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Preface

In more than 50 years, the miraculous development of semiconductor devices has been
witnessed by the increasing number and shrinking gate size of transistors in the
integrated circuit (IC) chip and packaging. From 2 transistors in the first-generation
IC by Jack Kilby in 1959 to around 5 billion transistors in the latest processor for a
mobile phone, the scaling of Moore’s law has been relentlessly followed. Because
of the physical limitations, the device scaling would stop at the 7e5 nm technology
node. Instead, more and more attention is being paid on the heterogeneous and hybrid
integration of multiple chips in a package. Dissimilar chips such as central processing
units, memory, graphic processing units, RF chips, MEMS sensors, and optical de-
vices are to be integrated into one package, which is often called as more than Moore
(MtM) or beyond-Moore technologies. New applications such as mobile communica-
tion, cloud computing, big data, Internet of Things, energy storage and conversion,
automatic driving, and, more recently, artificial intelligence are becoming the driving
forces for the innovation of electronic devices and systems.

Many advanced electronic packaging are being conceptualized and manufactured to
meet the various application scenarios. Among them, the 2.5D and 3D IC packaging
and their hybrid combinations are viewed as the most promising technologies. Fan-out
wafer-level packaging provides a low-cost heterogeneous integration solution for
multiple chips.

The combination of these packaging technology leads to increased design
complexity, decreased design margins, and increased possibility of failure in signal
integrity, process, thermal performance and reliability, which may hamper the tech-
nical progress. Many efforts have been made on the development of 2.5D and 3D
packages based on through-silicon via (TSV) technologies to accumulate experience
and knowledge in the new areas. With the increasing development in packaging archi-
tecture and concepts, it is important to understand the new phenomena and mechanism
associated with the packages. The modeling, simulation, and analysis tools with vali-
dated accuracy and efficiency are to be developed, though not yet, at the same pace to
address the new issues and to predict and guide the packaging design and process. A
proper use of the modeling and analysis tool can greatly save design time, minimize
the defects, and shorten the time to market.

Nonetheless, fundamental understandings with effective analysis tools are still
lacking in the prediction of electrical and thermal performance and thermomechanical
reliability. New challenges and issues relate to various aspects: the cross talk between
TSVs, the thermal performance with insulated TSVs, thermal management for 3D IC



packaging with intervening heating, thermomechanical stress in BEOL layers and
TSVs, the copper extrusion in TSVs, issues in the carbon nanotube interconnects,
and so on. Process developers are often plagued by the contradictory results during
the assembly process or test at end of line. During the assembly of 2.5D package
with chip-on-wafer-on-substrate technology, chip-on-chip (CoC) first, or the CoC
on substrate (CoC-oS) technology, warpage of package with TSV interposer can be
convex or concave, which is difficult to explain. Only after repeated trials without suc-
cess, the process engineers start to understand and treat the issues seriously by seeking
help from the experienced researchers with modeling experience and skills.

Development of highly efficient analysis model and submodels with proved cases
are crucial to the successful development of electronic packaging. Undoubtedly, there
exists challenges in the multiphysics modeling for electronic packaging which couples
electrical, thermal, and mechanical fields in the assembly processes, end-of-line, and
reliability tests. The 2.5D/3D IC package may have good electrical performance but
is bottlenecked by the poor thermal performance of interstra bonding layers. A
comprehensive understanding of the new packages is important to the researchers
from both industry and universities.

This book is primarily concerned with the modeling, analysis, design, and test of
electronic packaging for heterogeneous integration in the era beyond Moore’s law.
It mainly focuses on the 2.5D/3D packaging with TSVs and with fine-line RDL inter-
connects. Fundamental theories and new advances in electrical, thermal, and thermo-
mechanical or thermohygromechanical fields are covered. The electrically and
thermally induced issues such as electromagnetic interference and hot spots are related
to package signal and thermal integrity, whereas the thermomechanical stress is related
to the package structural integrity. Not only the basic principles in electrical, thermal,
and mechanical areas will be presented but also the modeling and analysis techniques
related to practical technologies such as wafer level packages and 2.5D/3D packaging
will be analyzed. Some of the new material modeling and testing methodologies are
also included to address the challenges related to the new package development.

This book is intended for design engineers, processing engineers, and application
engineers as well as for postgraduate students majored in electronics packaging.
Exemplified case studies are also demonstrated to satisfy the interests of engineers
and researchers specialized in this domain.

All the authors have been engaged in the electronics packaging industry, research
institutes, and universities for ten years and above, with some authors for more than 20
years. The authors have been fully in charge of and support of a number of package
development projects with in-depth experience and knowledge. More than 80% of
the content is based on the authors’ personal experience and professions.

There have been several books in English are available to readers in the MtM
electronics packaging. However, most of them are limited to the conceptualization
of architecture, electrical, and process evaluation, without detailed modeling and veri-
fication in the thermal and electrical performances and thermomechanical stress. Their
scope is also limited to a certain discipline. This book addresses the 2.5D/3D packages
from the three major disciplines with validated models, design, and tests, in hope to
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stimulate the development of new packaging technologies, predictive models, testing
methods, and even a new system.

The content of this book is arranged in seven chapters.
Chapter 1 introduces the background of this book. It covers the historical evolution

and basic performance metrics of IC packaging, contributed by all the authors. The
challenges and solutions are also covered. Chapters 2e5 cover the different aspects
of packaging. In Chapter 2, the fundamental of electrical design and modeling is intro-
duced, and the 3D package and integrated passives are being discussed, contributed by
Dr. Wensheng Zhao. Chapter 3 addresses the basic heat transfer theories and analysis
model from thermal viewpoints, contributed by Dr. Hengyun Zhang. Both in-package
and on-package thermal solutions are analyzed, tested, and discussed. Applications of
new materials such as carbon nanotube and graphene are also highlighted. Dr. Faxing
Che contribute to Chapter 4, in which the stress and reliability analysis of packaging
interconnects are discussed. Stressestrain relationship, nonlinear material behavior
including viscoplastics, creep, and viscoelastic material models, and characteristic
tests are covered. Design for reliability using finite element analysis and simulation
has been demonstrated for stacked-die packages with case studies. Chapter 5 presents
an analysis on the package failures related to thermal, thermomechanical, and thermo-
hygroswelling aspects, as contributed by Dr. Tingyu Lin. Both Dr. Zhang and Dr. Che
contribute to the last two chapters, with Chapter 6 covering the package and material
thermal and mechanical test techniques suitable for electronic packaging and Chapter 7
the system-level design and modeling.
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Introduction 1
1.1 Evolution of integrated circuit packaging

1.1.1 Evolution of integrated circuit devices and applications

Integrated circuit, shortened as IC, by its name, is the combination of more than one
electric device such as transistors and capacitors onto a semiconductor chip made of
silicon or other materials to fulfill a certain functions. Electronic packaging is referred
to as the electrical and mechanical connections of IC chip to a system board to form a
standalone electronic product or can be interconnected with other packages to form an
electronic product. A system may consist of either standalone or interconnected
electronic products with the needed functions. The electronic product can be analo-
gized with a human body. With the brain as an IC chip, the skull acts as mechanical
protection part of the packaging, and the blood circulation and nervous system act
as the power/ground connections and signal transmission lines. Thermal cooling of
the human brain is implemented through the natural convection from the head as
well as the heat exchange through the dual function of the blood circulation to the
body. All the sensory organs work as sensors on the package to communicate with
the outer world.

The development of IC devices has been witnessed by the increasing number and
decreasing gate size of transistors in the IC chip and packaging. The first transistor was
invented in 1947, but the first IC device was developed only after 12 years. In 1959,
Jack Kilby from Texas Instruments integrated two transistors and a resistor in silicon
with a large spacing of 7/16 inch, which was considered as the birth of modern IC.
Ever since, the IC has been evolving in the scaling of transistor gate size as predicted
by Moore’s law. Today, it has come to a stage that there are more than 5 billion
transistors in the latest processor of a mobile phone and even more for a computer
processor. In 2016, AlphaGo became the first computer Go program to beat a human
professional Go player without handicaps on a full-sized 19�19 board. Behind this
sensational humanemachine competition were 50 tensor processing units specifically
developed for machine learning.

The downscaling to the nanoscale electronics brings fundamental and application
issues such as electrical crosstalk, thermal, and mechanical stress management. Funda-
mental transport processes in the nanoscale devices are playing a role different from
that in the macroscopic scale. New designs, processes, and materials are being pushed
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to the limits to meet the challenges in the packaging from the back end of line of wafer
foundry to the packaging and assembly house.

Because of the physical limitations, the device scaling could stop at the 7e5 nm
technology node. On the other hand, more and more attentions are being paid on
the heterogeneous and hybrid integration of multiple chips and devices in one package.
Dissimilar chips such as central processing units, memory, graphic processing units
(GPUs), RF chips, microelectromechanical systems sensors, and optical devices are
to be integrated into one package to form a higher level of system-in-package assembly
with enhanced functionality and improved operation characteristics. This is often
called as More than Moore (MtM) or beyond-Moore technologies.

Various applications such as mobile communication, cloud computing, big data,
Internet of things, energy storage and conversion, automatic driving, and, more
recently, artificial intelligence are becoming the driving forces for the innovation of
electronic devices and systems. Many of the applications are highly related to the
high-performance electronic packaging and systems with heterogeneous integration
instead of the More Moore miniaturization. Such technology crossroad is illustrated
in Figure 1.1.1. The vertical axis in Figure 1.1.1 indicates the trend of miniaturization
with the Moore’s law, whereas the horizontal axis indicates the trend of MtM technol-
ogy [1]. Typical applications are listed in Figure 1.1.2 [2].
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Figure 1.1.1 Semiconductor technology road map on the heterogeneous integration.
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1.1.2 Evolution of integrated circuit packaging

The device scaling also affects the interconnects at the packaging and system level. To
connect the transistors with downsized scale to the outer world, more intermediate
layers are required to facilitate the connections, more I/Os are required to distribute
the power and signal lines, and more efficient yet complicated cooling technologies
are required to reject the excessive heat from the IC and interconnects as well. The
evolution of the electronic packages is illustrated in Figure 1.1.3 [2].

As shown in Figure 1.1.3, semiconductor packages are experiencing five major
patterns during last five decades, which are lead-frame, organic substrate with solder
balls (BGA), fan-in wafer-level chip-scale package, fan-out wafer-level packaging
(FOWLP), and through-silicon via (TSV) technology for 2.5D/3D IC stacking,
respectively.

DIP (dual in-line package) lead-frame packages dominated in 1950e70, followed
by QFP, PLCC, and SOIC during 1980. TSSOP and TQFP were much finer pitched
lead-frame packages in 1990. At the same time, BGA package appeared and gradually

Internet of
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everything

Artificial
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Data to the
cloud,

data centers,
and networking

Smart driving
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More than moore
technologies

More moore
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Figure 1.1.2 Applications to drive the electronic products.
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dominated in the market. After 2000, there were many packages showing off in the
form of flip chip BGA, flip chip CSP, etc. Wafer-level packages (WLPs) were major
package format due to low cost. Stacked CSP, fan-in WLPs, and fan-out WLPs are
gradually burgeoning in the market. Especially fan-out WLP is becoming a mature
technology after 2010.

In the trend of shifting from the conventional planar 2D chip packaging to the 3D
packaging, advanced electronic packaging formats are to be conceptualized, designed,
and manufactured to meet the various application scenarios. Among them, the 2.5D
and 3D IC packaging and their hybrid combination are viewed as the most promising
technologies. FOWLP provides a low-cost alternative for heterogeneous integration
solution ahead of the 3D chip stacking. The initial package-on-package came after
2000 and gradually developed to a 3D package stack in different forms such as wire
bonding and mix of flip chip.

Many efforts have been made on the development of 2.5D and 3D packages based
on TSV technologies with accumulated experience and knowledge in the heteroge-
neous areas [3e5]. The general technology trend toward the 3D IC packaging has
been shown in Fig. 1.1.3. A typical 3D IC package relies on the TSV technology as
the enabling interconnects, driven by the memory stack, wide I/O, logic þ memory,
and field-programmable gate array (FPGA) package.

The first commercial product in 2.5D package as shown in Figure 1.1.4(a) was
released by Xilinx in 2010, with FPGA chips on a passive TSV interposer (TSI) after
several years of internal development. Many other companies also announced the TSV
technology for product execution. For example, TSMC revealed 3D IC design based
on silicon interposer in June 2010. Elpida, PTI, and UMC announced the stacks of
logic and DRAM with 28 nm technology in 2011, Micron developed the hyper
memory cube in 2011, and Samsung demonstrated wide I/O memory for mobile
products. In 2015, AMD announced their GPU card, which has more than 190,000
microbumps and the TSV interposer has more than 25,000 C4 bumps. This is the first
GPU on the interposer at a size of 1011 mm2, with the most dies in a single package as
illustrated in Figure 1.1.4(b), which also took several generations of improvements
before its announcement. The 3D-stacked packages are also being developed, with
much faster processing speed and reduced total power dissipation, such as for the
wide-bandwidth memory. The stacking of logic dies together is also of great interest
recently. Nonetheless, most of the work is limited to the research level without being
commercialized due to the technical difficulties in areas such as processability and
thermal management.

1.1.3 Challenges and solutions

As it has been demonstrated, the heterogeneous integration of the different chips and
technologies in a package leads to increased design complexity, decreased design
margins, and increased possibility of failure in signal integrity, process, thermal
management, and reliability, which may greatly slow down the technical progress
and design time. With the increasing demand for packaging architecture and concepts
in more applications, it is important to foster the design methodology, modeling and
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analysis tools, manufacturing, and reliability test capacity associated with the 2.5D/3D
IC package development.

The corresponding modeling, simulation, and analysis methodologies describing
the process, performance, and reliability are urged to develop, though difficult, at
the same pace to address the new issues and to predict and guide the design and
process. The modeling and analysis methodologies should be physically robust and
validated with engineering accuracy and efficiency. A proper use of the modeling
and simulation tool can greatly save design time, minimize the defects, and shorten
the time to market. Emphasis should be put on the electrical and thermal modeling
of interconnects and TSVs, the mechanical stress, the coupled multiphysics interac-
tions during process, and the reliability or field tests. The effects of microscale and
nanoscale on the devices, dielectrics, and interfacial materials should also be
considered.

Passive silicon interposer (65nm)

Microbumps

C4 bumps

> 4 metal layers connecting microbumps and TSVs

> power/ground/IOs/routing

> connects silicon to package

28nm FPGA slice28nm FPGA slice

Package substrate

GPU die

Stacked memory

Decoupling
capacitor

Stacked memory

stiffener

GPUStacked memory

Decoupling
capacitor

stiffener

Package
substrate

Stacked memory

(a)

(b)

Through silicon via (TSV)
> connects power/ground/IOs to C4 bumps

28nm FPGA slice28nm FPGA slice

HBMHBM

Figure 1.1.4 (a) Xilinx first 2.5D through-silicon via (TSV) digital field-programmable gate
array (FPGA) and (b) AMD Radeon graphic card with HBM surrounding the graphic
processing unit (GPU) in a single 2.5D package.
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1.2 Performance and design methodology for
integrated circuit packaging

1.2.1 Electrical performance and design methodology

With the rapid development and downscaling of semiconductor technology, the number
of failures caused by the signal integrity problems in the integrated system is on the rise.
Signal integrity is referred to as a broad set of IC design issues related to interconnects,
such as reflection, crosstalk noise, and electromagnetic interference [6]. The goal of
signal integrity analysis is to ensure high-speed data transmission to guarantee reliable
system operation. Power integrity problem is another set of problems along the power
and ground paths. The objective of the power integrity analysis is to ensure the desired
voltage or current from the source to the destination. Obviously, worse signal and power
integrity would result in performance degradation and even cause systems to fail.

The impedance, which is defined as the ratio of the voltage to the current, is the key
parameter in the electrical design. It is commonly used in the signal and power integ-
rity evaluation. For example, the way to minimize the signal reflection due to the
impedance mismatch is essential to keep the impedance at the same level throughout
the net. With respect to the power distribution network (PDN), the impedance is used
as the criterion. To keep the voltage ripple lower than the specification, it is essential to
reduce the PDN impedance below the target impedance at all the frequencies
supported by the system.

In a 3D IC packaging, multiple chips are stacked vertically with the signal trans-
mitted through TSVs. Although TSVs provide shorter interconnect length and thereby
reduce power consumption and area, they have to be electrically isolated from the bulk
silicon. The capacitive loading induced by the thin insulator layer and lossy effect
would cause a considerable degradation in the signal quality. Moreover, the noise
coupling between TSVs and a TSV and active devices becomes more critical with
the increasing TSV density, as shown in Figure 1.2.1. The power delivery in 3D inte-
grated system is also a major concern as TSVs produce additional inductance effects,

TSV/RDL/IPD Interposer

RF/logic
Sensors

Memory

Printed circuit board (PCB) 

Organic substrate

EMI
Crosstalk

Figure 1.2.1 Signal and power integrity issues in a 3-D integrated system.
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leading to high peaks of PDN impedance. With the increase in stacked dies, it is
predicted that the power density per square area of the 3D IC increases by a factor
of N0.5, where N is the number of stacked dies, indicating that more power delivery
is needed with the increasing number of dies [7].

To evaluate the signal and power integrity, circuit modeling can be carried out to
provide an in-depth physical understanding. In this book, the equivalent circuit
model of the TSVs is developed with the consideration of the MOS capacitance
effect. The influence of the floating silicon substrate on the TSV capacitance is
also considered. To guarantee signal integrity, the schemes of coaxial structure
and differential signaling are investigated. The PDN impedance is also studied based
on the equivalent circuit model, which could provide some useful guidance for the
design of 3D IC packaging.

1.2.2 Thermal performance and design methodology

During electronic operation, heat is generated in the chip and along the interconnects
due to ohmic heating and power dissipation due to high-frequency switching. In
contemporary portable electronic products, the electrochemical heat generation from
the bulky batteries may not be ignored and should be considered in the system design.
The objective of thermal design is to ensure that the temperatures of the components in
a system are maintained within their functional temperature range. Within the temper-
ature range, a component is expected to meet its specified performance without exces-
sive performance degradation and or even thermal runway [8], which is likely to
damage the system.

In the design of electronic packaging, the thermal design power (TDP) is used as the
target of thermal design. This is the maximum power that the chip and package can
dissipate during operation, which defines the upper limit of power dissipation. Given
the TDP, the junction temperature should be maintained within a certain temperature
level with respect to the prescribed ambient condition. In a processor chip, the
projected power dissipation is around 130W, leveling off from the transistor scaling
as shown in Figure 1.2.2.

In the absence of appropriate thermal design, logic errors or even thermal runaway
would occur, which may cause permanent failure in chip and package. One example of
the damaged package due to thermal runaway [8] is indicated in Figure 1.2.3. The
target of thermal design is to ensure that the components operate within the prescribed
temperature limit based on the ambient condition at the given TDP. In other words, the
thermal resistance should be kept within the specified thermal resistance, which is
defined by the difference of the junction temperature to reference temperature over
power dissipation. The following two thermal resistances are commonly used in pack-
age thermal characterization and are therefore introduced to describe the thermal
performance. The junction to ambient thermal resistance Rja indicates the heat dissipa-
tion capacity from the chip to the surrounding environment, whereas the junction to
case thermal resistance Rjc reflects the package thermal performance. The lower the
thermal resistance is, the more easily the heat can be dissipated and the longer life
the package can survive.
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The thermal design can be implemented through approaches such as thermally
enhanced package materials, structural improvement, and heat sink design and optimi-
zation. The position of thermal packaging engineer is thus created to cover the thermal
design, modeling and analysis, materials characterization, and qualification along with
the electrical engineer and materials and process engineer.

With the device scaling and heterogeneous integration, a 2.5D/3D package
integrated with multiple chips is being developed as the next generation of package.
In a 2.5D package, dissimilar chips can be assembled on a common interposer to fulfill

Figure 1.2.3 Thermal runaway of a package under stressed test.

900

800

700

600

500

400

300

200

100

0
2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Year

P
ow

er
 (W

)

Cost performance chip

High performance chip

Facility cooling power (106 kWh)

600

500

400

300

200

100

0

C
oo

lin
g 

po
w

er
 (1

06  k
W

h)

Figure 1.2.2 The thermal design power (W) for the single chip and the facility cooling power
for the data center racks.

8 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



the operations through the microlines and TSV interconnects, whereas a 3D package
requires the multiple chips being vertically stacked, with TSVs and microbumps as
interconnects. TSVs serve as a common interconnect technology in a 2.5D and 3D
for shortened signal transmission, less delay, and more functionality. The shift to
the heterogeneous integration leads to new thermal management issues such as thermal
crosstalk and thermal blocking along the thermal path.

Proper evaluation and characterization of the thermal transport properties of 3D
chips and the interconnects are the first step to the successful thermal design of the
package. On the other hand, the determination of thermal performance is complicated
with various design factors including various package elements, geometrical structure,
and material types, which may not be solved by a single analysis approach.

In this book, different levels of thermal analysis and design methods are to be
addressed. Analytical technique based on porous media theory is wisely sought to
resolve the thermal package issues with various repeated or random structures and
material compositions. On the other hand, numerical tools are commonly utilized to
resolve the thermal package integrated in the system with different levels of package
elements and boundary conditions. Nonetheless, package submodels play an important
role and should be developed in the numerical model to simplify the modeling efforts
and time.

Last but not the least, the thermal design and analysis are to be compared and veri-
fied with the experimental tests, which constitutes a solid step in utilizing the numer-
ical analysis as optimization tool for implementing the package design.

1.2.3 Stress and reliability issues

Electronic products used both in industries and by consumers are expected to function
reliably in service and user environment. Electronic packaging is a technology for
fabricating and assembling IC chips into electronic products. Electronic package
provides not only electrical interconnections but also the mechanical support for
protecting the electronic circuits [9]. It is important to ensure the electronic products
with designed function and performance during the specific period of user environ-
ment, especially for security and safety demanding applications such as aerospace,
automobiles, medical equipment, and military electronics equipment. The reliability
of a packaged microelectronic system is related to the probability that will be opera-
tional within acceptable limits for a given period of time [10].

Reliability of semiconductor devices and products may depend on assembly
process, field application, and environmental conditions. Stress factors affecting
device/product reliability include voltage, current density, temperature, humidity,
mechanical or thermomechanical stress, vibration, shock and impact, gas, dust, salt,
contamination, radiation, pressure, and intensity of magnetic and electrical fields
[11]. When the applied stress is higher than strength of material itself, material will
degrade at a faster pace, exhibiting ductile or brittle failures. Even when the applied
stress is less than the strength of material, the material may exhibit fatigue failure
when subjected to cyclic loads such as temperature cycling, power cycling, and cyclic
bending. In reality, material strength is not a constant and may degrade with time under
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high temperature or high humidity condition, which usually results in interfacial
delamination or cracking failure.

The methodology of design-for-reliability (DFR) contributes to high quality and
reliable electronic assemblies, including the 2.5D and 3D packages. Electronic assem-
blies are tested at higher stress conditions to accelerate failure for quick understanding
of product reliability [12]. The accelerated life test methods shorten the cycle time for
reliability design. Reliability tests such as thermal cycling (TC) and thermal shock
(TS), cyclic bending, power cycling, high-temperature storage, vibration tests, drop
impact, highly accelerated temperature and humidity stress test, unbiased autoclave,
and combined testing can provide useful failure assessment methods for reliability
of electronic assembly and product. In situ measurement is essential to determine
failure time, which is usually achieved through daisy chain or other structure design
to measure resistance or capacitance. Sample size should follow the requirement of
the test standards. Reliability data can be analyzed by reliability statistical distribution
model, such as normal distribution, exponential distribution, and the commonly used
Weibull distribution model.

In reliability study, failure analysis (FA) is important to find failure locations and
reveal failure modes for understanding failure mechanism. The FA of microelectronic
products involves the use of various FA tools and techniques. Scanning acoustic
microscope (SAM) is one nondestructive FA tool in detecting cracks, voids, and
delaminations within microelectronic packages and assemblies. To localize the failure
location, the cross-sectioning technique combined with the focused ion beam etching
is used for sample preparation, and then optical microscope or SAM, even transmis-
sion electron microscope, is used for taking failure images to determine failure location
and failure mode accompanied with a high lost. Dye penetration method is a widely
applied and low-cost method to locate fatigue cracks in microelectronic assembly,
such as solder joint cracking under repeat impact drop test or TC test.

In addition to failure location identification, stress analysis is essential to better
understand failure mechanism. Finite element analysis (FEA) provides a powerful
tool in numerical modeling and simulation of stress in electronics packages. FEA
modeling and simulation can help reproduce the failure process, reduce the assessment
time, and provide a comprehensive failure assessment.

For the advanced packages, the solder joint is often the weakest link, and solder
joint reliability becomes even more important with further minimization of electronic
assemblies. The solder joint is particularly prone to fatigue failure due to power and TC
loading [13]. TC and vibration tests are commonly used for characterization of solder
joint failure assessment. TC loads (high-strain, low-cycle fatigue) induce viscoplastic
deformation in the solder joints. Vibration loads (low-stress, high-cycle fatigue)
primarily induce elastic or elasticeplastic deformation in the solder joints. Drop
impact test is used to investigate impact reliability of electronic assemblies for portable
electronic products.

FEA simulation provides important understanding on the microdeformation
responses in solder joint subjected to reliability test conditions. The combination of
FEA simulation and reliability tests provides an effective tool for DFR application
in existing and new electronic packaging designs. It should be kept in mind that a
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multidisciplinary approach is required for electronic assembly failure assessments.
Figure 1.2.4 shows the detailed analysis and design methodology in DFR microelec-
tronic assembly.
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Electrical modeling and design 2
2.1 Fundamental theory

2.1.1 Electrical analysis for advanced packaging

Electronic packages provide semiconductor integrated circuit chips, or other electrical
devices, with signal and power distribution, capability to remove heat, and protection
from mechanical damage and electrostatic discharge [1]. The electrical functions of a
package include signal distribution, power allocation, and electromagnetic interference
(EMI) protection. In general, the signal passes from the driver circuit to receiver
through bonding structures, transmission lines (TLs), and vias, as shown in
Fig. 2.1.1. Based on these signal paths, chips can exchange data with each other or
with the outside world.

To generate signal, the electrical power should be supplied to the active devices
through the package. However, the parasitic inductance of the bonding structures
and power distribution network (PDN) has negative impact on the power supply,
and therefore, it should be minimized [2,3]. To satisfy the target impedance over a
wide frequency range, the decoupling capacitors are usually employed as charge stor-
age components to reduce simultaneous switching noise (SSN). Moreover, as the
operating frequency increases, a significant radiated emission would be induced by
the high-frequency noise of the clock signal. So special attention should be paid to
the EMI-free design of packaging [4].

2.1.2 Signal distribution

Interconnects serve as a bridge for transmitting signals and/or power between the
driver and receiver circuits, as shown in Fig. 2.1.2. The circuit generating signal is
called driver, whereas the circuit receiving the signal is receiver. The basic element
of the circuit is the complementary metaleoxideesemiconductor (CMOS) inverter,
which is composed of n-channel and p-channel metaleoxideesemiconductor field-
effect transistors (MOSFETs), as shown in Fig. 2.1.3a. The MOSFET is a three-
terminal device consisting of a source, drain, and gate. It can be viewed as a switch
with an infinite OFF-resistance and a finite ON-resistance Ron. When the input voltage
is low and equal to 0, the n-channel metaleoxideesemiconductor (MOS) (NMOS)
transistor is off, while the p-channel MOS (PMOS) transistor is on. As shown in
Fig. 2.1.3b, the output port is connected to the power supply voltage Vdd. On the con-
trary, when the input voltage is high, the NMOS transistor is open while the PMOS
transistor is closed, resulting in a steady-state value of zero output voltage. The cross
section of a CMOS inverter and its voltage transfer characteristic are illustrated in
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Fig. 2.1.4a and b, respectively. It is evident that the input voltage determines the output
one, i.e., whether the interconnect charges to Vdd or discharges to the ground node.

Traditionally, the interconnect was modeled as a parasitic capacitance Cint, as
shown in Fig. 2.1.5. CL, which is called load capacitance, denotes the input of the
receiver circuit. As the switch is closed, the current flows into the interconnect capac-
itance C and load capacitance CL through the ON-resistance Ron. Based on the RC
charging circuit shown in Fig. 2.1.5, a time constant is defined as the time required
to charge the capacitor by w63.2% of its initial value and final value, i.e.,

s¼RonðCintþCLÞ (2.1.1)

The voltage of the load capacitance VL can be written as

VLðtÞ¼Vdd

�
1� e�t=s

�
(2.1.2)
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Figure 2.1.2 Schematic of an interconnect model.
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Figure 2.1.3 Inverter circuit and its switching models.
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In general, the time period for the capacitor to fully charge is about 5 time constants,
i.e., 5s, as shown in Fig. 2.1.6. In circuit, a signal generating by the driver needs time to
reach the receiver. So the time delay is usually defined as the time required for the
output to reach 50% of its steady-state value. Based on the charging circuit shown
in Fig. 2.1.6, the delay equation can be given as

s50% ¼ 0:69RonðCþCLÞ (2.1.3)

It is worth noting that the above analysis is based on the lumped model, and the
delay equation is derived by using the Kirchhoff’s voltage law. However, as higher
system bandwidth is desired, it is essential to increase the operating frequency, and
the Kirchhoff’s laws do not always work at higher frequencies. This is because that
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with the increasing frequency, the wavelength becomes comparable with the physical
dimension of the circuit. The wavelength is the ratio of the speed of light in the material
to the frequency, i.e.,

l¼ c

f
ffiffiffiffiffiffiffiffi
mrεr

p (2.1.4)

where f is the frequency, c ¼ 1
� ffiffiffiffiffiffiffiffiffi

ε0m0
p ¼ 3 � 108m

�
s, m0 and ε0 are the permeability

and permittivity in vacuum, and mr and εr are the relative permeability and permittivity
of the surrounding material. Under such circumstance, the electrical behavior of the
interconnect should be described by the Maxwell’s equations, which are given as

V $ E
!¼ r

ε

(2.1.5)

V $ B
!¼ 0 (2.1.6)

V� E
!þ vB

!
vt

¼ 0 (2.1.7)

V� B
!� m

�
J
!þ ε

vE
!
vt

�
¼ 0 (2.1.8)

where ε ¼ ε0εr, m ¼ m0mr, E
!

and B
!

are the electric field and magnetic flux density,
respectively, r is the electric charge density, and J

!
is the electric current density.

Assuming an ejut time dependent, the Maxwell’s equations in the frequency domain
can be written as

V $ E
!¼ r

ε

(2.1.9)

V $ B
!¼ 0 (2.1.10)

V� E
!þ juB

!¼ 0 (2.1.11)

V� B
!� m

�
J
!þ juεE

!	 ¼ 0 (2.1.12)

where u ¼ 2pf is the angular frequency.
To bridge the gap between field analysis and basic circuit theory, TL theory was

introduced [5]. Taking, for example, a typical two-wire line, which is the simplest
TL, the equivalent circuit model is shown in Fig. 2.1.7. The two-wire line consists
of a signal line and a return line. It can be seen that the interconnect is meshed along
its length, and each segment can be modeled as a lumped-element circuit. Theoreti-
cally, the length of the segment is much smaller than 20th part of the wavelength l,
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i.e., Dx< l/20. In the figure, R, L, C, and G are the series resistance, series inductance,
shunt capacitance, and shunt conductance per unit length, respectively.

