life is enhanced (according to Eq. (5.2)).

Table 6.5. Effects of package and board geometry

Design Variations Life (cycle) % Diff.
. 0.8 mm 2532 62.3
PCB Thickness
16 mm 1560
Package 1.8 mm 1560 -
Thickness 21 mm 1317 -15.6
L eadframe 0.2 mm 1560 -
Thickness 0.3 mm 3002 92.4
0.55 mm 1560
Lead Length
0.65 mm 2274 45.7

Effects of Dice Sizes and Thickness

It is desirable to have smaller sensor die size to enhance the fatigue life (see Table
6.6). When die size is reduced, the fatigue life becomes higher due to smaller local
CTE mismatch between die edge and the critical solder joint. The effect of logic die
size is not significant, as its position is further away from the peripheral solder joint.
Thicker sensor and logic dice help to increase the fatigue life. This trend is different
from previous experience on single die QFN, which prefers thinner die (see Section

5.4.4).
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Table 6.6. Effects of dice 9zes and thickness

Design Variations Life (cycle) % Diff.
Logic = 0.15 mm
Die Sensor = 0.5 mm 1517 -2.8
Thickness Logic = 0.2 mm
Sensor = 0.75 mm 1560
Sensor die =39 mm
Sensor Die Sensor cap = 3.5 mm 1847 184
Size Sensor = 4.3 mm
Sensor cap = 3.9 mm 1560
Logic Die 2.7 mm 1555 -0.3
Size 3.0 mm 1560

Effects of Solder Geometry

TQFN with solder fillet has better solder joint reliability than package without solder
fillet (see Table 6.7). With the additiond solder materid, the maximum SED of
periphera solder joint is reduced and redistributed. It is assumed that the adhesion of
solder fillet/lead edge is the same as the bottom |ead/solder interface. From experiment,
the solder fillet/lead interface usudly falls first, and then the crack propagates inward
along the pad interface.

Additional soldering under the center die pad helps to enhance the fatigue life,
because there is more solder materid to support the plastic work induced during
therma cycling. Therefore, the SED of critica periphera solder is reduced. Package
with higher solder sandoff has longer fatigue life. The larger separation distance of
solder helps to reduce the shear strain induced during therma cycling.
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Table 6.7. Effects of solder geometry

Design Variations Life (cycle) % Diff.
With 1560
Solder Fillet ,
Without 1432 -8.2
0% 1348 -13.6
Center Pad 50% 1560
Solder
100% 2083 335
Solder 0.07 mm 1560 -
Standoff 0.10mm 1975 26.6

Effects of Mold Compound Material Properties

For the case studied, mold compound (MC) modulus and CTE are important to
solder joint reliability (see Table 6.8). Lower mold compound modulus induces lower
stress, and therefore longer fatigue life. Higher mold compound CTE increases average
package CTE, resulting in lower CTE mismatch with PCB, and therefore longer fatigue
life. For TQFN with fixed package geometry, the fatigue life can be increased easily

through proper material selection such as mold compound.

Table 6.8. Effects of mold compound material

Design Variations Life (cycle) % Diff.
17600M Pa(-20%) 1778 139
MC

Modulus 22000 M Pa 1560
26400 MPa (+20%) 1406 -9.9
7 ppm/°C 1479 -5.2

MCCTE 9 ppm/°C 1560
11 ppm/°C 1645 54
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6.4 C°BGA THERMALLY ENHANCED PACKAGE

6.4.1 Background

The increasing demand of package miniaturization and better thermal management
has prompted the design of thermally enhanced BGAs. They have attractive features of
better thermal performance with minimum added cost, and required 1/0O counts with
small footprint, which cannot be achieved with conventional BGA packages. This has
increased its usage in power applications, such as hard disk drive, automotive and
telecommunication.

With C’BGA (Conduction Cooled BGA) mounted on a PCB as an example (see
Figure 6.5), the primary thermal path is: die =s> die attach => heat slug =>thermal solder
joints => PCB => ambient. The heat is mainly conducted from the die to the copper heat
slug and to the PCB. Due to the high thermal conductivity of the copper heat slug, heat
can be dissipated effectively from the package to the ambient. In addition, the thermal
resistance due to the substrate along the primary thermal path is eliminated. This offers
the lowest junction to board thermal resistance and results in a very low junction-to-

ambient thermal resistance, 0.

Figure 6.5. Primary thermal path for C’BGA on a PCB

Figures 6.6 and 6.7 show the schematic of C°BGA and the conventional TFBGA to
be investigated later. Both BGAS have the same package size of 16x16mm, die size of
5x5mm, 0.8mm ball pitch and 240 1/0 (same ball layout). The C*BGA has a cavity

with heat slug at the bottom of the package and five thermal solder joints.
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Figure 6.7. Schematic diagram of TFBGA

6.4.2 Solder Joint Fatigue Mode
Both globd and locd 3D FEA models are congtructed for C BGA and TFBGA, to
predict the fatigue life of solder joint during thermd cycling test. The thermo-

mechanical properties are listed in Table 6.9.
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Table 6.9. Thermo-mechanica materia properties

. CTE,/CTE
Materials (opm/°C) 2 (;I'g) M(%d;;;J S
Silicon Die 2.8 - 131
Copper Pad 17 117
Eutectic Solder 24 31.6
Solder Mask 95 5
BT Substrate % o plane) £
PCB xy: 16 (in-plane) Xy:25
z: 63 (out-of-plane) zz11
Die Attach A 25/75 80 51
Die Attach B 29/102 80 173
Die Attach C 72 /145 24 05
MC-A 11/37 160 17
MC-B 8/32 165 25
MC-C 9/32 150 19
MC-D 12/59 160 14.9
Slug Attach A 40/140 75 7
Slug Attach B 25/75 80 51

* Sources: dl from materid suppliers

6.4.3 Effect of Thermal Solder Joints

The fatigue models are gpplied to compare board level solder joint religbility of
C’BGA and TFBGA packages. The location of the critical solder ball (see Figure 6.8)
for both C°BGA and TFBGA s a (7,7) position. With the same package size, solder
ball layout, and mold compound materia, C2BGA have better fatigue performance than
TFBGA (see Table 6.10). Thisis manly due to additiona enhancement of thermal

solder joints below the center of C BGA package.
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Figure 6.8. Podtion of criticad solder bals and die edge

Table 6.10. Solderjoint fatigue lives of CBGA and TFBGA

Position / Life

Design (cycles) Critical Life o i
Variations (7.7) 9,9 (cycles)

TFBGA 1941 5615 1941

C’BGA 2238 3881 2238 153

Thermal solder joints connect the dug to the ground. Since they are not part of daisy-
chain connection, therma cycling test usudly is unable to determine their actua
reliability. However, it can be easly studied through modeling. Themain function of
the C’BGA thermal solder joints isto conduct hest effectivdy away from the dieto the
PCB, without having pass through the substrate, and therefore junction-to-ambient
thermal resistance, Qj, can be minimized. Here, the effect of the therma solder joints on
therma performance and solder joint reliability of C°BGA is investigated. Table 6.11
shows the schematic thermd solder joints designs and results. Theworst case, which
has al thermal solder joints removed (C2), thebest case, which hasdl therma solder
joints intact (Control), and in-between case, which has only center thermal solder joints

intact (Cl), arestudied.
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Table 6.11. Effect of thermd solderjoint pattern

Casss Control

Cl C2
Thermal Solder Joint Pattern a D ‘
- 16 5

Ga Increase (°C/W)
Critical Solder Ball Life (cycles) 2238 2243 1863
Thermal Solder Joint Life (cycles) 35824 34379

Reduction in number of therma solder joints tends to increase the therma resistance.
For consstent therma performance, the integrity of therma solder joints is important.
The faigue life of the therma solder joint is 35824 cycles, which is much longer than
faigue life of the critical solder ball. This is proven by falure analysis, which shows
that thermal solder joints are till intact for C’BGA sample after 2000 cycles of thermal
cycling test.

The exigtence of therma solder joints aso enhances the reliability of critica solder
ball. If there is no theema solder joint a al, fatigue life of critical solder bal is
reduced, and therma resistance is increased. However, the number of thermal solder

joints existing does not have significant impact on the fatigue life of critical solder ball.

6.4.4 Correation of Fatigue Life and Package Warpage

The relationship between solder joint fatigue life and package warpage during
therma cycling can be established. For corrdation, Sx desgn variaions for TFBGA
and 10 design variations for C’BGA are studied for 16x16mm package size. The six
design variations for correlation for TFBGA include die size, two die attach materidls,
and three mold compound materids. As for C°BGA, it includes die size, mold

compound and die thickness, subdtrate thickness, solder ball diameter and height, two
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die attach materias, three mold compound materials, and dug attach materia. The
focus of this section isnot on design analys's, and therefore detailed results of each case
are not provided. Package warpage change from -40°C to 125°C is calculated.

There is a generd correlation between fatigue life and package warpage for both
C BGA and TFBGA (see Figures 6.9 and 6.10). The correlaion can be described by
power law equations. It is shown tha lower package warpage leads to higher faigue
life. This is because both parameters are sendtive to CTE mismatch during thermal
cycling. Lower package warpage results in a smaler displacement change dong the
critical solder interface, and smaler shear strain is induced. This in turn enables longer
fatigue life to be achieved. Therefore, it ispossible to aoply a smpler package warpage

model for quick estimation of solderjoint reliability performance.

Correlation of Fatigue Life and Warpage for C2BGA

2600
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y = 20470X-%%
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Figure 6.9. Corrdation of warpage and fatigue life for C’BGA

Correlation of Fatigue Life and Warpage for TFBGA
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Figure 6.10. Corrdation of warpage and fatigue life for TFBGA
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There is no need to apply a complex warpage model with consideration of process
residue stress, as the difference in results will be adjusted during the numerical

correlation with fatigue life.

6.5 SUMMARY

Fatigue modeling using modified Darveaux method is applied on design analysis of
various advanced CSPs with stacking dice, lead-free solder, MEMS, and power
applications. Detailed solder joint fatigue model with life prediction capability is
established for lead-free stacked die with mixed flip-chip and wirebond BGA. The
critical solder ball of stacked die BGA studied is between the top and bottom dice, and
the failure interface is along the top solder/pad interface. Comprehensive design
analyses are performed to study effects of package geometry and material properties.
Generally, for enhanced solder joint reliability of stacked die BGA, it is recommended
to have larger top or bottom dice sizes, and thicker top die. Lead-free solder with lower
CTE is desired. SnAgCu solder has more than two times longer life than eutectic
solder. Large and even length of stacked die are preferred to redistribute the SED more
uniformly among the solder balls, instead of concentrating at one critical solder ball.

Certain design rules learned from single die BGA may not be applicable for stacked
die BGA. The position of critical solder ball is a variable, so the common practice of
using dummy balls for outermost corner position may not improve the fatigue life.
Effects of design variables are case-dependent, so fatigue modeling is efficient to assess
the solder joint reliability of new package design, with saving in cost, time, and
manpower in performing the actua thermal cycling tests.

As for MEMS package, stacked die TQFN, the failure interface of peripheral solder
joint is along the top solder/pad interface. Generally, for enhanced solder joint

reliability of stacked die TQFN, it is recommended to have thinner PCB, thinner
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package, thicker leadframe, longer lead, smdler sensor die Size, solder fillet, more
center pad solder coverage, higher solder standoff, and mold compound with lower
modulus and higher CTE.

Design comparison between thermdly enhanced C2BGA and conventiona TFBGA
is studied. C’BGA has better solder joint performance compared to conventiona
TFBGA. Integrity of C’BGA therma solder joints is excellent. Thermd solder joints
help to reduce the therma resistance and enhance the solder joint reiability at the same
time. There is agood correlation between solder joint fatigue life and package warpage
for both TFBGA and C’BGA. Smaller package warpage |eads to longer fatigue life.
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CHAPTER 7 BQARD LEVEL DROP | MPACT
MODELI NG

71 INTRODUCTION

The reliability performance of I1C packages during drop impact has become a great
concern, due to increasing demand and popularity of handheld or portable
telecommunication devices such as mobile phones and PDAs. The mechanical shock
resulted from mishandling during transportation or customer usage may cause solder
joint failure of IC package, which leads to mafunction of product. Therefore, it is
important to design a more robust package and board with better reliability performance
during the drop impact. Normally, mobile phones are designed to withstand a few
accidental drops to floor from a height of 1.5m, without causing major mechanical or
functional failures.

Product level drop test is complicated because it depends on many factors such as
drop height, drop orientation, components layout on PCB, and product design. Board
level drop test is convenient to characterize the solder joint performance, because it is
more controllable than product level drop test. A few JEDEC test standards [134-136]
provide guidelines to conduct board level drop test.

Traditionally, board level reliability usualy refers to solder joint fatigue strength
during the thermal cycling test. There are many researchers who have applied
viscoplastic modeling to give accurate fatigue life prediction. However, there are few
publications [113-114] related to drop test and simulation of its solder joint reliability,
although drop test should be as important as thermal cycling test, especialy for
telecommunication industry. Researchers are beginning to pay more attention to drop

test studies and analyses, due to high industrial demand to understand the failure
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mechanism. Most of the limited research work is either purely numerical or
experimental, with very little study on correlation between simulation and testing. This
is partly because dynamic simulation and drop testing are highly specialized, expertise
and capabilities in both areas are required.

Dynamic responses, such as input acceleration, output acceleration, deflection,
velocity, and strains, are very important to monitor the repeatability of drop test and
investigate the failure mode and failure mechanism of solder joints. It is known that the
dynamic strains and stresses of solder joints directly affect the solder joint reliability
during drop impact. However, there is no suitable sensor to measure them directly.
Alternatively, the dynamic responses of PCB are good measurable indicators which are
closely related to solder joint strains and stresses. Some research work was done on
dynamic responses at board level [114] and product level [110] drop test. However,
currently there is no comprehensive study on dynamic responses of PCB and its
corresponding solder joint reliability by both experiments and modeling. This issue will
be addressed here. The dynamic responses of PCB under drop impact loading is studied
using dynamic model, and excellent correlation has been achieved. This method is
extended to investigate the solder joint reliability, solder joint failure mode, and root
cause of solder joint failure which are closely related to dynamic responses of PCB.

There has been alack of life prediction model in the area of research on board level
drop test, and it will be addressed for the first time in this thesis. Due to uncertainty in
drop test and lack of accurate drop test model, it has been a great challenge to apply
modeling for quantitative evaluation of impact life, i.e. to estimate number of drops to
failure. Modeling is usualy applied to compare the relative drop test performance of
various package designs. Variations in package and board geometry (e.g. package size,

board size, solder ball size), materials (mechanical properties), and test conditions (drop
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height, orientation, impact duration) may be studied conveniently with drop test
modeling. Modeling is more efficient than performing actual drop test, which is
expensive, time-consuming, and requires a lot of manpower in measurement and failure
analysis. Validated drop test model can be a useful design analysis tool for the
competitive telecommunication industry, which emphasizes on short time-to-market.
For some mobile phone manufacturers, they have to introduce new product models to
the market every few months. Time is limited for them to conduct detailed reliability

tests at board and product levels.