Based on the circuit of Fig. 2.1.7, the following equations can be derived by using
the Kirchhoff’s laws:

vðx; tÞ�RDxiðx; tÞ � LDx
viðx; tÞ
vt

� vðxþDx; tÞ ¼ 0 (2.1.13)

iðx; tÞ�GDxvðxþDx; tÞ � CDx
vvðxþ Dx; tÞ

vt
� iðxþDx; tÞ ¼ 0 (2.1.14)

Taking the limit as Dx / 0, the above equations can be written as the telegrapher
equations:

vvðx; tÞ
vx

¼ � Riðx; tÞ � L
viðx; tÞ
vt

(2.1.15)

viðx; tÞ
vx

¼ � Gvðx; tÞ � C
vvðx; tÞ

vt
(2.1.16)

Similarly, assuming an ejut time dependent, the telegrapher equations can be written
as

dVðxÞ
dx

¼ � ðRþ juLÞIðxÞ (2.1.17)

dIðxÞ
dx

¼ � ðGþ juCÞVðxÞ (2.1.18)

After some mathematical treatments, the telegrapher equations can be combined as

d2V
dx2

¼ðRþ juLÞðGþ juCÞV2 (2.1.19)

OutputInput

Signal line

Return line

Δx Δx

RΔx LΔx
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Figure 2.1.7 Transmission line model.
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By solving (2.1.19), the signal voltage can be derived as

V ¼Vþ
0 e�gx þ V�

0 egx (2.1.20)

where Vþ
0 and V�

0 are the magnitudes of the harmonic waves, and they are determined
by the boundary conditions. g is the propagation constant, and it is given by

g¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRþ juLÞðGþ juCÞ

p
(2.1.21)

Similarly, the current can be determined as

I¼ Iþ0 e
�gx þ I�0 e

gx (2.1.22)

The propagation constant g can be written as aþ jb, and a and b are the attenuation
constant and phase constant, respectively. The ratio of the amplitudes of the voltage
and current is defined as the characteristic impedance Z0, i.e.,

Z0¼
Vþ
0

Iþ0
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rþ juL
Gþ juC

s
(2.1.23)

For an ideal (or called lossless) TL, the resistance and conductance are set as zero,
and the telegrapher equations become

dVðxÞ
dx

¼ � juLIðxÞ (2.1.24)

dIðxÞ
dx

¼ � juCVðxÞ (2.1.25)

The propagation constant and the characteristic impedance of the lossless TL are
given by

g¼ jb ¼ ju
ffiffiffiffiffiffi
LC

p
(2.1.26)

Z0¼
ffiffiffiffi
L

C

r
(2.1.27)

while the propagation velocity can be written as vp ¼ u
�
b ¼ 1

� ffiffiffiffiffiffi
LC

p
.

Here, some typical package interconnects are listed in the following. As shown in
Fig. 2.1.8a, the effective permittivity and the characteristic impedance of the microstrip
line with w < H are given by Ref. [6].
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εeff ¼ ε0

(
εr þ 1
2

þ εr � 1
2

"
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 12H=w
p þ 0:04

�
1� w

H

�2#)
(2.1.28)

Z0¼ 1
2p

ffiffiffiffiffiffiffi
m

εeff

r
ln

�
8H
w

þ w

4H

�
(2.1.29)

while for microstrip line with w > H are given by

εeff ¼ ε0

 
εr þ 1
2

þ εr � 1
2

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 12H=w

p !
(2.1.30)

Z0¼
ffiffiffiffiffiffiffi
m

εeff

r 

w

H
þ 1:393þ 2

3
ln
�
1:444þ w

H

���1

(2.1.31)

For stripline in Fig. 2.1.8b, the characteristic impedance is given by Ref. [4].

Z0¼ 30pffiffiffiffi
εr

p H

weff þ 0:441H
(2.1.32)

with

weff ¼

8><>:
w; w > 0:35H

w�
�
0:35� w

H

�2
H; w < 0:35H

(2.1.33)

For slotlines shown in Fig. 2.1.8c, it should be noted that high permittivity substrate
should be employed to minimize the radiation. The effective permittivity of the slotline
is given by Ref. [7].
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Figure 2.1.8 Typical package interconnects: (a) microstrip; (b) stripline; (c) slotline; and
(d) coplanar waveguide.
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εeff ¼ ε0

 
1þ εr � 1

2
KðkaÞ
K
�
k0a
	 K�k0b	
KðkbÞ

!
(2.1.34)

where K(k) is the complete elliptic integral of the first kind, ka ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a=ð1þ aÞp

, kb ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2b=ð1þ bÞp

, k0a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2a

q
, k0b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2b

q
, a ¼ tanh{(p/2)$(w/H)/[1 þ 0.0133/

ðεr þ2Þ $ðl0=HÞ2
io

, b ¼ tanh[(p/2)$(w/H)], and l0 is the free space wavelength.

Further, the characteristic impedance of the slotline with the following range of pa-
rameters (9.7 � εr � 20, 0.02 � w/, H � 1.0, and 0:01 � H

�
l0 � 0:25=

ffiffiffiffiffiffiffiffiffiffiffiffi
εr � 1

p
) is

given by Ref. [8].

Z0¼ 1
2

ffiffiffiffiffiffiffi
m

εeff

r
KðkaÞ
K
�
k0a
	 (2.1.35)

Finally, as shown in Fig. 2.1.8d, the effective permittivity and the characteristic
impedance of the coplanar waveguide, which is usually called CPW, are given by
Ref. [9].

εeff ¼ ε0

"
1þ εr � 1

2
Kðk1Þ
K
�
k01
	 K�k00	
Kðk0Þ

#
(2.1.36)

Z0¼ 1
4

ffiffiffiffiffiffiffi
m

εeff

r
K
�
k00
	

Kðk0Þ (2.1.37)

where k0 ¼ w/(wþ2S), k1 ¼ sinh[pw/(4H)]/sinh[p(w þ 2S)/(4H)], k00 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k20

q
,

and k01 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k21

q
.

It is evident that the characteristic impedance is irrelevant to the length and is deter-
mined by the geometry and surrounding material of the TL. In real-world applications,
the cross-sectional dimensions of the interconnect vary along the length, thereby
resulting in changed characteristic impedance. For example, as shown in Fig. 2.1.9,
the interconnect width becomes smaller at the discontinuity point. The characteristic
impedances of the left and right TLs are denoted by Z1 and Z2, respectively. As
Z1 s Z2, the incident signal encounters a change in the instantaneous impedance

Discontinuity

Incident

Reflected

Forward

Z1 Z2

Figure 2.1.9 Interconnect discontinuity.
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of the interconnect. Assuming the right line is infinitely long, the reflection coefficient
G, which is defined as the amplitude of the reflected voltage wave Vþ

0 normalized to
the amplitude of the incident voltage wave V�

0 , can be calculated by

G¼V�
0

Vþ
0

¼ Z2 � Z1
Z2 þ Z1

(2.1.38)

and the transmission coefficient T is

T ¼ 1þ G ¼ 2Z2
Z2 þ Z1

(2.1.39)

It can be seen from Eq. (2.1.38) that the reflection coefficient can be zero as
Z2 ¼ Z1, which means that the reflections are eliminated by impedance matching.
As shown in Fig. 2.1.10, the source and load resistances, and the characteristic imped-
ance of the interconnect, are set to be 50U. In the figure, l is the interconnect length.
As the switch closes, the voltage wave reaches the load at time of l/vp. However, the
voltage across the load is only half of Vdd. Therefore, the series termination, which is
suitable for CMOS logic due to its low power demand, can be employed [4]. In such
scheme, the load end is unterminated, i.e., RL /N, thereby leading to a unit reflection
coefficient G ¼ 1. So the voltage at the load can reach Vdd at time of l=vp ¼ l

ffiffiffiffiffiffi
LC

p ¼
l
ffiffiffiffiffiffiffiffi
mrεr

p �
c, which represents the time delay of the TL. For general case, there exist mul-

tiple reflections at the source and load ends, as shown in Fig. 2.1.11. Assuming that Z0
is the characteristic impedance of the interconnect, the reflection coefficients at the
load and source ends are GL ¼ (RL � Z0)/(RL þ Z0) and Gs ¼ (Ron � Z0)/(Ron þ Z0),
respectively. Based on the bounce diagram, the transient voltage waveform can be
captured, as shown in Fig. 2.1.12.

In high-speed, high-density circuits, the crosstalk is inevitable and can limit the per-
formance of the electronic system. Fig. 2.1.13a and b show the coupled interconnects
above a ground plane and its equivalent circuit model. Because of the capacitive and
inductive couplings, which is denoted as mutual capacitance Cm and mutual induc-
tance Lm, respectively, the signal transmitted on the aggressor line would create an
undesirable effect in the victim line [10].

Switch

+

– x
0

Ron = 50Ω

Z0 = 50Ω RL = 50ΩVdd

l

t = l/vp

Figure 2.1.10 Impedance matching.
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Figure 2.1.11 Bounce diagram.
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Figure 2.1.12 Transient voltage waveform.
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Figure 2.1.13 (a) Coupled interconnects above a ground plane and its (b) equivalent circuit
model.

22 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



It is worth noting that various loss mechanisms exist and should be considered in
real-world applications. For instance, with the increasing operating frequency, the
current would accumulate at the conductor surface, thereby decreasing the effective
conductive area. Therefore, the interconnect resistance increases with the frequency,
which is called the skin effect. The proximity effect and surface roughness also
have significant effect on the resistive loss. Considering the lossy dielectric, the permit-
tivity has real and imaginary parts, i.e., ε ¼ ε

0 � jε00. By substituting complex permit-
tivity and J

!¼ sE
!

into (2.1.12), the Maxwell’s curl equation can be written as

V� B
!¼ jumε0 E!þ mðsþuε00ÞE! (2.1.40)

where s is the conductivity. It is evident that the imaginary part of permittivity gives
rise to energy loss and is indistinguishable from the loss. The dielectric loss is charac-
terized by the electric loss tangent, i.e.,

tan de¼ ε
00

ε
0 (2.1.41)

Similarly, the magnetic loss tangent can be given by

tan dm ¼m00

m0
(2.1.42)

where m0 and m00 are the real and imaginary parts of the permeability. In particular, for
redistribution interconnects, the silicon substrate loss should be treated appropriately.
At high frequencies, the eddy current loss has a negative effect on the electrical per-
formance of the interconnects. To reduce the eddy current, some shielding structures,
such as partial ground shields and floating shields, can be employed [11].

2.1.3 Power allocation

The interconnects are used not only for transmitting signals but also for power supply.
Fig. 2.1.14 shows the power delivery system, and it is evident that the voltage across
the load terminal would be decreased by

DV ¼ IðRpþRgÞ þ ðLpþ LgÞ dIdt ¼ IRþ L
dI
dt

(2.1.43)

LpRp

LgRg

+
–

I(t)
Power
supply Load

Figure 2.1.14 Power supply system.
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where Rp(Rg) and Lp(Lg) represent the parasitic resistance and inductance of the power
(ground) lines, respectively, and the variable current source I(t) denotes the power
load.

As the direct current passes through the interconnects, the parasitic resistance of the
interconnects results in a voltage drop, which is given by the Ohm’s law V ¼ IR and is
called IR voltage drop. To reduce such voltage drop, the simplest way is to increase the
interconnect dimensions. More importantly, as a time-varying current passes through
the interconnects, the inherent inductive property of the interconnects would lead to a
voltage oscillation with time. The direct currents cause large IR voltage drop, and the
fast transient current produces large inductive voltage drop. These two issues, i.e., IR
voltage drop and inductive effect, would cause the false transitioning of the circuit and
must be taken into account [12].

In general, the change in supply voltage, which is called power supply noise, should
be kept within a certain range around the nominal voltage level. This range is named
power noise margin, which would be reduced with the advanced technology node,
thereby increasing the design difficulty of PDN. The design goal is to keep the imped-
ance of the PDN below a target value Ztarget, i.e., the maximum PDN impedance. Ztarget
is calculated by

Ztarget ¼Vdd � NRipple

Iload
(2.1.44)

where NRipple is the maximum tolerable power noise, Vdd is the supply voltage of the
power lines, and Iload is the load current. If the impedance of the designed PDN is
smaller than the target impedance, i.e., Z � Ztarget, as shown in Fig. 2.1.15, the
oscillation of the supplied voltage would be smaller than a specific margin. Based on
the power supply system, the imaginary component of the impedance Z ¼ R þ juL
increases linearly with the increasing frequency. As shown in Fig. 2.1.16, as the fre-
quency exceeds the maximum frequency fmax ¼ Ztarget/(2pL), the impedance becomes
larger than the target value.

In determining the impedance of the PDN, it is essential to understand the inductive
properties of the power and ground interconnects. The inductance of an interconnect
denotes its capability to store energy in the form of magnetic field. In this viewpoint,

Time

ΔV=ZIload ΔV=ZtargetIload

Vo
lta

ge

Figure 2.1.15 Supply voltage.
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the self-inductance per unit length of a conductor with the current of I0 can be defined
as

Ls¼ 1

mjI0j2
Z
S
B
!

$ B
!�

ds (2.1.45)

A more intuitive definition of the inductance, as shown in Fig. 2.1.16, is defined as
N, the number of magnetic field line rings around the conductor, over the current, i.e.,

Ls¼N

I0
(2.1.46)

Note that the inductance is irrelevant to the current and is only determined by the
interconnect geometry and surrounding material. Consider two adjacent lines, suppose
a current passes through one line, some number of magnetic field line rings would
encircle another line, as shown in Fig. 2.1.17. So the mutual inductance between
two adjacent lines can be defined as

L21¼DN

I1
(2.1.47)

R

fmax

Frequency, logf 

Ztarget

Im
pe

da
nc

e

Figure 2.1.16 Impedance of a power distribution network (PDN) without decoupling
capacitors.

Single line Coupled lines

I 0

I

I 2

1

Figure 2.1.17 Definition of the inductance.
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It is evident that L21 ¼ L12, and the mutual inductance must be smaller than the self-
inductance of any line. Fig. 2.1.18 shows a complete current loop formed by parallel
interconnects. Here, the interconnect width, thickness, and length are denoted as w, t,
and l, and the pitch between two lines is P. The total inductance of the current loop,
which is called loop inductance, can be obtained by

Lloop ¼ Lp þ Lg � 2Lpg (2.1.48)

where Lp and Lg represent the self-inductances of the power and ground lines,
respectively, and they can be calculated by

Lp¼ Lg ¼ ml

2p

�
ln

2l
wþ t

þ 1
2
þ 0:2235

wþ t

l

�
(2.1.49)

The mutual inductance between the power lines is

Lpg¼ ml

2p

�
ln
2l
P
� 1þP

l

�
(2.1.50)

The high-frequency impedance can be reduced by placing capacitors across the po-
wer and ground interconnects. On one hand, the capacitors can provide energy to the
load (see Fig. 2.1.19), and on the other hand, they decouple the high-impedance paths
of the PDN from the load, i.e., provide low impedance between the power and ground
interconnects. Therefore, the capacitors are called decoupling capacitors. Note that the
capacitor has not only capacitance but also equivalent series resistance (ESR) and
equivalent series inductance (ESL), as shown in Fig. 2.1.20. The impedance of the
capacitor can be given by

Z¼ESRþ j $ uESLþ 1
juC

(2.1.51)

Power line

Ground line

Lp

Lg

Lpg

t
w

l

Figure 2.1.18 A complete current loop formed by parallel interconnects.
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Power 
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Load+
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Figure 2.1.19 Power delivery system with decoupling capacitor.
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At the resonant frequency fres ¼ 1
��

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ESL$C

p 	
, the impedance is equal to ESR.

At low frequencies, the capacitor behaves like an ideal capacitance model, i.e., the
impedance decreases linearly with the increasing frequency. However, as the fre-
quency exceeds fres, the impedance increases linearly with the frequency. Through
carefully designing the number and positions of the decoupling capacitors, the PDN
impedance can be suppressed effectively.

2.1.4 Electromagnetic compatibility and interference

With the increase of clock frequency and integration density, EMI would be likely to
occur in the electronic systems. Therefore, more attention should be paid to the elec-
tromagnetic compatibility (EMC) design, which becomes more and more important.
From a designer’s viewpoint, the EMC indicates the ability of the electronic systems
to operate without degradation, nor be a source of interference, in the electromagnetic
environment.

Traditionally, as shown in Fig. 2.1.21, the EMI sources were mainly related to the
cables, radiofrequency devices, and high-speed digital systems [4]. For example, if a
cable shield is connected to the ground, it would act as a dipole antenna and cause
significant radiated emission. Moreover, as the operating frequency increases, the

Chip package EMI

Decoupling EMI Cables

Ground 
discontinuity

Crosstalk-induced EMI

Signal
trace EMI

Figure 2.1.21 Electromagnetic interference (EMI) sources in the electronic system.
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Figure 2.1.20 Equivalent circuit model of the capacitor and its impedance.
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devices and packages also become the EMI source, thereby significantly increasing the
difficulty in the EMI control. To avoid EMC/EMI problems and achieve first-pass
design success, it is highly desirable to perform accurate modeling and simulation
before real fabrication [13]. Various approaches including analytical and numerical
methods have been proposed to model the passive structures for electronic packaging.
To suppress the electromagnetic radiated emission, some shielding technologies were
developed. For instance, by spraying a conductive material on the package, good
shielding effectiveness can be achieved without additional penalty to the package
size [14].

2.2 Modeling, characterization, and design of through-
silicon via packages

2.2.1 Through-silicon via modeling

Through-silicon vias (TSVs) are high-aspect-ratio vertical interconnects penetrating
the silicon substrate and provide electrical connectivity between active layers. With
the fabrication technologies of TSVs becoming mature [15,16], it is mandatory to
accurately and efficiently evaluate the electrical characteristics of TSVs for perfor-
mance analysis and design optimization. Basic studies of TSV characterization have
been reported by several academic and industrial researchers [17e19]. The numerical
techniques such as finite-element method are accurate but slow and memory intensive.
Moreover, they have no clear links to the processing and real measurements, which
limits the use of simulation significantly. In contrast to the numerical techniques,
the equivalent circuit model is intuitive; meanwhile, it can facilitate the measurement
and application.

2.2.1.1 Through-silicon via structure

Fig. 2.2.1 shows the schematic of a pair of signal and ground TSVs, which are
composed of Cu, Al, poly-Si, or even carbon nanotubes (CNTs). In the figure, HTSV

represents the TSV height, and P is the pitch between two adjacent TSVs. In general,
TSV is surrounded by a dielectric layer, which is usually silicon dioxide and used for
DC isolation. For Cu TSVs, to prevent the Cu diffusion, an ultrathin diffusion barrier
layer should be deposited between Cu and dielectric layer. It can be seen that TSV
essentially forms a MOS capacitor structure. In accordance with the semiconductor
physics, a depletion layer appears as the applied voltage exceeds the flat-band voltage.
So the parasitic capacitance of TSV varies with the applied voltage, which is called
MOS effect [20]. Moreover, with the increasing signal propagation speed, the highest
frequency of concern can be as high as several tens of gigahertz. Under such circum-
stances, the skin effect and substrate loss, as well as the MOS effect, must be consid-
ered in the TSV modeling [21].
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2.2.1.2 Circuit modeling

Fig. 2.2.2 shows the equivalent circuit model of a pair of TSVs. In the figure, Vs is the
source voltage, Vin and Vout represent the input and output voltages, and the imped-
ances of 50U is applied at both the input and output ports. RTSV and LTSV are the
TSV resistance and inductance, CSi and GSi are the silicon capacitance and conduc-
tance, and Cox and Cdep are the oxide capacitance and depletion capacitance,
respectively.

2.2.1.2.1 Metaleoxideesemiconductor effect
To clearly analyze the MOS effect, the cross-sectional view of a TSV is plotted in
Fig. 2.2.3. In the figure, rvia is the radius of the TSV filling conductor, tox is the thick-
ness of the isolation dielectric layer, and wdep is the thickness of the depletion layer.
Analogously with the conventional planar MOS capacitor structure, the TSV MOS
capacitor can be calculated by solving 1-D Poisson equation in the radial direction
[17].

50Ω 

50Ω 

Vin

Vs 

CSi

RTSV/2

RTSV/2

LTSV/2 

LTSV/2 

RTSV/2

RTSV/2

LTSV/2 

LTSV/2 

Vout 

Cox Cdep GSi Cdep Cox

Figure 2.2.2 Equivalent circuit model of a pair of through-silicon vias (TSVs).

Silicon

P

Dielectric

Depletion 
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Figure 2.2.1 Schematic of a pair of through-silicon vias (TSVs).
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1
r

v

vr

�
r
vj

vr

�
¼ qNa

εSi
; rox � r � rdep (2.2.1)

where q is the elementary charge, Nais the p-type bulk doping concentration, εSi is the
permittivity of silicon,rox ¼ rvia þ tox is the oxide radius, and rdep ¼ rvia þ tox þ wdep

is the depletion radius. The boundary conditions can be expressed as

jjr¼rdep ¼ 0 (2.2.2)

vj

vr

����
r¼rdep

¼ 0 (2.2.3)

By applying the boundary conditions, the surface potential at the interface between
silicon substrate and dielectric layer can be derived as

js¼
qNa

2εSi

 
r2dep ln

rdep
rox

� r2dep � r2ox
2

!
(2.2.4)

The applied voltage can be given by

V ¼VFB þ js þ
qNa

�
r2dep � r2ox

�
2εox

ln
rox
rvia

(2.2.5)

where VFB is the flat-band voltage,

VFB ¼fms �
2proxqqot
2pεox

ln
rox
rvia

(2.2.6)

TSV-filling conductor

Dielectric Depletion 
layer

Substrate

tox wdep

rvia

Figure 2.2.3 Cross-sectional view of a through-silicon via (TSV) embedded into a p-type sil-
icon substrate.
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fms is the work function difference between the filling conductor and the semi-
conductor, εox is the permittivity of the dielectric layer, and qot is the total oxide
charges.

At threshold, the thickness of depletion layer reaches its maximum value, i.e.,
rdep ¼ rmax, and the surface potential is fixed at 2fF ¼ 2kBT ln (Na/ni)/q,

qNa

2εSi

�
r2max ln

rmax

rox
� r2max � r2ox

2

�
¼ 2kBT

q
ln
Na

ni
(2.2.7)

where kB is the Boltzmann’s constant, T is the temperature, and ni ¼ 9.38 � 1019

(T/300)2exp(�6884/T ) is the intrinsic carrier concentration of silicon [22]. By solving
Eq. (2.2.7), the maximum depletion radius rmax can be calculated, and the threshold
voltage can be subsequently determined by

VTh ¼VFB þ 2kBT
q

ln
Na

ni
þ qNa

�
r2max � r2ox

	
2εox

ln
rox
rvia

(2.2.8)

Fig. 2.2.4 shows the TSV MOS capacitance versus the applied voltage. There are
three distinct regions including accumulation region (V < VFB), depletion region
(VFB � V � VTh), and inversion region (V > VTh). In the accumulation region, only
the oxide capacitance exists, i.e.,

CTSV ¼Cox ¼ 2pεoxHTSV

lnðrox=rviaÞ (2.2.9)

When the voltage exceeds the flat-band voltage, the depletion layer appears, and
rdep can be determined by (2.2.5). The depletion capacitance is obtained by

Cdep ¼ 2pεSiHTSV

lnðrdep=roxÞ (2.2.10)
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Figure 2.2.4 Through-silicon via (TSV) metaleoxideesemiconductor (MOS) capacitance
versus the applied voltage.
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and the total TSV capacitance is a series combination of the oxide and depletion
capacitances (see Fig. 2.2.2)

CTSV ¼
 

1
Cox

þ 1
Cdep

!�1

¼ 2pHTSV

�
1
εox

ln
rox
rvia

þ 1
εSi

ln
rdep
rox

�
(2.2.11)

With the increase of applied voltage, rdep increases, thereby leading to decreased
TSV capacitance. As the applied voltage becomes larger than the threshold one, the
depletion layer thickness reaches its maximum value, which can be determined by
(2.2.7). Therefore, the TSV capacitance is kept as its minimum value in the inversion
region.

It is worth noting that the oxide charge will be induced by plasma damage during
via-hole etching and dielectric deposition and is inevitable in the real-world applica-
tions [23]. As shown in Fig. 2.2.4, the increase in the oxide charge leads to a leftward
shift in the TSV capacitanceevoltage curve. This is because that the flat-band and
threshold voltages decrease with the increasing oxide charge. To reduce the TSV para-
sitic capacitance, Katti et al. [24] proposed that proper process can introduce a high
amount of oxide charge, thus ensuring the minimum TSV capacitance in the desired
operating voltage range. However, the depletion layer thickness and the corresponding
minimum TSV capacitance are susceptible to the temperature variation. To accurately
extract the temperature-dependent TSV capacitance, an iterative method should be
employed [25], as summarized by the flowchart in Fig. 2.2.5. The temperature rise
will increase the intrinsic carrier concentration, thereby reducing the maximum
depletion radius and increasing the TSV capacitance.

2.2.1.2.2 RLCG parameters
For each TSV, the internal impedance can be computed by Ref. [26].

Zinter ¼HTSV
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jum0=s

p
2prvia

I0ðrvia
ffiffiffiffiffiffiffiffiffiffiffiffiffi
jum0s

p Þ
I1ðrvia

ffiffiffiffiffiffiffiffiffiffiffiffiffi
jum0s

p Þ (2.2.12)

where u is the angular frequency, m0 is the permeability of free space, s is the
conductivity of the TSV filling conductor, and I0($) and I1($) represent the 0th and first
order Bessel functions of the first type, respectively. As the TSV filling conductor is
usually Cu, the conductivity can be written as sCu. As TSVs usually operate at quasi-
TEM mode and slow-wave mode, the eddy currenteinduced resistance is ignored.
The loop inductance of a pair of TSVs can be given by Ref. [27].

Lloop ¼m0HTSV

p
ln

P

rvia
(2.2.13)
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Therefore, the resistance and inductance of a pair of TSVs can be calculated by

RTSV ¼ReðZinterÞ (2.2.14)

LTSV ¼ ImðZinter þ juLloopÞ
ju

(2.2.15)

The silicon capacitance and conductance can be computed by Ref. [28].

CSi ¼ pεSiHTSV
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Figure 2.2.5 Flowchart for extracting depletion radius at a given temperature.
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GSi ¼ sSi

εSi
CSi (2.2.17)

where sSi is the silicon conductivity and can be expressed as [29].

sSi ¼ qNa

"
mmin þ

mmax � mmin

1þ ðNa=NrefÞ0:76
#

$

�
T

300

��1:5

(2.2.18)

mmax ¼ 495 cm2$V�1$s�1, mmin ¼ 47.7 cm2$V�1$s�1, and Nref ¼ 6.3 � 1016cm�3.
In general, the circuit model of the signal/ground TSV pair can be simplified as a TL

model [18]. The impedance and admittance of the simplified TL model can be given as

ZTSV ¼ðRTSV þ juLTSVÞ (2.2.19)

YTSV ¼
�

2
juCTSV

þ 1
GSi þ juCSi

��1

(2.2.20)

The S-parameter of the TSV pair can be computed based on the simplified TL
model as follows [30].

S¼ 1

Aþ B

Z0
þ CZ0 þ D

$

266664
Aþ B

Z0
� CZ0 � D AD� BC

2 �Aþ B

Z0
� CZ0 þ D

377775
(2.2.21)

with Z0 ¼ 50U, and the ABCD transmission matrix is

T¼
"
A B

C D

#
¼
"

coshðgHTSVÞ Z sinhðgHTSVÞ
sinhðgHTSVÞ=Z coshðgHTSVÞ

#
(2.2.22)

The characteristic impedance and the propagation constant are given by

Z¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZTSV=YTSV

p
(2.2.23)

g¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZTSVYTSV

p
=HTSV (2.2.24)

2.2.1.3 Floating substrate Effect

As aforementioned, the TSV capacitance is kept as its minimum value due to the MOS
effect. These analyses are based on the premise that the silicon substrate is well
grounded with bulk contacts, but such prerequisite cannot be fulfilled at any time
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due to imperfect grounding. So the electrical analyses of TSVs in the passive silicon
substrate were carried out by neglecting the MOS effect [31,32]. In a floating silicon
substrate, however, the electric fields of the single TSVs terminate not at the substrate
but at the ground TSVs [33, 73].

Fig. 2.2.6 shows the capacitanceevoltage characteristic of the signal/ground TSVs
in the floating silicon substrate. It can be seen that at low frequency (<10 MHz), the
capacitance of the signal TSV decreases as the voltage exceeds the flat-band one and
then increases and approaches to the oxide capacitance with the increasing voltage. In
contrast, at high frequency (>10 MHz), the capacitance of the signal TSV remains at
its minimum value when the voltage becomes larger than the threshold one. This is
because that the generation of inversion carriers cannot follow the voltage change
rate at high frequency [34]. The capacitances of the signal and ground TSVs are sym-
metrical to the zero voltage as the same but opposite charges are accumulated at the
signal and ground TSVs, respectively. The increase in temperature mainly affects
the TSV capacitance at high frequency as the temperature rise increases the intrinsic
carrier concentration and the minority electron concentration.

Because of the floating substrate effect, the depletion layer thicknesses of TSVs will
be different. The silicon capacitance between two TSVs with different depletion layer
thicknesses can be calculated using the conformal mapping method [35].

CSi ¼ 2pεSiHTSV

ln

264P2 � r2dep;s � r2dep;g
2rdep;srdep;g

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
P2 � r2dep;s � r2dep;g

2rdep;srdep;g

!2

� 1

vuut
375

(2.2.25)

where rdep,s and rdep,g represent the depletion radius of the signal and ground TSVs
in the floating silicon substrate, respectively. The results of silicon capacitance are
shown in Fig. 2.2.7 for the signal/ground TSVs in the floating silicon substrate at
different temperatures. The impact of different depletion layer thicknesses of signal
and ground TSVs has been considered appropriately. As shown in the middle of
Fig. 2.2.7, the capacitance at low and high frequencies overlap with each other, while
the difference occurs in the inversion region. As the temperature rise mainly influences
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Figure 2.2.6 Capacitance of single through-silicon via (TSV) in signal/ground TSVs in the
floating silicon substrate.
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the depletion layer thickness, the silicon capacitance is unchanged when the TSVs
operate at the accumulation region. In the depletion and inversion regions, the silicon
capacitance decreases with the increasing temperature.

To accurately capture the electrical performance of TSVs in the floating silicon sub-
strate, as shown in Fig. 2.2.8, the symbolically defined device (SDD) block in ADS
software is employed for modeling the voltage-controlled depletion capacitance
[36]. In the SDD block, evi is the voltage of the ith port, while ev2 ¼ VTSV. Based on
the equivalent circuit model, the electrical characteristics of the signal/ground TSVs
can be captured. As shown in Fig. 2.2.9, three cases are considered: (1) oxide capac-
itance; (2) minimum TSV capacitance; and (3) voltage-controlled TSV capacitance. It
is evident that inappropriate assumption of the TSV capacitance leads to significant in-
accuracy at frequencies below several gigahertz. With the decreasing TSV capaci-
tance, the electrical performance of signal/ground TSVs is improved, which is due
to the reduced silicon substrate loss.

2.2.2 Through-silicon via optimization

2.2.2.1 CNT/Cu-CNT TSVs

CNT, since its first discovery in 1991 [37], has attracted a lot of research interests due
to its extraordinary physical properties, such as high ampacity and long mean free path
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Figure 2.2.7 Silicon capacitance between signal/ground through-silicon vias (TSVs) in the
floating silicon substrate.
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Figure 2.2.8 Symbolically defined device (SDD) block for modeling the voltage-controlled
depletion capacitance.
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(MFP) [38]. Depending on the diameter dimensions, CNTs can be divided into two
categories: single-walled CNT (SWCNT) and multiwalled CNT (MWCNT). SWCNTs
can be either semiconducting or metallic, while MWCNTs are always metallic. In gen-
eral, CNTs are grown vertically, and it is intuitive to consider CNTs as TSV-filling
conductor. It is expected that the implementation of CNT TSVs can avoid some prob-
lems such as voiding, extrusion, and electromigration [39]. Moreover, as the CNTs
have ultrahigh thermal conductivity, the thermal issues of 3D ICs can be alleviated
by using CNT TSVs [40]. Fig. 2.2.10a shows the schematic of the silicon substrate
embedded with TSV array. A heating power q is input on the top of the substrate, while
the bottom of the substrate is fixed at 300 K [41]. By using the COMSOLMultiphysics
software, the temperature rise DT can be captured, and the equivalent thermal conduc-
tivity of the substrate can be calculated by keq ¼ qHTSV=DT . The thermal
conductivity of Cu is kCu ¼ 400 W$m�1$K�1, while for CNTs, the thermal conductiv-
ity is in the range of [1750, 5800] W$m�1$K�1. As shown in Fig. 2.2.10b, the
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implementation of CNT TSVs, even with a pessimistic CNT thermal conductivity kcnt
of 1750 W$m�1$K�1, can significantly improve the equivalent thermal conductivity.

To consider the impact of CNT kinetic inductance, Xu et al. proposed the concept of
“effective complex conductivity” and performed the electrical characterization of CNT
TSVs [18]. However, most of the literatures on modeling of CNT TSVs are based on
the ideally packed CNTs [42,43], which are still no possible even with the state-of-the-
art fabrication process. As shown in Fig. 2.2.11, assuming that Ncnt identical CNTs are
uniformly distributed in the TSV, a CNT filling ratio is defined as the proportion of
CNT area to total area of TSV, i.e.,

fcnt¼Ncnt$
D2
cnt

4r2via
(2.2.26)

where Dcnt is the diameter of an isolated CNT. As the mixed CNT bundle behaves like
a bundle of identical CNTs with the mean diameter [44], it is neglected in the
following. So the effective complex conductivity of the CNT TSV is given by

scnt ¼ fcntscnt;ideal (2.2.27)

where scnt,ideal is the conductivity of the ideally packed CNTs, i.e.,

scnt;ideal¼ 4HTSV

pD2
cnt

$ Fm $
fcnt
Zcnt

(2.2.28)

where Fm is the fraction of metallic CNTs in the bundle and equals 1 for the MWCNT
TSVs. Zcnt is the intrinsic self-impedance of an isolated CNT. For SWCNT, one has [18].

Zcnt ¼Rmc þ h

2q2Nch

�
1þHTSV

leff
þ ju

HTSV

2vF

�
(2.2.29)
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Figure 2.2.11 Cross-sectional view of a carbon nanotube (CNT) through-silicon via (TSV).
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where Rmc represents the imperfect contact resistance and is neglected here as it highly
depends on the fabrication process. h is the Planck’s constant, leff is the effective MFP,
Nch is the number of conducting channels, and vF is the Fermi velocity [45]. As an
MWCNT can be viewed as a coaxial assembly of cylinders of SWCNTs, the intrinsic
self-impedance of an MWCNT is a shunt combination of each shell impedance.

Although CNTs have the potential to achieve superior performance over the Cu
counterpart, they are still far from the real-world applications. For example, even
for an ultrahigh-density SWCNT bundle reported in Ref. [46], the maximum value
of the conductivity is only 1.98 � 107 S/m, which is still smaller than that of Cu.
Recently, a Cu-CNT composite was fabricated in Ref. [47], and it was demonstrated
that such Cu-CNT composite can provide a more practical way to achieve balance
between the performance and reliability. Further, the sample of Cu-CNT TSVs was
successfully realized in Ref. [48]. The effective conductivity of Cu-CNT TSVs can
be given by

seff ¼ð1� fcntÞsCu þ fcntscnt (2.2.30)

Note that there is a separation of 0.31 nm between the carbon and Cu atoms. So the
CNT diameter Dcnt should be replaced with (Dcntþ0.31 nm) in the modeling of
Cu-CNT composite TSVs.

By substituting Zcnt ¼ Rcnt þ juLcnt into (2.2.30), the effective conductivity of Cu-
CNT can be expressed as [49].

seff ¼ð1� fcntÞsCu þ 4HTSV

pD2
cnt

$ Fm $
f 2cnt

R2
cnt þ u2L2cnt

$ ðRcnt � juLcntÞ
(2.2.31)

The real and imaginary parts of the effective conductivity are given as

ReðseffÞ¼ ð1� fcntÞsCu þ 4HTSV

pD2
cnt

$ Fm $
f 2cnt

R2
cnt þ u2L2cnt

$ Rcnt (2.2.32)

ImðseffÞ¼ � 4HTSV

pD2
cnt

$ Fm $
f 2cnt

R2
cnt þ u2L2cnt

$ uLcnt (2.2.33)

Fig. 2.2.12 and 2.2.13 show the real and imaginary parts of the effective conductiv-
ity of CNT and Cu-CNT composite TSVs with different values of fcnt. fcnt ¼ 0.2 is
adopted from the experiment in Ref. [46], while fcnt ¼ 1 represents the ideally packed
CNTs. For SWCNTs and Cu-SWCNT composite, Fm is set as 1/3. It can be seen that
Re(seff) decreases with the increasing frequency. As the kinetic inductance has signif-
icant influence on the electrical characteristics of MWCNT, Rcnt/Lcnt of an MWCNT is
much larger than that of an SWCNT. Therefore, Re(seff) is kept almost unchanged for
SWCNTs, while it decreases for MWCNTs. After codepositing Cu with CNTs,
Re(seff) can be increased to be close to that of Cu, i.e., sCu ¼ 5.8 � 107S/m.
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According to Eq. (2.2.33), with the increasing frequency, Im(seff) drops at first and
then rises as the frequency exceeds f0 ¼ Rcnt/(2pLcnt), which is equal to 269.8 GHz
for SWCNTs and to 21.1 GHz for MWCNTs, respectively. As the highest frequency
plotted in the figure is only 100 GHz, it seems that Im(seff) decreases almost linearly in
Fig. 2.2.12b.

Moreover, it was experimentally observed that the CNT kinetic inductance may be
15 times larger than its theoretical value [50]. The impacts of CNT kinetic inductance
variation on the electrical performance of MWCNT and Cu-MWCNT TSVs are inves-
tigated based on the equivalent circuit model (see Fig. 2.2.2). Here, the silicon sub-
strate is assumed to be well grounded, and therefore, the TSV capacitance is kept as
its minimum value. As shown in Fig. 2.2.14, when the CNT kinetic inductance is
LK ¼ 8 nH/mm, the electrical performances of both MWCNT TSVs and Cu-
MWCNT TSVs are comparable with that of Cu TSVs. As the CNT kinetic inductance
increases to 60 nH/mm, the performance of MWCNT TSVs is degraded significantly,
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which is mainly attributed to the impedance mismatch. The Cu-MWCNT TSVs, how-
ever, are less susceptible to the CNT kinetic inductance variation, implying that Cu-
MWCNT TSVs have better stability than pure MWCNT TSVs.

2.2.2.2 Coaxial through-silicon vias

As TSVs penetrate the silicon substrate in 3D ICs, mitigation of substrate noise
coupling is crucial. To solve such issue, a new TSV structure with the self-shielding
function, i.e., coaxial TSV, was proposed and explored [51]. Fig. 2.2.15a shows the
geometry of coaxial TSV, which is composed of a central via and an outer shielding
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shell. In the figure, HTSV is the TSV height, r1 is the radius of the central via, lio is the
distance between the central via and the inner surface of the shielding shell, and tsh is
the thickness of the shielding shell. There are three dielectric layers in the coaxial TSV,
and their thicknesses are tox1, tox2, and tox3. The corresponding depletion layer widths
are wdep1, wdep2, and wdep3. The following geometrical parameters are defined:
r2 ¼ r1 þ lio and r3 ¼ r2 þ tsh.

Because of the self-shielding function, the outer silicon substrate has negligible
influence on the electrical characteristics of the coaxial TSV. Therefore, the parasitic
capacitance of the outer surface of the shielding shell can be neglected in the circuit
model. That is, the coaxial TSV can be modeled with the equivalent circuit model
in Fig. 2.2.15b. Here, the subscripts i and o represent the respective corresponding
quantities of the inner via and outer shielding shell. The resistance RTSV and induc-
tance LTSV of the coaxial TSV can be extracted by either numerical methods such
as partial element equivalent circuit (PEEC) method [52] or closed-form expressions
[53]. The oxide and the deletion capacitances are given by

Cox;i¼ 2pεoxHTSV=ln

�
r1 þ tox1

r1

�
(2.2.34)

Cdep;i¼ 2pεSiHTSV=ln

�
r1 þ tox1 þ wdep1

r1 þ tox1

�
(2.2.35)

Cox;o¼ 2pεoxHTSV=ln

�
r2

r2 � tox2

�
(2.2.36)

Cdep;o¼ 2pεSiHTSV=ln

 
r2 � tox2

r2 � tox2 � wdep2

!
(2.2.37)

The silicon capacitance and conductance are

CSi ¼ 2pεSiHTSV=ln

 
r2 � tox2 � wdep2

r1 þ tox1 þ wdep1

!
(2.2.38)

GSi ¼ sSi

εSi
CSi (2.2.39)

Moreover, for coaxial TSVs embedded in the passive interposer or with no substrate
contact on the inner silicon, the floating substrate effect should be considered. Under
such circumstance, the charges will accumulate alternatively at the surfaces of the
central via and the shielding shell [54]. Fig. 2.2.16 shows the low-frequency capaci-
tance (<10 MHz) and high-frequency capacitance (>10 MHz) of the coaxial TSV
with electrically floating inner silicon. Different from the cylindrical TSVs, the coaxial
TSV with electrically floating inner silicon possesses asymmetrical MOS capacitances.

42 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



Based on the equivalent circuit model, the time-domain analysis is carried out for
the coaxial TSV. The source voltage is a clock-like signal with a fundamental
frequency of 2 GHz, rising/falling time of 50ps, and amplitude from �2 to 2V. The
transient waveform of the output voltage is shown in Fig. 2.2.17a. Three cases are
considered: 1) no depletion (i.e., maximum capacitance Cox); 2) full depletion
(i.e., minimum capacitance CTSV,min); and nonlinear depletion (i.e., voltage-
controlled capacitance CTSV(VTSV)). Fig. 2.2.17b shows the total capacitance of the
coaxial TSV for three cases. It is evident that ignoring the floating substrate effect
results in inaccuracy.

2.2.3 Through-silicon via signal/power integrity

2.2.3.1 Crosstalk Effect

With the increasing demand for high bandwidth, the operating frequency and the TSV
density is continually increased. Under such circumstance, the noise coupling issue is
becoming a major concern in the 3D ICs. Considering a uniformly distributed TSV
array, the parasitic capacitance and the resistance of each TSV can be computed by
(2.2.11) and (2.2.12), respectively. The other circuit parameters can be obtained based
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on the multiconductor TL theory [27]. Taking one ground TSV as the reference TSV,
the loop inductance of the ith TSV and ground TSVs can be obtained by

Lii ¼mHTSV

p
ln

Pi

rvia
(2.2.40)

and the mutual inductance between two loops is given by

Lij ¼mHTSV

p
ln

PiPj

Pijrvia
; is j (2.2.41)

where Pi (Pj) is the pitch between the ith (jth) TSV and ground TSV and Pij is the pitch
between the ith and jth TSVs. Then, the inductance matrix [L] can be established, and
[LSi] can be formed by replacing rvia with rdep. The silicon capacitance matrix can be
obtained by ½CSi� ¼ mεSiH2

TSV½LSi��1, while the silicon conductance matrix [GSi] ¼
sSi[CSi]/εSi [26].

Take for example the typical three-TSV array, namely signal-ground-signal TSVs
(see Fig. 2.2.18). The impedance of 50U is added to each port, and the source voltage
is applied to the input port between S1 and ground TSVs. Fig. 2.2.19 shows magni-
tudes of S31 and S41 parameters of the three-TSV array with considering the
voltage-controlled capacitance. Further, the time-domain crosstalk analysis is carried
out for different temperatures, as shown in Fig. 2.2.20. It is found that both near-
and far-end crosstalk voltages decrease significantly with the increasing temperature,
which is mainly attributed to the reduced silicon conductivity.

2.2.3.2 Differential signaling

The continuous demand for higher bandwidth performance necessitates higher oper-
ating frequency, which makes the signal integrity problems worse. To guarantee signal
integrity, differential signaling is essential for real-world applications of 3D ICs [55].
Fig. 2.2.21 shows the configuration of the ground-signal-signal-ground TSVs for
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Figure 2.2.18 Schematic of typical threeethrough-via silicon (TSV) array.
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Figure 2.2.21 Schematic of ground-signal-signal-ground through-silicon vias (TSVs) for
differential signaling.

Electrical modeling and design 45



differential signaling. In the figure, two signal TSVs are placed in the middle of two
ground TSVs. In general, the pitch between adjacent TSVs is six times larger
than the TSV radius, and therefore, the differential TSVs are weakly coupled.
Under such circumstance, the silicon admittance between adjacent pair of TSVs
YSi(¼GSi þ juCSi) can be computed by (2.2.16) and (2.2.17). Using the D-Y-D trans-
formation method, the circuit model can be simplified into the equivalent circuit model
shown in Fig. 2.2.22. The admittance between signal and ground TSVs can be given
by

Y ¼Gþ juC ¼ 1
2YSi

 
1

2Y2YSi
þ 1

2Y1YSi þ Y2
1

!�1

(2.2.42)

while the admittance between two signal TSVs are given by

Ym ¼Gm þ juCm ¼ Y2
2YSi

2Y1YSi þ 2Y2YSi þ Y2
1

(2.2.43)

where

Y1¼
�

1
YSi

þ 1
juCTSV

��1

(2.2.44)

Y2¼
�

1
2YSi þ Y1

þ 1
juCTSV

��1

(2.2.45)

Based on the current directions in the differential mode and common mode, the
frequency-dependent impedance ZTSV(¼RTSV þ juLTSV) can be extracted using the
PEEC method [56]. Based on the circuit model, the odd mode and even mode propa-
gation constants and characteristic impedances can be obtained by
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Figure 2.2.22 Equivalent circuit model of the differential through-silicon vias (TSVs).
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godd¼
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HTSV
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZTSVðY þ 2YmÞ

2

r
(2.2.46)

Zodd¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ZTSV
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s
(2.2.47)

geven ¼
1

HTSV
$

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ZTSVY

2

r
(2.2.48)

Zeven ¼
ffiffiffiffiffiffiffiffiffiffi
ZTSV
2Y

r
(2.2.49)

Then, the ABCD transmission matrixes and S-parameter matrixes of the differential
TSVs can be obtained by substituting (2.2.42)e(2.2.45) into (2.2.1) and (2.2.22) [57].

Fig. 2.2.23 shows the scattering parameters of the differential TSVs. It can be seen
that the forward transmission coefficient magnitude in the common mode is larger than
that in the differential mode as the frequency is below 35 GHz, as a virtual ground
exists between two signal TSVs in the differential mode. However, because of the
negative mutual inductance between two signal TSVs in the differential mode, the
differential mode inductance is smaller than the common mode counterpart. Therefore,
in the high-frequency region, the electrical performance in the differential mode is
better than that in the common mode.

It is well known that the annular TSVs have easier fabrication process and can alle-
viate the reliability issues due to the reduced thermal expansion mismatch between the
TSV filling conductor and the silicon substrate. As shown in Fig. 2.2.24, by replacing
the conventional cylindrical TSVs with annular TSVs, the insertion loss in the
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common mode is aggravated significantly, while it is almost unchanged in the differ-
ential mode, implying that the annular TSVs are more suitable for the applications of
transmitting differential signals than the conventional cylindrical TSVs.

2.2.3.3 Power distribution network impedance

Besides the signal integrity issues, the TSV-based 3D ICs have another major chal-
lenge: how to deliver clean power to the switched devices, in particular on the topmost
chip? Therefore, special attention should be paid to the design and optimization of
PDN in the 3D ICs, as shown in Fig. 2.2.25. Generally speaking, the low-frequency
PDN impedance is dominated by the off-chip PDN, while the high-order resonances
beyond several tens of gigahertz are induced by the chip PDN alone [58]. However,
the inductance produced by TSVs will resonate with the chip PDNs and thereby
lead to antiresonance peak in the PDN impedance at the midfrequency [59].
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Figure 2.2.24 S21-parameters of the differential through-silicon vias (TSVs).
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Figure 2.2.25 Schematic of a multistacked chip power distribution network (PDN) connected
by through-silicon vias (TSVs).

48 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



It is essential to mitigate the antiresonance peaks to keep PDN impedance under the
target impedance over the whole operating frequency of devices. Therefore, some
necessary measures, such as decoupling capacitor placement [60], should be taken
in the PDN design.

To facilitate the PDN design, the primary objective is to develop a circuit model to
capture the PDN impedance. An equivalent circuit model of the 3D IC PDN was pro-
posed in Ref. [61], and the circuit elements were calculated analytically. Based on the
proposed circuit model, the electrical performance of 3D IC PDN can be investigated.
As aforementioned, CNTs can be utilized as the filling conductor for TSV applications,
and it is essential to investigate the impacts of CNT TSVs on the characteristics of 3D
IC PDN [62]. Fig. 2.2.26 shows the self-impedance of 2-stacked chip PDNs connected
by a pair of power and ground TSVs. It is shown that the PDN impedance decreases
linearly as the frequency is below several gigahertz, implying that chip PDN behaves
as a capacitive element in the low-frequency region. The first two resonances are
formed by the TSV inductance and chip PDN capacitances. As the frequency exceeds
20 GHz, the resonances are only induced by the chip PDNs.

Further, the Cu TSVs are replaced with MWCNT TSVs with fcnt ¼ 0.2 and
LK ¼ 8 nH/mm. It is shown that with the implementation of MWCNT TSVs, the
impedance oscillation is suppressed and the resonances are shifted down slightly. If
the CNT kinetic inductance is increased to 60 nH/mm, which is 15 times larger than
the theoretical value, the inductance of MWCNT TSVs will be increased significantly,
thereby decreasing the antiresonance frequency. Fig. 2.2.27 shows the PDN imped-
ance of the 8-stacked chips connected by the power and ground TSVs. It can be
seen multiple resonances are induced by the TSV inductances and chip PDN capaci-
tances. Analogously, the presence of MWCNT TSVs suppresses the impedance oscil-
lation, and large CNT kinetic inductance will reduce the frequency range of the 3D IC
PDNs. To avoid the influence of CNT TSVs on the PDN performance, the fabrication
process should be further optimized to densify CNTs.

Finally, the impact of temperature on the self-impedance of the 3D IC PDN with
MWCNT TSVs is characterized, as shown in Fig. 2.2.28. The temperature dependence
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Figure 2.2.26 Self-impedance of 2-stacked chip power distribution networks (PDNs) connected
by P/G through-silicon via (TSV) pair.
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of TSV capacitance has been considered [25]. As the temperature rises, the resistance
and the inductance of the MWCNT TSVs are increased and decreased, respectively.
Therefore, it can be seen that the resonances are shifted slightly, and the impedance
oscillation is suppressed.

2.2.4 TSV/IPD interposer

To guarantee high yield rate, a minimum TSV density rule should be met in the real-
world fabrication. For example, Tezzaron requires that there must be at least one TSV
in every 250 � 250 mm2 window [63]. A lot of dummy TSVs need to be inserted to
satisfy the rule over the entire chip area, thereby increasing the area overhead. It is
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intuitive to make use of these dummy TSVs to realize passive components as inte-
grated passive devices (IPDs).

Basic studies of TSV-based components have been reported by several academic
researchers Ref. [64,65]. In Ref. [64], TSVs were proposed to build substrate-
integrated waveguide, which behaves as a high-pass filter. They were also employed
to form a hairpin band pass filter to reduce the footprint. It is evident that the electrical
performances of these TSV-based components are limited by the dielectric loss due to
the lossy silicon substrate. To alleviate these problems, high resistivity silicon
substrate or polymer-enhanced technology can be utilized [66]. Another interest is
in the application of dummy TSVs toward on-chip inductors, which are critical for
various microelectronic applications, such as voltage control oscillators and radiofre-
quency circuits. In this aspect, Tida, et al. systematically studied the TSV-based sole-
noid inductors [67]. They found that the substrate loss can be suppressed dramatically
by utilizing the microchannel technique. By combining two TSV-based solenoid
inductors, a high-performance 3D transformer was developed [68]. In addition, an
LC resonator was fabricated by integrating TSV-based solenoid inductors with an
interdigitated capacitor [65].

Although there are multiple loss mechanisms for TSV-based solenoid inductors, it
can still be modeled with the conventional pmodel. Fig. 2.2.29a shows the structure of
TSV-based solenoid inductor, which is composed of TSVs and redistribution lines.
The simple p circuit model is illustrated in Fig. 2.2.29b [69]. A RL ladder is used
to model frequency-dependent parameters. The series and shunt admittances can be
given as

Yseries ¼
�

1
Rs0

þ 1
Rs1 þ juLs1

��1

þ juLs0 (2.2.50)

Yshunt ¼
�

1
juCox

þ 1
GSi þ juCSi

��1

(2.2.51)
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Figure 2.2.29 (a) Schematic of through-silicon vias (TSV)ebased solenoid inductor and its
(b) circuit model.
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where Cox is the oxide capacitance and GSi and CSi are the silicon conductance and
capacitance, respectively. Based on the measured scattering parameters, the admit-
tance matrix of the TSV-based solenoid inductor can be obtained.

Y¼
"
Y11 Y12

Y21 Y22

#
(2.2.52)

At low frequencies, Yseries ¼ �Y12 and Yshunt ¼ Y11þ Y12. Therefore, the circuit pa-
rameters in Fig. 2.2.29b can be extracted as follows:

Rs1¼ a0 � a20a2
a21

(2.2.53)

Rs0¼ a0Rs1

Rs1 � a0
(2.2.54)

Ls1¼ 1
Rs1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a1ðRs0 þ Rs1Þ3

q
(2.2.55)

L0¼ Ldc � R2
s0Ls1

ðRs0 þ Rs1Þ2
(2.2.56)

Cox¼ � 1

uIm
h
ðY11 þ Y12Þ�1

i (2.2.57)

GSi ¼ b0 (2.2.58)

CSi ¼
ffiffiffiffiffiffiffiffiffi
b0b1

p
(2.2.59)
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The coefficients a0, a1, a2, b0, and b1 can be obtained by fitting �Re(1/Yseries) ¼
a0 þ a1u

2þa2u
4 and 1/Re(1/Yshunt) ¼ b0 þ b1u

2 [70]. Here, the simulated results
are employed for the model validation. Fig. 2.2.30 plots the quality factor and effective
inductance, which can be obtained by

Quality factor¼ � ImðY11Þ
ReðY11Þ (2.2.60)

Leff ¼ 1
u
Im

�
1
Y11

�
(2.2.61)

It can be seen that the modeled results agree well with the measurements over a
wide frequency range.

Further, a compact third-order Butterworth filter is designed based on the TSV tech-
nology. As shown in Fig. 2.2.31a, the filter is composed of one TSV-based solenoid
inductor and two through-silicon capacitors [71]. The equivalent circuit model of
the ideal third-order Butterworth filter is given in the inset of Fig. 2.2.31b. It can be
seen that the simulated and modeled results match well with each other. The discrep-
ancy is mainly due to the parasitic capacitance and series resistance [72].
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Thermal modeling, analysis, and
design 3
3.1 Principles of thermal analysis and design

Waste heat is generated during the operation of electronic devices and systems, which
is to be transferred to the ambient in a timely manner to avoid overheating and thermal
failures. The thermal analysis and design reply on the heat transfer theories as docu-
mented in Refs. [1e3], which are summarized in this section. In addition, the thermal
interface resistance related to different types of thermal interface materials (TIMs)
encountered in electronic packaging is elaborated in this section.

3.1.1 Principles of thermal analysis

There exist three modes of heat transfer: heat conduction, heat convection, and heat
radiation. Heat conduction is referred to the heat transfer that occurs across a medium
due to the activities of atoms, molecules, or electrons, whereas heat convection is
referred to heat transfer that occurs between a surface and a moving fluid at different
temperatures. The third mode of heat transfer is called thermal radiation in the form of
electromagnetic waves. In the absence of an intervening medium, there is net heat
transfer by radiation between two surfaces at different temperatures. Heat transfer
processes can be quantified in terms of the heat transfer laws, which are used to deter-
mine the amount of energy being transferred at the macroscopic level.

3.1.1.1 Heat conduction

As shown in Figure 3.1.1, the heat conduction rate across a plane wall is governed by
Fourier’s law. Namely

qx¼ � kA
dT
dx

(3.1.1)

Here A is the area perpendicular to the surface, qx is the heat flow (W) defining the
heat transfer rate in the x-direction per unit area perpendicular to the direction of trans-
fer, which is proportional to the temperature gradient, dT/dx, in this direction. k is the
thermal conductivity (unit: W$m�1$K�1) and is a characteristic property of the
conductive material. The minus sign in Eq. (3.1.1) is due to the fact that heat is trans-
ferred in the direction of decreasing temperature. Under the steady-state heat transfer
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as illustrated in Figure 3.1.1, the temperature gradient is linear across a homogeneous
material, and the heat flow can be expressed as

qx¼ kA
Ts1 � Ts2

l
¼ kA

DT

l
(3.1.2)

where Ts1 and Ts2 are the temperatures of the hot and cold surfaces of the wall,
respectively, l is the thickness of the wall, and A is the area normal to the direction of
heat transfer.

The thermal conductivity is a key material property, varying with material types,
temperature, and even size at the micro- to nanoscale. The range of thermal conduc-
tivity for different states of matter is shown in Figure 3.1.2 at normal temperatures
and pressure. Among them, graphene has a thermal conductivity up to 5000W m�1

K�1, whereas the lowest thermal conductivity matters include both the gaseous CO2
(0.0166W$m�1$K�1) and the solid aerogel (0.013W$m�1 K�1). From the gases to
the highly thermally conductive graphene, there is a difference of nearly 6 orders of
magnitude. The thermal conductivity is also a function of temperature. The tempera-
ture dependence of thermal conductivity for selected materials is shown in Figure 3.1.3
for selected materials used in electronic packaging, including the major semiconductor
materials such as silicon, silicon carbide, and gallium nitride as well as the fluid
coolants applicable in electronic cooling.

3.1.1.2 Micro- and nanoscale effect on heat conduction

In the preceding section, the thermal conductivity for bulk materials is discussed.
In applications such as electronics packaging, the material’s characteristic dimensions
can be on the order of micrometers or nanometers, and care should be taken to account

Ts1

l

Ts2

Fluid

Ts1 Ts2 T∞

T∞

Rcond Rconv

x

Solid

Figure 3.1.1 The steady-state heat transfer process and the thermal resistance network, with
heat conduction from the hot wall with temperature Ts1 to the cold wall with temperature Ts2
and heat convection from cold wall to the ambient air with temperature TN.
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for the possible reduction of thermal conductivity that can occur with size reduction.
For example, the energy conversion at the drain of a nanoscale MOSFET device would
lead to a temperature much higher than what is predicted based on the classical
Fourier’s law, resulting in a much faster thermal failure [2]. As the film dimensions
are much larger than the mean free path, or lmfp, namely, lx/lmfp[1, the scattering
effect of the boundaries on reducing the average energy carrier path length is minor,
and conduction heat transfer behaves as the bulk material. However, as the film
becomes thinner, the physical boundaries of the material can decrease the average
net distance traveled by the energy carriers, typically electrons and phonons. The
development of aerogel as insulation makes use of air with the size less than its lmfp

to achieve a thermal conductivity even lower than that for the bulk air.
For lx/lmfp> 1, the predicted thermal conductivity components perpendicular to the

film plane and in parallel to the film plane, kz and kx, may be estimated to be within
20% from the following expression.

kz
k
¼ 1� lmfp

3lz
(3.1.3a)

kx
k
¼ 1� 2lmfp

3plx
(3.1.3b)
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Figure 3.1.2 Thermal conductivity of different states of matter at normal temperature and
pressure.
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The critical film thicknesses, below which microscale effects must be considered,
lcrit,z perpendicular to the film plane and lcrit,x in parallel to the film plane are shown
in Table 3.1.1, together with the mean free path for several materials at temperature
T w300 K [1,3].

3.1.1.3 Heat convection

The convection heat transfer mode comprises two mechanisms, the energy transfer due
to random molecular motion or diffusion and the energy transferred by the bulk motion
of the fluid. The convection heat transfer mode is sustained both by random molecular
motion and by the bulk motion of the fluid within the boundary layer. Convection heat
transfer can be classified into forced convection and natural convection (also called
free convection). The forced convection is called so that the flow is caused by external
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Figure 3.1.3 The temperature dependence of thermal conductivity of selected materials.

Table 3.1.1 Mean free path and critical film thickness for various materials at T w300K [1,4].

Material lmfp (nm) lcrit,z (nm) lcrit,x (nm)

Aluminum oxide 5.08 36 22

Diamond (IIa) 315 2200 1400

Gallium arsenide 23 160 100

Gold 31 220 140

Copper 40 280 180

Silicon 43 290 180

Silicon dioxide 0.6 4 3
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means, such as by a fan or a pump. In contrast, the natural convection is induced by
buoyancy forces, due to factors such as density differences associated with temperature
variations in the fluid. An example is the natural convection heat transfer that occurs
from hot components on a vertical array of circuit boards in air. Air that makes contact
with the components experiences an increase in temperature and hence a reduction in
density. As the heated air is lighter than the surrounding air, buoyancy forces induce a
vertical motion for which warm air ascending from the boards is replaced by an inflow
of cooler ambient air. In special cases, the phase change takes place involving the heat
exchange and convection such as melting, boiling, and condensation.