7.2 EXPERIMENTAL SETUP OF DROP TESTING

JEDEC (Solid State Technology Association) has developed a standard test
procedures and board design for board level drop test of components used in handheld
electronic products [134]. The current test standards [135-136] for mechanical shock of
component and subassembly are not detailed enough, insufficient for direct comparison
of board level drop test performance among various packages, produced by different
manufacturers. In addition, the 1500G and 2900G input peak accelerations suggested
by JEDEC may not be sufficient for certain packages to induce enough solder joint
failures within 50 drops in the critical orientation, i.e. component face-down. This test
standard is more useful for product qualification, rather than to understand the actual
impact strength and weakness of IC packages at board level, which usualy requires
much higher peak acceleration. At the moment, the researchers have mostly used their
own test boards and test procedures, and the data is only useful for in-house package
comparison, due to lack of acomprehensive drop test standard.

Typical setup of board level drop tester is shown in Figure 7.1. The packages (2x5

matrix) are mounted on test board, which is connected to fixture (140x76.2x15mm) and
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solid auminum drop block (210.5x210.5x70mm) with screws. Between board and
fixture, 10mm spacer is added to dlow PCB bending. The block is dropped from a
height of 1.5m aong the two guiding rods, onto arigid surface covered with a layer of
fdt (5mm thickness). The board istested until dl components have faled, or up to the
maximum of 50 drops. If necessary, the test can be extended to 100 drops, but the
resistance measurement interval can be larger. Drop test level [135] is classified by the
input acceleration or impact pulse (pesk acceleration and pulse duration), and usualy is

afunction of drop height, friction of guiding rods, strike surface, and fdt materias.

inverted-Z orientation
Package — Test board —» Fixture (by screw) -» Block (by screw) —*Drop Tester

Figure 7.1. Setup of board leve drop tester

During drop test, the dynamic responses of PCB and solder joints are crucia because
they reflect the PCB behaviors which are closdy related to solder joint failure during

drop impact. A multi-channel real-time eectrical monitoring system is setup to record
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down the input acceleration of PCB, in-plane strains at PCB center, and dynamic
resistance of solder joints. The repeatability of the drop tester is excellent with

acceleration and strains measurements within +3%.

Two strain gauges connected to strainmeters, are mounted at the center of PCB (non-
component side) to measure the dynamic strains induced in PCB length and width
directions. The signals from strainmeters are linked to an oscilloscope. One
accelerometer is mounted near to a corner PCB mounting screw to measure the impact
pulse (input acceleration to PCB). The acceleration signal is processed by signal
conditioner and then linked to the oscilloscope. In-situ dynamic resistance measurement
is preferred because the solder joint crack induced by impact may close up again. The
dynamic resistance of daisy-chained solder joints is measured in real-time during drop

impact. The principal circuit is shown in Figure 7.2.

A resistor, Ry, is placed in series to the daisy chain of solderjoints and connected to

a DC power supply. The dynamic resistance of solder joints, R,, can be described by

rR = RV . (7.1)
E-v Eiv -

where E is the voltage (1.8 volt) of the DC power supply, and Vis the dynamic voltage
of daisy chain which changes with dynamic resistance of daisy chain, R, For
convenience, the voltage is monitored instead of resistance using an oscilloscope. When

v > E, R -> @ (open circuit), indicating the critical solder joint has failed.

"WW

DC Power
Supply

- . "WW
Y \Y

Oscilloscope

Figure 7.2. Dynamic resistance monitoring system
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7.3 EXPERIMENTAL ANALYSIS OF SOLDER JOINT RELIABILITY
7.3.1 Dynamic Resistance

The dynamic resistance of daisy-chained solder joints which reflects the solder joint
reliability is monitored as well as the corresponding impact pulse and dynamic strains.
The package is located at PCB center. The dynamic strains are also measured & PCB
center on reverse side. Figure 7.3 shows typical dynamic resistance and strains after
certain number of drops during drop impact, where positive peak of dynamic strain in
PCB length direction implies PCB bending up and negative peak means PCB bending
down. Peak value of dynamic resistance indicates that the solder joint crack opens, and

the minimum value means that the solder joint crack closes up.

Dynamic Responses(Drop #22) G/microstrains

10 15
Time (ms)

Resistance — G levels — Strain (Length) Strain (Width)

Figure 7.3. Typica dynamic responses

Coincidence of cyclic change of dynamic resistance and dynamic strains indicates
that the solder joint crack opens and closes when PCB bends down and up. Figure 7.4
shows the PCB bending downwards and upwards after the impact. Due to the bending
stiffness difference between PCB and TFBGA package, the outermost corner solder
joints are under tensile normal stress when PCB bends downwards, causing the crack to

open. On the other hand, when PCB bends upwards, they are under compressive stress,
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and the crack is closed. It proves experimentally that the solder joint reliability is
closely related to the dynamic responses of PCB, and cyclic PCB bending or vibration

isthe major root cause of solder joint failure during drop impact.

PCB bends downwards

Strain Gauge

Strain Gauge

rrrrn

TFBGA Compressive

PCB bends upwards

Figure 7.4. Effect of PCB bending direction

7.3.2 Solder Joint Failure Process

From the evolution of the dynamic resistance, the solder joint failure process can be
divided into three main stages (see Figure 7.5), i.e. crack initiation (stage 1), crack
propagation (stage 2), and crack opening (stage 3). In stage 1, both static and dynamic
resistances increase gradually with number of drops. It implies that an initial crack is
initiated, and the cross-sectional area of the critical solder joint is reduced gradually. In
stage 2, there are a few peaks start to appear in dynamic resistance curve, asthe crack is
propagated, the cross-sectional area of solder joint is reduced, and thus the resistance is
increased. The impact life at the first dynamic resistance peak is Ni. In the subsequent
drops and PCB bending cycles, the amplitude of dynamic resistance peak increases
until an intermittent failure (R-»00) occurs at impact life, N,. At this moment, the crack
is just propagated through the entire solder joint interface and there is an electrical

discontinuity happened in avery short duration. The crack usually closes back after the
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impact testing, and the resistance is dropped. In stage 3, the process continues, and the
duration of dynamic resistance peak increases with number of drops, as the crack
opening gap is getting larger. The crack is harder to close up again during PCB
bending, and the resistance goes to infinity most of the time. Findly, both the static and
dynamic resistance go to infinity permanently a impact life, N3. This is a permanent

solder joint falure.

Intermittent
failure

N N, N; Number of Drops

Figure 7.5. Solderjoint failure process

Therefore, there should be three different solder joint impact lives, i.e. crack
initiation life (Ni), intermittent falure life (N2), and permanent falure life (N3),
depending on the definition of solder joint falure criteria. The red-time dynamic
resistance method is able to record down al the three impact lives and display the three
stages of solder joint failure process.

Compared with event detector, this method is much cheaper, easier to setup, and
able to measure the actud value of dynamic resstance a red-time, which reflects the
in-gitu crack initiation and propagation of solder joints during drop impact. Event
detector usualy sets a threshold resistance (e.g., 300Q) for falure to occur, and this

sample pass/fail criteria is unable to describe the trend of solder joint reiability, and
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provide insufficient details for further analysis. Due to high frequency and short
duration of PCB bending, event detector may fall to capture al the continuous
intermittent failures because of its long data acquisition period (minimum is 2
seconds/poll) and channel resetting. On the other hand, manual probing can only check
the static resistance of solder joints after drop impact. At this moment, the crack may

close up again and the resistance measured is lower.

74 DROP IMPACT MODEL

It usually takes more than three months (including board design, fabrication,
assembly and testing) and involves significant amount of cost to conduct an actual drop
test for package qualification or design analysis. Due to pressure of short time-to-
market, testing has become a bottleneck for semiconductor and telecommunication
industry. Therefore, there is a need for a faster and cheaper solution, i.e. validated drop
impact model, which is accurate, reliable, and enables understanding of physics-of-
failure for design improvement.

In general, avalidated drop impact model can be classified into three levels: 1) good
correlation of dynamic responses of PCB (system's structural behavior), 2) good
correlation of trend of solder joint stress/strain (qualitative), and 3) good correlation of
impact life (quantitative). Due to lack of suitable sensor for measuring stress/strain in
solder joint without affecting solder joint performance, correlation in the second level is
difficult. Quantitative impact life prediction requires sophisticated material model, and
thus, correlation in the third level is very challenging. Therefore, good correlation of
drop impact model with dynamic responses is a prerequisite to accurate solder joint

reliability analysis and impact life prediction.
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In this study, board level drop test simulation of 0.75mm pitch TFBGA46 (see
Figure 7.6) is performed. Quarter 3D model is established to reduce model size due to
symmetry (horizontal drop, component faced down). The package size is
6.39x6.37mm, die size is 4.6x3.5x0.235mm, and board size is 100x48x1.6mm with 46
1/0. Detailed package geometry, solder balls, and pad design are included in the model.
For simplicity, the 46 solder balls are modeled as full array using a quarter model. The
test board is fixed by four screws with one package (facing down) mounted a PCB
center. This configuration is good for correlation and model validation because most
measurements are performed a PCB center. The pad design is SMD on component
side, and NSMD on PCB side. The screws were modeled as simple 3D cylindrical

blocks, linking between the PCB and drop block with perfect adhesion assumed.

Figure 7.6. Finite element model of TFBGA package on board

ANSYS/LS-DYNA with drop test module is applied for pre/post-processing and
solution of dynamic drop test simulation. The explicit solver is conditionally stable,
compared with implicit solver which is unconditionally stable, but it is more efficient
for drop test solution because usually the impact duration is very short, less than 1ms.
The explicit solver usualy requires less computational time than implicit solver due to

its unique solution algorithm. Dynamic modeling using implicit solver is more
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challenging than explicit solver, especially for impact type of contact modeling. The

critical time step, At, required for stable solution can be computed by

where / is the characteristic length of the smallest element, p is the density, and E is the
modulus. Normally, a factor of 0.9 is applied to the critical time step to ensure a stable
solution. The time step depends strongly on the smallest element size. For board level
package model, there is a large variation of element sizes for different materials, the
minimum time step usualy is in the order of 1E-9s, and the total solution time may take
from afew hours to a few days, depending on the complexity of model. Mass-scaling

technique can be applied to shorten the solution time, and it will be discussed later.

Figure 7.7 shows the initial and boundary conditions of dynamic model (quarter 3D).
To save processing time for solution, usually a near-impact velocity (according to Eq.
(2.21)) is applied as an initial condition for object under drop test. For a drop height of
15m used in TFBGA drop test, the theoretical impact velocity is 5.425m/s.
Gravitational acceleration of 9.81m/s is applied during the free-fall.

The basic material properties required for linear elastic dynamic impact model are
modulus, density and Poisson's ratio (see Table 7.1). Dynamics material properties
with high strain effect are not considered in the model. For the TFBGA drop test model
studied, there are total of 5183 elements and 5483 nodes.

Contact surface is defined between the drop object and the rigid impact surface. A
layer of fdt (nylon material) is added in between the contact surfaces to generate
sinusoidal type of acceleration curve. The fet is modeled as a material layer attached
with perfect adhesion to the drop block, and the entire system is dropped freely onto the

striking surface. There is only one contact interface modeled.

136



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

UJH,=0 . o = 9.81m/s’
="-=Y \ .- 545ms

b'vy=0 0
e Drop Direction
Figure 7.7. Initia and boundary conditions of dynamic model

Table 7.1. Materia properties used in model

Materials Modulus Poisson's Density x 10-9

(MPa) Ratio (Mg/mm3)
Die 131000 0.3 2.33
Die Attach 5000 0.3 2.2
Mold Compound 25506 0.3 197
CuPad 117000 0.3 8.94
PCB 16850 0.11 182
Al Block 70000 0.33 2.7
Steel Screw 200000 0.3 7.8
Eutectic Solder 34000 0.363 841
Solder Mask 5000 0.3 115
Nylon Felt 1600 0.3 114

* Sources: al from material suppliers. Modulus of MC and DA are storage modul us.

7.5 INTEGRATED EXPERIMENTAL AND NUMERICAL ANALYSIS

7.5.1 Correlation of Dynamic Responses

The time-dependent input acceleration curve predicted by modeling on the top corner

of the drop block is shown in Figure 7.8.

Graph of Acceleration vs. Time

Modeling (0.45 ms)
-Testing (0.4 ms)

Figure 7.8. Input acceleration curve
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The peak acceleration (Gy,) is 4500G (1G = 9.81m/s%), slightly larger than the typical
4200G measured from experiment. The impact duration (7) predicted by modeling is
0.45ms, also dlightly larger than the experimental value of 0.4ms. The difference is
mainly due to friction experienced in actual drop test, along the guiding rods.

The area under the acceleration curve, or impact energy, for first positive peak is
slightly smaller for experimental measurement. Actual impact velocity measured using
high-speed camera is 4780mm/s, lower than the theoretical impact velocity (5425mm/s)
predicted by Eq. (2.21) a 15m drop height. Since kinetic energy is proportional to

sgquare of velocity, the actual impact velocity can be estimated by

(7.3)

where V, is actual impact velocity, V;is theoretical impact velocity, A, is area under
acceleration curve measured by experiment, and A, is area under acceleration curve
predicted by modeling. The actual impact velocity calculated by Eqg. (7.3) is
4637mm/s, and it is within the range of impact velocity values measured by high-speed

camera (4780£200mm/s).

The reduction of kinetic energy is due to friction generated along the guiding rods
during drop test. This effect can be minimized with the application of lubrication, and
regular checking of tester's vertica alignment. Nevertheless, this friction effect is
acceptable, as long as it is consistent for all the tests done. Friction effect is not
considered in the model, but it can be compensated by the correlation constants used in
life prediction model (see later Section 7.6).

The first half-sine acceleration curve can be approximated by

CM-G.-f- <4
where G(t) is the acceleration at time t, G, is the peak acceleration or maximum shock

level, and T is the impact duration. The acceleration curves given by testing and
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modeling are not perfectly sinusoidal (see Figure 7.8), but closer to triangular shape.
With the same impact energy or area under the acceleration curve, theoretical sinusoidal
curve given by Eq. (7.4) usualy predicts lower peak acceleration with the same impact
duration, or shorter impact duration when peak acceleration is fixed.

When the potential energy is fully converted into kinetic energy, the peak

acceleration, Gy, for perfectly plastic case (no rebound) may be defined as
G=/ (7.5)

where g is gravitational acceleration (9.81m/s%), H is the drop height, and T is the
impact duration. For perfectly elastic case (full rebound), G, is two times larger than
values given in Eq. (7.5). The effect of striking surface is not considered in this
equation, and it must be determined experimentally. At fixed drop height, the product

G, T isa constant,

Grd,=GroT> (7.6)
because the impulse remains the same. Usualy there is a need to fine-tune the felt
thickness, drop height, and impact surface conditions (type of material, shape and
flatness), so that desired sinusoidal shape of acceleration curve (G, and T values) can
be achieved. Thicker felt generates lower peak acceleration and longer impact duration,
due to decrease in contact stiffness.

The time-dependent dynamic strain in PCB length direction predicted by modeling is
shown in Figure 7.9. It correlates very well with the experimental measurement
(repeatable). The amplitude of PCB bending or vibration decreases gradually with time
with the application of mass damping. The period or frequency of vibration is almost
the same for both experiment and modeling. Currently, there is no other publication

which has reported the same degree of correlation with experiment. Excellent
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correlation in dynamic responses of PCB is a prerequisite to good correlation of solder

joint reliability and impact life.