The convection heat transfer is usually described by the Newton’s law of cooling,
namely,

q¼ hAðTs2� TNÞ (3.1.4)

where h in W$m�2$K�1 is the convective heat transfer coefficient, A is the surface
area, Ts2 is the surface temperature, and TN is the bulk temperature of the fluid. It is
noted that h values vary significantly with the fluid types, flow speed, and geometrical
configurations. For natural convection, h is in the range of 5e15W$m�2$K�1 in gases
and 50e100W$m�2$K�1 in liquids. For forced convection, h values would reach
15e250W$m�2$K�1 in gases and of 100e2000W$m�2$K�1 in liquids. The heat
transfer correlations for different regimes and specific configurations are tabulated in
Table 3.1.2 [1,2].

3.1.1.4 Thermal radiation

Thermal radiation is energy emitted by matter that is at a nonzero temperature, trans-
ported in the form of electromagnetic waves (or alternatively, photons). The thermal
radiation power from surface 1 to surface 2, as shown in Figure 3.1.4, is expressed by

q¼ εsAF12
�
T4
s1� T4

s2

�
(3.1.5)

where Ts1 and Ts2 are the absolute temperature (K) of the surfaces 1 and 2, respectively,
and s is the StefaneBoltzmann constant, s ¼ 5.67 � 108 W m�2 K�4, ε is the surface
emissivity of the surface 1, and F12 is the view factor between surfaces 1 and 2.
A surface with ε ¼ 1 is called the blackbody, an ideal radiator. With ε values in the
range 0e1, this property provides a measure of efficiency for a surface emitting energy
relative to the blackbody.

The thermal radiation may be neglected in the presence of forced convection in
electronic cooling. Nonetheless, it may be significant when the natural convection is
the major heat transfer mode.

3.1.1.5 Thermal resistance

An analogy exists between the diffusion of heat and electrical charge. Just as an
electrical resistance is associated with the conduction of electricity as depicted in
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Table 3.1.2 Empirical correlations for the heat transfer correlations under different conditions.

Regimes of convection Correlations for the heat transfer coefficient

Natural convection from isothermal vertical surface with
length l h ¼ C

�
k
l

��
r2agcpDTl3

mk

�n

C ¼ 0.59, n ¼ 1/4 for 1 < Ra < 109

C ¼ 0.10, n ¼ 1/3 for 109< Ra < 1014

Natural convection from isoflux vertical surface with length l
h ¼ 0:631

�
k
l

��
cpr2gaq00l4

mk2

�1=5
Natural convection on isothermal horizontal surface with
length l h ¼ C

�
k
l

��
r2agcpDTl3

mfkf

�n

C ¼ 0.54, n ¼ 1/4 for 104 � Ral � 107

C ¼ 0.15, n ¼ 1/3 for 107 � Ral � 1011

Natural convection on vertical cylinder with length l [5]
h ¼

�
k
l

�
Ra0.25

�
0:59 þ0:52Ra-0.25 l

D

�
Natural convection in rectangular cavities with cold and hot
vertical walls with width l h ¼ 0:22

�
k
l

��
ragcpDTl3

k

�n

2 < H/l < 10, Pr < 105, 103<Ral <1010

Forced convection on isothermal flat plate with length l
h ¼ C

�
k
l

��
rul
m

�n�
mcp
k

	1=3
Laminar:C ¼ 0.0664,n ¼ 1/2
Turbulent:C ¼ 0.0296,n ¼ 4/5
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Forced convection on isoflux flat plate with length l
h ¼ C

�
k
l

��
rul
m

�n�
mcp
k

	1=3
Laminar:C ¼ 0.453,n ¼ 1/2
Turbulent:C ¼ 0.0308,n ¼ 4/5

Laminar forced convection in circular tube with diameter D
and length l

h ¼ k
D

 
3:66 þ 0:0668ðD=lÞReDPr

1þ0:04½ðD=lÞReDPr�2=3

!
ReD ¼

�
ruD
m

�
; Pr ¼

�
mcp
k

	
for ReD < 2000

Turbulent forced convection in circular tube with diameter D
h ¼ 0:023

�
k
D

�
Re0:8D PrnðReD > 2000Þ

n ¼ 0.4 for heating, n ¼ 0.3 for cooling
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Ohm’s law, the thermal resistance can be associated with the transfer of heat. Defined
as the ratio of a driving potential to the corresponding transfer rate, the thermal resis-
tance Rcond for conduction in a planar wall, following Eq. 3.1.2, is expressed as

Rcond ¼ Ts1 � Ts2
qx

¼ l

kA
(3.1.6a)

Or the specific thermal resistance per unit area R00
cond is

R00
cond ¼

Ts1 � Ts2
qx

A ¼ l

k
(3.1.6b)

Note that Rcond and R00
cond have the units of K/W and K$cm2/W, respectively. The

thermal resistances take different forms for the different modes of heat transfer.
The thermal resistance for convection is then

Rconv ¼ Ts2 � TN
qx

¼ 1
hA

(3.1.7)

The specific thermal resistance for convection is simply the inverse of heat transfer
coefficient. For thermal radiation, the thermal resistance is expressed by

Rconv ¼ 1

εsAF12ðTs1 þ Ts2Þ
�
T2
s1 þ T2

s2

� (3.1.8)

Several thermal resistances based on the junctions of semiconductor chips have
been widely adopted in designing and characterizing various thermal problems in elec-
tronic packaging and systems, which are to be elaborated in the later sections.

Thermal resistance network representations provide a useful tool in both conceptu-
alizing and describing heat transfer problems quantitatively. The equivalent thermal
resistance network for the plane wall with convection surface conditions has been
shown in Figure 3.1.1. The overall heat transfer rate may be determined from the over-
all temperature difference over the addition of the thermal resistance in series

Surface 1 Ts1

Surface 2 Ts2

Figure 3.1.4 Heat transfer from a surface at temperature Ts1 to a hemisphere ambient at
temperature Ts2 by thermal radiation.
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connection. For the thermal network shown in Figure 3.1.1, the heat flow can be
expressed in term of thermal resistance.

qx¼ Ts1 � Ts2
Rcond

¼ Ts2 � TN
Rconv

¼ Ts1 � TN
Rcond þ Rconv

(3.1.9)

3.1.1.6 Heat conduction through radial systems

The heat conduction for a concentric cylindrical system with the inner radius r1, outer
radius r2, and length of l can be solved by the following equation.

1
r

d
dr

�
kr

dT
dr

�
¼ 0 (3.1.10)

Thus, the heat flow along the radial direction is

qr ¼ 2plkðTs1 � Ts2Þ
lnðr2=r1Þ (3.1.11)

The thermal resistance between the inner surface and outer surface is obtained as
follows:

Rcond ¼ lnðr2=r1Þ
2plk

(3.1.12)

3.1.2 Thermal interfacial resistance

Various interfaces exist in electronic packages and the temperature drop across the
interface between materials can be appreciable. This temperature drop could be large
in view of the contact resistance because of the surface asperity, trapped air voids,
and microscale heat transfer effect in between the matching surfaces. A description
of the interfacial resistance with air voids can be found in the reference such as
Ref. [6]. To minimize the contact resistance, TIMs have been used to fill in the
gaps between the two surfaces to result in a reduced thermal resistance. This is
known as the thermal interfacial resistance. The contact resistances can be minimized
to some degree but are never zero-valued due to the boundaries and possible imper-
fect wetting between the TIM and the two solid surfaces, which is called thermal
interfacial resistance. The concept of the thermal interfacial resistance is schemati-
cally shown in Figure 3.1.5. The thermal resistance and specific thermal resistance
are defined respectively as follows:

Rtim¼ T1 � T2
qx

(3.1.13a)
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R00
tim ¼ T1 � T2

q00x
(3.1.13b)

The thickness increase due to the adding of TIM is called bond line thickness
(BLT), which can be used to determine the bulk thermal resistance related to the
TIM. The thermal resistance for the thermal interface filled in with conductive mate-
rials can be obtained based on the experimental method as described in the ASTM
5470D standard [7]. Nonetheless, the in situ evaluation tests of TIM in a package is
of more practical interest, which include power cycling test, thermal cycling test, tran-
sient test, cold plate test, and so on. The thermal interfacial resistances vary for
different TIM materials, depending on the material properties, reliability, and applica-
tion scenarios. Common TIMs include thermal grease, thermal gel, thermal adhesive,
elastomer, and thin foils made of metal or graphite sheets.

The thermal grease usually has excellent wetting and thermal performance with
minimum contact resistance when being first applied package surface. Made of sili-
cone oil with thermally conductive fillers, the thermal grease has excellent ability to
conform to mating surfaces and performs well at low operational temperatures, such
as temperatures below 90 �C. However, thermal grease degrades significantly during
temperature cycling or power cycling tests due to the pumping out mechanism. The
CTE mismatch of the lid and package tends to squeeze out the silicone oil during
the test, which is difficult to apply at the interfaces from the deformable package,
such as the Type 1 thermal interface material (TIM1) between the silicon chip and
the metallic lid.

Thermal gel material is a gel-like TIM with a low modulus but a high elongation
rate, which has been successfully developed for on-chip application (TIM1) between
lid and flip chip. Filled with thermally conductive fillers, thermal gel possesses poly-
dimethylsiloxane as polymer matrix. The material is normally supplied as liquid paste
format, and the storage shear modulus G0 is less than the loss shear modulus G00
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Figure 3.1.5 The schematic of the thermal interfacial resistance. (a) Surface contact without
thermal interface material (TIM); (b) surface contact with interface material; and (c) the
temperature gradient along the interface distance with and without TIM.

68 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



(corresponding to the viscosity for liquids). At elevated curing temperature, vinyl
groups in the base polymer react with the crosslinking agent to cure into a skinesoft
polymer network with the aid of a platinum catalyst. This curing makes G0>G00 and
thus make it endure the pump out to maintain its gelation form during the various
reliability tests without significant degradation (say 0.02e0.03 K cm2/W increase in
thermal resistance for typical processor applications). Intel has successfully character-
ized the material properties and applied as TIM1 material between the lid and the chip
[8e10]. The typical specific interfacial resistance varies from 0.05K$cm2/W to
0.2K$cm2/W.

Thermal adhesive is referred to the fully cross-linked resin type TIM filled with
thermally conductive fillers. Because of its high modulus and hardness, the material
BLT is designed larger in purpose than the thermal gel of the same polymer system
to resist the excessive thermomechanical stress during operation. The contact resis-
tance between TIM is also larger due to the use of coarser fillers. In general, the thermal
adhesive cannot be reworked or repaired once assembled at the end of line.

The elastomeric TIM (or elastomer) is a solid-like material, precured in factory and
then supplied to assembly house. The elastomer can be used as the TIM for a second-
ary die in a multiple chip package in conjunction with other TIMs. One example is to
apply at top of a memory stack in a 2.5D package, in which both the processor and
memory are assembled on a common interposer. Although with relatively large contact
resistance, an elastomer has the advantage of easy assembly with good stress-
absorbing compressibility and reworkability.

For high performance packages such as land-grid array (LGA) and pin-grid array
(PGA) packages, the indium solder TIM is assembled at the die top by major chip
makers such as Intel and AMD to minimize the interfacial thermal resistance. Nonethe-
less, the die top must be metallized carefully to form the metallurgical indium solder.
For ball-grid array (BGA) applications, which require an even higher temperature
reflow exceeding the indium melting point, a polymer gel is also used as TIM1 with
a plain die without metallization.

Graphite sheet can also work as TIM in the test of the package. The thermal inter-
face resistance for graphite foil TIM materials is shown in Figure 3.1.6 used in the
system-level testing (SLT) of a logic die assembled with a memory chip in a 2.5D
package. The thermal gel is applied on top of the logic die, whereas the elastomer is
applied on the memory chip to fill the gap to the lid. The test was conducted by attach-
ing a temperature-controlled thermal head the package top.

Because of the good lubrication, mechanical integrity, and thermal performance at
low cost, graphite sheets can endure multiple insertions before mechanical failures,
which allows multiple uses in the burn-in and system-level test of packages.
Figure 3.1.6 shows the test of a lidded package used in a burn-in test configuration.
Figure 3.1.7 show the thermal resistance of graphite foils between the package and
the thermal control unit at different pressures [10]. The contact resistance of the
graphite sheet as TIM is comparable or higher than the bulk thermal resistance even
if the surface is flat. On the contrary, the liquid-based TIM such as thermal grease,
due to its excellent wetting characteristics, has a very small contact resistance in
comparison with its bulk thermal resistance.
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The research studies on the development of new TIMs with advanced materials
such as carbon nanotube (CNT) and graphene are gaining increasing interest. CNT
in the TIMs can be found for example in Ref. [11]. Although the bulk thermal resis-
tance can be reduced slightly, the contact resistance between the CNT and the base
polymer remains at a relatively high level. With the birth of the graphene, more efforts

Memory Logic die

Thermal gel

Elastomer

Thermal
control unit

Insulation

Figure 3.1.6 A burn-in test configuration with the solid thermal interface material (TIM) on a
lidded package.
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Figure 3.1.7 Contact thermal resistances in comparison with the total interfacial resistances for
thermal interface materials (TIMs) made from graphite foils (1K$in2/W ¼ 6.45K$cm2/W,
1Psi ¼ 6895Pa).
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have been devoted to develop the TIM with graphene [12,13]. Shahil et al. show a sig-
nificant enhancement with graphene-based thermal grease [12]. The thermal grease
mixed with the multilayer graphene (MLG) flakes goes up to 5.4W$m�1$K�1, which
is 28 times of the thermal conductivity of base polymer matrix. They attributed the sig-
nificant thermal enhancement to the factors such as low Kapitza resistance at the gra-
phene/matrix interface, the flake-like geometrical shape of multiple layer graphene
flakes and optimum mix of graphene, and MLG with different thickness and lateral
size. It is expected that the research work in this area will surge up in the near future
to accelerate the adoption of graphene-based TIMs.

3.1.3 Heat transfer from extended fin surfaces

Finned surfaces are commonly seen in the electronic cooling field. Considering the
simplest case of straight rectangular fin of uniform cross section, each fin is attached
to a base surface of temperature T(0) ¼ Tb and extends into a fluid of temperature TN
with the thermal conductivity of k, as indicated in Figure 3.1.8(a). For the prescribed
fins with a constant cross-sectional area Ac, the thermal energy equation can be
obtained as

d2T
dx2

� hP

kAc
½TðxÞ� TN� ¼ 0 (3.1.14)

where Pw is the perimeter of the fin and Pw ¼ 2(w þ t), with w the fin width and t the
fin thickness. Introducing q(x) ¼ T(x)�TN, and solving Eq. (3.1.14), one obtains
(3.1.15)

q

qb
¼ cosh mðl� xÞ þ ðh=mkÞsinh mðl� xÞ

cosh mlþ ðh=mkÞsinh ml
(3.1.15)
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Figure 3.1.8 Straight fins of uniform cross section under forced convective heat transfer
coefficient h: (a) rectangular fin and (b) annular fins.
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Here

m2 ¼ hPw

kAc
(3.1.16)

Note that the magnitude of the temperature gradient decreases with increasing x.
This trend is a consequence of the reduction in the conduction heat transfer qx(x)
with increasing x due to continuous convection loss from the fin surface.

Analysis of fin thermal behavior becomes more complex if the fin is of circular
cross section. Consider the annular fin shown in the inset of Figure 3.1.8(b). Although
the fin thickness t is uniform (t is independent of r), the cross-sectional area, Ac¼2prt,
varies with r, the general form of the fin equation reduces to

d2T
dr2

þ 1
r

dT
dr

� 2h
kt

ðT � TNÞ ¼ 0 (3.1.17)

with m2 ¼ 2 h/kt and q ¼ T-TN,

d2q
dr2

þ 1
r

dq
dr

� m2q ¼ 0 (3.1.18)

If the temperature at the base of the fin is prescribed, q (r1) ¼ qb, an adiabatic tip is
presumed, and a temperature distribution in the following form is obtained.

q

qb
¼ I0ðmrÞK1ðmr2Þ þ K0ðmrÞI1ðmr2Þ
I0ðmr1ÞK1ðmr2Þ þ K0ðmr1ÞI1ðmr2Þ (3.1.19)

where I0($) and K0($) are modified zero-order Bessel functions of the first and the
second types, respectively. It follows that

qf ¼ 2pkr1tqbm
K1ðmr1ÞI1ðmr2Þ � I1ðmr1ÞK1ðmr2Þ
K0ðmr1ÞI1ðmr2Þ � I0ðmr1ÞK1ðmr2Þ (3.1.20)

where qf is the heat flow to the fin, I1 and K1 are modified first-order Bessel functions
of the first and second kinds, respectively. From which the fin efficiency becomes

hf ¼
qf
qmax

¼ qf
hAfqb

(3.1.21a)

For the circular fin, fin efficiency is

hf ¼
qf

h2pðr22 � r21Þqb
¼ 2r1

m
�
r22 � r21

� K1ðmr1ÞI1ðmr2Þ � I1ðmr1ÞK1ðmr2Þ
K0ðmr1ÞI1ðmr2Þ þ I0ðmr1ÞK1ðmr2Þ

(3.1.21b)

72 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



In contrast to the fin efficiency hf, which characterizes the performance of a single
fin, the overall surface efficiency ho characterizes an array of N fins and the base
surface to which they are attached. Typical fin arrays are shown in Figure 3.1.8.
In each case, the overall efficiency is defined as

h0¼
qt

qmax
¼ qt

hAtqb
(3.1.22)

where qt is the total heat rate from the surface area At associated with both the N fins
and the exposed portion of the base, At ¼ NAf þ Ab.

Thus, the total heat transfer rate from the fins and unfinned area is expressed as

qt¼ h½NhfAf þðAt�NAfÞ�qb ¼ hAt

�
1�NAf

At
ð1� hfÞ

�
qb (3.1.23)

The overall thermal resistance can be determined by the following expression.

Rt¼ Tb � TN
qt

¼ 1
h½At � NAfð1� hfÞ�

(3.1.24)

3.1.4 Heat generation in electronics systems

A common heat generation process involves the conversion from electrical to thermal
energy in a current-carrying medium (also called Ohmic, or Joule heating) as well as
high-frequency dissipation. The rate at which heating energy is generated by passing a
current I through a medium of electrical resistance Re is

q¼ I2Re (3.1.25)

Heat generation may also occur as a result of the deceleration and absorption of
neutrons in the fuel element of a nuclear reactor or exothermic chemical reactions
occurring within a medium. For example, lithium-ion batteries are used widely in con-
sumer electronics and mobile devices such as a mobile phone. Endothermic reaction
takes place in a lithium-ion battery, which would generate significant portion of waste
heat and have adverse effect on the electronic package and system. The simplified heat
generation for a lithium-ion can be expressed as follows [14].

q¼ IðVoc �VÞ þ IT

�
� vVoc

vT

�
(3.1.26)

Here I is the electric current, Voc the open circuit voltage, V the closed circuit
voltage, and T the absolute temperature in Kelvin scale (K). The first term on the right
hand corresponds to the Ohmic heating due to internal electrical resistance and the sec-
ond term corresponds to the reversible heat generation during electrochemical reaction
depending on the charge and discharge processes. The heat dissipation for a typical
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LiCoO2-based 18650 battery with a standard size of 18 mm in diameter and 65 mm in
height is displayed in Figure 3.1.9. The discharge rate is 3 times of the nominal current
(3C), which shows an average power of around 4W.

3.2 Package-level thermal analysis and design

A conventional planar package such as flip chip BGA involves a variety of parts
including a single chip, solder bumps, a substrate with traces and vias, solder balls,
etc. With the development in heterogeneous integration, 2.5D and 3D packages are
developed as next-generation packaging technologies integrated with more parts. In
a 2.5D package, multiple dissimilar chips are stacked on a common interposer, with
through-silicon vias (TSVs) and microbumps to connect to each other or to the sub-
strate, whereas a 3D package requires multiple chips vertically stacked with TSVs
and microbumps as interconnects. Dissimilar chips, logic chip, memory, optical
devices, etc., can be assembled on a common interposer to fulfill the operations
through the microlines with finer on-silicon RDL and TSV processes. Proper modeling
and analysis of the thermal properties of TSVs together with other parts of package of
increasing complexity is crucial to the successful thermal design of the package. In the
following, the submodels of various package parts are to be elaborated based on the
principles of thermal analysis as described in Section 3.1.

3.2.1 Analytical solutions for analysis of through-silicon vias

The determination of thermal property of TSVs is not straightforward as it involves a
number of design and process factors, including via size and geometry, the surround-
ing insulation materials, and barrier layer. The TSVs, mostly plated with copper, have
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Figure 3.1.9 The curves of reversible, irreversible, and total heat of the 18,650 battery at the 3C
discharge rate.
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higher thermal conductivity than the bulk silicon, which is expected to promote the
heat transfer. On the other hand, the electrical insulation material is required to deposit
between the TSV and the surrounding semiconductor silicon to minimize the signal
loss. Different types of materials such as silicon oxide or polymers made of parylene,
benzocyclobutene (BCB), or phenolic aldehyde have been used between silicon and
TSV as electrical insulation [15e18]. The insulation material, though much thinner
than the copper via, induces additional thermal resistance, adversely affecting the ther-
mal transport capability.

In Liu’s group [19], the high aspect ratio CNT TSV has been successfully devel-
oped through the CVD process. The multiwalled carbon nanotube (MWCNT) is
then transferred to the wafer holes, separated from the silicon with SiO2 and metalli-
zation layers. In addition, the MWCNT TSV can be bonded together without solder or
adhesive, which eliminate the thermal resistance of the bonding layer by a conven-
tional solder bump method. The fabricated package on interposer with copper TSV
is exemplified in Ref. [19].

In line with the TSV development, thermal analysis of the TSV thermal perfor-
mance is being called for to address thermal issue. Most of the thermal analysis and
characterizations have been conducted by ignoring the insulation effect on the
in-plane thermal conductivity [20e26].

Lau et al. [23] conducted numerical simulation of copper TSV effect on the thermal
performance. Ma et al. (2014) [24] considered the cylindrical model of the metallic
TSVs and build an analytical model for the effective thermal conductivity without tak-
ing into account the insulation layer. Oprins et al. [25] conducted an experimental
study by cooling the 2.5D and 3D package with a cold plate. It was found that the
measured chip temperature was obviously higher than the numerically simulated
values. They attributed this underestimation of temperature to the crack of TSVs
without evidence, which seems unlikely as the package was well fabricated without
undergoing reliability test. It is more believed that such an underestimation may be
due to the neglect of the insulation layer in the thermal simulation. A few research
teams realized that the insulation layer may have an adverse effect on the transverse
thermal conductivity. Chen et al. [26] studied the adverse effect of thermal insulation
by analyzing the thermal network and optimized the TSV array in the chip. However,
the effective thermal conductivity model was numerically obtained without providing
detailed TSV data.

Recently, it has been gradually recognized that the insulation material, though small
in thickness, would have an unfavorable impact on the thermal performance of high-
power chips [26] based on a numerical analysis tool. Effort has been conducted to
correlate the effect of the silicon oxide layer on the thermal performance of the inter-
poser with TSV. Nonetheless, the empirically fitted correlation, due to the lack of
physical foundation, cannot cover all the scenarios especially when the insulation is
much smaller than the copper TSV. The unfavorable effect of TSVs on the thermal
performance of the package is also not well addressed for the package under different
thermal boundary conditions. Zhang et al. [27] identified that the insulation layer could
affect the transverse thermal conductivity significantly, which may also have an impact
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on the package thermal performance. The analysis starts as follows with a brief review
of the models in thermal transport in porous media.

3.2.1.1 Porous media model

Before addressing the TSV thermal model, it is instructive to preview the heat transfer
model in porous media. In one way or another, the porous media model can be intro-
duced to simplify the analysis of various geometrical parts in the electronic packaging
field. A porous medium consists of several phases in either solid or fluid with either
periodic or random structure and layout. Thermal analysis of porous media is available
in literature such as the well-known MaxwelleEucken’s equation [28]. Similar to
porous media, many parts in electronic packaging exhibit periodic structure. Typical
examples include solid bumps filled with underfilled epoxy, substrate vias of different
forms, and more recently, the array of TSVs, and redistribution layer (RDL) on the
silicon interposer. The TSV array is mostly periodic, at least partially, and can be
treated as porous media in whole or partially, so that the key thermophysical properties
can be obtained analytically without resorting to time-consuming numerical approach.

The thermal model based on the porous media is to be briefed as follows. In a series
composite wall consisting of two phases in heat conduction mode, the effective ther-
mal conductivity can be obtained based on the analysis of series resistance. Assuming
that the phase 1 has a length of b l and phase 2 of length (1eb)l, the effective thermal
conductivity through the plane in series is given as

keff;series ¼ 1
ð1� bÞ=k1 þ b=k2

(3.2.1)

Alternatively, the effective thermal conductivity for the parallel composite wall
consisting of the phase 1 with a width b w and phase 2 with a width (1eb)w, as the
copper and silicon illustrated in Figure 3.2.2(d), can be described by the following
equation.

keff;parallel ¼ bk2 þ ð1-bÞk1 (3.2.2)

It is noted that the above correlation can also be developed based on the volume
averaging theory in porous media.

Another expression known as the MaxwelleEucken’s equation [1,28] is available
for dispersed phase in a continuous composite system for the effective thermal conduc-
tivity of phase 1 interspersed with uniformly distributed, noncontacting spherical
inclusions phase 2.

keff ¼
�
k2 þ 2k1 � 2bðk1 � k2Þ
k2 þ 2k1 þ bðk1 � k2Þ

�
k1 (3.2.3)

Here b is referred to the volume fraction of the non-contacting phase 2. In the
realistic electronic package with either periodic or random patterns, the above
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porous media model can be utilized to derive the effective thermal conductivities in
one way or another.

3.2.1.2 Submodels of through-silicon vias

In this part, the different analysis models are examined for the modeling of TSVs.
In literature, some work has been conducted to obtain the effective thermal conductiv-
ity of the TSVs numerically, which is however time-consuming and inconvenient for
thermal design. Instead, analytical solutions can be utilized to avoid significant
computing effort within acceptable engineering accuracy. The TSV array, either
with and without the insulation layer, is shown in Figure 3.2.1.

In the analytical model provided by Ma et al. [24], the insulation layer is neglected
and thus the effective thermal conductivity was derived for in-line matrix of TSVs
embedded in silicon as shown in Figure 3.2.1. The representative block consists of
a metal via with the diameter D embedded in a silicon block with edge length of P.
Let e ¼ Dv/P, then the effective thermal conductivity is written as

keff==¼
k2Si þ kSiðkCu � kSiÞe

kSi þ ðkCu � kSiÞeð1� eÞ (3.2.4)

Define the volume ratio of copper and silicon is b, which is expressed by

b¼ vCu
vSi

¼ pe2

4� pe2
(3.2.5)

Thus, the effective thermal conductivity can be expressed in term of b also, namely,

keff==¼
pð1þ bÞk2Si þ kSiðkCu � kSiÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pbð1þ bÞp

pð1þ bÞkSi þ ðkCu � kSiÞ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4pbð1þ bÞp � 4b
� (3.2.6)

The above equation can be recast in terms of the TSV diameter to spacing ratio Dv/
P, namely,

keff==
kSi

¼ 1þ ðkCu=kSi � 1ÞðDv=PÞ
1þ ðkCu=kSi � 1ÞðDv=PÞð1� Dv=PÞ (3.2.7)

It is noted that this model does not consider the effect of the insulation layer, which
is thin in size but cannot be neglected in the thermal evaluation.

In Zhang et al.’s work [27], a closed-form thermal conductivity model for the TSV
chips is developed to capture this insulation effect. An analytical model is proposed by
treating the insulation layer as a contact resistance surrounding the TSV. This analyt-
ical model is validated with the numerical analysis with reasonable agreement. The
in-plane thermal conductivity of the interposer decreases dramatically with the
increase in the ratio of the TSV diameter to the pitch, Dv/P. Besides the Dv/P ratio,
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Figure 3.2.1 Fabricated copper through-silicon via (TSV) of 10 mm in diameter in interposer for
2.5D package.
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Figure 3.2.2 Through-silicon via (TSV) structure: (a) TSV array in silicon without insulation
layer; (b)TSV array with surrounding insulation layer; (c) representative unit cell with insu-
lation; (d) the lateral view of the TSV without insulation layer; and (e) the lateral view of the
TSV with insulation layer.
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the reduction in effective thermal conductivity depends also on the insulation param-
eters such as insulation thickness and thermal conductivity.

This work starts with the in-line TSV array without interacting with the heat-
generating zones such as logic area and layered metal layers. The plan view of the
in-line TSV array with insulation layer is shown in Figure 3.2.2(b), together with
the case without insulation layer. Mostly, the insulation layer is made of silicon oxide
with a thermal conductivity of 1.3W$m�1$K�1, which is two order of magnitude lower
than those for the bulk silicon at room temperature (150W$m�1$K�1) and copper TSV
(385W$m�1$K�1). Other insulation made of polymer materials such as parylene or
BCB has an even lower thermal conductivity around 0.1e0.2W$m�1$K�1. In general,
the insulation thickness is in the range of 0.1e1 mm, much smaller in comparison with
the TSV diameter from 5 to 50 mm. However, the insulation layer has a significant
blockage effect on the in-plane heat conduction, depending on several geometrical fac-
tors including insulation thickness, via diameter and via pitch, and thermophysical
properties.

Because the insulation layer is much smaller than the TSV diameter, it is reasonable
to treat the insulation layer as a contact resistance for the TSV embedded in bulk sil-
icon. Thus, the following model can be used, namely,

keff==
kSi

¼

�
kv
kSi

ð1þ 2gÞ þ 2

�
þ 2vins

�
kv
kSi

ð1� gÞ � 1

�
�
kv
kSi

ð1þ 2gÞ þ 2

�
� vins

�
kv
kSi

ð1� gÞ � 1

� (3.2.8)

Here kv is the thermal conductivity of metal via, vins the volume fraction of the insu-
lation material with respect to the volume of the unit cell bulk, and g the normalized
contact resistance which is defined by

g¼ 2RckSi
Dv

(3.2.9a)

The specific contact resistance R00
c is defined with the thermal resistance across the

concentric insulation layer, namely,

R00
c ¼

Dv$lnðDins=DvÞ
2kins

(3.2.9b)

Thus, g is simplified into the following form:

g¼ kSi
kins

$ln

�
Dins

Dv

�
(3.2.9c)
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It is noted that Eq. (3.2.8) has been used previously in estimating the contact resis-
tance of nanocomposites, where the contact resistance was utilized to quantify the heat
transport at the interface of infinitesimally small scale between nanoparticles and the
matrix material [29,30]. The novelty of Zhang et al.’s work is to apply Eq. (3.2.8)
in obtaining the overall thermal property with the finite thickness of the insulation
as there is little work in analyzing the TSV insulation layer as the contact resistance.
Such a treatment may apply to the cases in which the insulation layer thickness is much
smaller than the via diameter, which is also in line with the trend for the TSV imple-
mentation. To increase the analysis accuracy, the effect of the radial heat conduction
for the concentric insulation layer has been taken into account in Eq. (3.2.9b) to obtain
the contact resistance Rc. In addition, the volume of the insulation combining with the
via is included in the calculation of b ins in Eq. (3.2.8), which is not considered in the
previous studies [29,30].