Experiment vs. Modeling

-Experiment

-Modeling

Time(ms)

Figure 7.9. Comparison of strain curve (modeling vs. experiment)

7.5.2 Failure Criteria

Minimum requirement of a drop impact model isto have a good relative correlation
between modeling and testing, so that the impact performance of other package designs
can be evaluated qualitatively, i.e., better or worse. The reliability of solder joints
during the drop impact is the main concern, as it affects the functionality of product.
Figure 7.10 shows the variation of stresses in the critical solder joint with impact time,
including normal stress in PCB length direction (S)), first principal stress (Si), vertical
normal stress or peeling stress (S,), shear stress (Sxz), and Von Mises stress (S)- All
the stresses vary cyclically under PCB vibration, corresponding to the measured
dynamic strain of PCB. Among them, the peeling stress has close amplitudes in positive
and negative directions. It looks like amplitude-declining cyclic fatigue stress.
Comparing the five stresses at the same point, the first principal stress follows the same
pattern as the peeling stress, especialy during the periods of positive peaks, indicating

that the peeling stress is the dominant stress component. The Von Mises stress also
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mainly reflects the trend of the peeling stress. The remaining horizontal normal stresses

and shear stresses are much lower in magnitude.

Figure 7.10. Dynamic stresses during drop impact

Therefore, the solder joint peeling stress is critical during drop impact and can be
used as a failure criteria for the purpose of design optimization. Since the peeling stress
is induced mainly by PCB bending or vibration, it can also be concluded that the PCB
bending is the mgor faillure mechanism of PCB subassembly under drop impact,
especially for component mounted at PCB center with 4-screw fixation.

Results of input acceleration, dynamic strain in PCB length direction, dynamic
resistance, and peeling stress in the critica solder joint are super-imposed and
compared in Figure 7.11, where the peeling stress is predicted by modeling and the
other three dynamic responses are measured by experiments. Since strain gauge is
mounted at the backside (non-component side) of PCB, the negative peak of strain
means PCB bending downwards. The peeling stress has a positive peak and the solder
joint is subjected to tensile stress when PCB bends downs. It proves the remarks
concluded in previous section by pure experiment (see Figure 7.4). At the same time,

the dynamic resistance has a positive peak, indicating opening of crack. On the other
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hand, when the dynamic strain is positive and the PCB bends up, the critical solder joint
Is subjected to compressive stress. At this moment, the solder joint crack closes up and

the dynamic resstance is low.

Figure 7.11. Dynamic responses during drop impact

This comparison shows the most important evidence that the pedling stress is the
dominant stress component affecting the solder joint reliability. Coincidence of cydlic
changes among pedling stress, dynamic strain of PCB, and dynamic resistance of solder
joints indicates that the solder joint crack initiation, propagation, and opening are

induced by cyclic PCB bending or vibration fatigue.

7.5.3 Failure Analysis

The maximum solder joint stress doesn't occur during the maximum input
acceleration a 0.2ms as indicated in Figure 7.8. Instead, the stress leve is the highest
a 0.74ms, and the criticdl solder bal is & the outermost corner, with stress
concentration aong the solder/PCB pad interface (see Figure 7.12, quarter mode
shown). This is the moment when PCB has the largest warpage and bending stress,

induced by the inertia force after impact.

142



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

% model center  A-. -80.423

C* * <k -53.717

¢ -27.011

-.304316J

e 26.402

m 53.108
79.815!

106.521
corner
133.228

159.934
MPa

Max Stress  Scde 70X

Figure 7.12. Critical solder ball and failure interface

The stress concentration predicted by modeling correlates well with actual failure
mode and the critical solder ball location observed in experiment. For the failed
TFBGA46 sample, dl the solder balls are cross-sectioned row by row, and only the
outermost corner solder ball is observed to have failure, a brittle crack in solder
intermetallic, along the PCB pad interface. The failure mode is peel-dominant, and this
validates the earlier modeling assumption, and supports that the maximum normal
peeling stress can be regarded as a failure criteria for the solder joints under drop
impact. In addition, the brittle crack also implies that the vibration fatigue is stress-

controlled.

The failure location, failure interface, and failure mode can also be verified by dye
penetration test. In dye penetration test, red dye is injected into the test sample, which

will diffuse into any crack in solder joints. After dye and pry, good solder joints show
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shiny fracture surface while failed solder joints are stained with red ink. A combination
of dye penetration test and cross section technique provide a full picture of solder joints
failures. Drop testing of another two PCBs mounted with single package is performed
for validation till the first failure hasjust occurred. The faled units are then studied
under dye penetration test. Figure 7.13 shows that the critical solder joint is at diagonal
corner, aong solder/PCB pad interface. The intermetallic failure is confirmed to be a

brittle crack.

Figure 7.13. Failure location/interface by dye penetration test

The solder ball interfacial failure is induced by a combination of mechanical shock
and PCB bending. The bending stress is critical to solder joint reliability. Figure 7.14
shows the warpage distribution of PCB during bending. The PCB has much larger
warpage in the length direction (3.35mm) than in the width direction (0.33mm). Asa
result, the outer row of solder balls in the PCB length direction warps more and has
higher bending stress level (see Figure 7.12). Therefore, the DNP (Distance to Neutral

Point) effect is an important design consideration for components under drop impact.
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7.6 IMPACT LIFE PREDICTION MODEL

The next step of more in-depth modeling is to evaluate the impact performance
quantitatively, using alife prediction model. There should be good correlation between
modeling predicted impact lives and actual impact lives measured.

Experimentally (see Table 7.2), there are six different cases of TFBGA46 and
VFBGA46 (Very thin-profile Fine-pitch BGA) packages tested with different drop
orientation (up/down), with/without PCB bending, numbers of screws (4/6) mounting
the board to fixture, and type of solder material (eutectic/SnAgCu). There are 10
packages (2x5 matrix) per board. Cases 5 and 6 have no spacer in between board and
fixture, therefore there is no PCB bending. VFBGA46 has the same package size, die
size, and ball layout as TFBGA46, except the package profile is lower.

Since Cases 5 and 6 have no failure at all after 50 drops, the results cannot be
quantified, therefore only Cases 1-4 are correlated. Cases 5 and 6 will be applied for
relative comparison. The experimental impact lives (number of drops to failure) for

Cases 14 are given in Figure 7.15, and results will be discussed in detail in Section 7.7.
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Table 7.2. Details of correlation cases

Package Component Number

Case Type Orientation  of Screws Solder Material
1 TFBGA Face-down 4 screws Eutectic
2 TFBGA Face-down 6 screws Eutectic
3 TFBGA Face-down 4 screws SHAgCu
4 VFBGA Face-up 4 screws Eutectic
5  TFBGA (nOFf;Ean) 6 screws Eutectic
6  VFBGA (noFf;‘éan) 6 screws Eutectic

The percentage of failure (out of 10 components on board) and impact life shown in

Figure 7.15, can be related by
Fr=pIn(N)+a (7.7)

where N is impact life at corresponding failure rate (F,, %), /3 is the slope (rate of
change), and a is aconstant. These experimental results are given in Table 7.3. Higher
impact life means the package has stronger impact performance, and is able to sustain
more number of drops before failure. For larger dope (J3), the rate of failure is faster,
once the failure is initiated. Failure-free life (Nj) is the number of drops without any
failure. It is an important design consideration as it provides a safety zone for the

product. Eq. (7.7) may be rewritten, by setting F - O for falure-free life:

Ni=e~* (78)
For Case 3, since 80% failure occurs after 1 drop, both mean and failure-free impact

lives are less than 1drop (no physical meaning), so they are rounded up to 1drop. The

slope is assumed to be an average experimental slope of 40.3.
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Figure 7.15. Experimental results of impact life

From the previous dynamic model established, the maximum peeling stress of
critical solder can be calculated (see Table 7.3). Figure 7.16 shows that the relative
stress results match very well with the actual impact life measured. A life prediction
model is formulated using power law to relate the maximum peeling stress and mean
impact life

ABQ = Cl°: (7.9)
where N$o is the mean impact life (number of drops to failure a 50% failure rate), < is
the maximum peeling stress (MPa) in the critical solder ball, Ci and C2 are the
correlation constants, 1.061E7 and -3.078 respectively. There is good correlation
between mean impact lives predicted by modeling and measured by experiment (see

Figure 7.17). The uncertainty of impact life prediction is within +4 drops, for atypical

test of 50 drops.
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Table 7.3. Results of modeling-testing correlation

Case Solder Stress  Mean Impact Life Failure-free Life, Nf

(MPa) NS0 (# Drops) (# Drops)
1 141.20 6 2
2 53.64 47 18
3 152.50 1 1
4 73.20 22 5
5 28.8 S50 (341  >50 (99)
6 29.60 >50 (314  >50 (91)

Correlation of Mean Impact Life and Peeling Stress
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Figure 7.16. Experimental impact life vs. peeling stress
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Figure 7.17. Impact life of modeling vs. experiment
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Figure 7.16 shows that impact life increases steeply when the solder peeling stress is
low. When the peeling stress is less than about 50MPa, the mean impact life is higher
than 50 drops. With this new model, a failure-free state can be determined, and drop
test performance of new package design can be quantified, and further enhanced
through modeling. This quantitative approach is different from traditional qualitative
modeling, as it provides both accurate relative and absolute impact life prediction.

Similar to most finite element models, the value of peeling stress obtained from
dynamic model depends on the element size, and other modeling assumptions (material
model and contact condition). The drop test measurements also depend on type of
tester, failure criteria, and other testing variables. Therefore, the correlation constants
used for impact life prediction are model and tester dependent. Thisis similar to board
level thermal cycling test, there are no universal correlation constants. However, even
if different models and testers are used by other researchers, the relative comparison of
impact performance should still be valid, and this may be sufficient for design analysis
of new packages. For absolute impact life prediction, both modeling and testing require

detailed considerations, as mentioned throughout this chapter.

7.7 DESIGN ANALYSIS

7.7.1 Integrated Experimental and Numerical Analysis

The drop test results are given in Figure 7.15 and Table 7.3, and several effects can
be studied. The testing results are analyzed and compared with modeling, to gain a
more in-depth understanding on physics of these dynamic failures. The control case
used for design comparison is Case 1 (see Table 7.2), TFBGA46 tested in component

face-down direction with four PCB mounting screws and eutectic solder.
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Effect of Component Position

A more detailed model is constructed with one package on center of board and four
packages on comer of board to study the relative solder joint stress level between center
and component. For Case 1 (4 screws), compared with center component, the
maximum solder peeling stress level of corner component is about five times lower. As
for Case 2 (6 screws), stress at corner component is about half of center component.
These two results show that center component has much higher stress level than corner
component, especially for the case with four PCB mounting screws, due to more PCB
bending. Therefore, components positioned a board center are more susceptible to
failure than corner components for Case 1.

The modeling results correlate well with experimental observations. Figure 7.18
shows that for Case 1, there are six failures out of total of 10 packages (number of drops
to failure is printed on top of package). The center packages fail first after five drops,
and the four corner packages have no failure a all after 50 drops. For Case 4
(component face-up, 4 screws), the trend is similar (see Figure 7.19), and corner
components have stronger impact performance. As for Case 2 (component face-down,
6 screws), there is no clear trend of position effect, failures occur randomly as the PCB

warpage distribution is more complicated.

. O O
screw screw

| B BDI

| D DD
rew Crew

Figure 7.18. Impact life vs. position (Case 1, face-down)
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Figure 7.19. Impact life vs. position (Case 4, face-up)

Effects of Drop Orientation

Case 4 is tested with component face-up, but the package type is VFBGA46,
therefore cannot be compared directly with Case 1 (TFBGA46, component face-up) on
effect of drop orientation. Intermediate result (Case 7) is caculated by modding for
TFBGA46 with component face-up, o that the effect of drop orientation can be
compared with the same package type, and impact life of TFBGA can be compared
with VFBGA (see Table 7.4). Comparing Case 1 and Case 7 with the same TFBGA46

package, component tested in face-down direction is found to be more severe than in

face-up direction.

Table 7.4. Results of drop orientation and package type effects

Case Package .Drop. Solder Stress  Mean Impact Life,
Type Orientation (MPa) Nso (# Drops)
1 TFBGA Face-down 141.20 6
7 TFBGA Face-up 63.65 30
4 VFBGA Face-up 73.20 22

PCB is dlowed to bend for both drop orientations. When component is in face-
down orientation, the solder joints experience additiona package inertia force, besides

the criticd PCB bending stress.  Therefore, the recommended test of 50 drops in
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component face-down direction with 4200G, is able to induce enough solder joint

failures for most packages.

Effect of Package Type: TFBGA46 vs. VFBGA46

VFBGA46 is a lower-profile version of TFBGA46, with lower solder standoff
(0.25mm vs. 0.3mm), thinner mold compound (0.45mm vs. 0.6mm), and thinner die
(0.17mm vs. 0.235mm). Comparing results of Case 4 and Case 7 (see Table 7.4) with
the same drop orientation, TFBGA46 has dlightly better impact performance than
VFBGA46. From previous in-house board level thermal cycling test, both packages
also have very close solder joint fatigue lives. The board level reliability tests (impact
and thermal cycling) performance of TFBGA and VFBGA packages are close, as there

is little difference in package structure and geometry dimensions.

Effect of Number of Screws Mounted on PCB

Comparing Case 1 and Case 2 (see Tables 7.2 and 7.3), PCB mounted with four
corner screws has lower impact life than PCB with six screws (additional two screws at
center of PCB edge in length direction, see Figure 7.18), due to larger PCB warpage.
PCB bending stress can be reduced with more number of screws mounting the PCB to

the fixture.

Effect of PCB Bending

The PCB in Cases 5 and 6 (component face-up) isnot alowed to bend, asthe PCB is
mounted closely to the fixture with 6 screws without any spacer. Compared to other
cases with PCB bending (e.g. Cases 1, 2 and 4), Cases 5 and 6 have much lower solder

peeling stress (see Table 7.3) and therefore much longer impact lives.
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For Cases 5 and 6, the modeling predicted mean and failure-free impact lives are
more than 90 drops (see Table 7.3). This life prediction explains why in the actual
testing, there is no falure at al within the first 50 drops for these two cases. This is
additional proof on the accuracy of life prediction model established.

Therefore, in board level drop test, PCB should be allowed to bend to induce higher
peeling stress in the solder joint. Mechanical shock without PCB bending is not able to
evaluate the true impact performance of the package. However, in the design of actual
products (e.g. mobile phone), PCB bending should be minimized. This may be
achieved by mounting the PCB to athicker metal layer without any gap in between, or

more screws may be used to mount the PCB to fixture.

Effect of Solder Material

Comparing Case 1 and Case 3 (see Tables 7.2 and 7.3), TFBGA46 with |ead-free
(SnAgCu) solder is found to have weaker impact life than conventional package with
eutectic solder. SnAgCu has larger modulus, therefore the peeling stress induced in
solder material is higher, for a given strain level. The trend of drop test results is
different from the board level thermal cycling results (see Section 6.2) which show that
TFBGA46 with SnAgCu solder has more than two times longer fatigue life than the
same package with eutectic solder. The results are consistent with another experimental

findings [137] that SnPb solder performs better than SnAgCu solder.

7.7.2 Extended Simulations Analysis
The validated dynamic model can be applied to study other effects, to save the time,
manpower, and cost in performing the actual drop tests. The focus of this chapter is on

the effects of testing and modeling variables. Peak acceleration, mean and failure-free
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impact lives computed in this section are based on modeling. The control case used for
comparison is similar to the settings of previous Case 1, i.e. TFBGA46, component
face-down, 4 screws, 1.5m drop height, and 100x48mm PCB size. The design variables

studied are varied one at atime with respect to the control case.

Effect of Drop Height

Table 7.5 shows that higher drop height results in stronger peak acceleration. This
effect is also stated in the Eq. (7.5). By varying the drop height from 1.5m to 0.5m, the

mean impact life can be extended by 16 drops.

Table 7.5. Simulation results of drop height effect

Height Peak Ace. Solder Stress Mean Impact Life Failure-free Impact

(m) (G) (MPa) Nso(# Drops) Life, N¢(# Drops)
05 2038 73.54 19 5
10 3516 1125 5 1
15 4532 141.2 3 1
0.36 1500 57.26 42 12
0.80 2900 95.01 9 3

Another application of this life prediction model is quick evaluation of impact life of
package under standard test conditions (e.g. 1500G and 2900G recommended by
JEDEC). The desired acceleration level may be achieved by varying the drop height,
using a simple dynamic model with only the drop block, and solution can be ready
within a few minutes. The equivalent drop height values (0.36m and 0.80m) computed
by modeling, are close to experimental measurements of 0.32m and 0.77m, for 1500G
and 2900G respectively (see Table 7.5). For the most stringent JEDEC standard of

2900G, the mean impact life of TFBGA46 is predicted to be 9 drops, tested in
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component face-down direction (JEDEC's actual requirement is more relaxed, tested in
different x, y, and z directions). The life prediction model can help to reduce the DOE

matrix required for drop test qualification.

Effects of PCB Size and Shape

In Figure 7.12, it was shown that solder joints in the PCB length direction have
higher peeling stress, especially along the outer row. When the PCB aignment is
rotated by 90 degree (orientation of package and solder balls remain unchanged), the
maximum solder stress is again shifted to the outer row of solder balls in the new PCB
length direction. In this direction, there are four solder balls (compared to the previous
case with three solder balls, see Figures 7.6 and 7.12), the DNP (Distance-to-Neutral-
Point) is larger, therefore the solder stress is larger, and mean impact life is shorter (see
Table 7.6). Comparing square PCB to rectangular PCB, larger square PCB has higher
warpage, and therefore larger solder stress. Similarly for square PCB with different
sizes, smaler PCB size induces less bending stress, and therefore better impact

performance.

Table 7.6. Results of PCB size and shape effects

PCB Size/Shape Solder Stress  Mean Impact Life

(mm) (MPa) Nso(# Drops)
100x48 141.20 3
48x100

(90° rotation) 1928 1

48x48 99.85 7

100x100 197.6 1
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Effect of Flatness of Contact Surface

The mode of impact between two surfaces is criticdl. It is interesting to note that
flatness of contact surface has sgnificant effect on pesk acceeration and impact
duration (see Table 7.7). This effect can be sudied by modeling with impact of ablock

onto adightly curved surface, eg. top of abig sphere (see Figure 7.20).

Table 7.7. Reaults of contact surface flatness effect

Sphere Flatness Peak Ace. Solder Stress Mean Impact Life
Radius (mm) (mm) (G) (MPa) Nso(# Drops)
5000 2.22 4532 141.2 3
10000 111 5514 148.6 2
o (flat) 0 7649 168.2 1
Drop Block
y Flatness

'Radius of curvature

Figure 7.20. Impact on uneven surface

When radius of curvature is smdler, the pesk accderation is reduced, and impact
duration becomes longer (see Table 7.7). Thisis because the block hits the center point
of curvature first, and there is more time for the block to deform and have contact with
other curved surface before rebounding. Hat-to-flat surface contact is a specid case

with infinite radius of curvature, asthereis little room for deformation, the block hasto
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rebound within a very short impact duration, therefore higher peak acceleration is
generated (according to Eq. (7.6)). Naturally, when peak acceleration is higher, the

solder peeling stress is also larger, and impact life is reduced.

Effect of Mass-scaling

Mass-scaling is common technique used in dynamic simulation to increase the
minimum solution time step, in order to shorten the solution time. Eq. (7.2) shows that
the minimum time step is dependent on the minimum element length, density and
modulus. After fine-tuning in element meshing, usually there is little change can be
done on length of element, especially in thin material layers such as solder mask,
copper pad, and die attach. Mass-scaling increases density of elements with the
smallest time step (computed by Eq. (7.2)). The additional mass is usualy negligible
(less than IE-5%) compared to the total mass of system, therefore won't affect the
acceleration distribution.

Table 7.8 shows that the solution time can be reduced by about 2 or 4 times, when
the minimum time step is increased by 2 or 4 times. For atypical case without mass-
scaling, the solution time is about 8 hours. Within 4 times of increment in the minimum
time step, the percentage of difference is insignificant. When the time step is too large
(e.g. 10times), density of critical solder elements is affected, and therefore the accuracy
of solder peeling stress is compromised. Mass-scaling is acceptable, as long as the
density of elements modified is not in the solder material, which is the area of concern.
The largest solution time step that can be adjusted by mass-scaling may be calculated

based on the smallest element length of solder material.
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Table 7.8. Results of mass-scaling effect

Mass-scaling  Min. Time Solution Solder Stress % Diff

Factor Step () Time (hr) (MPa)
1 2E-9 8 141.2
2 4E-9 4 139.1 -1.5
4 8E-9 2 138.0 -2.3
10 2E-8 0.8 149.7 6.0

Effect of Element Size

The accuracy of modeling solution usually depends on element size control. Table
7.9 shows the sensitivity results of solder element size. The control case uses solder
element size of 60um. When the element size is reduced by haf, the maximum solder
stress is increased by 6%, and the difference in mean impact life is less than 1 drop
(using Eq. (7.9)). Therefore, it is advisable to apply a consistent element size
throughout the model, especially when there is any change in package or board

geometry dimensions.

Table 7.9. Results of element size effect

Element Size Solder Stress

(urn) (MPa) % Dift.
60 141.2
40 147.1 4.2
30 150.0 6.2

7.8 APPLICATION IN QFN PACKAGE

7.8.1 Background
The same drop impact modeling methodology developed earlier for TFBGA package

is applied for QFN package. A schematic of QFN-4x4mm package used in this study is
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shown in Figure 7.21. The peripheral leads are exposed a the package bottom for

soldering to the board. Extra soldering under the center die pad and at diagonal corners

is optional.
4x4 Package Size (3.7 x 3.7 Molded Size) Unit:
015 2x2DieSize Lead wicth = 02
o Lead pitch =0.5
Die 023 095
01 Hif Attarh
' Die Pad
01 2.2x2.2 Pad Size Cu Lead
Eutectk Sold* r 10.06
CuPad Solder Mask Cu Pad
05 06 008 18 1.15x0.25 Land Size 16
FR4

Figure 7.21. Schematic of QFN-4x4mm with 20 leads

7.8.2 Finite Element Model

In this study, board level drop test simulation is performed on a 0.5mm pitch QFN-
4x4mm (see Figure 7.21). Quarter 3D model is established due to symmetry (horizontal
drop, component faced down). The package size is 4x4mm (20 leads), die size is
2x2mm, and board size is 140x125x1.6mm. Detailed package geometry, solder joints,
and pad design are included in the model. There are 16 packages (4x4 matrix) on
board, but it is modeled as single package on board center, to reduce the computational
time. The discussions below are based on QFN-4x4mm package tested in component
face-down direction, and PCB mounted by four corner screws to the fixture.

The critical solder joint is a the corner, with stress concentration along the top
peripheral solder/lead interface and the edge of solder fillet (see Figure 7.22, quarter

model shown). Vertical normal peeling stress (cr;) is responsible for failure along top

solder/lead interface, whereas horizontal normal peeling stress (a, or a,) induces
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opening aong the verticad edge of solder fillet and lead. The stress concentration
correlates well with actud falure mode and critical solder joint location observed from
experiment. For the faled QFN-4x4mm sample, al the solder joints are cross-
sectioned row by row, and the corner solder joint is observed to have failure, a brittle
crack in solder intermetallic, dong the top solder/lead interface and vertical edge of
solder fillet/lead (see Figure 7.22). The falure mode is ped-dominant, and this further
validates the earlier modeling assumption, using the norma pedling stress as the falure
criteria. In the subsequent anadys's, volume-average norma peeling stress adong the top

solder interface is applied to minimize the potential stress singularity issue.

-S3.648

Figure 7.22. Critical solderjoint and falure interface

7.8.3 Impact Life Prediction Modd
The next step of more in-depth modding is to evaduate the impact performance
quantitatively, using alife prediction modd. Experimentaly (see Table 7.10), there are

three different cases of QFN-4x4mm tested with different drop orientation (up/down),
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and with/without PCB bending. There are 16 packages (4x4 matrix) per board. Case3

has no spacer in between board and fixture, therefore there isno PCB bending.

Table 7.10. Results of modding-testing correlation for QFN

Case Component Solder Stress Nso Nt
Orientation (MPa) (# Drops) (# Drops)
1 Face-down 24.18 1 1
2 Face-up 921 36 20
3 Face-up 2.87 S50 2726 >50 71
(no bending)

Since Case 3 has no fallure a dl after 50 drops, the results cannot be quantified,
therefore only Cases 12 are corrdlated. The experimentd impact lives (number of
drops to fallure) for Cases 1-2 aregiven in Figure 7.23, and results will be discussed in

detail later.

%of Failure vs. Impact Life

100 oA
©
o
3
— w) , N N N N /
g r y
o © / < C2:Up
¥ I+ « C1: Down
20-
n N
1 5 10 50 100

Impact Life (Number of Drops to Failure)

Figure 7.23. Experimentd results of impact life

Following the same methodology as TFBGA package (see Section 7.4), an impact

life prediction mode is formulated for QFN package usng power law to relate the

average peding stress and meaen impact life (see Figure 7.24). The correation

161



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

constants used in Eq. (7.9), C/ ad C,, are 136471 and -3.7117 respectively. The
impact life increases steeply when the solder pedling stress is low.  When the pedling
stress is less than about 8MPa, the mean impact life is higher than 50 drops.  Since
there are only two exact experimental data, the uncertainty of impact life prediction is
not applicable (curvefitted exactly by the power law). However, Case 3 (no PCB
bending) which has no falure within 50 drops, can be used for modd validation later.
In future, the mode can be fine-tuned with more experimenta cases. Power law may
not be the best curve fit for this case due to limited testing data. However, it isalogica

assumption based on prior moddling and testing experience of CSPs.

Correlation of Mean Impact Life and Peeling Stress
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Moo L YT e
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Average Peeling Stress (MPa)

Figure 7.24. Experimenta impact life vs. pedling stress

7.8.4 Dedgn Analysis

The drop test results are given in Figure 7.23 and Table 7.10, and severd effects can
be studied. The testing results are andyzed and compared with modeling, to gain a
more in-depth understanding on physics of these dynamic falures. The validated
dynamic mode can be gpplied to study other effects, to save the time, manpower, and
cost in performing the actud drop tests. The focus of this section is on the effects of
testing and modeling variables. The control case used for design comparison is Case 1

(see Table 7.10), QFN-4x4mm with solder fillet, tested in component face-down
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direction (PCB bending allowed) from 1.5m drop height. The design variables studied
are varied one at a time with respect to the control case. Most effects are similar to

board level drop test of TFBGA package (see Section 7.7).

Effect of Component Position

A more detailed model is constructed with one package on center of board and four
packages on corner of board to study the relative solder joint stress level between center
and component. For Case 1 (component face-down), compared with center component,
the average solder peeling stress level of corner component is 20% lower. This result
shows that center component has much higher stress level than corner component, due
to more PCB bending. Therefore, components positioned at board center are more
susceptible to falure than comer components for component face-down orientation.
The modeling results correlate well with experimental observations (see Table 7.10).
For Case 1, there are 12 failures, out of total of 16 components. The center packages
fal first after 1 drop, and only the four comer packages have no failure at all after 50

drops.

Effect of Drop Orientation

Table 7.10 shows that for QFN package, component tested in face-down direction is
found to be more severe than in face-up direction. However, for face-up drop
orientation, once the failure isinitiated, the failure rate is faster (see Figure 7.22, steeper
slope). It does not mean that QFN has worse drop test performance compared with
TFBGA, since different board size and design are used. For this QFN study, the board
size used is much larger than TFBGA, therefore the bending stress is larger, and impact

life is shorter.
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PCB is alowed to bend for both drop orientations. When component is in face-
down orientation, the solder joints experience additional package inertia force, besides
the critical PCB bending stress. Besides, there is a possibility that due to excessive
PCB warpage, the components mounted in face-down orientation have contact with the
fixture below, and additional contact stress is induced. The recommended test of 50
drops in component face-down direction with 4200G, is able to induce enough solder

joint failures for most packages.

Effect of PCB Bending

The PCB in Case 3 (component face-up) is not allowed to bend, as the PCB is
mounted closely to the fixture with four screws without any spacer. Compared to other
cases with PCB bending (e.g. Cases 1 & 2), Case 3 has much lower solder peeling
stress (see Table 7.10) and therefore much longer impact life.

For Case 3, the modeling predicted mean and failure-free impact life is 71 drops.
This life prediction explains why in the actual testing, there is no failure at all within the
first 50 drops for these two cases. This is additional proof on the accuracy of life

prediction model established.

Effect of Solder Fillet

Figure 7.25 shows QFN designs with different solder fillet height (control case is
mid fillet height). Table 7.11 shows that the case with mid solder fillet has much lower
peeling stress than either low or no solder fillet. Additional solder fillet helps to
strengthen the solder joint against impact failure, because the solder fillet/lead edge has

to crack first, before propagating through the top solder interface (see Figure 7.22).
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Mid Fillet

No Fillet

Figure 7.25. Different solder fillet designs

Table 7.11. Results of solder fillet effect

Solder Fillet Solder Stress %

Height (MPa) Diff.

No Fillet 42.00 73.7
Low Fillet 39.27 62.4
Mid Fillet 24.18

7.9 SUMMARY

Comprehensive drop tests, failure analyses, and simulations are performed on
TFBGA and VFBGA packages a board level. The solder joint failure isinduced by the
combined stress of mechanical shock and PCB bending. The critical solder ball is
observed to occur at the outermost corner solder joint, and fails along the solder and
PCB pad interface under peeling mode. Normal peeling stress is confirmed as the
major stress component of solder joint, and the PCB cyclic bending or vibration fatigue
is the main failure mechanism of solder joints during drop impact. This failure
mechanism and location of critical solder joint are supported by same observations in

both drop test and simulation.