If the insulation layer thickness reduces to zero, g approaches zero and Eq. (3.2.8)
reduce to the case without the insulation layer, which is equivalent to the known
MaxwelleEucken equation, namely,

keff==
kSi

¼
kv
kSi

þ 2bv

�
kv
kSi

� 1

�
kv
kSi

þ 2� bv

�
kv
kSi

� 1

� (3.2.10)

Here, the volume fraction bv is the ratio of the via volume to the unit cell volume.
Eq. (3.2.10) can be used to predict the effective thermal conductivity for a two-phase
system such as metal vias in the bulk silicon material.

The effective density and heat capacity of the interposer are given as follow:

reff ¼
rvVv þ rinsVins þ rSiVSi

Vv þ Vins þ VSi
(3.2.11a)

cp;eff ¼ rvCvVv þ rinsCinsVins þ rSiCSiVSi

rvVv þ rinsVins þ rSiVSi
(3.2.11b)

where reff and cp,eff are the effective density and specific heat for the bulk silicon with
TSVs, respectively.

The analysis model given in Eq. (3.2.8) is compared with existing studies such as
Ref. [24]. In the meantime, the numerical simulation is also conducted to examine the
effective thermal conductivity. The TSV diameter has been set to be 10 mm and insu-
lation 1 mm with different Dins/P ratios. The results are shown in Figure 3.2.3.

Without the insulation SOX, good agreement is achieved between the present anal-
ysis and numerical results. Both are lower than Ma et al.’s results. With the insulation
SOX, the present analysis results are close to the numerical results within 10% forDins/
P � 0.5, which shall be sufficient for thermal modeling of most TSV array for Dins/
P � 0.5.
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In Fig. 3.2.4, the analysis work from Zhang et al. [27] is also compared with results
from available correlation on the TSV insulation layer from Chien et al.’s work [31],
where an empirical correlation for TSVs with silicon oxide layer was fitted based on
numerically computed results. The fitted correlation takes the following form.

keff==¼
�
90t�0:3

ins � kSi
��Dins

P

�
H�0:1 þ 160t0:07ins (3.2.12)

where tins is the thickness of silicon oxide, H the via height in microns, both given in
microns. It is noted that this correlation is not homogenous, which may provide
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Figure 3.2.3 In-plane thermal conductivity ratios for the cases with and without through-silicon
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inappropriate results at small Dv/P values due to the lack of physical foundation, as
indicated in the following discussion. This correlation is limited to the specific bulk
silicon, silicon oxide, and copper via structure, which may not be extended to general
cases with other types of materials such as polymer insulation with varying thermal
conductivity range.

Figure 3.2.5 shows the comparison of the present analytical results with the fitted
correlation from Chien et al. [31]. The silicon oxide layer thickness, tins, is used as
the abscissa for convenience of comparison. The TSV diameter has been imposed
to be 10 mm. It is observed that the effective thermal conductivity ratio from
Ref. [31] increases unexpectedly above the line of keff/kSi ¼ 1 at a small value Dins/
P of 0.056. This deviates from the physical rule as the effective thermal conductivity
should decrease with increase in tins. This could be due to the fitting error in the cor-
relation due to limited case study in Ref. [31]. The deviations from the present model
are further exemplified in Figure 3.2.5(a) for cases with small oxide thickness (tins<
1 mm). Such deviations could become negligibly small only at large insulation thick-
ness tins�1 mm, as indicated in Figures 3.2.5(b) and 3.2.4.

Figure 3.2.6 summarizes the trend of TSV in-plane thermal conductivity with the
via diameter to pitch ratio at different SOX thickness. Obviously, a large Dv/P ratio
leads to higher volume fraction, accounting for the remarkable reduction in the in-
plane thermal conductivity. At the same Dv/P, the insulation thickness also contributes
to the reduction of the in-plane thermal conductivity, nonetheless to a lesser degree.
Polymer insulation with a lower thermal conductivity (0.2W$m�1$K�1) is also shown
in the same figure for comparison, which may further reduce the in-plane thermal con-
ductivity at the same Dv/P ratio.

Figure 3.2.6 hints that a dense array of TSV with thermally insulated layer might
lead to an increase in the junction temperature and TSVs with smaller Dv/P ratios
could be used to avoid the decrease in the in-plane thermal conductivity. This can
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be implemented by either reducing the via diameter or increasing the TSV pitch. On
the other hand, a system-level thermal evaluation is to be conducted to examine the
effect on the overall thermal metrics such as junction-to-ambient thermal resistance
due to the presence of insulated TSVs.

A 2.5D package mounted with a heat generating chip is also examined at the board
level, the structure of which is schematically shown in Figure 3.2.7. It is found that, in
the presence of insulated TSVs, the junction-to-ambient thermal resistance is almost
unchanged for the low Dv/P ratio of 0.1 but increases by 7% at a large Dv/P ratio of
0.5. Therefore, it is suggested not to neglect the TSV in the design stage if a dense
TSV array is used.

3.2.2 Submodels for substrate and redistribution layer

The laminated substrate with the typical via microstructure layers is shown in
Figure 3.2.8. A detailed discussion on the laminated substrate with multiple trace
layers will be shown in Section 3.3. The laminated substrate consists of both the
core layer with plated through hole (PTH) vias and the buildup layer with microvias
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Figure 3.2.7 Schematic of a 2.5D package with through-silicon via (TSV) interconnects.
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of tapering outer dimension. Similarly, the RDL on the interposer also possesses
multiple layers of microvias through the dielectric materials such as polyimide.
To facilitate the thermal analysis, the PTH vias and tapering vias are represented in
thermal submodels based on the heat transfer theory.

The equivalent thermal conductivities in each layer should be computed and incor-
porated in the thermal modeling at the system level. Otherwise the temperature fields
lack of accuracy to guide the design and development work. The substrate model is
discussed as follows.

To simplify the submodel, the substrate can be divided into several layers; each
layer is represented by effective thermal conductivities in different directions. For
the top copper trace layer, the copper traces are interconnected; see also Layer 1
(L1) in Figure 3.3.3. The effective thermal conductivity can be obtained with
Eq. (3.2.1) based on the portion of the copper content, which can be obtained from
the software during the routing of electrical wiring.

A difficult part is the thermal modeling of the different microvias plated in the
buildup layer in between the copper trace layers. The different vias have been shown
in Figure 3.2.9, marked with via top and bottom diameters D1 or D2 and plating thick-
ness t. The microvias can be divided into three types: the solid via filled fully with
copper, the conformal via filled with polymer, and the PTH vias in the core layer filled
with resin (through hole via). In each metal layer or via layer, the equivalent through-
plane thermal conductivity can be calculated by Eq. (3.2.1).

Nonetheless, the in-plane thermal conductivity has to be simplified to reduce the
complexity of the modeling. For example, the trapezoidal microvia can be simplified
into a cylindrical shape with same diameter, which is then calculated based on the
porous media model. The simplification process is shown in Figure 3.2.9. For the filled
via with a shape of circular truncated cone, the via is approximated as a solid cylindri-
cal via of equivalent diameter of (D1þD2)/2 of the same material, as shown in
Figure 3.2.9(a). Following Eqs. (3.2.2)e(3.2.3), one obtains the through-plane and
in-plant thermal conductivities of the via layer.
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Figure 3.2.8 The 3D integrated circuit (IC) package containing representative package parts for
submodel development, together with the thermal resistance network.
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For the conformal via with a plating thickness t, the via is first approximated as a
concentric cylindrical via of the inner diameter of (D1þD2)/2 and the outer diameter
of (D1þD2)/2þ2t, as illustrated in Figure 3.2.9(b). Then the concentric cylindrical
via is further approximated as a solid via with a reduced thermal conductivity of the
same outer diameter based on the Maxwell equation in Eq. (3.2.4). Again one obtains
the through-plane and in-plane thermal conductivities of the via layer following Eqs.
(3.2.2)e(3.2.3). A concrete example is given as follows for the conformal via indicated
in Fig. 3.2.9(b). Assuming t ¼ 15 mm, D1 ¼ 50 mm, and D2 ¼ 80 mm, the outer and
inner diameters for the concentric cylinder are 95um and 65um, respectively. The vol-
ume fraction of the inner air phase is b¼43.1%. The equivalent thermal conductivity
for the solid via through the plane is calculated to be kt ¼ Vvkcu þ Vairkair ¼
(952-652)/952�390þ 652/952x0.026¼207.4Wm-1K-1.

The through-plane thermal conductivity is calculated to be

k==¼
�
kair þ 2kCu � 2bðkCu � kairÞ
kair þ 2kCu þ bðkCu � kairÞ

�
kCu ¼ 168:1W$m-1$K-1

Although the two thermal conductivities are slightly different in values, both are
much larger than the thermal conductivities of internal air voids and the surrounding
polymer materials.

The solid ball at the second level can be viewed as cylindrical blocks of the same
volume and thermal conductivity. Considering the same two-phase medium made of
the cylindrical block and the surrounding air, both the through-plane and in-plane
thermal conductivities can be attained in a similar manner.

With thermal submodels of the different parts, the package model can be estab-
lished through the numerical solver such as Flotherm. In-depth discussion of the
numerical methodology and solutions is to be given in Section 3.3.

D1

D2

D1

D1+2t

D2+2t
D2

(a)

(b)
(D1+D2) 2

(D1+D2) 2+2t (D1+D2) 2+2t

(D1+D2) 2

Figure 3.2.9 Different substrate via model: (a) the filled via and its simplified thermal submodel
and (b) the conformal via and its simplified thermal submodel.
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3.2.3 Thermal model for 3D integrated circuit package

Vertically integrated 3D circuits have attracted significant attention in the recent years
due to potential benefits such as the increased device density, reduced signal delay, and
enabled new architecture designs and heterogeneous integration. Vertical integration
of heterogeneous technologies using 3D integration may offer many advantages
over alternatives such as package-on-package (POP) and system-on-single chip.
Compared with the conventional 3D POP package, a 3D IC package is viewed as
the real 3D integration, in which the logic chips or logic and memory chips are stacked
with much faster signal transmission speed due to shortened interconnects. Metal-filled
TSV enables communication between the two dies as well as with the package.

The integration technologies for 3D ICs include both face-to-face integration and
back-to-face integration. While 3D technology has clearly established benefits in terms
of electrical performance, it also exacerbates the severe challenge of microelectronics
cooling. Because of the stacking of ICs of already extremely high temperature inherent
in the 3D stacked dies, disastrous failures are expected in 3D IC integration. It is sug-
gested to either minimize the power consumption on the die or along the interconnects
to mitigate the thermal challenge.

A low power design involving stacking memory on logic was analyzed, and the in-
crease in peak temperature in this case was expected to be limited to a few degrees
Celsius [20]. Alternatively, volumetric heat removal techniques are also being pursued
to reduce the chip temperature. Convective heat transfer from a multi-die stack using
liquid cooling has been also reported in references such as Refs. [32e34].

In this section, a preliminary thermal network analysis of the 3D stacked IC is pre-
sented to address the fundamental heat transfer questions critical to the successful
implementation of 3D technology. The schematic of a 2-die stack on package and
the thermal resistance network with multiple heat generating junctions are shown in
Figure 3.2.8. Uniform heat generation in the device planes is assumed, and heat flows
only in the direction normal to the device planes. In general, a 3D microelectronics sys-
tem comprises two or more strata mechanically connected to each other through an
appropriate interstrata bonding technology. Each strata and interface is characterized
by the thermal resistance of the interstrata bonding layer made of bumps and underfills
and the back end of line (BEOL) metal dielectric stack, which is lumped as Rint in the
thermal network in Figure 3.2.7. As indicated, the two dies are stacked face to face
with the heat sink thermal resistance Rhs and package thermal resistance Rpk.

Assuming the self-heating for the two dies are q1, and q2, and the heat flow through
the package is qpk, the one-dimensional heat transfer model for a general multilayer 3D
integrated circuit is given as follows:

T1� Ta ¼
�
q1þ q2þ qpk

�ðRhsþRSi1Þ (3.2.13a)

T2� Ta ¼
�
q2þ qpk

�ðRintÞ (3.2.13b)

T2� Ta ¼ �qpkðRpkþRSi2Þ (3.2.13c)
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Rint can be expressed by

Rint ¼ð2Rbeol þRbumpÞ (3.2.13d)

Thus, the solution for temperature is obtained as

T1� Ta ¼ ½q1ðRb þ 2Rbeol þ Rpk þ RSi2Þ þ q2ðRSi2 þ RpkÞ�ðRhs þ RSi1Þ
Rhs þ RSi1 þ Rbump þ 2Rbeol þ RSi2 þ Rpk

(3.2.14a)

T2� Ta ¼ ½q1ðRhs þ RSi1Þ þ q2ðRhs þ RSi1 þ Rb þ 2RbeolÞ�ðRSi2 þ RpkÞ
Rhs þ RSi1 þ Rbump þ 2Rbeol þ RSi2 þ Rpk

(3.2.14b)

Consider the case that there is no heat flow through the package. This may be rele-
vant for high-power applications where a heat sink removes most of the heat, and the
package end is assumed to be insulated. In this case, the temperature solution is given
by

T1� Ta ¼ ðq1þ q2ÞðRSi1 þRhsÞ (3.2.15a)

T2� Ta ¼ ðq1þ q2ÞðRSi1 þRhsÞ þ q2ðRbump þ 2RbeolÞ (3.2.15b)

As shown in Eqs. (3.2.14aeb), the relative magnitudes of the various thermal resis-
tances in the network play a key role in determining the temperature profile. Because of
different bonding and BEOL technology, a certain 3D stack with the same power
pattern may not be feasible for another package. In general, the silicon thermal resis-
tances are much smaller than other thermal resistances, which lead to further simplifi-
cation of the solutions.

The thermal metrics of the die stack can be optimized by power allocation, depend-
ing on the respective thermal resistances along the thermal network. Consider the
following 2-die stack as an example. Each die is 300 mm thick with a 10 mm � 10 mm
footprint. In Case 1, heat sink and package thermal resistances are assumed to be 2 and
20 K/W, respectively. The uniform heat is input to the two dies, which are varied from
2W to 18W, but the total power is fixed to 20W as a constraint, namely q1þq2 ¼ 20W.
In addition, the thermal design goal is to obtain the lowest temperature for both dies.
The interstrata bond layer is assumed to be 20 mm thick, with an effective thermal
conductivity of 0.2 W m�1$K�1. As the interstrata layer has a large thermal resistance,
the BEOL thermal resistance is neglected in this analysis. Varying the ratio of the die
powers, the calculated die temperature rises are shown in Figure 3.2.10. Because of the
high performance of the heat sink, it is seen that the minimum die temperature rise of
37K is obtained at the maximum die 1 to die 2 power ratio of 9, with 18W on die 1 and
2W on die 2. In other words, the die next to heat sink should be assigned the highest
power to achieve the design goal. When each die heat dissipation is 10W with the
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power ratio of 1, the temperature rises in the two dies are determined 36.15K and
43.95K. Obviously, this is not an optimal design.

In contrast, if the heat sink thermal resistance is increased to 5K/W, whereas the
package resistance is improved up to 10K/W, the optimal die power assignment is
different. Again fixing the total power dissipation to be 20W, the q1/q2 ratios are varied
to examine the minimum temperatures for both dies. The die temperature rises are
plotted against the power ratio in Figure 3.2.10. It is shown that the minimum temper-
ature rises are obtained at the power ratio around 2, with 13.3W on die 1 and 6.7W on
die 2.

With the development of CNT TSVs integrated with the package, it is interesting to
estimate the thermal performance of CNT TSVs. Based on the present analysis model,
we can estimate how capable CNT TSV can be used in the thermal enhancement of 3D
stack with two dies. The thermal conductivity along the MWCNT varies from
300W$m�1$K�1 to 3000W$m�1$K�1, depending on the fabrication and measurement
techniques [35]. It is reasonable to set the thermal conductivity of CNT to be 1000W $
m�1 $ K�1 in the present analysis. Compared with a conventional 2-die stack with
bonding layer, the use of MWCNT TSVs improves the out-of-plane thermal conduc-
tivity of the bulk silicon chip. Another significant thermal benefit is that the CNT TSV
can be directly bonded end to end, without introducing the interstrata interconnect ther-
mal resistance.

Let us examine the thermal performance of the 2-die stack as shown in Figure 3.2.7.
A densified array of MWCNT TSVs with a diameter of 30 mm and pitch of 60 mm is
used here, similar to the MWCNT in Ref. [19]. Thus, for the same die dimensions of
10 mm � 10 mm, the die temperature rises are calculated based on the above equa-
tions. The results are shown in Figure 3.2.11. It is seen that the temperature rise for
the CNT TSV remains an almost constant temperature rise of 36.55 �C in spite of
the power ratio of die 1 to die 2. This will allow more freedom in configuring the logic
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Figure 3.2.10 The plot of the die temperature rises against the power ratio for the 2-die stack at
different heat sink and package thermal resistances. The total power is fixed to be 20W.

88 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



die and memory die in a 3D stack. Because the logic die has more I/Os and power
connections, it is feasible to allocate logic die directly above the substrate without
degradation in thermal performance due to the blocking of the memory die to the
heat sink.

The above theoretical model can be extended to a 3D stack with more than two dies.
Based on the thermal network, the equations for the temperature potentials and the bal-
ance of heat flow can be derived to obtain the temperatures of the various die stack.
In addition, the thermal cross talk between different dies can be evaluated through
the determination of the influence factors based on the temperature nodes for different
dies. A more detailed discussion can be found in Ref. [36], which is not elaborated
here. In the case that the die power is not uniformly distributed, a numerical solution
is to be sought to derive the hot spot on the die and to optimize the design thoroughly.

3.3 Numerical modeling

3.3.1 Governing equations

In most of the cases, there exists no analytical solution for the thermal evaluation of
electronic packaging. Therefore, numerical modeling based on computational fluid
dynamics (CFD) techniques becomes a prevalent tool to obtain the detailed heat and
fluid flows of the package. The governing equations for the laminar flow and heat
transfer in electronic package in Cartesian coordinate system can be expressed as
follows Ref. [1].

Continuity equation:

vr

vt
þV,ðrUÞ ¼ 0 (3.3.1)
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Figure 3.2.11 The plot of the die temperature rises for the carbon nanotube (CNT) through-
silicon via (TSV) as against the conventional process (Rhs ¼ 2K/W, Rpk ¼ 20K/W). The total
power is fixed to be 20W.
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Momentum equation:

r
vU

vt
þ rðU $VÞU ¼ �Vpþ mV2U þ ra g!ðT � TrefÞ (3.3.2)

Energy equation:

v

vt
ðrcpTÞþV$ðrcpUTÞ ¼ V$ðkVTÞ (3.3.3)

Here, r and cp are the density and specific heat of the fluid, U the velocity vector of
the liquid paraffin, Vp the normal pressure gradient, m the dynamic viscosity, a the
thermal expansion coefficient, g! the gravity vector, and Tref is the reference
temperature.

The objective of the CFD modeling is to provide the designer with a computer-
based predictive result that enables the analysis of the heat transfer occurring within
and around electronics devices, with the aim of understanding, improving, and opti-
mizing the design of existing or new devices. Typical numerical analysis softwares
include Mentor Flotherm, Ansys Icepak, Ansys Mechanical, and Comsol. The latter
two have been found to be versatile in handling with coupled electroethermale
mechanical multiphysics modeling for the electronic device and packaging, whereas
the former two have been developed to aim at more flexible applications with various
scales from the silicon device up to the rack system with increasing modeling
complexity.

Specifically, Mentor Flotherm is one of the mostly used software in electronic cool-
ing industry due to the user-friendliness in the building of thermal model with complex
electronic devices and systems. In this solver, the conservation equations and their
associated boundary conditions are discretized by subdivision of the computational
domain into a set of nonoverlapping, contiguous Cartesian finite volumes, and the con-
servation equations are expressed in algebraic form and solved with the TDMA (tri-
diagonal matrix algorithm) algorithm. These finite volumes are referred to as “grid
cells” or simply as “cells,” defining the spatial computational accuracy. Following
the numerical procedure given by B.V. Partanka [37], the objective functions such
as temperature and pressure fields can be obtained in an iterative manner.

In general, the numerical procedure is summarized as follows for a 3D software
modeling the laminar flow and heat transfer:

① Build the geometrical models with thermophysical properties and meshing model.
② Initialize the fields of pressure, temperature, and velocities with boundary values.
③ Compute the coefficients for temperature field and velocity components.
④ Solve linearized algebraic equations for the value of T and velocity components (u, v, w) in

each cell by performing a number of inner iterations.
⑤ Solve the continuity equations in a similar manner and make any associated adjustments to

pressure and velocities.
⑥ Check for convergence and return to Step 1 if not converged.
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Nonetheless, because of the complexity of the physical problem, even the software
running on the state-of-the-art computer may not solve the real problem thoroughly
without reasonable simplification. The development of different levels of submodels
or compact models is urged to simplify the parts of the model. Even a detailed model
for a cross-flow heat exchanger would cause 10 million cells with at least 5e8 h of
computational time on a 12-core Intel CPU.

Instead, combination of submodels in the numerical model would accelerate the
numerical simulation greatly. The submodels for the package elements, such as
substrate vias and TSVs etch, have been discussed in Section 3.2. In the thermal anal-
ysis and design of a practical electronic package and system, typical submodels should
be developed for finned heat sink, heat pipe, vapor chamber, thermoelectric cooler
(TEC), blower, etc.

No matter whatever software are used, the following modeling techniques should
be taken into account in the design and development of a new package.

• Obtaining the power input and distribution: The on-die power map is mostly preferred before
the numerical simulation of a newly developed package.

• Conception of cooling solution with realistic boundary conditions: The cooling solutions,
such as natural convection, forced convection, and liquid cooling, should be properly
conceptualized and proposed. The simulation software can be a useful tool in design
optimization of the specified cooling solution.

• Obtaining necessary package material properties and dimensions: This is the step to
construct a realistic package model. The power map is usually supplied by the chip makers
based on the electrical analysis of power consumption in the functional blocks in the die.
Sometimes the die power map is not accessible to packaging engineer; a simple uniform
heating on the logic die is recommended for purpose of package analysis. Occasionally,
the power split of 90%/10% on each half of the die is adopted to capture the essentially
nonuniform heating in the chip. Figure 3.3.1 shows the power map for the commercial
processors.

• Development of submodels to reduce the model complexity: Because of the complexity of
the electronic package structure, it is neither feasible nor necessary to model all the parts
in detail in most of the cases. A submodel for a certain part can reduce the computational
time and efforts greatly.

(a) (b)

Figure 3.3.1 The nonuniform heat flux generation (a) and temperature profile (b) in a multicore
processor chip.
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• Consideration of possible process and assembly variance related to thermal modeling accu-
racy: The package and material may not perform to what is designed, subjected to the process
and performance variations. One example is the TIM, which has a thermal resistance signif-
icantly different from the datasheet, varying with the operation temperature, package
warpage, surface texture, and clamping pressure. An in situ measurement is important to
obtain the realistic thermal properties.

• Obtaining thermal metrics: Normally the junction-to-ambient thermal resistance should be
obtained. Sometimes the junction to casing thermal resistance could also be utilized to assess
the thermal performance.

3.3.2 Numerical modeling of a 2.5D package

A typical 2.5D package configuration under consideration consists of logic die and
memory die, which has been illustrated in Figure 3.2.7 in bare-die package format.
Two dies with sizes of 7.6 mm � 10.9 mm and 8 mm � 8 mm are located on the
silicon interposer of 18 mm � 18 mm through microbumping and underfills. The
two dies represent the logic and memory chips in a typical interposer integration
with different heat dissipations. The interposer wafer is built up with TSVs filled
with copper, to form micro straight vias of 10 mm in diameter and 100 mm in depth,
followed with a RDL process at the top side. A silicon oxide of 1 mm and correspond-
ing barrier layer of 100 nm titanium have been grown before copper TSV to reduce the
dielectric loss. The interposer of 18 mm � 18 mm � 0.1 mm in size was then assem-
bled onto the BT (bismaleimide triazine) substrate with layered metal layers and vias
and an overall size of 31 mm � 31 mm � 1 mm. For the molded packages, a molding
process is conducted on the wafer level to form the epoxy molded encapsulation on the
multi-die package. The wafer is then diced into the package size. After the solder ball
attach process, the package is assembled on the thermal test board for electrical
connections. The detailed development can be found in references such as Ref. [38].

In the package-level modeling, the TSV interposer, substrate, and interconnects are
to be simulated based on the submodel development as described in Section 3.2. For
the 2.5D package as shown in Figure 3.2.7, the in-line TSV array is illustrated in
Figure 3.3.2 through the X-ray visualization.

In the thermal analysis, the thermal submodels for packaging parts are constructed
respectively. The detailed thermophysical properties are listed in Table 3.3.1.
As mentioned in the previous section, the in-plane thermal conductivity of the inter-
poser is determined by treating the silicon oxide layer as contact resistance. The
through-plane thermal conductivity of the interposer can be obtained with the parallel
model. In the present case, because of the large TSV pitch to diameter ratio (100 mm:
10 mm), there is no much increase in the thermal conductivity across the interposer
according to Table 3.3.2.

As mentioned above, the flip chip microbump and underfill are simplified as solid
blocks of homogeneous materials with equivalent thermal conductivities. Note that the
different layers of copper traces on the substrate and printed circuits board (PCB) are
modeled as separate solid blocks of the original thickness with equivalent thermal
conductivity based on the copper content.
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Solder bump TSV

Figure 3.3.2 X-ray images of through-silicon vias (TSVs) on interposer and substrate, taken
with the Nordson Dage XO 7600NT (in the absence of substrate).

Table 3.3.1 The thermophysical properties of the different parts in the package.

Package materials Dimensions (mm)
Thermal conductivity
(W $ mL1 $ KL1)

Thermal die 5.08 � 5.08 � 0.3 150

Si interposer at Dv/P ¼ 0.1 18 � 18 � 0.1 See Table 3.3.2

Lumped microbump and underfill
layer under die

5.08 � 5.08 � 0.15 k// ¼ 0.7, kt ¼ 6.5 for
peripheral bump area

0.4 for center area

Bump and underfill layer under
interposer

18 � 18 � 0.075 k// ¼ 0.6, kt ¼ 4.9

BT substrate with vias 31 � 31 � 1 k// ¼ 0.2, kt ¼ 0.49

Substrate copper layers 1e4 31 � 31 � 0.02 256, 320, 310, 206

Solder ball layer 31 � 31 � 0.6 k// ¼ 0.054, kt ¼ 8.0

PCB FR-4 101.6 � 114 � 1.6 k// ¼ 0.8, kt ¼ 0.3

PCB copper layers 1e4 101.6 � 104 � 0.035 20, 312, 312, 20

Table 3.3.2 The effective thermal conductivity in W$m�1$K�1 for through-silicon via (TSV)
array in the system thermal model with SOX as insulation.

Dv/P[ 0.1 tins [ 1.5 mm tins [ 1 mm tins [ 0.5 mm No oxide

keff// 148.3 148.3 148.5 151.2

kefft 151.0 151.3 151.6 151.8

Dv/P ¼ 0.5 tins ¼ 1.5 mm tins ¼ 1 mm tins ¼ 0.5 mm No oxide

keff// 111.5 112.3 114.4 182.5

kefft 176.0 183.3 190.0 196.1
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A typical substrate copper layer is illustrated in Figure 3.3.3, which has a profile of
20 mm and copper content of 65.6% for L1 as an example. The electrical design soft-
ware such as Virtuoso is used to extract the exact copper content. Because it is difficult
as well as unnecessary to model all the detailed routing of the copper layer, a simplified
solid block with volume averaged thermal conductivity in the plane and through the
plane would be sufficient to conduct the thermal analysis within given design time
frame. For Layer 4 (L4) with two blocks of different metal patterns, it can be divided
into two regions, and each region is modeled with their respective equivalent thermal
conductivities based on the porous media theory.

The submodels for the other package parts such as solder balls and bumps are also
obtained based on the Maxwell equation as given in Eq. (3.2.3) in the previous section.
It should be noted that the via volume fraction is replaced by that of microbump to
extract the in-plane thermal conductivity. In particular, the microbump and underfill
were recalculated for the thermal die as it had peripheral pumps instead of fully popu-
lated bumps. The through-plane conductivity at the peripheral bumps was
6.5W$m�1$K�1, whereas the center part, filled only with underfill, had a thermal con-
ductivity the same as the underfill material. The corresponding thermal properties for
the packaging parts have been listed in Table 3.3.1. The effective thermal conductivity
for TSV array is given in Table 3.3.2. Although the thermal conductivity values do not

L1 L2

L3 L4

Figure 3.3.3 Schematic of the package substrate with different signal layers.
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deviate from the bulk silicon at small Dv/P, large discrepancies with and without the
insulation layer are observed at the large Dv/P ratio of 0.5.

The microbumps/underfill layers can also be modeled as anisotropic blocks, and the
effective thermal conductivities can be calculated based on the abovementioned
methods. For example, the fully populated microbumps under the silicon chip,
immersed in the underfill, have the bump diameter of 30 mm with a pitch of 50 mm,
which leads to an in-plane thermal conductivity of 0.8W$m�1$K�1 based on
Eq. (3.2.3). The through-plane thermal conductivity is calculated to be
8.6W$m�1$K�1 based on the parallel model Eq. (3.2.1). For the micropumps under
the interposer, which has a large diameter of 75mum, the thermal conductivities are ob-
tained to be 0.6W $ m�1 $ K�1 in the plane and 4.4W $ m�1 $ K�1 through the plane,
respectively, in the similar manner. As for the substrate, which is made of BT, has four
metal layers from the top to the bottom. In addition, the various vias embedded in the
BT substrate have been merged with the substrate block through analytical calculations
as mentioned above, which increase the bulk through-plane thermal conductivity to
0.49W$m�1$K�1 but has little effect on the in-plane thermal conductivity
(0.2W$m�1$K�1).

The numerical models for thermal design options under natural convection cooling
condition are developed incorporated with the submodel for each part. The buoyancy
effect is modeled as a source term in the momentum equation with the Boussinesq’s
approximation, whereas the other thermophysical properties are assumed to be inde-
pendent on the temperature. Thermal radiation effect is considered for the natural con-
vection conditions as a significant amount of heat is dissipated by surface thermal
radiation. The emissivity for the PCB and the substrate is set to be 0.9, but the emis-
sivity for the chip is set to be 0.1 due to the low emissivity from silicon surface.
Laminar flow is assumed due to the moderate Rayleigh number ranging from 105 to
106, less than that for turbulent flow of Ra>109 [1].

3.3.3 Package thermal performance

The corresponding thermal simulation is conducted for both Dv/P ¼ 0.1 and Dv/
P ¼ 0.5 under natural convection condition. A detailed air flow and temperature can
be obtained based on the numerical simulation by computer software. For the present
package under natural convection at 2W, the flow and temperature fields are illustrated
in Figure 3.3.4. The computed thermal resistances from the numerical simulation are
compared with the experimental measurements in Figure 3.3.5. The experimental test
was conducted at Dv/P ¼ 0.1. It is seen that good agreement is found between the ther-
mal simulation and experimental test during the heating power range up to 2.4W.
Thus, thermal model is verified with the current package format.