For the first time, an accurate life prediction model is established for board level
drop test to estimate the number of drops to failure for a package. For the correlation

cases studied, the maximum normal peeling stresses of critical solder joints correlate
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well with the impact lives measured during the drop test, within uncertainty of 4
drops, for atypical test of 50 drops. With this new model, a falure-free state can be
determined, and drop test performance of new package design can be quantified, and
further enhanced through modeling. This quantitative approach is different from
traditional qualitative modeling, as it provides both accurate relative and absolute
impact life prediction.

The focus of this combined testing and simulation analysis is to study the effects of
drop testing variables on impact life. Component mounted on board center experiences
larger bending stress than components mounted on board corner, near the PCB
mounting screws. Drop orientation with component face-down is found to be more
stringent than component face-up. During the drop test, the PCB must be allowed to
bend in order to induce larger stress to the solder joints. It was shown that solder joints
in the outermost PCB length direction usualy have relatively larger stress, and smaller
PCB size is useful to enhance the impact life. Besides, flatter contact surface induces
higher peak acceleration, and therefore shorter impact life.

Detailed drop tests, faillure analyses, and simulations are also performed on QFN-
4x4mm packages at board level. The critical peripheral solder joint is observed to
occur at the corner lead. Failure is in peel mode, initiated along the solder fillet/lead
edge, propagating through the top solder/lead interface at the component side. QFN

design with higher solder fillet isrecommended to enhance the impact performance.
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CHAPTER 8 INTEGRATED SOLDER JOINT
RELIABILITY MODELING

81 INTRODUCTION

Board leved solder joint religbility of various CSPs during therma cycling test and
drop test are well investigated in Chapters 5-7, but they are discussed separately. Here,
the same modeding methodology is gpplied to peform integrated design anadyss of
solder joint reliability. The effects of package parameters on solder joint reliability of
both thermal cycling test and drop test are sudied a the same time for BGA CSP and
Integrated Passives Device (IPD).

82 BOARD LEVEL MODELING OF BGA CSP

8.2.1 Background

The demand for fine-pitch CSP is becoming higher as it fills the need for low cost,
miniaturization, and high performance requirements of mobile phones, notebooks,
PDASs, and other handheld eectronic products. For such device, board level solder joint
reliability due to drop test, bend test and thermd cycling test is a greet concern to the
manufacturers. The mechanical shock resulted from mishandling during transportation
or cusomer usage may cause solder joint falure, which leads to mdfunction of
product. PCB bending induced by accident drop of mobile phones or pressure applied
on key pad may aso result in reiability concern. Besides, the device may be operated
under extreme temperature conditions. Under different combined loadings of operating
conditions, the fidd life of CSP maybe limited.

Over the past few years, there has been increasing interest in board level testing and

modeling related to drop, bend, and thermd cycling dueto industria demand. However,
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most researchers only investigate on reliability of one particular test, and there are
limited publications related to integrated design analysis of al three types of board level
tests using both experimental and numerical methods. This chapter presents a
comprehensive solder joint performance analysis of a fine-pitch CSP under board level
drop test, bend test, and thermal cycling test. Both testing and modeling under al three
board level tests are performed, and the relative solder joint reliability as well as the
failure modes are analyzed. The effect of underfill on solder joint performance under

various board level tests is also investigated.

8.2.2 Drop Test, Bend Test, and Thermal Cycling Test

For drop test, the modeling and testing procedures are given in Chapter 7. Here, an
impact pulse with peak acceleration of 3700G and impact duration of 0.4ms is applied.
As for thermal cycling test, the modeling and testing details are explained in Chapter 5.
A temperature cycle test condition of -40to 125°C at 40mins/cycle is applied.

Board level bend test is a new analysis to supplement the drop test, as it was known
that cyclic PCB bending is resulted after the drop impact. The 3-point bending test is
usually carried out using Instron universal tester. The board with packages facing down
is placed on two supports with a span of 105mm, and a cyclic displacement-controlled
load is acted on the top of PCB center such that downward displacement of 4 mm
(speed of 400 mm/min) is achieved. Then, the PCB springs back by itself in the upward
direction to the original starting position. Viscoplastic model is applied for solder joint
reliability analysis under bend test. Volume averaging of the elements a the critical
solder joint interface is used to calculate the strain energy density (SED) accumulated

per cycle. Larger SED leads to shorter solder joint fatigue life.
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8.2.3 Finite Element Modd

The geometry for the CSP is shown in Figure 8.1. It is a 0.5mm pitch BGA with
7X7mm package size, 4x4mm die size, and 84 solder balls. The thermo-mechanical
materia properties used are lised in Table 8.1. Temperature-dependent materia
properties are conddered. PCB and substrate are considered to be orthotropic. For

solder material, viscoplastic mode is gpplied for both therma cycling test and bend

test. Therest of the materias are assumed to be linear dadtic.

Figure 8.1. Schematic of BGA CSP package

Table 8.1. Thermo-mechanica materia properties

CTE Modulus Density

Materials (ppm/°C) (GPa) (Mg/mm?®)
Silicon Die 2.8 131 2.33e-9
Copper Pad 17.7 117 8.96e-9

Mold Compound 8 25.02 2.00e-9
Die Attach 72 0.5 1.75e9
Underfill 31 4 1.75e-9
Eutectic Solder 25 31.6 8.4e-9
Solder Mask 95 5 1.15e9
PCB Yeo  rio
Substrate Xzy;'sg ;(:yif.% 2e-9
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3D finite element models are constructed for CSP to compare the relative
performance of solder joints and the failure modes under various board level tests. For
thermal cycling test model, a board size of 3mm larger than package size is assumed to
reduce computational time with minimal effect on the result. However, for drop test and
bend test models, a full board size of 115x77mm has to be modeled as it has significant
effect on solder joint reliability. Experimental results are compared to verify the

modeling results for al three board level tests.

8.2.4 Discussion of Results

There are 10 packages (2x5 matrix) mounted on the PCB (see Figure 8.2). Three
boards are used for thermal cycling test, whereas only one board is tested for drop and
bend tests. The testing results for drop test, bend test, and therma cycling test are

shown in Table 8.2.

Zone Zone Zone Zone Zone
3 2 1 1 2 3

D' DitiD D
EEZBB'EEBBBBSLD B

Figure 8.2. Package position on test board

1

For board level drop test, solder joint failures are induced by shock and PCB
bending. Therefore, packages at PCB center (E and F) are more likely to fail first as
PCB center has the maximum bending. The other packages away from PCB center (A,

B, C,D, G, H and I) can withstand higher number of drops (>50 drops) before failure.
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Package J may have assembly defects, thus resulting in low number of drops to failure.
In the subsequent drop tests at different height (unreported here), package J is never the
first failure, and its impact life is much stronger than packages on PCB center. PCB
length (115mm) is larger than width (77mm) direction, thus packages will fal along
PCB length rather than width direction, according to three Zones 1, 2 and 3. Packages

located in the same zone will fail around the same time.

For board level bend test, package position effect is aso significant as solder joint
faillures are aso induced by PCB bending, though a lower strain rate than drop test.
Packages in Zone 1, which are near the package center, are the most susceptible to
failure, and those in Zone 3 (furthest away from PCB center) can withstand avery large
number of bending cycles without failure.

For board level therma cycling test, package position effect is not significant.
Packages fall randomly at any position on board. Solder joint failures are induced by
CTE mismatch among solder joints, package, and PCB during thermal cycling. The

failure mechanism is different from drop test and bend test.

Table 8.2. Summary of board level test results

Drop Test (Number of Drops)

Zone I 2 1 2 3
Package A B C 0 £ F G H / J
W/O UIF 67 57 N/A >80 30 33 52 >80 56 25
With UF  N/A >250  >250 N/A 35 70 162 >250 >250 82

Bend Test (Cycles)

Zone ‘J 2 1 2 3

Package A B C 0 £ F G H / J

W/O U/F >50000 >50000 1343 3353 987 882 4197 3960 >50000 >50000
With U/F >200000 >200000 85009 >200000 917 2410 29798 35003 >200000 =>200000

Thermal Cycling Test (Cycles)

Zone 3 2 1 2 3
Package A B C D E F G H / J
W/O UIF 488 605 551 537 494 516 505 548 459 531
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8.25 Failure Analysis

Dye penetration test and cross-sectioning of solder joints are performed for drop test,
bend test, and thermal cycling test (see Figures 8.3, 84 and 85 respectively) to
determine the failure locations, failure interfaces, and failure modes. A combination of
dye penetration test and cross section technigue provide a full picture of solder joints
failures.

For drop test and bend test, solder joints fal at the outermost row along the PCB
length direction. The first solder joint failure is a the corner solder ball, cracking along
the solder/component pad interface. Failures of several non-critical solder joints are
observed along solder/PCB pad interface. Distance-to-neutral point (DNP) effect is
dominant for both drop test and bend test, as the PCB bends and induces high tensile
stress to solder joints. For thermal cycling test, solder balls under the die edge is more
likely to fail. Loca CTE mismatch between die and solder balls has more significant
effect than DNP (global CTE mismatch between package and board) on solder joint
failures, which are along solder/component interface.

For drop test, the solder joint is observed to have a smooth fracture surface (see
Figure 8.3). This is a brittle type of failure, usually induced by stress-controlled high-
cycle fatigue. Therefore, solder joint peeling stress can be used as the failure criteria in
the drop test simulation. As for bend test and thermal cycling test, a dimpled solder
joint failure interface is observed (see Figures 8.4 and 85 respectively). Thisis a ductile
type of failure, corresponding to strain-controlled low-cycle fatigue. Therefore, SED is
usually used as the failure criteria in bend test and thermal cycling test simulation with
consideration of plastic and creep deformation.

Figures 8.6, 8.7 and 8.8 show the peeling stress distribution of solder joints during

drop test, and SED distribution of solder joints during bend test and thermal cycling test
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simulation respectively. The simulation results are able to correlate with experimental
observations related to the failure location and failure interface. The stress or SED
concentration is along the solder/component interface, where actual failures are
observed in testing. In the drop test model (see Figure 8.6), four corner solder joints
have the highest peeling stress, due to strong DNP effect. As for bend test model (see
Figure 8.7), solder joints along the outer rows in PCB length direction have relatively
higher SED, and therefore lower bending fatigue life, correlating well with
experimental observations (see Figure 8.4). In the therma cycling test model (see
Figure 8.8), SED is higher in the four solder joints under the die corner, corresponding
to the same critical solder joint locations found in failure analysis (see Figure 8.5).

The differences in failure modes are due to unique loading and failure mechanism of
each board level test. For both drop test and bend test, the solder joint failures are
predominantly induced by PCB bending while for thermal cycling test, the failures are
mainly due to CTE mismatch of packaging materials during temperature change.
Therefore, drop and bend tests fail mainly in peeling mode for critical solder joint
during PCB bending while thermal cycling test usually fails in shearing mode. For both
drop test and bend test, the packages located at the PCB center are more critical while
for thermal cycling test, results are not sensitive to package position on the PCB.
Therefore, to enhance the solder performance for drop test and bend test, detailed
consideration of board design isrequired. PCB should be designed to minimize the PCB
bending, such as using smaller PCB size, square PCB shape, gtiffer PCB, or adding
more mounting screws to the fixture. As for enhancement of thermal cycling test
performance, one should look at reducing CTE mismatch among the solder joint,

package, and PCB.
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Figure 8.3 Failure analysis of drop test Figure 8.6. Solder stressin drop test

cycling test

Depending on end applications and customer requirements, package and board
designs have to be compromised to optimize the performance of particular test, while
maintaining an acceptable reliability level for other less critical tests. For example,
mobile phones require packages to have strong impact performance as the product may
fall with accidental drop onto the floor. However, as the product usage life is short (a

few years before changing to a new model), the requirement of thermal cycling test is

relatively less significant.
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8.2.6 Effect of Board Leve Underfill

Boad level undefill isamore generd and practica design enhancement, when the
effects of other package and board parameters are limited. The effects of underfill
enhancement on drop test and bend test are shown in Figures 8.9 and 8.10 respectively.

Reliability of Drop Test

100
80 y=55274Ln(x) -165.04/ y=22.263Ln(x) -68.502 .~
R2:0.9164/ / R?=0.9528/""
= 60
re
40 o
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A 1—i—i i i 1 1 —H 11— 11
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Figure 89. Reliability results of drop test
Reliability of Bend Test
100
+ W/OU/F
80 y=24.674Ln(x)-152 + With U/F
R?= 0.9082
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Figure 8.10. Rdliahility results of bend test
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The mean impact life (a 50% fallure rate) and the firg-falure life are summarized in
Table 8.3. Similarly, Weibull plot can be obtained for therma cycling test results (only
two failures recorded for underfilled CSP) and the characterigtic life a 63.2% failure
rateislisted in Table 8.3.

Table 8.3. Mean life and firg-falure life

Tests Drop Test Bend Test Thermal Cycling Test
(# Drops) (Cycles) (Cycles)

Lives Mean Life First Failure Mean Life First Failure Char. Life First Failure
W/O UIF 49 30 3683 882 556 358
With U/F 205 35 147099 917 6700 2254

Factor 4.18 117 39.94 1.04 12.05 6.30

Figure 811 shows the mean impact life of drop test corrdated to the maximum
normal peeling stress of solder joint obtained from modeling. An impact life prediction
model is formulated using power law gpproach to relate the maximum peding stress of
critical solder joint and mean impact life, according to Eqg. (7.9) with correlation
constants, ¢/ and C2, computed as 174052 and -1.328 respectively. Power lawv may not
be the best curve fit for this case due to limited testing data. However, it is a logica

assumption based on prior modeling and testing experience of CSPs.

Correlation of Mean Impact Life and Peeling Stress
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Figure 8.11. Impect life prediction mode for CSP
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The use of underfill always enhances the board level solder joint reliability. For
thermal cycling test, underfill has great improvement on both characteristic life and
first-failure life (see Table 8.3). However, for drop test and bend test, underfill has great
improvement on mean impact life, but only slight improvement on first-failure life.

The effect of package position on PCB is significant for drop test and bend test.
Packages located near the board center (Zone 1) are more likely to fal than those away
from PCB center (Zone 2 and 3). Similarly, underfill has more improvement on
reliability of packages in Zone 3, following by Zone 2, and minimal effect in Zone 1.
As illustrated in Figure 8.11, the use of underfill reduces the stress in the solder joint.
Since the mean impact life correlates to the maximum peeling stress by power law, with
the same reduction of stress, improvement in impact life is greater in Zone 3 compared
to Zone 1 (AN3>ANi). As packages on board center usually fail first, there is only dlight
improvement in reliability when underfill is applied. Therefore, it is important where
packages are placed on the PCB. For board with four corner mounting screws, bending
is significant, therefore critical packages should not be placed near the center, as using
underfill only has little improvement on the first-failure life of board level drop test and
bend test. However, it should be pointed out that usually the solder joints under field
condition has much lower stress compared with accelerated board level tests. Thus, in
actual product applications, board level underfill is still useful to improve both first-
failure life and mean life of components.

As for thermal cycling test, package position on board is not significant on the
reliability result. There is no concentrated stress near board center as in drop test and
bend test, and the stress level is more evenly distributed. Therefore, use of underfill will
have large improvement on solder joint reliability during thermal cycling test regardless

of package position on board.
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8.3 BOARD LEVEL MODEL OF IPD

8.3.1 Background

IPD is a new solution for miniaturized system integration, in which the passive
components are embedded into the substrate. The embedded passive technology [138-
139] offers great advantages of package efficiency, reduced assembly cost, and
improved system performance. This will become more crucial in the coming years with
package miniaturization asthe ratio of passive components to active components will
be increasing in electronic products. BFD is mainly used for RF applications in handheld
or portable telecommunication devices such as mobile phones and PDA. For such
device, board level solder joint reliability due todrop test and thermal cycling test is a

great concern.

8.3.2 Finite Element Model
3D FEA models are constructed for IPD on board to predict the solder joints fatigue
life during thethermal cycling test andimpact life under the drop test. Figure8.12

shows the schematic diagram of 1PD-2.51x2.51mm with 0.5mm ball pitch and 25 1/0.
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Figure 8.12. Schematic of IPD mounted on board
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8.3.3 Simulation Results

Drop Test Simulation

Figure 8.13 shows the warpage distribution of PCB during bending. The PCB has
much larger warpage in the length direction (0.238mm) than in the width direction
(0.002mm). The bending stress induced is determined by relative vertical displacement
(warpage) of the solder joint position with respect to the package or PCB center, which
is aneutral point (see Figure 7.4). As aresult, the outer row of solder balls in the PCB
length direction warps more relative to the PCB center and has higher bending stress
level (see Figure 8.14). Thisrow of solder balls is more likely to fail first. High stress
concentration is observed along both the solder/PCB pad interface and solder/IPD pad
interface. Therefore, both of these two interfaces are likely to fail, depending on the
adhesion strength of the interfaces. The failure of critical solder joint under drop impact

ismainly in peeling mode.

Figure 8.13. PCB warpage distribution during maximum bending

Solder Balls

Figure 8.14. Stress distribution of solder joints during maximum PCB bending
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Thermal Cycling Test Simulation

Due to DNP (distance to neutra point) effect, the critical solder ball for IPD studied
is observed to be a the outermost corner (see Figure 8.15), aong the top layer of solder
ball, which is the potentia fallure interface for crack propagation. The falure of critical
solder joint under therma cycling test is mainly in shearing mode due to CTE therma

mismatch.

Figure 8.15. SED distribution of solder joints during therma cycling test

8.34 Integrated Desgn Analyss

The board level solder joint reliability under drop test and therma cycling test for
eight different BFD design variaions are studied and analyzed. The design parameters
are BD shape, IPD size, IPD thickness, IPD materid properties, solder material, solder
ball layout, PCB size, and PCB materiad properties. The results to be discussed are
summarized in Table 8.4. Absolute solder joint fatigue lives are compared for thermal
cycling fatigue test while for drop test, only the solder joint peeling stresses are sudied
for relative impact life performance,

The structure of IPD on board can be treated as a smple bi-materid (IPD/PCB)

connected by solder joints. The shear strain range, Ay, of solder joints induced during
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thermal cycling, can be approximated by

where Aa isthe CTE difference between IPD and PCB, AT isthe thermal loading, DNP
is the distance to neutral point (from IPD center to position of outermost corner solder
joint), and h is the solder ball standoff. Shear strain range behaves likes SED, and the
value should be minimized to enhance the fatigue life. This simple equation implies
that CTE mismatch, therma loading, and DNP should be minimized while solder

standoff should be maximized, to increase the solder joint fatigue life.

IPD Shape

Comparing the shape of package (see Figure 8.16) with close area size, square IPD
performs better than rectangular IPD in both drop test and thermal cycling test (see
Table 8.4). With square design, the stress or SED can be distributed evenly in in-plane
directions (see Figures 8.14-8.15). On the other hand, for rectangular I1PD, the stress is
higher in the length direction, and concentrated at the four corner solder joints.

DNP effect of rectangular IPD is larger than square IPD, and it gives lower fatigue
life, according to EqQ. (8.1). Larger DNP also results in larger PCB bending stress during
drop impact. In addition, there are more solder balls under the square IPD (25 1/Os for
251x2.5Ilmm IPD) than rectangular IPD (20 [/Os for 1.01x5.01lmm IPD), to

redistribute the stress induced.

® o o o o o (( ®0 o o o o o*

Figure 8.16. Square and rectangular 1PD
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Table 84. Smulation results of drop test and thermd cycling test

Drop Test Thermal Cycling Test
Design Variations Ped Stress ,, . Fatigue Life ,,
(MPa) Yo Diff. (Cycles) Y% Diff.
Square
(2.51x2.51mm) 8207 ) 1749
IPD Shape
Rectangular 10579 16.3% 1081  -38.2%
(1.01x5.01mm) ' 70 o7
. 2.51x2.51mm 82.07 - 1749
IPD Size
5.01x5.01mm 84.72 2.5% 704 -59.8%
, 0.4 mm 82.07 - 1749
IPD Thickness
0.7 mm 89.21 6.6% 1317 -24.7%
) Lead-free 82.07 - 1749
Solder Materid _
Eutectic 68.52 -16.5% 1459 -16.6%
25400 MPa 82.1 - 1749
PCB Modulus
76200 MPa 59.8 -27.2% 1600 -8.5%
IPD Sze

The size of IPD (see Figure 8.17) has no sgnificant effect on drop test but smdler
IPD enhances the solder joint religbility under therma cycling test (see Table 8.4). The
behavior of IPD package is smilar to WL-CSP package in which there is a fundamental
limit in package size (see Section 5.5.4). When the IPD size increases, the position of
the outermost corner solder ball is further away from the IPD center, resulting in larger

DNP, and therefore, lower fatigue life.

Figure 8.17. Different IPD sze and number of solder balls
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IPD Thickness

Thinner IPD is preferred for both drop test and thermal cycling test (see Table 8.4).
Thinner IPD is more compliant, and therefore induces lower solder joint stress during
drop impact and under thermal cycling test. With technology advancement, IPD
substrate thickness can be made thinner. This can greatly help to improve both drop and

thermal cycling performance.

Solder Material

Lead-free solder is found to perform better in thermal cycling test, but poorer under
drop test, compared to eutectic solder (see Table 8.4). Therefore, not al design changes
are good for both drop and thermal cycling test. This is because the failure modes and
mechanisms for drop test and thermal cycling test are totally different, i.e. one fails by
sudden peeling stress while the other one fails by fatigue loading in shear mode. It is
important to identify which test is more important for the package application. For IPD
packages which are used mainly in handheld or portable telecommunication devices,
drop test is usually more critical than thermal cycling test. If lead-free solder must be
applied as a design constraint, other design parameters should be optimized towards

better drop impact performance.

PCB Modulus

PCB with higher modulus is better for drop test but it leads to poorer thermal cycling
test performance (see Table 8.4). Higher PCB modulus results in a gtiffer PCB, and thus
lower PCB bending stress during drop impact. As for thermal cycling test, PCB with
larger modulus is less compliant, and induces larger stress in the solder joints. The

modulus of PCB material should be formulated according to the end applications.
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84 SUMMARY

Board level drop test, bend test, and therma cycling test have been analyzed
experimentally and numerically for a fine-pitth BGA CSP. The modeling results
correlate well qualitatively with actual testing results for all the board level tests on
failure mode, failure location, and failure interface of critical solder joint.

Package position on board is found to be critical for both drop and bend test but not
significant for thermal cycling test. For drop test and bend test, packages located near
PCB center are more likely to fal first under high stress, and the enhancement of
underfill on solder joint reliability is less effective, compared with those away from the
board center. As for thermal cycling test, use of underfill has large improvement on
solder joint reliability regardless of package position on board.

Since the failure mechanism and locations are different for drop test, bend test, and
thermal cycling tests, it is important to identify which test is more important for the
package end application, and compromise in design is required.

Detailed solder joint reliability models are also established for IPD package under
drop test and thermal cycling test. DNP effect is dominant for IPD structure under drop
test and thermal cycling test. However, drop test performance is more dependent on
PCB geometry, compared with thermal cycling test. It is found that both drop test and
thermal cycling test performance can be enhanced by having square and thinner IPD.
Design with stiffer PCB, helps to improve the drop test performance more than the
thermal cycling fatigue life. However, design with smaller IPD size can have great
improvement on reliability under thermal cycling test but relatively insignificant effect
on drop test performance. IPD design with lead-free solder has better thermal cycling
test performance but poorer reliability under drop impact. Solder material and PCB

modulus have totally different effects under drop test and thermal cycling test.
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS

9.1 CONCLUSIONS

The objectives of the thesis have been achieved successfully through extensive
research work. Various types of package and board level reliability models are
established for virtual prototyping of advanced CSPs, e.g., TFBGA, QFN, and WL-
CSP, which are used in telecommunication applications. The original scope of research
is even exceeded to consider more recent CSPs in the design analysis. The main
contributions of this thesis research are on novel integrated package stress model using
multiphysics approach and accurate solder joint fatigue life prediction models under
board level thermal cycling test and drop test for CSPs. The modeling results correlate
well with in-house reliability tests conducted. The validated models help electronic
industry to save significant amount of cost, time, and manpower in performing the
actual reliability tests for CSPs. In addition, the physics of failures (failure mechanism
and faillure mode) of these advanced IC packages are well understood, and the quality
of products is enhanced through design for reliability. Comprehensive package and
board design guidelines are provided for these CSPs under various reliability tests.

The actual CSP package failure mechanism during reflow is complex, contributed by
combined effects of process defects, interfacia adhesion strength, moisture, vapor
pressure, thermo-mechanical stress, and hygro-mechanical stress. Therefore, there is a
need for comprehensive multiphysics studies on moisture diffusion, thermal, hygro-
mechanical stress, thermo-mechanical stress, and vapor pressure modeling. An
integrated stress model with interfacial fracture mechanics is established to study the
QFN package stress, and compute the strain energy release rate when delamination is
initiated. It is an useful tool to analyze and enhance the reliability of package,

minimizing the delamination and popcorn failures encountered during reflow.
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Detailed solder joint fatigue models with life prediction capability are established
for various types of CSPs. Novel combined local/global geometry modeling
methodology is created to reduce the computational time of 3D fatigue model from
days to hours. Modified Darveaux's approach is applied with addition of unique
correlation constants for life prediction of TFBGA, QFN, and WL-CSP package
families. The correlation between the fatigue model and actual thermal cycling test is
excellent on both failure location and number of cycles to faillure. The relative fatigue
life predictions and design trends are also consistent with experimental observations.
Generaly, for enhanced solder joint reliability of CSPs, it is recommended to choose
smaller die size, thinner die, higher solder joint standoff, bigger solder pad opening

size, and thinner board.

The same fatigue modeling methodology is also applied to investigate solder joint
reliability of other CSPs which are getting popular recently, e.g., stacked die BGA,
stacked die QFN (MEMS package), and thermally enhanced BGA package, under
board level thermal cycling test. Certain design rules learned from single die CSPs may
not be applicable for stacked die CSPs. The relationship between package warpage and

solder joint fatigue life is also established.

Comprehensive drop tests, faillure analyses, and simulations are performed on CSPs
(TFBGA and QFN) at board level. The solder joint failure is induced by the combined
stress of mechanical shock and PCB bending. The critical solder ball is observed to
occur a the outermost corner solder joint, and fails along the solder and PCB pad
interface under peeling mode. Normal peeling stress is confirmed as the major stress
component of solder joint, and the PCB cyclic bending or vibration fatigue is the main
failure mechanism of solder joints during drop impact. This faillure mechanism and

location of critical solder joint are supported by same observations in both drop test and
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simulation. For the first time, an accurate life prediction model is established for board
level drop test to estimate the number of drops to failure for a package. For the
correlation cases studied, the maximum normal peeling stresses of critical solder joints
correlate well with the impact lives measured during the drop test, within uncertainty of
+4 drops, for atypical test of 50 drops. With this new model, afailure-free state can be
determined, and drop test performance of new package design can be quantified, and
further enhanced through modeling. This quantitative approach is different from
traditional qualitative modeling, as it provides both accurate relative and absolute
impact life prediction.

In addition, integrated board level drop test and therma cycling test have been
analyzed for CSPs. Package position on board is found to be critical for drop test but
not significant for thermal cycling test. Besides, lead-free solder is found to be useful
for thermal cycling test but degrade the performance in drop test. Since the failure
mechanism and failure mode are different for drop test and thermal cycling test, it is
important to identify which test is more important for the package end application, and
compromise in design isrequired. For telecommunication application, drop test is more
critical than thermal cycling test.

IC packaging has evolved towards "4-Dimensional” packaging, i.e. design of the
cheapest and most reliable package in the shortest time possible. Traditional design-
build-test-redesign type of package development cycle is no longer efficient for
competitive semiconductor and telecommunication industries which emphasize on short
time-to-market. Design for reliability using modeling is the key element for success in

new package development of CSPs.
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9.2 RECOMMENDATIONS

Recommendations for future work include further studies in the following areas:

1) Conduct JEDEC moisture sensitivity test for CSPs and correlate the results with

2)

3)

4)

5)

6)

8)

9)

integrated package stress model.

Measure interfacial fracture toughness of various materials, e.g. leadframe/mold
compound, die/underfill, and substrate/mold compound, to establish an accurate
predictive popcorn model.

Measure temperature-dependent CME for hygroswelling modeling, using only
one pair of samples to minimize the material characterization time.

Consider mass "convection" type of boundary condition for moisture diffusion
modeling by performing detailed moisture weight gain measurements at both
material and package levels.

Perform viscoelastic warpage modeling of CSPs, especialy for matrix BGA, as
it isamain concern for manufacturability.

Consider non-uniform temperature distribution during thermal cycling fatigue
modeling using coupled thermal and mechanical simulation.

Perform solder joint fatigue modeling under board level bend test, comparing
failure mechanism and failure mode with thermal cycling test and drop test.
Establish vibrational fatigue model with modal analysis and spectrum analysis
for drop test.

Consider strain rate-dependent material properties of solder joints under impact

using Hopkinson bar test.

10) Extend the package and board level modeling analysis to other latest CSPs, e.g.

multi-chip BGA module, aswell as perform design optimization.

188



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

REFERENCES

1

10.

11.

12.

Tee, T.Y., Ng, H.S., Yap, D., and Zhong, Z.W. (2003). Board level solder joint
reliability modeling and testing of fine-pitch CSP packages for telecommunication
applications. Proc. SEMICON Advanced Packaging Technology Symposium,
Singapore, pp. 31-36.

Tee, T.Y., Ng, H.S., and Zhong, Z.W. (2002). Virtual prototyping of 1C packages
with multiphysics modeling. 4™ ASEAN ANSY S Conference Proc, Singapore.
Tee, T.Y. (2002). Design for reliability. Advanced Packaging Magazine, pp. 33-
36.

Tee, T.Y., Ng, H.S,, Yap, D., and Zhong, Z.W. (2003). Board level solder joint
reliability modeling and testing of fine-pitch CSP packages for telecommunication
applications. Proc. SEMICON Advanced Packaging Technology Symposium,
Singapore, pp. 59-67.

Harper, C. (1997). Electronic packaging & interconnection handbook, 2" ed,
McGraw-Hill.

Tummala, R.R. (1997). Microelectronics Packaging Handbook, Part II, 2" ed,
Chapman & Hall.