It is reasonable to study the effect of the TSV insulation on the package thermal per-
formance. The corresponding thermal modeling results are shown in Figure 3.3.6.
To amplify the TSV effect, only cases with a high Dv/P ¼ 1/2 are illustrated. As the
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major thermal path for natural convection, PCBs with both 2 layer (2L) and 4 layers
(4L) are examined. It is found that the consideration of SOX layer adds up to the
junction-to-ambient thermal resistance by 3.6% for the 2L PCB and 7.3% for the 4L
PCB in the present package configuration. This indicates that the TSV insulation layer
has an unfavorable effect on the package thermal performance and may degrade the
chip heat dissipation capability. Therefore, thermally aware designs such as thinning
the insulation layer and avoiding densified TSVs in the proximity of high heat-
generating die areas should be taken into account to minimize the chip temperature
rise and thermal resistance.
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Figure 3.3.4 The computed flow and temperature profiles for a 2.5D package under natural
convection.
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Figure 3.3.5 The comparison between numerical modeling and experimental measurement.
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3.4 Package-level thermal enhancement

3.4.1 Thermal performance under natural convection

3D package has been viewed as the most promising packaging technology due to
possible face-to-face communication. Continuous efforts have been devoted to the
thermal cooling of 3D stack package [20,32e34,39], among others. A number of tech-
niques can be used to enhance the thermal performance of the package. Thermal vias
are first considered in the organic substrate and interposers made of glass or silicon
whenever possible to bridge the heat transfer from chip to the ambient. More advanced
cooling techniques include the use of cold plate and direct cooling with dielectric
fluids. In the following, thermal enhancement of the 3D package is elaborated with
various techniques.

A 3D package developed from Institute of Microelectronics, Singapore, is shown in
Figure 3.4.1 [39]. It consists of a 2-die stack, each die mounted on a silicon carrier
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Figure 3.3.6 Effect of the through-silicon via (TSV) insulation layer on the thermal perfor-
mance of the package at Dv/P ¼ 0.5.
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Figure 3.4.1 Schematic of 3D stack package with the chip mounted on the chip carrier.
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through flip chip bumping process. Flip chip 1, representing an ASIC device, is
mounted in carrier 1. Flip chips 2 and 3 are mounted in carrier 2, representing memory
chips. The thermal characterization for 2.5D/3D packages with TSVs is conducted un-
der natural convection condition.

The 3D package overall dimensions are 13.5 mm � 13.5 mm � 1.4 mm, having
276 peripheral I/Os. Carrier 1 is designed to mount a flip chip (chip 1). The chip 1 di-
mensions are 8.5 mm � 8.5 mm� 0.1 mmwith 1000 I/Os at a bump pitch of 0.25 mm.
Chip 2 and chip 3 each have overall dimensions of 4.5 mm � 9.0 mm� 0.1 mm and
80 I/Os. The two silicon carriers were connected vertically using 8 mil solder balls.
Electrical connections through the silicon carrier were formed by TSV technology.
Some of the advantages of using silicon as the chip carrier are low thermomechanical
stress, fine line width and spacing, wafer level fabrication, and high thermal
conductivity.

Thermal characterization requires a test die with heater and temperature sensor. A
test die was used with the size of 8.9 mm � 8.9 mm. The test die was thinned down to
100 mm and assembled with the carrier with electrical connections. The 3D package
was assembled onto a four-layer test board. The assembled board mounted horizontal-
ly inside an enclosed chamber for natural convection thermal characterization as
defined in JESD-51 Standards [40,41]. The test chip on carrier 1 was supplied with
0.8W power, and the two chips on carrier 2 were supplied with 0.2W, respectively.
Four such packages were characterized, and the average of maximum temperature
chip 1 is compared. The maximum temperature rise of chip 1 was 24.2 �C, correspond-
ing to a junction-to-ambient thermal resistance of 30.3K/W based on 0.8W power
input.

At first, thermal enhancement technique by adding thermal vias and adhesive ther-
mal bridging were attempted. Thermal analysis was carried out with a heat load of
0.8 W in chip 1 and 0.1W each in chip 2 and chip 3, respectively. First, the package
thermal performance was studied with 144 thermal vias made of copper in the carrier 1.
Maximum temperature of chip 1 with thermal via is 77.5 �C as against 78.5 �C for the
case without thermal vias. Because silicon has good thermal conductivity, the use of
thermal via made of copper in the silicon carrier is not effective in reducing the pack-
age thermal resistance.

Another thermal enhancement was attempted by filling in the gap between chip 1
and carrier 2 with thermal adhesive. A thermally conductive polymer adhesive having
thermal conductivity of 2W$m�1$K�1 was used to fill in the gap of the carrier 2 and
chip 2 to bridge the two. The maximum temperature of chip 1 with thermal adhesive is
found to be 73.9 �C, which is 4.6 �C lower than the case without thermal bridging. The
thermal bridging acts as a parallel thermal path, through which around 45% of heat
from the chip 1 with the highest power dissipation of 0.8W goes up to the carrier 2
and then dissipates to the PCB. The rest heat power of the chip 1 is dissipated directly
to the PCB.
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3.4.2 Liquid cooling of 3D package

To achieve the design goal of 20W power dissipation, a passive cooling solution may
not be available. As such, a cold plate is attached at the top to dissipate the heat through
liquid cooling. With this active cooling technique, it was shown by both measurement
and thermal simulation that 20W could be dissipated from chip 1 through the top cold
plate cooling method.

The power dissipation of the 3D package can be further extended with direct cool-
ing over the different layers of the package. Figure 3.4.2 shows a three-die stack, with
each die flip chip bonded onto a carrier. All the three carriers are connected with solder
bumps, which are consequently assembled on the substrate and PCB. To maximize the
power dissipation, a feasible way is to cool the all the dies in the stack without being
blocked by the top die. A connector housing is bonded to the substrate of the package,
which has an inlet and outlet to connect to the remote heat exchanger to reject the heat
to the ambient. In the first development, the bare die without thermal enhancement
structure at the backside is conducted. Dielectric fluid FC-72 is used asthe coolant.
The power dissipation of 23W is demonstrated through experimental measurement
when the die temperature is fixed at Tj ¼ 57 �C. Further increase the power would
cause flow boiling due to die heating. In spite of the lack of modeling tool for the
flow boiling in the 3D package, the experimental measurement was conducted and
40W is reached at Tjw 85 �C.

To push the cooling limit, the package is modified by fabricating microchannels on
the backside of the die. The fabricated microchannels measure 100 mm in width and
225 mm in height. A minimal assembly gapw10 mm is reserved for assembly purpose

Coolant in

Die carrier

3D stack

PCB

Thermal test chip

Microchannels

Figure 3.4.2 Experimental characterization of 3D package under direct cooling condition.
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between the microchannel-fin structure and the top carrier. All the three dies with
microchannel structure are assembled and integrated with the connector housing, as
have been shown in Figure 3.4.3. With FC-72 working in the flow boiling regime, a
power dissipation of 80W can be obtained from the 3-die stack.

In a Darpa-funded project [34], a design goal of 200W is targeted for a 2-die stack
as shown in Figure 3.4.3. As demonstrated in the abovementioned study, the FC-72
has a limited cooling capacity due to its low thermal conductivity as shown in Section
3.1. Therefore, an indirect cooling design is devised with water as the highly efficient
coolant. The microchannels are fabricated in the chip carrier and sealed to prevent
liquid leakage. As the liquid is to be split into two streams to enter the channels of
each carrier, the two carriers with channels are connected at the peripheral with hollow
vias. Such hollow structure allows the liquid flow through both carriers. Experimental
test shows that 200W can be rejected to the heat exchanger based on the criteria of
Tj ¼ 85 �C.

Among the various efforts to elevate the power dissipation, it is important to under-
stand the fundamental cooling limit for a single-chip assembly. Recently, IBM inves-
tigated the dielectric cooling with R1234z as the coolant in the ICECOOL project [42].
It is demonstrated that, under a new impingement cooling configuration, a power dissi-
pation of 350W/cm2 is demonstrated. Such a high-performance cooling technology
was operated over two months from May to June in Poughkeepsie, NY, USA, and
demonstrated a reduction of 90% cooling energy compared with traditional
air-cooled data centers.

3.4.3 Thermal enhancement with new materials

New materials such as CNTs, graphene, and diamond have been investigated as hot
topics. In Section 3.2, the use of CNT as TSV interconnects has been discussed,
and clear thermal benefits are pointed out. The graphene-based materials are used as
heat spreader for the package with good effect. Jeppson et al. studied the heat
spreading effect using the monolayer graphene for a hot spot chip of
390 mm � 400 mm [43]. A maximum temperature drop of 10 �C was observed at a
heat flux of 460W/cm2.

TSV

Si spacer

Chip 1

Chip 2

PCB

Carrier

Adaptor

Figure 3.4.3 Configuration of a 3D stack with indirect cooling condition.

100 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



In the research by Zhang et al. [44], the effect of diamond-like coating (DLC) on the
thermal performance of the lidded package was investigated. Under the standard
fan-heat sink test platform, the junction to heat sink thermal resistance is reduced
from 0.308K/W to 0.275K/W, equivalent to 10.7% drop in thermal resistance.
Figure 3.4.4 shows the DLC lid together with test platform.

3.5 Air cooling for electronic devices with vapor
chamber configurations

Along with the thermal development in the package, the thermal design on the package
is also being developed in parallel to meet various application scenarios.

Air cooling is the most prevalent cooling method used in cooling of electronic
devices due to the low cost and ease of assembly with the package. In a typical elec-
tronic system, fan-cooled heat sink is applied on the high-power components such as
the CPU and GPU, whereas a chipset and memory with medium power dissipation can
be cooled by mounting with a heat spreader or a pin fin heat sink. With the trend in
miniaturization of the package with more functionality, the heat dissipation from the
package keeps increasing, which may exceed 100W for each package. This may
exceed the cooling limit of the conventional air cooling with metal heat sink, which
has to be extended to meet the design requirement.

One of the effective methods is the development of the vapor chamber heat sink, in
which a flat chamber is evacuated, filled with working fluids, and sealed to serve as a
heat spreader to replace the solid heat sink base [45e49]. Essentially, the vapor cham-
ber is a capillary-driven planar design with a small aspect ratio, which can be viewed as
flat-plate heat pipe in a disk shape. The working medium evaporates when it receives
the heat at the bottom base subjected to chip heating. The vapor rises up and condenses
when it contacts the top cold wall of the chamber, where the heat is released to the top

Figure 3.4.4 Fabricated lid with diamond-like coating (DLC) and the thermal tester for the
assembled package with fan-heat sink.
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and eventually exchanged to the ambient air through the finned structure. Such a two-
phase heat transfer process in the vapor chamber greatly reduces the spreading resis-
tance at the heat sink base. This renders efficient heat transfer to the fins far away from
the chip so that a heat sink with a large base can be used, enabling a higher power
dissipation.

Additional wick blocks between the evaporator and condenser aid in condensate
return, especially when the condenser is below the evaporator in a gravity field.
If the condenser is above the evaporator, there is no need to have a wick in the
condenser section, as the condensate on the upper plate drips back to the evaporator.
Covered over the evaporator section is a wick structure to uniformly distribute the
liquid over the entire surface to prevent dry out.

The vapor chamber is an excellent candidate for use in electronic cooling applica-
tions, especially with high heat flux applications, such as desktops and server proces-
sors. Vapor chambers are preferred over a conventional heat pipe made of copper for
electronic cooling with heat fluxes higher than 50 W/cm2 as heat flow in a vapor cham-
ber is spread out in two- or three-dimensional directions, compared with the one-
dimensional heat spreading along a heat pipe. Furthermore, vapor chambers can be
placed in direct contact with CPUs using TIMs, thereby reducing the overall thermal
resistance of heat sinks.

The vapor chamber heat sink (VCHS) used in this study are shown in Figure 3.5.1.
It consisted of a copper vapor chamber with a height of 5 mm and conventional
aluminum heat sink with a base of 105 mm � 79 mm�2 mm and extruded fin thick-
ness of 1 mm and fin height of 38 mm. The large heat sink base area was purposely
selected to examine the performance limit of the air cooling technique.

An axial fan with a full flow rate 16.4 CFM and maximum pressure head 78Pa was
assembled with the VCHS to provide air flow. There exist two fan configurations for
the fan and heat sink assembly. In configuration (a) shown in Figure 3.5.3, the fan is
located at the lateral side of the heat sink, to blow the cooling air through the heat sink.
Figure 3.5.3(b) shows the other configuration, where the fan is located at the top of the
heat sink and the air is forced to impinge onto the center of the VCHS through the fin
pitches and then exit from the two ends.

Figure 3.5.1 VCHS used in the characterization.
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It is seen that the side fan configuration has a slightly better thermal performance
under the same test conditions. The VCHS was mounted onto the FC-PBGA, with
four spring loaded screws at the four corners of the VCHS. Thermal grease
(TM150) has been used in the experimental test. TIM1 is a type of thermal gel material
and is not sensitive to the operation temperature and power input. Detailed descriptions
of the TIMs are available in suppliers’ datasheets.

Experimental test was also conducted for the vapor chamber heat sink assembled
with flip chip BGA package, with a chip size of 12 mm � 12 mm. The experimental
test is shown in Figure 3.5.2. In the experiments, the chip temperature Tj was measured
at increasing power inputs from 40W to 100W. The average chip temperature is
obtained and the thermal resistance relative to the surrounding air thermal resistance
can be calculated as follows:

Rji ¼
Tj � Ti

q
(3.5.1)

Here, Ti is referred to the inlet air temperature and q is the heating power input.

Figure 3.5.2 The test configuration of VCHS, with fan assembled at the lateral side of heat sink.

Figure 3.5.3 Two VCHS configurations with (a) side fan and (b) top fan.
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The uncertainty of measured Tj was 0.2 �C and the inlet air temperature variation
was estimated around 0.2 �C. The uncertainly in the heating power input was esti-
mated to 1%. As mostly the chip temperature varied from 20 to 60 �C, the measure-
ment uncertainty in the thermal resistance was less than 2% based on the same
packaging assembly. The assembly of the heat sink to the package has been carried
out carefully to minimize extra errors in the thermal resistance at the interface between
the chip and the heat sink. Repeated tests have been conducted, and the deviations due
to assembly were found to amount to 1%e2%.

For the VCHS characterization, the tests were first conducted for the two fan con-
figurations shown in Figure 3.5.3. The testing is varied by adjusting the fan locations in
the same assembly with FC-PBGA and with the same interface material. Figure 3.5.4
shows the chip temperature rises against the heating power inputs for the two fan con-
figurations. It is seen that the chip temperature rises are proportional to the heating
power inputs. The data were fitted into linear correlations with minor scattering within
5%. The slopes representing the thermal resistances are found to be 0.452 and
0.457 �C/W for the side and top configurations, respectively, with side configuration
giving 1% better performance on average. Because the tests were conducted under the
same condition except the fan location, it is assumed both configurations have the
same thermal performance considering the experimental error.

Figure 3.5.4 shows the thermal resistances based on the different TIMs with varying
heating power inputs. It is seen that, in most cases, the thermal resistances first de-
creases and then achieves stable values at high-power dissipations close to 100W,
and the lowest thermal resistances are obtained at the higher power input
80e100W, which are around 0.42e0.44 �C/W. The higher thermal resistances at
the lower power inputs can be due to the temperature effect on the VCHS [45]. On
the other hand, the boiling limit of VCHS, which has been thought to be VCHS capac-
ity limit [45], was not observed based on the present maximum power input of 110W
or heat flux of 76W/cm2, suggesting that the VCHS is a suitable option for power dissi-
pation around 100W.

Figure 3.5.5 shows the computed velocity field and temperature profiles based on
simulation and Fig. 3.5.6 shows the comparison between simulation and measurement.
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Figure 3.5.4 The junction to inlet air thermal resistances based on the different TIMs with
varying heating power inputs.
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A better agreement within a few percent is achieved at higher power dissipation
w100W or even higher, whereas a deviation 5%e8% is observed between simulation
and measurement at relatively low power dissipation. This deviation could be due to
the fact that a water-based VCHS may not be fully activated on start-up but would
perform the best at higher base temperature more than 60 �C. In literature, the vapor
chamber heat sink has been tested at 80W/cm2. In the present study, the maximum
power is 110W, which corresponds to the heat flux around 76W/cm2, close to the
maximum power reported in literature. Note that the vapor chamber may not work
at elevated temperature more than 100 �C. Otherwise, the vapor chamber undergoes
a much higher pressure and would deform permanently and affect its thermal perfor-
mance. In reality, as the processor chip is less than 90 �C, the vapor chamber may
maintain its stable operation much below the threshold temperature. Nonetheless, in
certain application such as the cooling of power electronics, the vapor chamber
must be specifically designed and fabricated to meet the application requirement
(Fig. 3.5.6).

The worst disadvantage of a vapor chamber can be the negative effect of the gravity
on its operation [47]. In horizontal position, the fluid is indeed distributed uniformly
in-plane if the capillary pumping of the wick is sufficient. In vertical position, if the
heat source is at the center of the vapor chamber, the vapor flow is divided into a grav-
ity assisted upflow and a gravity opposed downflow. This phenomenon can involve a
temperature gradient disparity between the top and the bottom of the vertical vapor
chamber.
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Figure 3.5.5 The computed velocity field and temperature profile: (a) the side fan configuration
and (b) the top fan configuration.
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3.6 Liquid cooling for electronic devices

Liquid cooled heat sinks of various forms have been developed in the last few decades,
either in the package or around the package. Microchannels, with channel width less
than 1 mm, have received the most intensive study, along with the progress in fabri-
cation techniques. Other thermal enhancements include metal foams and honeycomb
structure. Recently, impingement jet flow arrangement is also progressed to minimize
the pressure drop and temperature difference on the heat sink base [34,50e54].
In practice, the microchannels can be fabricated onto the silicon as part of the package
as demonstrated in Section 3.4, or they can be fabricated separately and then mounted
on the package. Both in-package and on-package cooling requires an analysis of the
thermal performance. In the following parts of this section, the analytical model devel-
oped for microchannel heat sink mounted on a single-chip flip chip package is
presented as an example to illustrate the thermal analysis process in liquid cooling.

3.6.1 Analytical model for finned heat sink

The analytical model developed by Zhang et al. [51] is elaborated in this section. The
geometrical model is illustrated in Figure 3.6.1. An analytical technique based on fluid
flow and heat transfer theory is used to perform thermal analysis and to provide design
guidelines. The assumptions in the present analysis include constant thermophysical
properties of the fluid and uniform laminar flow across the microchannels. All the
heat is assumed to be dissipated uniformly through the top of the chip to heat sink
base. Heat losses from the chip through the substrate to the ambient and through the
cover plate to the surrounding air are negligibly small and ignored in the thermal
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Figure 3.5.6 The computed chip temperature rise at different power levels in comparison with
experimental measurements in top and lateral fan configurations.
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analysis. In addition, the spreading thermal resistance occuring from the chip to the
heat sink base is also examined based on the correlation by Song et al. [55,56].

The thermal resistance network is shown in Figure 3.6.1. The junction to the inlet
fluid thermal resistance Rji consists of four parts in series: the resistance RSi due to the
conduction from the active die layer near the chip bottom to the top of chip, the resis-
tance Rtim through the interface material, the spreading resistance Rsp within the heat
sink base, and the resistance Rbi from the top of the heat sink base through the fin array
to the inlet fluid. Hence,

Rji ¼RSi þ Rtim þ Rsp þ Rbi (3.6.1)

Here, RSi can be determined by

RSi ¼ tSi=ðkSiASiÞ (3.6.2)

with tSi, ASi, and kSi the thickness, footprint, and thermal conductivity of the chip,
respectively. The value of Rtim has been obtained based on in-house characterization
and found to be 0.242K$cm2/W with assembly deviations around 5%, independent of
the flow rate. The thermal resistance Rbi between the heat sink base and the inlet fluid
can be calculated as

Rbi ¼ 1=ðheffwlÞ þ 1=ð2rcp $VFÞ (3.6.3)

where heff is the equivalent heat transfer coefficient from the heat sink base to the bulk
fluid and can be determined with the conventional fin analysis below, q the density of
fluid, cp the specific heat, VF the volumetric flow rate, and wa and la the width and
length of the fin array, respectively (Figure 3.6.1). Note that the factor 2 is introduced
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Rtim
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Ti

2 1
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Figure 3.6.1 Cross-sectional view of the microchannel heat sink on the flip chip ball-grid array
packages and the corresponding thermal resistance network. Heat sink geometrical parameters:
1-channel width wch, 2- fin thickness tfin, 3- fin heightHfin, 4-base thickness tb, 5-chip thickness
tSi, and 6- width of fin array w (the length of fin array l is not shown).
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in second term of the right-hand side of Eq. (3.6.3) as the average fluid temperature
Tm ¼ (Ti þ To)/2 has been used for calculation of the thermal resistance from channel
walls to bulk fluid [57].

The equivalent heat transfer coefficient heff can be obtained based on conventional
fin analysis

heff ¼ hm½ð2NhfHf þw�ðN � 1ÞtfÞ�=w (3.6.4)

where N is the number of channels, tf the fin thickness, hf the fin efficiency given in
Eq.(3.1.21a) in Section 3.1, and hm the average heat transfer coefficient between fin/
base surface to the bulk fluid, evaluated by

hm ¼Num$k
Dh

(3.6.5)

where k is thermal conductivity of the fluid, Dh ¼ 2wchHf/(wch þ Hf) the hydraulic
diameter, and Num the average Nusselt number. The fitted correlation from Ref. [58],
which takes into account the simultaneous developing flow effect, is used to determine
the heat transfer for microchannel heat sinks.

Num ¼
nh

2:22ðRe$Pr$Dh=lÞ0:33
i3 þ ð8:31G0 � 0:02Þ3

o1=3
(3.6.6)

G0 ¼ Ar2 þ 1

ðAr þ 1Þ2

where Pr is the Prandtl number of the fluid, Ar ¼ Hf/wch the aspect ratio, Re the
Reynolds number based on the hydraulic diameter of the microchannel, and u the
average flow velocity in the channel. Note that other correlations for the Nu value are
available in Ref. [59]. Using the theoretically obtained average Nusselt numbers under
uniform wall heat flux conditions, similar thermal performance can be obtained. It
should be noted that the predictions based on Eq. (3.6.6) are applicable within a limited
range of Re$Pr$Dh /l and are not suitable for extrapolation to fully developed
conditions.

It is well known that there exists spreading thermal resistance when heat conducts
from a small area to a large area. Spreading thermal resistance cannot be neglected in
the analysis of the thermal network. The spreading thermal resistance Rsp in Eq. (3.6.1)
can be obtained as Ref. [55]:

Rsp¼ εsþ 0:5
ffiffiffiffi
p

p ð1� εÞ3=2f
kbpa

(3.6.7)

f¼ tanhðlsÞ þ l=Bi
1þ ðl=BiÞtanhðlsÞ (3.6.8a)
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l¼pþ 1

ε

ffiffiffiffi
p

p (3.6.8b)

Bi¼ 1
pkbbRbi

(3.6.8c)

with a ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
ASi=p

p
, b ¼ ffiffiffiffiffiffiffiffiffiffiffi

wl=p
p

, ε ¼ a
b, and s ¼ tb

b. Here, tb is the thickness of the
heat sink base and kb the thermal conductivity of heat sink base. With Eqs. (3.6.1)
e(3.6.8), the thermal resistance Rji can be determined analytically.

The pressure drop across the heat sink consists of three parts: the pressure drop
across the flow channels, the pressure drop at the inlet due to the flow constriction,
and at the exit due to the flow expansion. The expression for pressure drop can be writ-
ten as following Ref.[58,60].

Dp¼ ru2

2
ð4fappl =DhþKÞ (3.6.9)

fapp ¼ 1
Re

nh
3:2ðDh$Re=lÞ0:57

i2 þ ð4:70þ 19:64G0Þ2
o1=2

(3.6.10)

K¼ 0:6s2 � 2:4sþ 1:8 (3.6.11)

s¼NwchHf=ðwHfÞ (3.6.12)

With this model, the heat dissipation from the chip to be heat sink populated with
microchannels can be well described.

3.6.2 Analytical results and comparison with experimental
measurements

Along the analytical model, the experimental test was conducted to verify the model.
In the experimental test, a microchannel heat sink was designed and tested in assembly
with a flip chip BGA package as is shown in Figure 3.6.2. Two chip sizes of
12 mm � 12 mm and 10 mm � 10 mm were tested. Various microstructures were
fabricated in house, such as the subtractive fabrication for the aluminum microchan-
nels by wheel cutting, the copper microchannel by electrical discharge machining,
the silicon channels by the deep reactive-ion etching, and the additive fabrication
with the metal foam. For illustration purpose, only the aluminum channels with a
design channel width of 0.2 mm are examined here. The channel height was 2 mm
and the fin cross section 0.4 mm � 2 mm. The cross-sectional view of the microchan-
nel heat sink integrated with the FCBGA is shown in Figure 3.6.1. The microchannels
were fabricated by wheel cutting the aluminum block of 50 mm (length) �24 mm
(width) � 2.8 mm (height) with natural finish. It had 21 channels, with each channel
found to be 0.21 mm wide and 2 mm high through optical microscope. The large
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aspect ratiow10 has been purposely made to enlarge the surface area for heat transfer
augmentation, as compared with the low aspect ratios reported in literature [61]. Inlet
and outlet plenums were also made in the aluminum block for ease of assembly and
reducing the pressure loss when fluid flows into and out of the microchannels.

The analytical results are obtained on the basis of Eqs. (3.6.9)e(3.6.12) and shown
for the pressure drop in Figures 3.6.3 and 3.6.4 in comparison with the experimental
results for the two chip cases. For the sake of convenience, the mean fluid temperature
at the flow rate of 1L/min has been used as the reference temperature for the evaluation
of fluid thermophysical properties. We can see that the predicted pressure drops are
somewhat higher than the experiments by around 10%e15%. The deviations could
be due to the abrupt turning at the inlet and outlet plena, the possible flow bypassing
over microchannels due to the use of the O-ring between the heat sink and the cover
plate. In practice, such a difference is acceptable for engineering application. In spite of

Al μ channels 0.2 mm

Si microchannel 0.05 µm

Cu μ channels 0.2 mm Foam60PPI1 mm

Cu honeycomb

(b)

(a)

Figure 3.6.2 (a) Experimental assembly of the microchannel heat sink with the thermal test
board and (b) various microstructure for thermal enhancement.
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the moderate difference, a similar quadratic dependence of the pressure drop on the
flow rate is attained.

The comparison of Rji for the analytical results and experiments at 60 W for both
sizes of chips is shown in Figure 3.6.4. It is seen that the thermal resistances are
predicted within 3% for all the flow range for both chip cases, except at the lowest
flow rate of 0.1L/min where the deviation is close to 6%. The good agreement between
the predictions and experiments also indicates that the conventional heat transfer
theory can still be utilized for prediction of heat transfer at small channels of width
around 0.2 mm without significant deviations from experiments.
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Figure 3.6.3 Comparison of analytical results with experimental measurement for pressure drop.
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3.6.3 Anatomy of thermal resistance elements

It is of practical interest to examine the respective thermal resistance elements on the
right-hand side of Eq. (3.6.1). Such analysis has been conducted for both chip sizes and
the results are illustrated in Figure 3.6.3. For both chip cases, the increase in flow rate
from 0.1L/min to 1L/min leads to a reduction of 55% in Rbi due to the enhanced
convection. Coupled with a reduction in Rsp of 13% for the 12 mm chip and 21%
for the 10 mm chip, the overall decreases in Rji is 22% and 19%, respectively.

Instead of continuing to increase the flow rate, further thermal enhancement can be
achieved through other means such as thinning of the wafer thickness and, especially,
the improvement of TIM performance. Considering an improved TIM with an imped-
ance of 0.1 K cm2/W, the thermal resistance based on the above analysis is recalcu-
lated here for illustration. The calculated thermal resistances for the 12 and 10 mm
chip cases have been shown in Figure 3.6.5. It is seen that the thermal resistances
for both chips are reduced by around 30% on average due to the introduction of the
advanced interface material. At a flow rate of 0.5L/min, the thermal resistance for
the 12 mm chip is 0.222 �C/W and, given a temperature window of 60 �C, the
estimated power dissipation goes up to 270W without further increase in system
complexity and operation cost. The above example indicates that the TIM plays an
important role in reducing the junction to coolant inlet thermal resistance.

3.7 Thermoelectric cooling

TECs have found applications in areas such as microelectronic systems, laser diodes,
telecommunication, and medical devices. Recently, there is an increasing interest in
the use of TEC for enhanced cooling of high-power electronic packages such as
processors in both manufacturing process and test conditions. High cooling capacity
TECs, in combination of air cooling or liquid cooling techniques, are being pursued
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Figure 3.6.5 The breakdown of the thermal resistances for (a)12 mm chip and (b)10 mm chip.
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to extend the conventional air cooling limits for high-power dissipating processors
[62e68]. Compact in size and silent in operation, the TEC is easy to be integrated
into a server or desktop computer system in comparison with the vapor compression
refrigeration technology. The on-chip hot spot can also be managed with micro-
TEC if properly designed [69].

In the design and development of TEC apparatus for microelectronic components, it
is crucial to determine and optimize the TEC performance within the cooling system
constraints. The widely used approach is the iterative method as is given in
Refs. [63,64,67,70]. The iterative method offers results based on TEC pellet thermo-
electric properties, which is nonetheless tedious and time-consuming for designers to
use in practice. Simons and his coworkers presented an analytical solution for elec-
tronics modules based on computerized derivation [68] and analyzed the TEC-
enhanced cooling performance for high-power multichip modules with available com-
mercial TECs. Nonetheless, their solution expressions were complicated in formula-
tion and utilized only within the same group without verification by other
researchers. It is worthwhile to point out that all the abovementioned predictive
methods require prior knowledge of TEC pellet geometrical dimensions and thermo-
electric properties including Seebeck coefficient, thermal conductivity, and electrical
resistivity. These pellet properties vary with carrier concentration and manufacturing
processes and, as manufacturers’ proprietary information, are mostly not available
to designers. Module level properties are required to understand [71,72]. A detailed
discussion on the material properties variation versus carrier concentration and compo-
sition can be found in Ref. [73].

Most of the existing optimization studies on TEC performance parameters and
related thermal resistances with respect to electric current for cooling microelectronic
components are still limited or presented in a roundabout manner. To address this
issue, Zhang et al. developed analytical solutions for the thermoelectric cooling for
electronic packaging [74,75]. The closed-form analytical solutions at both pellet and
module levels including the thermal resistances at the hot side and cold side were pre-
sented for ease of usage in practical design analysis. Apart from the conventional iter-
ative methods, their analysis approach on the TEC pellet is able to predict TEC
performance metrics in a deterministic and straightforward manner given that pellet-
level parameters are known. Alternatively, the module level analysis model is formu-
lated and derived based on the TEC module parameters, which is especially useful in
optimizing TEC thermal performance with supplier’s datasheet in the absence of the
particular pellet dimensions and thermoelectric properties.

In what follows, the analysis procedure is described based on the Zhang et al.’s
work for a TEC-based cooling configuration. The high power-generating processor
is exemplified for illustration. Verification of TEC analysis methodology and thermal
performance across different researchers is also reported in their study.