Beyne, E., and Mertens, R. (1999). Trends in packaging and high density
interconnection. Proc. 11" International Conference on Microelectronics, pp. 11-
15.

Kim, Y.G. (2002). Folded stacked package development. 52" ECTC Conference
Proc, USA, pp. 1341-1346.

Biedorf, R., Heinze, R.,, Wollanke, A., Wolter, K., Zerna, T., and Plotzke, A.
(2002). Alternative bumping processes for DRAM-CSP. 52" ECTC Conference
Proc, USA, pp. 1460-1468.

Ghaffarian, R (2002). Long-life reliability of CSP assemblies with and without
underfill. SMTA Conference Proc, USA.

Kirchner, K., and Nelson, D. (2002). Manufacturing and reliability of chip scale
area array packaging in avionics environments. SMTA Conference Proc, USA.

Li, Y. (2003). Accurate predictions of flip chip BGA warpage. 53" ECTC
Conference Proc, USA, pp. 549-553.

189



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Yao, Y.F., Lin, T.Y., and Chua, K.H. (2003). Improving the deflection of wire
bonds in stacked chip scale package (CSP). 53" ECTC Conference Proc, USA,
pp. 1359-1363.

Lau, J., Dauksher, W., and Vianco, P. (2003). Acceleration models, constitutive
equations, and reliability of lead-free solders and joints. 53" ECTC Conference
Proc, USA, pp. 229-236.

Zhong, Z.W., and Wang, M. (2002). Stacked chip size packaging,” Proc
SEMICON Advanced Packaging Technology Symposium, pp. 7-11.

Zhong, Z.W., and Yip, P.K. (2002). Study of a 3D electronics package," Proc.
SEMICON Advanced Packaging Technology Symposium, pp. 61-66.

Pitarresi, J., Chaparala, S., Sammakia, B., Nguyen, L., Patwardhan, V., Zhang, L.,
and Kelkar, N. (2002). A parametric solder joint reliability model for wafer level-
chip scale package. 52" ECTC Conference Proc. USA, pp. 1323-1328.
lllyefalvi-Vitez, Z., and Nemeth, P. (2002). Failure and acceleration models for
MCM-Ls tested by HAST. 52™ ECTC Conference Proc, USA, pp. 480-484.

Lau, J. H. (2002). Solder joint reliability of flip chip and plastic Ball Grid Array
assemblies under thermal, mechanical, and vibrational conditions. IEEE Trans, on
CPMT-part B. Advanced Packaging, pp. 728-735.

Kujala, A., Reinikainen, T., and Ren, W. (2002). Transition to Pb-free
manufacturing using Land Grid Array packaging technology. 52" ECTC
Conference Proc, USA, pp. 359-364.

Amagai, M. (1998). Chip scale package (CSP) solder joint reliability and
modeling. Proc IEMT/TMC Symposium, Japan, pp. 216-223.

Easier, K. (2002). Further study of chip scale packages in harsh environment
conditions. SMTA Conference Proc, USA.

Syed, A. (2001). Predicting solder joint reliability for thermal, power, & bend
cycle within 25% accuracy. 51% ECTC Conference Proc, USA, pp. 255-263.
Hung, S.C., Zheng, PJ, Ho, SH., Lee, SC., and Wu, J.D. (2001). The
comparison of solder joint reliability between BCC++ and QFN. 51% ECTC
Conference Proc, USA, pp. 1052-1058.

Ooida, M., Koshio, Y., and Dcemizu, M. (2002). Small, lightweight and thin
package (TQON). 52 ECTC Conference Proc, USA, pp. 657-661.

190



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kuhnlein, G. (2000). A design and manufacturing solution for high reliable non-
leaded CSP's like QFN. 3" EPTC Conference Proc.. pp. 169-175.

Belton, D.J., Sullivan, E.A., and Molter, M.J. (1987). Moisture sorption and its
effects upon the microstructure of epoxy molding compounds. Proc. 3™ Int.
Electron. Manufacturing Technology Symposium, pp. 158-1609.

Shook, R.L., Conrad, T.R., Sastry, V.S., Steele, D.B. (1995). Diffuson model to
derate moisture sensitive surface mount IC's for factory use conditions. 45"
ECTC Conference Proc. USA, pp. 440-449.

Shook, R.L., and Conrad, T.R. (1993). Accelerated life performance of moisture
damaged plastic surface mount devices. Proc. Int. Rel. Phys. Symposium, pp. 227-
235.

Shook, R.L., and Goodelle, J.P. (1999). Handling of highly-moisture sensitive
components; an analysis of low-humidity containment and baking schedules. 49"
ECTC Conference Proc. USA, pp. 809-815.

Inoue, Y., Sawada, K., Kawamura, N., and Sudo, T. (1988). A synthetic criterion
for Level-1 crack-free package: proposal of a superior package structure . 46"
ECTC Conference Proc. USA, pp. 71-77.

Anjoh, 1., Nishi, K., Kitano, M., and Yoshida, T.(1988). Analysis of the package
cracking problem with vapor phase reflow soldering and corrective action.
Brazing Soldering, pp. 48-51.

Teo, Y.C., Wong, E.H., Lim, T.B., Yang, Y.C., Ju, JH. (1998). Enhancing
moisture resistance of PBGA. 48" ECTC Conference Proc. USA.

Lin, R., Blackshear, E., May, G., Hamilton, G., and Kirby, D. (1987). Control of
package cracking in plastic surface mount devices during solder reflow process.
Proc 7" Int. Ele. Pack. Conference, pp. 995-1010.

Yi, S, Goh, J.S., and Yang, J. C. (1997). Residual stresses in plastic IC packages
during surface mounting process preceded by moisture soaking test. IEEE Trans,
on CPMT-part B. Advanced Packaging. Vol. 20, No. 3, pp. 247-255.

Hawkins, G., Ganesan, G, Lewis, G., and Berg, H. (1995). The PBGA: a
systematic study of moisture resistance. The Int. Journal of Microcircuits and
Electronic Packaging. Vol. 18, No. 2, pp. 122-132.

191



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Steiner, T.O., and Suhl, D. (1987). Investigation of large PLCC cracking during
surface  mount exposure. |IEEE Trans. Comp. Hybrids and Manufacturing
Technology, pp. 209-216.

Fukuzawa, |., Ishiguro, S., and Nanbu, S. (1985). Moisture resistance degradation
of plastic LSI's by reflow soldering. Proc. 23" Rel. Phys. Symposium, pp. 192-
197.

Poborets, B., llyas, Q., Potter, M., and Argyle, J. (1995). Reliability and moisture
sensitivity evaluation of 225-pin, 2 layered overmolded (OMPAC) ball grid array
packages. 45" ECTC Conference Proc. USA, pp. 434-439.

Kitano, M., Nishimura, A., and Kawai, S. (1988). Analysis of package cracking
during reflow soldering process. Proc. IEEE Int. Reliab. Phys. Symposium, pp.
90-95.

Ganesan, G.S., and Berg, H.M. (1993). Model and analyses for solder reflow
cracking phenomenon in SMT plastic packages. |EEE Trans. Comp. Hybrids
Manufacturing Technology, Vol. 16, pp. 940-948.

Incropara, F.P., and Dewitt, D.P. (1996). Fundamentals of heat and mass transfer,
4ed, John Wiley and Sons.

Galloway, JE., and Miles, B.M. (1997). Moisture absorption and desorption
predictions for plastic ball grid array packages. IEEE Trans, on CPMT-part A.,
Vol. 20(3), pp. 274-279.

Wong, E.H., Teo, Y.C., and Lim, T.B. (1998). Moisture diffuson and vapor

pressure modeling of 1C packaging. 48" ECTC Conference Proc, USA, pp. 1372-
1378.

Tay, A.O., and Lin, T. (1996). Moisture diffuson and heat transfer in plastic IC
packages. |EEE Trans, on CPMT-part A. Vol. 19(2), pp. 186-193.

Tanaka, N., Kitano, M., Kumazawa, T., and Nishimura, A. (1997). Evaluation of
interface delamination in IC packages by considering swelling of the molding
compound due to moisture absorption. 47" ECTC Conference Proc, USA, pp. 84-
90.

Nguyen, L.T., Chen, K.L., and Schaefer, J. (1995). A new criterion for package
integrity under solder reflow conditions. 45" ECTC Conference Proc, USA, pp.
478-490.

192



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

48.

49.

50.

ol

92.

53.

o4,

55.

56.

S7.

58.

Liu, S, and Mel, Y. (1995). Behavior of delaminated plastic IC packages
subjected to encapsulation cooling, moisture absorption, and wave soldering.
IEEE Trans, on CPMT-part A.. Vol. 18(3), pp. 634-645.

Lin, T.Y., and Tay, A.O. (1997). Dynamics of moisture diffusion, hygrothermal
stresses and delamination in plastic IC packages. ASME Advances in Electronic
Packaging. EEP, Vol. 19(1), pp. 1429-1436.

Yi, S, Goh, J.S., and Yang, J.C. (1995). Finite element analysis of hygrothermally
induced stresses in plastic packages. 5" IPFA Conference Proc, pp. 11-16.

Yi, S, and Yue, C.Y. (1998). Hygrothermally induced residual stresses in a plastic
BGA. Proc. of the 1998 Workshop on Mechanical Reliability of Polymeric
Materials and Plastic Packages of 1C Devices, ASME, pp. 271-275.

Wong, E.H., Chan, K.C., Tee, T.Y., and Rgoo, R. (1999). Comprehensive
treatment of moisture induced failure in IC packaging. 3"“ IEMT/IMC Conference
Proc, Japan, pp. 176-181.

Wong, E.H., Chan, K.C., Rgoo, R, and Lim, T.B. (2000). The mechanics and
impact of hygroscopic swelling of polymeric materials in electronic packaging.
50" ECTC Conference Proc. USA, pp. 576-580.

Liu, S, Zhu, J.S., Hu, JM., and Pao, Y.H. (1995). Investigation of crack
propagation in ceramic/conductive epoxy/glass system. |[EEE Trans, on CPMT-
part A.. Vol. 18(3).

Tay, A.O,, Tan, G.L., and Lim, T.B. (1994). Predicting delamination in plastic IC
packages and determining suitable mold compound properties. IEEE Trans, on
CPMT-part B.. Vol. 17(2), pp. 201-208.

Kuo, A.Y., Chen, W.T., Nguyen, L.T., Chen, K.L, and Slenski, G. (1996).
Popcoraing - a fracture mechanics approach. 46™ ECTC Conference Proc, USA,
pp. 869-874.

Gallo, A.A., and Munamarty, R. (1995). Popcorning: a failure mechanism in
plastic-encapsulated microcircuits. IEEE Trans, on Reliability, Vol. 44(3), pp.
362-367.

Ann, SH., and Kwon, Y.S. (1995). Popcorn phenomenon in a ball grid array
package. IEEE Trans, on CPMT-part B, Vol. 18(3), pp. 491-495.

193



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

99.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

Joint IPC/JEDEC Standard J-STD-020B. (2002). Moisture/reflow sensitivity
classification for nonhermetic solid state surface mount devices. Electronic
Industries Alliance.

Bhattacharyya, B.K., Huffman, W.A., Jahsman, W.E., and Natargjan, B. (1988).
Moisture absorption and mechanical performance of surface mountable plastic
packages. 38" ECTC Conference Proc. USA, pp. 49-58.

Sawada, K., Nakazawa, T., Kawamura, N., Sudo, T. (1993). Package deformation
and cracking mechanism due to reflow soldering. Proc. Japan Int. Electron.
Manufacturing Technology Symposium , pp. 295-298.

Fan, X.J.,, and Lim, T.B. (1999). Mechanism anaysis for moisture-induced
fallures in IC packages. ASME 1999 Internationa Mechanical Engineering
Congress, Proc. of 11" Symposium on Mechanics of Surface Mount Assemblies,
USA.

Tee, T.Y., Fan, X.J,, and Lim, T.B. (1999). Modeling of whole field vapor
pressure during reflow for flip chip BGA and wire bond PBGA packages, if
EMAP Conference Proc, Singapore, pp. 38-45.

Tummala, R.R. (2001). Fundamentals of Microsystems Packaging, McGraw-Hill.

Dundurs, J. (1969). Edge-bonded dissimilar orthogonal elastic wedges under
normal and shear loading. J. of Applied Mechanics, Vol. 36, pp. 650-652.

Hattori, T., Sakata, S., and Murakami, G. (1988). A stress singularity parameter
approach for evaluating adhesive strength. JSME International Journal, Series 1,
Vol. 31(4), pp. 718-723.

Tay, A.O. (2002). Modeling of interfacial delamination in plastic IC packages
under hygrothermal loading. 3" EuroSIME Conference Proc, France, pp. 195-
206.

Gall, C, Qu, J, and McDowell. (1996). Delamination cracking in encapsulated
flip chips. 46™ ECTC Conference Proc. USA, pp. 430-434.

Holalkere, V., Mirano, S., Kuo, A.Y., Chen, W.T., Sumithpibul, C, and
Sirinorakul, S. (1997). Evaluation of plastic package delamination via reliability
testing and fracture mechanics approach. 47" ECTC Conference Proc, USA, pp.
430-435.

Hutchinson, JW., and Suo, Z. (1992). Mixed mode cracking in layered materials.
Advances in Applied Mechanics, pp. 63-191.

194



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Rice, JR. (1988). Elastic fracture mechanics concepts for interfacial cracks.
Journal of Applied Mechanics, Vol. 55, pp. 98-103.

Shih, C.F. (1991). Cracks on bimaterial interfaces: elasticity and plasticity aspects.
Material Science Engineering. A143, pp. 77-90.

Wilson, W.K., and Yu, I.W. (1979). The use of the Jintegral in thermal stress
crack problems. International Journal of Fracture, Vol. 15(4).

Lin, T.Y., and Tay, A.O. (1997). A Jintegral criterion for delamination of bi-
material interfaces incorporating hygrothermal stresses. Advances in Electronic
Packaging. ASME EEP-Vol. 19(1), pp. 1421-1428.

Yuuki, R., and Cho, SB. (1989). Efficient boundary element analysis of stress
intensity factors for interface cracks in dissimilar materials. Engineering Fracture
Mechanics. Vol. 34, pp. 179-188.

Rybicki, E.F., and Kanninen, M.F. (1977). A finite element calculation of stress
intensity factors by a modified crack closure integral. Engineering Fracture
Mechanics. Vol. 9, pp. 931-938.

Darveaux, R., Banerji, K., Mawer, A., and Dody, G. (1995). Reliability of plastic
ball grid array assembly. Lau, J., editor. Ball grid array technology, McGraw-Hill,
pp. 379-442.

Darveaux, R. (1997). Solder joint fatigue life model. TMS Annual Meeting. USA,
pp. 213-218.

Darveaux, R. (2000). Effect of simulation methodology on solder joint crack
growth correlation. 50" ECTC Conference Proc. USA, pp. 1048-1058.

Johnson, Z. (1999). Implementation of and Extensions to Darveaux's Approach to
Finite-Element Simulation of BGA Solder Joint Reliability,” 49" ECTC
Conference Proc. USA, pp. 1190-1195.

Mawer, A., Vo, N., Johnson, Z., and Lindsay, W. (1999). Board-level
characterization of 10 and 1.27 mm pitch PBGA for automotive under-hood
applications. 49" ECTC Conference Proc. USA, pp. 118-124.

Kilinski, T.J.,, Lesniak, JR., and Sandor, B.l. (1991). Modern approaches to
fatigue life prediction of SMT solder joints. Chapter 13, Solder Joint Reliability
Theory and Applications, edited by Lau, J., Van Nostrand Reinhold.

195



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Pang, JH.L., Tan, T., and Sitaraman, SK. (1998). Thermo-mechanical analysis of
solder joint fatigue and creep in a flip chip on board package subjected to
temperature cycling loading. 48" ECTC Conference Proc. USA, pp. 878-883.
Yeo, CK., Mhaisakar, S., and Pang, JH.L. (1996). Solder joint reliability study
of 256 pin, 0.4mm pitch, PQFP. 46™ ECTC Conference Proc. USA, pp. 1222-
1231.

Pang, JH.L., Kwok, Y., and SeeToh, C. (1997). Temperature cycling fatigue
analysis of fine pitch solder joints. InterPACK'97 Conference Proc, Vol. 2, USA,
pp. 1495-1500.

Knecht, S., and Fox, L. (1991). Integrated matrix creep: application to accelerated
testing and lifetime prediction. Chapter 16, Solder Joint Reliability Theory and
Applications, edited by Lau, J., Van Nostrand Reinhold.

Schubert, A., Dudek, R., Auersperg, J., Vogel, D., Michel, B., and Reichl, H.
(1997). Thermo-mechanical reliability analysis of flip chip assemblies by
combined MicroDAC and the finite element method. InterPACK'97 Conference
Proc. Vol. 2, USA, pp. 1647-1654.

Gektin, V., Bar-Cohen, A., and Witzman, S. (1997). Coffin-Manson based fatigue
analysis of underfilled DCA. InterPACK'97 Conference Proc. Vol. 2, USA, pp.
1655-1661.

Hong, B.Z., and Yuan, T. (1998). Integrated flow-thermomechanical and
reliability analysis of a low ar cooled flip chip-PBGA package. 48" ECTC
Conference Proc. USA, pp. 1354-1360.

Iwasaki, K., Bcemizu, M., Ando, T., Mukai, M., and Kawakami, T. (1997).
Thermal fatigue analysis for solder bump in BGA packages. InterPACK'97
Conference Proc. Vol. 2, USA, pp. 1775-1781.

Rassaian, M., Chang, W., and Lee, J. (1998). Multi-domain analysis of PBGA
solder joints for structural design optimization. 48" ECTC Conference Proc,
USA, pp. 1332-1338.

Syed, A.R. (1997). Factors affecting creep-fatigue interaction in eutectic Sn/Pb
solder joints. InterPACK'97 Conference Proc. Val. 2, USA, pp. 1535-1542.

Syed, A.R. (1996). Thermal fatigue reliability enhancement of plastic ball grid
array (PBGA) packages. 46" ECTC Conference Proc, USA, pp. 1211-1216.

196



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Dasgupta, A., Oyan, C, Barker, D., and Pecht, M. (1992). Solder creep-fatigue
analysis by an energy-partitioning approach. ASME Journal of Electronic
Packaging. Vol. 114, pp. 152-160.

Akay, H., Zhang, H., and Paydar, N. (1997). Experimental correlations of an
energy-based fatigue life prediction method for solder joints. InterPACK'97
Conference Proc. Val. 2, USA, pp. 1567-1574.

Liang, J., Gollhardt, N., Lee, P.S., Heinrich, S., and Schroeder, S. (1997). An
integrated fatigue life prediction methodology for optimum design and reliability
assessment of solder interconnections. InterPACK'97 Conference Proc, Vol. 2,
USA, pp. 1583-1592.

Wu, S.X., Chin, J., Grigorich, T., Wu, X., Mui, G., and Yeh, C. (1998). Reliability
analysis for fine pitch BGA package. 48" ECTC Conference Proc, USA, pp. 737-
741.

Jung, W., Lau, J.H., and Pao, Y.H. (1997). Nonlinear analysis of full-matrix and
perimeter plastic ball grid array solder joints. Nepcon West Conference Proc,
USA, pp. 1076-1095.

Gustafsson, G. (1998). Solder joint reliability of a lead-less RF-transistor. 48"
ECTC Conference Proc. USA,'pp. 87-91.

Chan, Y.W., Ju, T.H., Hareb, S, Lee, Y.C., Wu, J,, and Lii, M. (1997). Reliability
modeling for ball grid array assembly with a large number of warpage affected
solder joints. InterPACK'97 Conference Proc. Vol. 2, USA, pp. 1507-1514.

Pan, T. (1994). Critica accumulated strain energy (case) failure criterion for
thermal cycling fatigue of solder joints. Journal of Electronic Packaging, Vol. 116,
pp. 163-170.

Bevan, M., and Wuttig, M. (1997). Complex fatigue of soldered joints -
comparison of fatigue models. 47 ECTC Conference Proc, USA, pp. 127-133.
Solomon, H.D., and Tolksdorf, E.D. (1995). Energy approach to the fatigue of
60/40 solder: Part 1 - influence of temperature and cycle frequency. Journal of
Electronic Packaging, Vol. 117, pp. 130-135.

Solomon, H.D., and Tolksdorf, E.D. (1996). Energy approach to the fatigue of
60/40 solder: Part 2 - influence of hold time and asymmetric loading. Journal of
Electronic Packaging, Vol. 118, pp. 67-71.

197



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

105

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Stolkarts, V., Moran, B., and Keer, L.M. (1998). Constitutive and damage model
for solders. 48" ECTC Conference Proc. USA, pp. 379-385.

Mei, Z. (1996). TSOP solder joint reliability. 46" ECTC Conference Proc., USA,
pp. 1232-1238.

Lee, W.W., Nguyen, L.T., and Selvaduray, G.S. (2000). Solder joint fatigue
models: review and applicability to chip scale packages. Microelectronics
Reliability Journal. Vol. 40, pp. 231-244.

Jong, I.C., and Rogers, B.G. (1991). Engineering Mechanics. Dynamics, Saunders
College Publishing.

Hertzberg, R.W. (1996). Deformation and Fracture Mechanics of Engineering
Materials, 4ed, John Wiley & Sons.

Lim, C.T., and Low, Y.J. (2002). Drop impact testing of portable electronic
products. 52" ECTC Conference Proc. USA, pp 1270-1274.

Wu, J.,, Song, G., Yeh, C, and Wyaitt, K. (1998). Drop/impact simulation and test
validation of telecommunication products. Proc. of InterSocietv Conference on
Thermal Phenomena, pp. 330-336.

Wu, J. (2000). Global and loca coupling analysis for small components in drop
simulation. 6™ International LS-DYNA Users Conference Proc, pp. 11:17-11:26.
Zhu, L. (2001). Submodeling technique for BGA reliability analysis of CSP
packaging subjected to an impact loading. InterPACK Conference Proc, USA.
Sogo, T., and Hara, S. (2001). Estimation of fal impact strength for BGA solder
joints. ICEP Conference Proc, Japan, pp. 369-373.

Arra, M., Xie, D., and Shangguan, D. (2002). Performance of lead-free solder
joints under dynamic mechanical loading. 52" ECTC Conference Proc, USA, pp.
1256-1262.

Pitarresi, J., Geng, P., Beltman, W., and Ling, Y. (2002). Dynamic modeling and
measurement of personal computer motherboards. 52 ECTC Conference Proc,
USA, pp. 597-603.

Geng, P., Chen, P., and Ling, Y. (2002). Effect of strain rate on solder joint failure
under mechanical load. 52" ECTC Conference Proc. USA, pp. 974-978.

Wang, T., Chew, T.H., Lum, C, Chew, Y.X., Miao, P., and Foo, L. (2001).
Assessment of flip chip assembly and reliability via reflowable underfill. 51%
ECTC Conference Proc. USA, pp. 803-809.

198



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

119.

120.

121.

122

123.

124.

125.

126.

127.

128.

Vanlandingham, M.R., Eduljee, R.F., and Gillespie, JW. (1999). Moisture
diffusion in epoxy systems. Journal of Applied Polymer Science, Vol 71, pp. 787-
798.

Zheng, Q., and Morgan, R.J. (1993). Synergistic thermal-moisture damage
mechanicsms of epoxies and their carbon fiber composites. Journal of Composite
Materials, Vol. 27(15), pp. 1465.

Raju, 1.S. (1987). Calculation of strain-energy release rates with higher order and
singular finite elements. Engineering Fracture Mechanics, Vol. A8(3), pp. 251-
274.

Uegai, Y., Kawazu, A., Wu, Q., Matsushima, H., Yasunaga, M., and Shimamoto,
H. (2002). New thermal fatigue life prediction method for BGA/FBGA solder
joints with basic crack propagation study. 52" ECTC Conference Proc, pp. 1291-
1296.

Vandevelde, B., Beyne, E., Zhang, G.Q., and Caers, J. (2001). Solder parameter
sensitivity for CSP lifetime prediction using simulation-based optimisation
method. 51% ECTC Conference Proc. USA, pp. 281-287.

Zahn, B. (2003). Solder joint fatigue life model methodology for 63Sn37Pb and
95.5Sn4Ag0.5Cu materials. 53" ECTC Conference Proc. USA, pp. 83-94.

Yang, D.G., Zhang, G.Q., Ernst, L.J., Caers, J.F.J., Bressers, H.J.L., and Janssen,
J. (2001). Combined experimental and numerical investigation on flip chip solder
fatigue with cure-dependent underfill properties. 51 ECTC Conference Proc,
USA, pp. 919-924.

Schubert, A., Dudek, R., Kloeser, J, Michel, B., Reichl, H., Hauck, T., and
Kaskoun, K. (2000). Experimental and numerical reliability investigations of
FCOB assemblies with process-induced defects. 50" ECTC Conference Proc,
USA, pp. 624-632.

Kim, D.H., Elenius, P.., Johnson, M., Barrett, S., and Tanaka, M. (2002). Solder
joint reliability of a polymer reinforced wafer level package. 52" ECTC
Conference Proc, USA, pp. 1347-1354.

Gonzalez, M., Vandevelde, B., Vanden Bulcke, M., Winters, C, Beyne, E., Lee,
Y.J.,, Larson, L, Harkness, B.R., Mohamed, M., Meynen, H., and Vanlathem, E.
(2003). An analysis of the reliability of a wafer level package (WLP) using a

199



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

129.

130.

131.

132.

133.

134.

135.
136.
137.

138.

139.

140.

141.

silicon under the bump (SUB) configuration. 53" ECTC Conference Proc. USA,
pp. 857-863.

Patwardham, V., Kelkar, N., and Nguyen, L. (2002). Lead-free wafer level-chip
scale package: assembly and realibility. 52" ECTC Conference Proc, USA, pp.
1355-1358.

Wetz, L., White, J., and Keser, B. (2003). Improvement in WL-CSP reliability by
wafer thinning. 53" ECTC Conference Proc. USA, pp. 853-856.

Herard, L., Baraton, X., Gamier, M., and Baillot, V. (2001). Stacked die package
for mass production: an overview. 13" European Microelectronics and Packaging

Conference Proc, pp. 330-335.

Schubert, A., Dudek, R., Walter, H., Jung, E., Gollhardt, A., Michel, B., and
Reichl, H. (2002). Reliability assessment of flip-chip assemblies with lead-free
solder joints. 52" ECTC Conference Proc. USA, pp. 1246-1255.

Levis, K. and Mawer, A. (2000). Assembly and solder joint reliability of plastic
ball grid array with lead-free versus lead-tin interconnect. 50" ECTC Conference
Proc. USA, pp. 1198-1204.

JEDEC Standard JESD22-B111. (2003). Board Level Drop Test Method of
Components for Handheld Electronic Products.

JEDEC Standard JESD22-B104-B. (2001). Mechanical Shock.

JEDEC Standard JESD22-B110. (2001). Subassembly Mechanical Shock.

Lee, SR, Li, Y.T., and Lui, H.B. (2002). Experimental evaluation on solder joint
reliability of PBGA assembly under mechanical drop test. IMECE2002 ASME

Conference Proc, USA.

Xu, JW. and Wong, C.P. (2003). Development of a novel auminium-filled
composite for embedded passive applications. 53 ECTC Conference Proc, pp.
173-181.

Li, L., Bowles, P., Hwang, L.T., and Plager, S. (2003). Embedded passives in
organic substrate for bluetooth transceiver module. 53" ECTC Conference Proc,
pp. 464-469.

Anand, L. (198,5). Constitutive equations for hot-working of metals. International
Journal of Plasticity. Vol. 1, pp. 213-231.

http://www.uic.edu/depts/accc/software/ansys/html/guide _55/g-bas/GBA S3.htm

200


http://www.uic.edu/depts/accc/software/ansys/html/guide_55/g-bas/GBAS3.htm

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

APPENDIX

DESCRIPTION OF ANAND'S MODEL [79]

Since solder is above half of its melting point at room temperature, creep processes
are expected to dominate the deformation kinetics. Steady-state creep of solder can be
described by Eq. (2.11). Steady-state creep is not generally achieved immediately when
stress is applied. A certain amount of transient creep occurs before attaining steady

state. Transient creep at constant stress and temperature can be described by

ds ds
& =—" +Ml-exp(-5—-0) A
dt dt

where £c is the creep strain, d& Jdt is the steady-state creep rate, &r is the transient creep
strain, and B is the transient creep coefficient. The following strain hardening law can

be used to describe high stress deformation

where Sp is the time-independent plastic strain, G is the shear modulus, and C, and m,
are constants. The total inelastic strain is given by the sum of creep strain and plastic
strain

Sn= S+ £p (AJ)
Egs. (2.11), (A.l), (A.2), and (A.3) can fit the deformation behavior of eutectic solder.
The material constants were characterized [77]. Unfortunately, these relations are not
available in ANSY S software as standard subroutine. However, it is possible to input
user-defined constitutive relations in most codes.

ANSY S does have viscoplastic elements as a standard option using Anand's model

[140]. The use of these elements is convenient since the user does not have to modify
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the source code. Anand's model is broken down into a flow equation and three

evolution equations:

Flow Equation

¥  =A[sinh("0-/5f'®exp’

dt

Evolution Equations

HhMMB 3?

deldt
A

(&

ex
p{kT j

(A.4)

(A.5)

(A.6)

(A7)

where the material constants in the equations above are listed in Table A. 1. These nine

constants can be input directly into ANSY S built-in user subroutine for Anand's model

to perform creep or viscoplastic modeling of solder joints fatigue.

Table A.l. Anand's model constants for ANSY S (eutectic solder)

ANSYS Input Constants

Cl

C2
C3
C4
C5
C6
Cr
C8
C9

S0
Qk
A

\
m

ho

Values

1800
9400
4.0E6
15
0.303
2.0E5
2.0E3
0.07
13

Definitions
Initial value of deformation resistance
Activation energy / Boltzmann's constant
Pre-exponentia factor
Multiplier of stress
Strain rate sensitivity of stress

Hardening constant

Coefficient for deformation resistance

Strain rate sensitivity of deformation resistance

Strain rate sensitivity of hardening
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