3.7.1 Analytical solution at pellet level

The thermal analysis starts with the basic one-dimensional thermal balance equations
of the TECs, which are available in previous literature such as Ref. [73]. It is noted that
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the temperature effect on the thermoelectric properties, the effects of ceramic plates,
and joining copper traces and electrical contact resistances, which are negligibly small,
are not included in the present thermal balance model.

Cooling power absorbed at the TEC cold side:

qc¼ 2N

�
sITc� rI2

2Ar
� k $Ar $DT

�
(3.7.1)

Total heat generated at the hot side of TEC:

qh¼ 2N

�
sITh þ rI2

2Ar
� k $Ar $DT

�
(3.7.2)

TEC temperature difference DT from hot to cold sides:

DT ¼ Th � Tc (3.7.3)

Figure 3.7.1 illustrates the TEC cooling scenario, simulating the processor testing in
SLT and burn-in test condition. Such a testing process is required for each processor
product before its release to the customer. The thermal design task is to minimize the
junction temperature or maximize the cooling capacity for better thermal control.

The one-dimensional thermal resistance network for both application scenarios has
been shown in Figure 3.7.1. At the device side,

Tj¼ Tc þ qcRjc (3.7.4)

Thermal resistance correlation at the heat sink side is written as

Th¼ Ta þ
�
qcþ 2N

�
rI2

Ar
þ sIDT

��
Rhs (3.7.5)

It is noted that all the thermal interface resistances are already absorbed in the
lumped thermal resistance Rjc and Rhs. There are six unknown quantities in Eqs.
(3.7.1-5): Th, Tc, DT, qh, qc, and Tj, given the known pellet properties including k, s,
r, Ar, thermal resistances Rjc and Rhs, ambient temperature Ta, and operational current
I. If any five of the six quantities are fixed, the remaining quantity is readily obtainable
at a given operation current I. Among them, the cooling power qc and device junction
temperature Tj are the performance parameters of the most concern in thermal control
of device. The solution expression for qc with a given junction temperature Tj can be
derived as follows.
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With the mathematical manipulation, one obtains the expression for the perfor-
mance parameter qc as a function of junction temperature Tj and operation current I:

qcðIÞ¼

h
ð2NsIÞ2Rhs � 2NsI � 2NkAr

i
Tj þ 2NkArTa þ NrI2

Ar
ð4NkArRhs � 2NsIRhs þ 1Þ

�½2NkArðRjc þ RhsÞ � ð2NsIRhs � 1Þð2NsIRjc þ 1Þ� (3.7.6)

Vice versa, one can obtain the expression of Tj in terms of qc and I as follows:

TjðIÞ¼
½ð2NsIRhs � 1Þð2NsIRjc þ 1Þ � 2NkArðRhs þ RjcÞ�qc � 2NkArTa � 2NrI2

Ar
ð2NkArRhs � 2NsIRhs þ 1Þ

ð2NsIÞ2Rhs � 2NsI � 2NkAr

(3.7.7)

We can easily confirm that the above equation holds in the simplified case with
Rhs ¼ Rjc ¼ 0. The abovementioned equations (3.7.6e3.7.7) provide a basic solution
approach in determining the TEC thermal performance at the pellet level. The TEC
electrical power qte, operational voltage V, and coefficient of performance (COP)
are expressed as follows:

qte¼ 2N

�
sIDT þ I2r

Ar

�
(3.7.8)

V ¼ 2N

�
sDT þ rI

Ar

�
(3.7.9)

COP is expressed as

COP¼ qc
qte

(3.7.10)

A prior knowledge of the pellet thermoelectric properties and geometry factor Ar is
a prerequisite condition for the utilization of the present pellet-level analysis. This is
the drawback of all the pellet-level analysis as pellet-level information is usually not
available for commercial TECs, which is one of the major limiting factors in the
wide usage of pellet-level analysis.

3.7.2 Analytical solution at module level

It is known that the thermoelectric properties of TEC pellet materials such as bismuth
telluride vary with carrier concentration depending on manufacturers’ processes. On
the other hand, these details, together with the geometry factor Ar, are difficult to
obtain directly from the manufacturers, who are inclined to protect their proprietary
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manufacturing materials and processes. To facilitate the optimization in the design and
development stage, the analysis method based on TEC module parameters is presented
in this section to strength the present analysis approach. The module parameters Rm,
Km, and Sm are given in the following equations.

Rm ¼ 2Nr
Ar

; (3.7.11a)

Km ¼ 2NkAr; (3.7.11b)

Sm ¼ 2Ns (3.7.11c)

Here Rm, Km, and Sm are denoted as module electric resistance, thermal conduc-
tance, and Seebeck coefficient, respectively. Based on the module parameters, Eqs.
(3.7.8) and (3.7.9) can be recast into the following form:

qcðIÞ¼
�
S2mI

2Rhs � SmI � Km
�
Tj þ KmTa þ RmI2

�
KmRhs � 1

2
SmIRhs þ 1

2

�
�½KmðRjc þ RhsÞ � ðSmIRhs � 1ÞðSmIRjc þ 1Þ�

(3.7.12)

TjðIÞ¼
½ðSmIRhs � 1ÞðSmIRjc þ 1Þ � KmðRhs þ RjcÞ�qc � KmTa � RmI2ðKmRhs � SmIRhs þ 1Þ

S2mI
2Rhs � SmI � Km

(3.7.13)

At this stage, the TEC thermal balance equations in term of the module parameters
are solvable with known module parameters and operational current. The module pa-
rameters, Sm, Rm, and Km, can be calculated with TEC specification parameters, such
as DTmax, Imax, Vmax, qmax, and Th0, which are usually given in supplier’s product data-
sheet. Here, DTmax is the maximum temperature difference obtainable between the hot
and the cold ceramic plates at a given hot-side temperature Th0, Imax is the input current
that can produce the maximum DTmax across a TEC module, Vmax is the DC voltage at
the temperature difference of DTmax at I ¼ Imax, and qmax is the maximum amount of
heat absorbed at the TEC cold side at I ¼ Imax and DT ¼ 0. The following equations
correlate the module parameters with the product specifications. Namely,

Rm ¼ðTh0 � DTmaxÞVmax

Th0Imax
(3.7.14a)

Km ¼ðTh0 � DTmaxÞVmaxImax

2Th0DTmax
(3.7.14b)

Sm ¼Vmax

Th0
(3.7.14c)
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It has been shown in Eqs. (3.7.14) that the module specifications DTmax, Imax, Vmax,
together with Th0 are employed to calculate the module parameters. Based on the mod-
ule level analytical solutions given in Eqs. (3.7.12e3.7.13) and the module parameters
defined in Eqs. (3.7.14), the optimization of performance parameters Tj or qc can be
carried out even without knowing the detail of the TEC pellets.

It is noted that, different from the pellet-level analysis, the geometrical parameter Ar
disappears in the module-level solution expressions. Nonetheless, a variation of Ar
will change the module parameters in Eq (3.7.12) and affect Tj or qc values accord-
ingly. Thus, optimization of pellet geometry can also be carried out based on the mod-
ule level solutions. In comparison with the pellet-level analysis, the module level
analysis is more readily useful in design optimization based on necessary module pa-
rameters, which can be easily implemented through data spreadsheet such as Microsoft
EXCEL.

The temperature difference between the hot side and cold side can be written as the
following equations based on a given Tj or qc.

DTðTj; IÞ¼
ðSmIRhs � 1ÞTj þ ð1þ SmIRjcÞTa þ RmI2

�
1
2
Rhs � 1

2
Rjc þ SmIRjcRhs

�
KmðRjc þ RhsÞ � ðSmIRhs � 1ÞðSmIRjc þ 1Þ

(3.7.15)

DTðqc; IÞ¼
ð1� SmIRhsÞqc � SmITa þ RmI2

�
1
2
� SmIRhs

�
S2mI

2Rhs � SmI � Km
(3.7.16)

Table 3.7.1 List of different thermoelectric coolers (TECs) and their supplied data.

Parameters
TEC1
SH330W

TEC2-Mel
CP2-127-06L

TEC3-Mel127
at Th0 [ 25 8C

TEC3-Mel127
at Th0 [ 50 8C

Dimensions
(mm)

50 � 50 � 4.1 62 � 62 � 4.6 39.9 � 39.9 � 3.5

Imax (A) 19 14 8.5 8.45

qmax(W) 330 134 72 82

Vmax(V) 32 16.4 14.4 16.1

DTmax(K) 64.5 77 67 74

Th0 (K) 298.15 323.15 298.15 323.15

Z (1/K) 0.00236 0.00254 0.00251 0.00238

Sm (V/K) 0.107 0.0508 0.048 0.0489

Km (W/K) 3.69 1.14 0.71 0.70

Rm (U) 1.32 0.89 1.31 1.44
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It is interesting to note that, if qc and I are specified for a certain TEC, the DT can be
obtained without being affect by thermal resistance Rjc at the device side.

The thermal resistances Rhs and Rjc can also be expressed as functions with respect
to each other. Namely,

Rhs¼
ðSmIRjc þ KmRjc þ 1Þqc þ KmTa � ðSmI þ KmÞTj þ

�
RmI2

2

�
�
S2mI

2Rjc þ SmIÞ � Km
�
qc � ðSmIÞ2Tj þ RmI2

�
1
2
SmI � Km

� (3.7.17)

Rjc ¼
ð� SmIRha þ KmRss þ 1Þqc þ KmTa þ

h
ðSmIÞ2Rhs � SmI � Km

i
Tj þ

�
RmKmI2 � 1

2
SmRmI3

�
Rhs þ

�
RmI2

2

�
�
S2mI

2Rhs � SmI � Km
�

(3.7.18)

Correspondingly, Eqs. (3.7.8e3.7.9) can be rewritten in module parameters as
follows:

qte ¼ SmIDT þ RmI
2 (3.7.19)

V ¼ SmDT þ RmI (3.7.20)

Alternatively, the Z factor is expressed as

Z¼ S2m
RmKm

(3.7.21)

The feasibility of the present analytical method, including both the pellet-level anal-
ysis and the module-level analysis, is to be demonstrated in the following section.

3.7.3 Results and discussion on the thermoelectric cooler
optimization

Listed in Table 3.7.1 are the details of the TECs analyzed in this work. TEC1 is a high-
power TEC, developed recently by a proprietary supplier. It has a nominal power dissi-
pation of 330W with a packing density of 263 pairs of thermoelectric pellets in a foot-
print of 50 mm � 50 mm TEC2 and TEC3 are the existing TECs with traceable
product specifications and thermal resistances, whereas the pellet details are also avail-
able in Refs. [64,68], respectively. The module parameters have been obtained based
on the correlations given in Eqs. (3.7.14).

It would also be interesting to compare the reported TECs in the past with TEC1 to
identify the advancement of TEC thermal performance. Figure 3.7.2 illustrates the
acoustic image of TEC1 in planar view with the thermoelectric array through a Sono-
scan Gen5 ultrasonic microscopy at 35 MHz. The TEC pellet layout can be clearly
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visualized from the echoic ultrasonic image. Nonetheless, it is not possible to capture
the pellet dimensions accurately due to interference from electrical traces. In view of
this, a pellet-level analysis seems difficult, whereas a module-level analysis is capable
of analyzing TEC performance without TEC geometrical dimensions.

3.7.3.1 Comparison with previous studies

Firstly, we compare the present analysis results with those given in the previous work
by Simon et al. (2005), where a four-chip IBM module was cooled by four TECs
arranged in parallel. Their analytical solutions, although not simplified, can be catego-
rized as a pellet-level analysis and solvable in principle given the detailed pellet-level
parameters. In their analysis, a cross-over point was found for either air cooling or

P P P PN N N N
Tc

Tj

Ta

Th

Tc

Rhs

Rjcq c

qte

q c+q
te

Figure 3.7.1 Schematic of the thermoelectric cooler (TEC) cooling of a processor with a heat
sink at the top and the corresponding one-dimensional thermal resistance network. The arrows
indicate the heat flows.

Figure 3.7.2 Photograph of TEC1 and corresponding C-mode acoustic image at 35 Mhz.
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liquid cooling techniques with and without TECs. For the no-TEC cases, the power
dissipation can be obtained with the following equation:

qc¼ Tj � Ta
Rjc þ Rhs � Rtim;h

(3.7.22)

Here, the thermal interfacial resistance is denoted by Rtim,h between the chip and
heat sink. With the same pellet thermoelectric parameters and at the same current
I ¼ Imax, the pellet-level analysis based on the present solutions Eqs. (3.7.12-3.7.13)
is conducted. The results are shown in Figure 3.7.3, which reproduces the same
data for both air cooling and liquid cooling with TECs. For example, the same inter-
secting temperature point of Tj ¼ 47 �C at 438W is obtained here for the air-cooled
cases with and without TEC enhancement. Below the cross-over point, the TEC
enhanced cooling performance outperforms the case without TECs. For purpose of
comparison, the present module level analysis, based on the module parameters as
obtained in Eqs. (3.7.14) and listed in Table 3.7.1, is conducted, and the results are
also shown in Figure 3.7.3. It is seen that there is no significant discrepancy between
the present pellet-level and module analysis results.

Another comparison is carried out with the iterative approach mostly used in the
literature. Specifically, the reference by Hasan and Toh [64] is used for comparison
as all the TEC properties and thermal parameters were traceable therein. In their study,
the thermal performances were iteratively determined based on temperature-dependent
correlations. In the present study, the same thermal resistances are used, but the mod-
ule parameters are derived from suppliers’ datasheet and listed in Table 3.7.1 at
Th0 ¼ 25 �C and 50 �C, respectively. Because the module parameters are also
temperature-dependent, they are linearly extrapolated and tabulated at Th0 ¼ 69 �C.
The computed Tj values versus I for all the three Th0 values are shown in Figure 3.7.4.
It is seen that the similar level of optimal current and cooling capacity are attainable in

0
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q c
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)

Liquid cooling+Mel127 4

Air cooling+Mel127 4

Liquid cooling no TEC

Air cooling no TEC

Figure 3.7.3 The thermal performance curves at Imax for TEC2 used in IBM multichip module
(Simon et al.) based on the module parameters.
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spite of different Th0. In comparison, the case Th0 ¼ 69 �C plotted in Figure 3.7.4 has
the optimal current closest to that given in Ref. [64], where Tj ¼ 39.8 �C and
Th ¼ 69 �C at Iop ¼ 6.07A are attained based on the iteration procedure. It is observed
that a slightly better accuracy is attainable by considering the effect of the hot-side
temperature in the present analysis.

3.7.3.2 Thermoelectric cooler optimization through Tj
minimization

Under the test condition, a TEC can be sandwiched between the heat sink and the pro-
cessor to bring down Tj in operation (Figure 3.7.1). The operational parameters are ob-
tained as follows: Rjc ¼ 0.267K/W is obtained based on in-house characterization for a
server computer systems, Rhs ¼ 0.05K/W as the liquid cooled heat sink condition, and
Rhs ¼ 0.18K/W as the air-cooled heat sink condition. The cooling power is set to be
qc ¼ 50W, 70W, 100W, and 140W, respectively. In all these cases, Ta ¼ 25 �C has
been imposed. At a fixed processor power, the Tj minimization optimization can be
conducted by setting the derivative of Tj with respect to I to be zero. Namely,

vTjðIÞ
vI


qc

¼ 0 (3.7.23)

Recalling the third order and second order of algebraic expressions in the nominator
and denominator, respectively, with respect to I in Eq. (3.7.7), Eq. (3.7.23) results in a
quartic equation with respect to I, which has two real roots and two conjugate roots.
Only the positive real root is physically meaningful as the optimal operational current.

The Tj results versus current are shown in Figure 3.7.5(a) for TEC1 with air cooling
and Figure 3.7.5(b) for TEC1 with enhanced liquid cooling, respectively. It is seen
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Figure 3.7.4 Comparison of the present analytical results with results with iterative result.
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that, for air cooling, the minimum Tj is obtained at optimal currents of 8e9A for the air
cooling cases. Nonetheless, the larger optimal currents of 14e16A is obtained for the
enhanced liquid cooling cases. Because of the high performance of the liquid cooling,
the heat removal rate is much faster than the air cooling counterpart in spite of strong
joule heating at larger currents. The corresponding COP is shown in Figure 3.7.6. It is
seen that the COP decreases with increase in current I, which is different from the
junction temperature curves with the optimal current, as displayed in Figure 3.7.5.

The temperature differences of hot to cold sides for the TEC-enhanced air cooling
and liquid cooling cases are shown in Figure 3.7.7. This parameter is usually not
included explicitly as a selection criterion in literature. It is seen that the temperature
difference is highest at the largest power dissipation given the same electrical current.
At qc ¼ 140W, the temperature difference could go up to 57 �C forthe liquid cooling at
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Figure 3.7.6 Plot of coefficient of performance (COP) versus I for TEC1 under fixed cooling
capacities under conditions of air cooling (a) and liquid cooling (b).
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Figure 3.7.5 Plot of Tj versus I for TEC1 under fixed cooling capacities under conditions of air
cooling (a) and liquid cooling (b).
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I ¼ 14A and 47 �C for the air cooling at I ¼ 9A, separately. The high temperature dif-
ference would induce unfavorably high thermomechanical stress on the pellet joints,
which is detrimental to TEC operational reliability. It would be appropriate to include
this parameter as one of criteria in selecting and optimizing TEC in view of reliability.
In-plant SLT manufacturing test apparatus involves a liquid-cooled TEC, which shows
that an operation current less than or equal to 9A would be a feasible range for
prolonged TEC lifetime under dynamic processor SLT loading. Such experience could
be generalized to impose an upper limit of TEC hot-side to cold-side temperature
difference w42 �C based on the present calculation under liquid cooling condition.
Operation at elevated currents and larger temperature differences causes obviously
earlier TEC failures and is, therefore, not recommendable in manufacturing practices.

The corresponding COP results for TEC1 under air cooling and liquid cooling
conditions at different power inputs are shown in Figure 3.7.6. The COP values are
calculated from Eq. (3.7.10) with qte given in Eq. (3.7.19). It is worthwhile to discuss
the maximization of COP herein, which has long been confused with the optimization
of system cooling capacity like Tj minimization. In the present Tj minimization, the
COP is an indicating instead of an objective function to maximize, taking values of
1.5e3 for air cooling and in the range of 1e0.5 for liquid cooling at the respective
optimal currents. As the operational current decreases from Iop, the cooling power
qc decreases, and so do DT and TEC voltage, whereas the COP value increases.
Mathematical calculation shows that an infinitely large COP is achievable at Iw2A,
where DT w -10 �C and TEC voltage approaches to zero. Under such circumstances,
the electrical power qte approaches to 0W and therefore COP would go up to infinity.
However, the cooling capacity qc drops to an unacceptably low level, which nullifies
the introduction of TEC for thermal enhancement. Instead of maximizing COP, a
system performance optimization shall be either to minimize Tj or to maximize qc to
fulfill the thermal performance requirement.

SH330,100W,
Rhs=0.18,Rjc=0.32

SH330,70W,
Rhs=0.18,Rjc=0.32

SH330,50W,
Rhs=0.18,Rjc=0.32

0 2 4 6 8 10 12 14
0

20

10

30

40

50

60

70

80

I (A)

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (K

)

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (K

)

(a)
SH330,100W,Rhs=0.05,Rjc=0.32
SH330,70W,Rhs=0.05,Rjc=0.32
SH330,50W,Rhs=0.05,Rjc=0.32

0 2 4 6 8 10 12 14
0

20

10

30

40

50

60

70

I (A)

(b)

Figure 3.7.7 Plot of temperature difference versus I for TEC1 under fixed cooling capacities
under conditions of air cooling (a) and liquid cooling (b).

Thermal modeling, analysis, and design 123



3.7.4 Optimizing thermal resistances

Given the thermal design target, the thermal resistance at the device side or sink side
can be optimized to meet the design requirement. In this part, the effects of varying
TEC thermal resistances are examined based on Eqs. (3.7.17)e(3.7.18). The plot of
Rhs versus electrical current has been shown in Figure 3.7.8 at given Tj ¼ 25 �C, at
the fixed cooling power of qc ¼ 70W and 100W, respectively. The lidded processor
with a junction to case thermal resistance of 0.267K/W is used for analysis. It is
seen from Figure 3.7.8 that the maximum allowable heat sink thermal resistance Rhs
approaches to 0.097K/W at the current of 9A and cooling power qc ¼ 70W. This
means that a high performance liquid cooled heat sink shall be used to achieve such
a low thermal resistance at the heat sink side with the desired performance. At a larger
power of 100W, the maximum allowable Rhs reduces to 0.012 K/W occurring at
I ¼ 9A. It is noted that an increase in the electric current larger than 9A would lead
to a slightly higher Rhs. Nonetheless, an electrical current more than 9A would cause
excessive ohmic heating in the circuits, which is not recommended for actual imple-
mentation. Thus, it may not be feasible for TEC1 operated at Tj ¼ 25 �C and
qc ¼ 100W as Rhs as low as 0.012K/W is difficult, if possible to achieve, based on
the conventional air or liquid cooled heat sink together with the interfacial thermal
resistance. When Tj is raised to a higher level of 50 �C, the thermal design constraint
is greatly relieved at the heat sink side and a liquid cooled heat sink becomes appli-
cable for both 70W and 100W power dissipations. Even an air-cooled heat sink will
be sufficient for the operation at 70W in the feasible electrical current range.

Figure 3.7.9 shows the plot of Rjc versus I for TEC1 under fixed cooling power of
70W at both Tj ¼ 25 �C and 50 �C. The allowable Rjc values at Tj ¼ 50 �C are 0.42 K/
W for air cooling and 0.74 K/W for liquid cooling at I ¼ 9A, which can be easily met
with conventional lidded processor packages targeted for desktop and server com-
puters. When the performance parameter is tightened to Tj ¼ 25 �C, the maximum
allowable Rjc ¼ 0.058K/W for air cooling and 0.42K/W for the liquid cooling at

SH330W:Rjc=0.267K/W,Tj=25°C,Ta=25°C,qc=100W

SH330W:Rjc=0.267K/W,Tj=25°C,Ta=25°C,qc=70W
SH330W:Rjc=0.267K/W,Tj=50°C,Ta=25°C,qc=100W

SH330W:Rjc=0.267K/W,Tj=50°C,Ta=25°C,qc=70W
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Figure 3.7.8 Plot of Rhs versus I for TEC1 at given Tj and qc.
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I ¼ 9A. Because of the internal thermal resistance and TIM, a processor with such a
low Rjc virtually does not exist, thus the lidded processor could only be managed
with a liquid cooled heat sink. Obviously, a thermal resistance analysis based on the
present module-level solution is helpful in searching for appropriate heat sinks for
varying devices. It is noted that the thermal management with TEC has been used
in devices such as processors and cooling. The application of the TEC temperature
controller for processor burn-in aging test will be elaborated in Chapter 6. The valida-
tion of the TEC model with experimental test will also be addressed.

To summarize, a general approach in evaluating and optimizing TEC systems is
presented in this section. Analytical solutions including Rhs and Rjc are presented
for both the cooling power qc and junction temperature Tj with respect to the opera-
tional current at both pellet level and module level. As against the commonly used iter-
ative procedure, the main feature of the present analytical method lies in the fact that
the TEC thermal performance can be obtained in a straightforward manner without
resorting to the tedious numerical iteration. The present pellet-level solution expres-
sions represented in Eqs. (3.7.6)-(3.7.7) are useful when the pellet parameters are all
available. On the other hand, in the lack of pellet-level parameters, a module-level
analysis is very helpful in TEC performance analysis. The module level analysis, based
on the module parameters Sm, Rm, and Km, provides a more convenient tool for design
analysis as the pellet properties and dimensional details are often not available for a
commercial TEC. It is suggested that the necessary module specifications including
Imax, qmax, Vmax, and DTmax should be reported in a thermal design involving the
TEC cooling module.

It is noted that the common Be2Te3 material used in the commercial TECs has ZT
values of 0.7e1. Progress has been made on the new thermoelectricity materials with
higher ZT value than the Be2Te3 material. The high value of ZT ¼ 2.4 for p-type
superlattices of Bi2Te3/Sb2Te3 at room temperature and ZT ¼ 1.2 for n-type superlat-
tices has been reported in Refs. [76,77]. The higher the ZT value is, the higher the
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Figure 3.7.9 Plot of Rjc versus the electrical current for TEC1 at given Tj and qc.
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cooling power can be, given the same geometrical dimensions. Undoubtedly, the
abovementioned TEC analysis model can be utilized to predict and improve thermal
performance for electronic packaging with more advanced thermoelectric materials.
The electrical contact resistance at the thermoelectric pellets, which could be signifi-
cant at a smaller scale can also be included in the analysis model for better reflection
of TEC performance at microscale level.
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Stress and reliability analysis for
interconnects 4
4.1 Fundamental of mechanical properties

Material properties can be classified as chemical properties, electrical properties,
mechanical and thermomechanical properties, and so on. Among them, mechanical
properties determine the mechanical response and behavior of a material when
subjected to external loadings such as tension, compression, torsion, shear, bending,
or combined loadings. Typical mechanical properties of materials include elastic
modulus, also known as Young’s modulus, Poisson’s ratio, yield stress, elongation,
ultimate tensile strength, hardness, toughness, etc. Mechanical properties of material
usually exhibit temperature, time, and strain rate dependent behavior. Stressestrain
curve is widely used to characterize material’s behavior subjected to load. Polymer
materials tend to show viscoelastic properties, whereas solder materials exhibit visco-
plastic properties as the stressestrain relationship changes with time. Creep is also one
type of viscoplastic behaviors. Fatigue is one type of material failure phenomena when
a material is subjected to repeated loading and unloading even if the maximum stress is
much less than material’s strength. Such mechanical properties are to be elaborated
and analyzed in the subsequent sections.

4.1.1 Stressestrain relationship

The stressestrain curve is used to characterize the relationship between the stress and
strain for a material. It is unique for each material and is typically described by simple
uniaxial tension test. Fig. 4.1.1 shows an example of uniaxial tension test in the elastic
region of material. Under uniaxial tension loading, displacement of the sample

F

F

L

Force/F

Strain

Stress

(b) (c) 

L0

(a)

= F/A0

= ΔL/L0Displacement/ΔL = L – L0 ε

σ 

Figure 4.1.1 Typical tension test under elastic region: (a) schematics of uniaxial tension,
(b) forceedisplacement curve, and (c) stressestrain curve.
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increases linearly with the applied force, as shown in Fig. 4.1.1(b). If transferring
forceedisplacement curve to stressestrain curve as shown in Fig. 4.1.1(c), strain
increases lineally with the applied stress. For the uniaxial tension test, stress and strain
are expressed as

s¼ F

A0
(4.1.1a)

ε¼DL

L0
(4.1.1b)

where s ¼ normal stress on a plane perpendicular to the longitudinal axis of the
specimen, in MPa,

F ¼ applied load, in N,
A0 ¼ original cross-sectional area of the sample, in mm2,
ε ¼ normal strain in the longitudinal direction, in mm/mm (dimensionless),
DL ¼ change in the specimen’s length, i.e., DL ¼ L�L0, L0 is the original gage length of the
sample, in mm.

The slope of stressestrain curve in the elastic potion is defined as elastic modulus,
E, also known as Young’s modulus, and expressed as

E¼ s

ε

(4.1.2)

Young’s modulus is one of the most important mechanical properties of a material,
which has the same unit as stress. The stiffness is related to the Young’s modulus and
specimen geometry, namely,

stiffness ¼ F

DL
¼ sA0

εL0
¼ EA0

L0
(4.1.3)

For ductile materials, when the applied stress is higher than the yield point of the
material, the stressestrain curve exhibits nonlinear behavior, as shown in Fig. 4.1.2.
After the yield point, material behavior enters into nonelastic region, where it shows
strain hardening effect before reaching ultimate strength of the material. Necking phe-
nomena will happen after the ultimate strength point, and finally fracture occurs when
material cannot bear further deformation. In the elastic region, stressestrain relation-
ship follows Hooke’s law as listed in Eq. (4.1.3). In the nonlinear strain hardening (also
called work hardening) region, a power law relationship between the stress and the
amount of plastic strain is usually used to describe the strain hardening phenomenon:

s¼Kεnp (4.1.4)
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where s is the stress, K is the strength coefficient, εp is the plastic strain, and n is the
strain hardening exponent. The value of the strain hardening exponent, n, lies between
0 and 1. A value of n ¼ 0 means that a material shows a perfectly plastic behavior and
a flat line follows after the yield point in stressestrain curve. A value of n ¼ 1 rep-
resents a perfect elastic material. Most materials have an n value between 0.1 and 0.5.

The above discussion on stressestrain curve is for engineering stress and strain
analysis, in which the stress and strain are calculated based on the original dimensions
of specimen such as length and cross-sectional area. Engineering stressestrain curve is
widely used and accurate in the small deformation region of the material, e.g., elastic
region of the material. However, the length and cross-sectional area change in plastic
region. True stress and true strain are used for accurate definition of plastic behavior of
ductile materials by considering the actual (instantaneous) dimensions. Relationship
between true stress/strain and engineering stress/strain is shown below:

s0 ¼ ð1þ εÞs (4.1.5a)

ε
0 ¼ lnð1þ εÞ (4.1.5b)

where s and ε are engineering stress and strain and s0 and ε0 are true stress and strain. It
can be seen that true stress is larger than engineering stress, while true strain is lower
than engineering strain based on above equations. Fig. 4.1.3 shows an example of
comparison between engineering and true stressestrain curves. In the low strain
region, both stressestrain curves have no significant difference. However, such a
difference becomes significant with strain increasing. For accurate analysis, especially
for plastic behavior of metals, true stressestrain relationship and material properties
should be considered.

As shown in Fig. 4.1.1(a), the material sample tends to contract in the direction
perpendicular to the direction of tension, which is a phenomenon called Poisson effect.
Conversely, if the material is compressed rather than stretched, it tends to expand in
direction perpendicular to the direction of compression. Poisson’s ratio is usually a
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Figure 4.1.2 Typical stressestrain curve for ductile material.
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measure of the Poisson effect, defined as a ratio of transverse strain to the longitudinal
strain along the direction of stretching load, which is shown below:

n¼ � εtrans

εaxial
(4.1.6)

where n is Poisson’s ratio, is transverse strain (negative for axial tension [stretching],
positive for axial compression), and εtrans is axial strain, positive for axial tension, and
negative for axial compression. Most materials have Poisson’s ratio values ranging
between 0 and 0.5, typically around 0.3. A perfectly incompressible material deformed
elastically at small strains would have a Poisson’s ratio of exactly 0.5.

Stress under tension or compression is usually called normal stress, while it is called
shear stress when shear force is applied onto a sample, as shown in Fig. 4.1.4. For the
shear test, shear stress and shear strain are expressed as

sxy ¼ F

A
(4.1.7a)
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Figure 4.1.3 Comparison between engineering and true stressestrain curves.
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Figure 4.1.4 Typical shear test illustration.
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gxy ¼
Dx

l
¼ tan a (4.1.7b)

where sxy is shear stress on a transverse plane parallel to the applied force and gxy is
shear strain showing shape deformation of sample. Similar to the tension test, rela-
tionship between shear stress and shear strain can also be expressed by Hooke’s law as

sxy¼G$gxy (4.1.8)

where G is called shear modulus, having the same unit as Young’s modulus. For an
isotropic material, Young’s modulus E, shear modulus G, and Poisson’s ratio n are
dependent and have the following relationship:

E¼ 2Gð1þ nÞ (4.1.9)

In the most general case, the stress state at one point can be illustrated in Fig. 4.1.5.
These nine stress components can be arranged in one 3 � 3 matrix form, giving

sij ¼

2664
sx syx szx

sxy sy szy

sxz syz sz

3775 (4.1.10)

According to shear stress mutual equal law, sxy ¼ syx,sxz ¼ szx,syz ¼ szy. So stress
state at one point can be represented by six independent components, i.e. normal
stresses of sx,sy,sz and shear stresses of sxy,syz,szx.

y
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zxτ τ
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Figure 4.1.5 3D stress components.
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For an isotropic elastic material, strain and stress relationship in 3D stress state as
shown in Fig. 4.1.5 follows the general Hooke’s law. Relationship between normal
strains and stresses can be expressed as

εx ¼ 1
E
ðsx � nsy � nszÞ

εy ¼ 1
E
ð� nsx þ sy � nszÞ

εz ¼ 1
E
ð� nsx � nsy þ szÞ

(4.1.11)

The relationship between shear strains and stresses are connected by the shear
modulus as

gxy ¼
sxy
G
;gyz ¼

syz
G
;gzx ¼

szx
G

(4.1.12)

Relationship between stresses and strain above can be expressed by a matrix
form as26666666666664

εx

εy

εz

gxy

gyz

gzx

37777777777775
¼ 1
E

26666666666664

1 �n �n 0 0 0

�n 1 �n 0 0 0

�n �n 1 0 0 0

0 0 0 2þ 2n 0 0

0 0 0 0 2þ 2n 0

0 0 0 0 0 2þ 2n

37777777777775

26666666666664

sx

sy

sz

sxy

syz

szx

37777777777775
(4.1.13)

which is called the compliance matrix of the material.
In some cases, a 3D problem can be simplified to a 2D stress state, such as the plane

stress and plane strain. Plane stress is defined as a state of stress in which the normal
stress, sz, and the shear stress, sxz and syz, are assumed to be zero, where z is the direc-
tion perpendicular to the x-y plane. Plane stress is usually used for a thin plate case in
which one dimension (thickness) is much smaller than the others, while plane strain is
defined as a state of strain in which the normal strain, εz, and the shear strain, gxz and
gyz, are assumed to be zero. In plane strain, the dimension of the structure in one
direction, usually thickness z direction, is much larger compared with the other two
directions.
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For plane stress, the strainestress relationship can be expressed in the matrix
form as

2666664
εx

εy

εz

gxy

3777775¼ 1
E

2666664
1 �n 0

�n 1 0

�n �n 0

0 0 2ð1þ nÞ

3777775
2664
sx

sy

sxy

3775 (4.1.14)

For plane strain, the stressestrain relationship can be expressed in the matrix
form as2666664

sx

sy

sz

sxy

3777775¼ E

ð1� 2nÞð1þ nÞ

2666664
1� n n 0

n 1� n 0

n n 0

0 0 1� 2n=2

3777775
2664
εx

εy

gxy

3775 (4.1.15)

In the electronic products, thermal stress is a quite common stress source because
temperature change occurs when electronic products work. Thermal stress is induced
by thermal strain when materials are not allowed to expand and contract freely. Ther-
mal strain is determined by the coefficient of thermal expansion (CTE) of material and
temperature change, which is expressed as

εth ¼aDT ¼ aðT � T0Þ (4.1.16)

where T is instant temperature and T0 is called the stress-free temperature or reference
temperature.

When conducting thermomechanical analysis for advanced electronic packaging,
total strain should include both mechanical strain and thermal strain.

4.1.2 Viscoplastic and viscoelastic properties

4.1.2.1 Viscoplastic Anand model of solder

Solder is one of the critical materials in electronic packaging. It exhibits creep behavior
dependent on temperature and time, which is typically important at 0.4 Tm and above,
with Tm the absolute melting temperature [1]. Creep deformation can be developed in
any stress levels for solder alloy. Time-independent plastic strain will become signif-
icant at stress levels above s/G ¼ 10�3, which is also the critical power law breakdown
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condition approximately [2]. The time-independent plastic strain and time-dependent
creep strain are difficult to separate in higher stress level. From the nonlinear deforma-
tion modeling point of view, the mechanism of the creep and plastic strain may be
related to dislocation motion. To study the constitutive behavior using a state variable
viscoplastic approach, the creep and plastic strain may be combined into inelastic
strain. A suitable constitutive model for solder joints is needed to model the solder
stressestrain behavior when subjected to thermomechanical loading.

A commonly used viscoplastic model for solder is Anand model [3e5]. There are
two basic features in this model. First, this model needs no explicit yield condition and
no loading/unloading criterion. The plastic strain is assumed to take place at all
nonzero stress levels. Second, this model employs a single scalar as an internal vari-
able, the deformation resistance s, to represent the averaged isotropic resistance to
plastic flow. Anand model is broken down into a flow equation, and three evolution
equations [6]:

Flow equation:

_εp¼C

�
sinh

�
xs

S

��1=m
exp

��Q

kBT

�
(4.1.17)

Evolution equations:

_S¼
�
h0ðjBjÞa BjBj

�
_εp (4.1.18)

B¼ 1� S

S�
(4.1.19)

S� ¼ bS� _εp
C
exp

�
Q

kBT

��n
(4.1.20)

where _εp is the effective plastic strain rate, s is effective true stress (MPa), S is the
deformation resistance (MPa), Q is the activation energy, kB is Boltzman’s constant, T
is the absolute temperature, C is the preexponential factor (1/s), x is the stress multi-
plier, m is the strain rate sensitivity of stress, h0 is the hardening constant (MPa), bS is
the coefficient for deformation resistance saturation value (MPa), n is the strain rate
sensitivity of saturation value, and a is strain rate sensitivity of hardening. It is seen that
there are nine constants (C, Q/kB, x, m, bS, n, h0, a, S0) in Anand model, which can be
determined by the curve fitting the experimental data, such as creep tests and constant
strain rate tensile tests. Cheng et al. [3] and Wang et al. [4] published these parameters
for different lead-free and lead-based solder alloys. Anand model is a build-up model
in ANSYS finite element analysis (FEA) software and has been widely used for
simulation of the solder joint deformation under cyclic mechanical and thermo-
mechanical loading with low loading frequencies.
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4.1.2.2 Viscoelastic properties

There are lots of polymer materials in the advanced packaging such as molding com-
pound, dielectrics, and underfill, which show the viscoelastic material properties.
Viscoelasticity is the property of materials that exhibit both viscous and elastic char-
acteristics when undergoing deformation. Time- and temperature-dependent visco-
elastic modeling provides time effects and stress relaxation history.

Dynamic mechanical analysis (DMA) can be used to study and characterize the
viscoelastic behavior of polymers. A sinusoidal stress is applied to determine the com-
plex modulus. The temperature and/or the frequency of loading are often varied, which
leads to variations in the complex modulus. The constitutive equation for an isotropic
viscoelastic polymer material can be expressed as

sij ¼
Z t

0
2Gðt� sÞ deij

ds
dsþ dij

Z t

0
Kðt� sÞ dεv

ds
ds (4.1.21)

where sij are the components of the Cauchy stress, eij are deviatoric strain compo-
nents, εv is the volumetric part of the strain, G(t) and K(t) are the shear and bulk
modulus functions, t and s are current and past time, and dij are the components of the
unit tensor [7].

The Maxwell model, which consists of a linear elastic Hookean spring and a linear
viscous Newtonian damper in series, as shown in Fig. 4.1.6, can be used to model
complicated linear viscoelastic behavior of the polymer material.

For the generalized Maxwell model, the shear and bulk modulus functions can be
expressed by a Prony series [8,9]:

GðtÞ¼GN þ
Xn

i¼1
Gie

ð�t=siÞ (4.1.22)

KðtÞ¼K þ
Xn

i¼1
Kie

ð�t=siÞ (4.1.23)

where GNand Gi are the shear elastic modulus, KNand Ki are the bulk elastic modulus,
s are the relaxation times for the various Prony series components. The time-dependent
stressestrain relations are typically extended to include temperature dependence by

EnE2E1

E

1

∞

σ

σ

η 2η nη

Figure 4.1.6 Generalized Maxwell model.
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using the principle of time-temperature superposition and the empirical William-
Landel-Ferry (WLF) shift function as

Log10ðaTÞ¼Log10

�
t

tr

�
¼ C1ðT � TrÞ

C2 þ ðT � TrÞ (4.1.24)

where aT is the shift factor, C1 and C2 are material constants, T is temperature, and Tr is
the reference temperature. The experimentally characterized shear and bulk modulus
as a function of time and temperature of polymer can be conducted by the dynamic
mechanical analysis (DMA). Curve-fitting routines can be developed to obtain ma-
terial constants of the Prony series and shift function.

4.1.3 Creep-fatigue properties

4.1.3.1 Creep model

For SneAgeCu lead-free solder, the melting point is 490K (or 217�C). Therefore,
even though at room temperature of 298K, the homologous temperature ratio
(in Kelvin) is more than 0.5. Hence, creep behavior in electronic solders plays a
role. Typically, creep can be divided into three stages, namely primary, secondary,
and tertiary stages. The secondary creep also known as the steady-state creep is widely
studied as it dominates the creep rupture life of solders. In the steady-state creep stage,
the creep strain rate can be generally described by Dorn’s equation:

_εC¼CGb

kBT

�
b

d

�p�s
G

	n
D0 exp

��Q0

kBT

�
(4.1.25)

where _εC is the steady-state creep strain rate, C is a complex constant, G is the shear
modulus, b is the Burgers vector, kB is Boltzmann’s constant, T is the absolute tem-
perature, d is the grain size, p is the grain size exponent, s is the applied stress,D0 is the
frequency factor, n is the creep stress exponent, and Q0 is the apparent activation
energy with the unit eV. From the above equation, it can be seen clearly that the
steady-state creep strain rate is related to not only the properties of the solder itself
(shear modulus, grain size, activation energy) but also the external loading conditions,
such as temperature and applied stress. A decrease in grain size or an increase in
service temperature or applied stress leads to a rise in the steady-state creep strain rate
and a fall in the creep lifetime. As the Boltzmann constant is equal to the ratio of the
gas constant to the Avogadro constant (NA), kB ¼ (gas constant R)/NA ¼ 1.38 *
10�23 J/K, some constants can be converted into a new constant, and the above
equation can be simplified as the following Norton’s power law constitutive model,
which is widely used for solder alloys [10,11]:

_εC¼Csn exp

��Q

RT

�
(4.1.26)

140 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



where C is a complex constant,Q is the activation energy expressed in J/mol, and n and
T have the same meanings as in Eq. (4.1.25). At high stress, the simple power law
creep behavior breaks down, and the creep strain rate increases more quickly with the
applied stress, a phenomenon also known as the power law breakdown creep behavior.
To find a wider formulation for power law creep (low and medium stresses) and power
law breakdown (high stresses), double power law and hyperbolic sine function have
been widely used. The double power law model can be expressed as follows [12]:

_εC¼C1s
n1 exp

��Q1

RT

�
þ C2s

n2 exp

��Q2

RT

�
(4.1.27)

where Q1 and Q2 are the activation energies of grain boundary sliding and dislocation
climbing, respectively. C1 and C2 are the fitting coefficients, and n and T have the same
meanings as in Eq. (4.1.25). The first term in Eq. (4.1.27) corresponds to the creep
behavior in the low stress level, at which diffusion creep along grain boundary is
dominant, and the second term corresponds to the creep behavior in the high stress
level, where dislocation creep is dominant. This double power law model can be
realized by using the provided models for primary and secondary creep
simultaneously.

The Garofalo steady-state creep behavior using hyperbolic sine function is used to
model the power law breakdown region at high stress and is expressed as follows [13]:

_εC¼C½sinhðasÞ�n exp
��Q

RT

�
(4.1.28)

where a is the multiplier of stress, and C, n, Q, and T have been defined before. In
addition, the exponential creep model is also used to describe the solder creep behavior
and is expressed as follows:

_εC¼C exp
�s
b

	
exp

��Q

RT

�
(4.1.29)

4.1.3.2 Elastic-plastic-creep model

It is assumed that in creep model, all inelastic strain is developed due to creep defor-
mation, which is suitable for the condition that slow mechanical or thermomechanical
loading is simulated. In viscoplastic model, plastic strain and creep strain cannot be
separated distinctly, and they are unified as inelastic strain. However, elastic-plastic-
creep (EPC) model is realized by combining time-independent elastic-plastic model
and time-dependent creep model. Plastic strain and creep strain are separated distinctly
and their summation is called total inelastic strain:

εin ¼ εC þ εp (4.1.30)
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where εin is the total inelastic strain, εC is time-dependent creep strain, which can be
obtained from creep model, and εp is time-independent plastic strain. At high stress
deformation, time-independent plastic strain can be expressed using following strain-
hardening law [5]:

εp¼ cp
�s
G

	mp

(4.1.31)

where G is shear modulus, and cp and mp are material-related constants.
Plasticity theory provides a mathematical relationship that characterizes the elasto-

plastic response of materials. There are three ingredients in the rate-independent plas-
ticity theory: the yield criterion, flow rule, and the hardening rule. The yield criterion
determines the stress level at which yield is initiated, and Von Mises yield criterion is
widely used for metal and metal alloy. For multiaxes stress situation, the equivalent
Von Mises stress and strain can be expressed as

seff ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs1 � s2Þ2 þ ðs2 � s3Þ2 þ ðs3 � s1Þ2

q
(4.1.32)

εeff ¼
ffiffiffi
2

p

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðε1 � ε2Þ2 þ ðε2 � ε3Þ2 þ ðε3 � ε1Þ2

q
(4.1.33)

The flow rule determines the direction of plastic straining, and plastic strains usu-
ally occur in a direction normal to the yield surface. The hardening rule describes the
changing of the yield surface with progressive yielding, so that subsequent yielding
can be established. Two hardening rules are available: work (or isotropic) hardening
and kinematic hardening. In work hardening, the yield surface remains centered about
its initial centerline and expands in size as the plastic strains develop. Kinematic hard-
ening assumes that the yield surface remains constant in size and the surface translates
in stress space with progressive yielding. In practical FEA simulation when electronic
assembly is subjected to thermomechanical or mechanical load with low strain rate,
some simple plasticity forms after yield are used: perfectly plastic behavior, bilinear
kinematic or work (isotropic)-hardening plastic deformation, and multilinear
kinematic or work-hardening plastic deformation.

4.1.3.3 Solder fatigue life models

Solder joints are usually considered as the weakest part in the electronic assembly.
Therefore, the fatigue life of solder joint often limits the life of the electronic product.
The main failure mechanisms of solder joints include fatigue, creep, and fracture.
Currently, more and more lead-free solders are used in electronic products. SneAge
Cu solder alloys are quite common candidate for lead-free solders. Most of the
researchers investigated the effect of small volume additive as fourth element, such
as Ni, Fe, Al, Zn, In, Co, and rear-earth elements [14e19], on SneAgeCu solder
properties such as strength, creep, and fatigue behavior.
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There are two approaches to develop a fatigue life prediction model for solder. One
approach is developed by conducting displacement-controlled isothermal mechanical
fatigue test using bulk solder material. The other is developed by using actual
reliability test data and finite element simulation to estimate the fatigue driving param-
eter. For the first method, the bulk solder material is tested under displacement-
controlled isothermal fatigue test condition. Inelastic strain energy density, inelastic
strain, and total strain in one cycle can be determined from stressestrain hysteresis
loop. A fatigue failure criterion is usually set using 50% load drop based on load
cell measurement. Then fatigue life model can be developed using Coffin-Manson
strain-based model and/or Morrow’s energy-based model. For the second method,
to develop a life prediction model for solder joints, four steps are required. First, a
constitutive equation and appropriate material properties need to be defined or chosen.
Second, the constitutive equation is translated into FEA modeling to simulate stresse
strain behavior of solder joints according to actual reliability test loading. Third, the
volume-averaged numerical results such as strain or strain energy density from FEA
simulation can be used as a damage parameter in fatigue life prediction model. Fourth,
actual thermal cycling (TC) test data (or Weibull failure distribution data) from
different test conditions and different package types were used to correlate the FEA
damage parameter with the mean time to failure (MTTF) cycles to failure in the fatigue
model. The coefficient and exponent in fatigue model can be determined by combining
numerical result and actual reliability test data based on the Weibull cumulative failure
distribution.

Lee et al. [20] divided fatigue models into five categories, namely, (a) stress-based,
(b) plastic strainebased, (c) creep strainebased, (d) energy-based, and (e) damage
accumulated based. Sometimes, plastic strainebased and creep strainebased models
can be combined into inelastic strainebased model.

4.1.3.3.1 Stress-based fatigue models
This stress-based fatigue model, expressed by the stress cycles or S-N curve, is used
for high cycle fatigue failure assessment (>105 cycles) at low stress amplitude levels.
This approach applies when plastic deformation is small or negligible. S-N curve data
are usually presented on a logelog plot. The S-N curve expression is given as follows:

sar ¼ s0fð2NfÞb (4.1.34)

where sar is stress amplitude for the zero mean stress case, s0f is fatigue strength co-
efficient, b is fatigue strength exponent, and 2Nf is reversals of failure (1 reversal ¼ 1/2
cycle). When nonzero mean stress effect is considered for the fatigue life, Goodman
criterion is generally used and expressed as follows:

sa

sar
þ sm

s0f
¼ 1 (4.1.35)

Stress and reliability analysis for interconnects 143



where sa is stress amplitude for the case of nonzero mean stress, i.e., an equivalent
completely reversed stress, and sm is the mean stress. Substituting into Eq. (4.1.34), we
get

sa¼
 
1� sm

s0f

!
s0fð2NfÞb ¼

�
s0f � sm

�ð2NfÞb (4.1.36)

For a condition of variable amplitude loading, the Palmgren-Miner rule, also called
the cumulative damage theory, states that fatigue failure is expected when summation
of life fractions, Ni/Nfi, reaches unity. Namely,

N1

Nf1
þ N2

Nf2
þ N3

Nf3
þ/ ¼

X Ni

Nfi
¼ 1 (4.1.37)

where Ni is a number of cycles when a certain stress amplitude, sai, is applied, Nfi is the
number of cycles to failure from the S-N curve at sai. In practice, failure is often
assumed to occur at a more conservative value such as 0.7 or lower for electronic
equipment. High cycle fatigue is relevant to electronic assembly subjected to vibration
loading. The cumulative damage index (CDI) approach has been used to predict the
fatigue life of solder joint subjected to vibration loading [21].

4.1.3.3.2 Strain-based fatigue models
When the electronic products are subjected to TC, low cycle fatigue (<104 cycles) fail-
ure occurs and the fatigue life can be predicted using strain-based approach. Strain-
induced fatigue can be further divided into three groups, namely plastic strain, creep
strain, or total strain. Plastic strain deformation focuses on the time-independent plastic
effects, while creep strain accounts for the time-dependent creep effects. Total strain
considers all strain deformation due to not only inelastic deformation but also elastic
deformation.

4.1.3.3.2.1 Plastic strain fatigue model Plastic strain fatigue model applies to fa-
tigue situations where cyclic plastic yielding of ductile materials leads to short fatigue
lives and hence low cycle fatigue behavior. The Coffin-Manson low cycle fatigue
model is perhaps the most widely used model currently in solder joint fatigue analysis
and is given by Ref. [22]:

εp¼ ε
0
f ð2NfÞc (4.1.38)

where εp is plastic strain amplitude, Nf is total number of cycles to failure, ε0f is fatigue
ductility coefficient, which is approximately equal to the true fracture ductility εf, and c
is fatigue ductility exponent (varying between �0.5 and �0.7). Experimental data are
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required to determine the material constants. To account for the effect of frequency, a
frequency-modified Coffin-Manson model was given by Shi et al. [23]:h

Nf f
ðn�1Þ

im
εp¼C (4.1.39)

where f is frequency and n is a frequency exponent that can be determined from the
relationship between fatigue life and frequency.

Solomon’s low cycle fatigue model relating the plastic shear strain to fatigue life is
expressed by Ref. [24]:

DgpN
a
p ¼ q (4.1.40)

where Dgp the plastic shear strain range, Np is the number of cycles to failure, q is the
inverse of the fatigue ductility coefficient, and a is a material constant. As this model
does not consider creep effect, it is limited in practical use for solder joints subjected to
TC load. For multiaxes stress situation, the equivalent Von Mises strain as shown in
Eq. (4.1.32) is used to output the state of strain in the solder joint. Then fatigue life
prediction models with shear strain component require conversion from equivalent
strain. The relationship between equivalent strain and shear strain can be expressed as
follows:

g¼
ffiffiffi
3

p
εeq (4.1.41)

4.1.3.3.2.2 Creep strain fatigue model Syed [25] proposed creep strain fatigue
models for SnePb and SneAgeCu solder by partitioning creep strain into two parts
corresponding to transient creep and steady-state creep stages:

For Sn� Pb: Nf ¼
�
0:02εcr;i þ 0:063εcr;ii

��1
(4.1.42a)

For Sn� Ag� Cu: Nf ¼
�
0:106εcr;i þ 0:045εcr;ii

��1
(4.1.42b)

Syed [25] also presented creep strain fatigue model for SneAgeCu using total
accumulated creep strain by considering two different creep constitutive models of po-
wer law and hyperbolic sine creep model:

Power law: Nf ¼ð0:0468εcrÞ�1 (4.1.43a)

Hyperbolic sine: Nf ¼ð0:0513εcrÞ�1 (4.1.43b)
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Schubert et al. [26] proposed creep strain fatigue model for SnePb and SneAgeCu
using total accumulated creep strain by experiments and simulations:

For Sn� Pb: Nf ¼ 0:69εð�1:80Þ
cr (4.1.44a)

For Sn� Ag� Cu: Nf ¼ 4:5εð�1:295Þ
cr (4.1.44b)

where εcr from Eqs. (4.1.42) to (4.1.44) is the accumulated creep strain per cycle
calculated by volume-averaging technique [27]:

Dεcr ¼
Pn
i
εcr2;i$v2;iPn
i
v2;i

�
Pn
i
εcr1;i$v1;iPn
i
v1;i

(4.1.45)

where εcr2,i and εcr1,i are the total accumulated creep strain in one element at the end
point and start point of the ith cycle, respectively, v2,i and v1,i are the element volume at
the end point and start point of the ith cycle, respectively, and n is the amount of
selected elements to calculate averaged creep strain.

Creep strain fatigue model provides a more comprehensive approach because it can
consider dwell time and strain amplitude in TC load. However, one limitation of creep
strain fatigue model is the absence of plastic strain effects. Plastic strain effects can be
neglected only if the strain rate is low enough, thus resulting in a constant stress situ-
ation and the strain is indeed time dependent.

4.1.3.3.2.3 Total strain fatigue model In this model, total strain including elastic,
plastic, and creep strain is considered as a damage parameter. Sometimes, just inelastic
strain including plastic and creep strain is used as fatigue damage parameter. These two
cases here are all called total strain fatigue models.

Conffin-Manson Eq. (4.1.38) is often combined with the stress-based approach to
account for elastic deformation as well. The resulting equation is known as the total
strain fatigue model:

εa¼ εea þ εpa ¼ s0f
E
ð2NfÞb þ ε

0
fð2NfÞc (4.1.46)

where the explanation of all the material constants can be referred to Eqs. (4.1.34) and
(4.1.38).

Shi et al. [28] developed a temperature- and frequency-dependent fatigue life pre-
diction model using the total strain range in the frequency-modified low cycle fatigue
relationship:

Nf f
ðn�1Þ ¼

�
C

Dεt

�1
m

(4.1.47)
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It is shown that fatigue life of solder actually follows a different trend when fre-
quencies change over at 10�3 Hz, which is expressed as follows [28]:

f ðn�1Þ ¼

8>><>>:
f n1�1 10�3 � f � 1Hz�
f

10�3

�n2�1�
10�3�n1�1

10�4 � f � 10�3Hz
(4.1.48)

where the parameters of n1, n2, m, and C can be determined by polynomial expression
fitting from temperature-dependent experimental data.

Practical applications at high temperature often involve both creep and fatigue, and
these phenomena may act together in a synergistic manner. One simple approach is to
sum the life fractions due to both creep and fatigue. By applying Miner’s linear super-
position principal, both plastic and creep strain can be accounted for in strain-based
fatigue model [13]:

1
Nf

¼ 1
Np

þ 1
Nc

(4.1.49)

where Np refers to the number of cycles to failure due to plastic fatigue and is obtained
directly from the plastic strain fatigue model and Nc refers to the number of cycles to
failure due to the creep fatigue and is obtained from the creep strain fatigue model.
However, this approach is an approximate method as the physical processes of creep
and fatigue can have an interaction effect.

4.1.3.3.3 Energy-based fatigue models
The energy-based fatigue model is based on calculating the overall stressestrain
hysteresis energy of solder joint. The Morrow energy-based fatigue model is widely
used for solder joint fatigue life prediction:

Nm
f Wp ¼C (4.1.50)

where m is fatigue exponent and C is material ductility coefficient. Wp is plastic strain
energy density (unit: MPa). Typically, the hysteresis loop is observed to stabilize after
a few cycles. The plastic strain energy density is determined from the area within the
stable hysteresis loop. However, it should be noted that the fatigue life strongly
depends on the test frequency at any given strain energy density value. Solomon and
Tolksdorf [29] adopted a different approach by introducing a frequency-modified
energy model, which incorporates both the frequency-modified strain energy density
and the frequency-modified fatigue life, as shown below:

h
Nf f

ðn�1Þ
im Wp

f n
¼C (4.1.51)
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where f is load frequency, n is a frequency exponent like in Eq. (4.1.47), and n is
another frequency exponent that is determined from the relationship between strain
energy density and frequency.

A modified energy-based fatigue model for eutectic SnePb solder was proposed by
Shi et al. [23] and is given below:

h
Nf f

ðn�1Þ
imWp

2sf
¼C (4.1.52)

where sf is called flow stress, which is the averaged values of yield point and the
highest point in the stressestrain curve in a hysteresis loop. The averaged material
constants for eutectic SnePb were m ¼ 0.70, C ¼ 1.69, (1�n) ¼ 0.1 for f > 10�3 Hz,
or (1�n) ¼ 0.59 for f < 10�3 Hz.

Syed [25] proposed energy-based fatigue models for SneAgeCu solder using
creep strain energy as fatigue damage parameter based on simulation and test data
from different BGA specimens:

Nf ¼ð0:0019WcrÞ�1 (4.1.53)

Schubert et al. [26] proposed creep strain energy-based fatigue model for SnePb
and SneAgeCu using total accumulated creep strain energy by simulations and exper-
iments using plastic ball grid array (PBGA) and flip-chip-on-board (FCOB) with/
without underfill as samples:

For Sn� Pb: Nf ¼ 210Wð�1:20Þ
cr (4.1.54a)

For Sn� Ag� Cu: Nf ¼ 345Wð�1:02Þ
cr (4.1.54b)

where Wcr in Eq. (4.1.54) is the accumulated creep strain energy density per cycle
calculated by the volume-averaging technique.

Darveaux [5] proposed a solder life prediction model for 62Sne36Pbe2Ag solder
based on the plastic strain energy density accumulated per cycle. Based on Darveaux’s
model, the fatigue life consists of two parts, one for crack initiation and the other for
crack propagation. Crack initiation and crack growth are given as follows:

N0¼m1DW
m2
ave (4.1.55)

da
dN

¼m3DW
m4
ave (4.1.56)

where m1, m2, m3, and m4 are constants for all the various modeling methodologies
employed and a is the crack length. The plastic work per unit volume, or plastic strain
energy density, DWave is averaged across the elements along the solder joint surface
where the crack initiates and propagates.
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Based on the above equations, the fatigue life can be predicted as

Nf ¼N0 þ D

da=dN
(4.1.57)

where D is the solder joint diameter at interface between solder ball and substrate or
chip side. This method is sensitive to the mesh size and model form. To obtain accurate
results, the elements near the interface used to calculate averaged plastic work must be
fine enough.

4.1.3.3.4 Fracture mechanics approach
Many failures in electronic products exhibit the crack fracture of the interface between
solder and substrate or chip. Many researchers [30,31] studied this phenomenon by
observing microstructures of solder joint using scanning electron microscope (SEM).

At high stress/strain amplitude, initiation life may be relatively short compared with
propagation life. Propagation life is determined in terms of fatigue crack growth rate of
da/dN, which is related to stress intensity factor range, DKI. The Paris law, a power law
relationship, is frequently used to determine da/dN:

da
dN

¼CðDKIÞm (4.1.58)

where C and m are constants that are influenced by material properties, temperature,
environment, cyclic load frequency, waveform, and load ratio, DKI ¼ FDS

ffiffiffiffiffiffi
pa

p
, and

F is a dimensionless function of geometry. DS means stress variation in one cycle.
Therefore, fatigue life can be estimated for constant amplitude loading by integrating
above equation:

Nif ¼
Z af

ai

da
CðDKIÞm ¼

Z af

ai

da

CðFDS ffiffiffiffiffiffi
pa

p Þm ¼ a1�m

=

2
f � a1�m

=

2
i

CðFDS ffiffiffiffi
p

p Þm
�
1� m

2

	; ðm s 2Þ

(4.1.59)

where Nif is fatigue life of crack propagating from ai of initial crack length to af of final
crack length.

4.2 Reliability test and analysis methods

The reliability of a packaged microelectronic system is related to the probability that
will be operational within acceptable limits for a given period of time [32]. Electronic
assemblies are subjected to life cycle testing by TC or thermal shock (TS), cyclic bend,
repeated drop impact, and sinusoidal and random vibration loading. Failure mecha-
nisms for electronic solders subjected to these different loadings need to be
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investigated. For microelectronic packages, surface mount technology and soldering
are used for assembly. The solder joint in the electronic assembly is often the weakest
link and solder joint reliability becomes even more important with further minimiza-
tion of electronic assemblies. The solder joint is particularly prone to fatigue failure
due to power and temperature cycling loading.

Reliability tests of electronic assemblies are very important concerns to ensure
long-term reliability of electronic products. In service, electronic products failures
can occur within a year but often much longer. Therefore, it is not practical to test
at service load level, and it is uneconomical with respect to test time and cost. Accel-
erated life testing (ALT) methods are employed for the purpose of accelerating reli-
ability test results, where stresses are applied to a product in excess of the specified
operating limits to precipitate latent flaws to the point of detection via testing.

Reliability tests aim at revealing and understanding the physics of failure. Another
objective of reliability tests is to accumulate representative failure statistics. Acceler-
ated tests use elevated stress levels and/or higher stress cycle frequency to precipitate
failures over a much shorter time. Stress loading includes constant stress, step stress,
progressive stress, and random stress [33]. Typical accelerating stresses are tempera-
ture, mechanical load, TC or TS, cyclic bend, drop impact, and vibration. Such tests
can facilitate physics of failure for reliability tests that cost effectively, shorten the
product process, and improve long-term product reliability. Accelerated tests can be
performed at any level, such as part level, component level, board level, equipment
level, and system level. The degree of stress acceleration is usually determined by
an acceleration factor (AF). This factor is defined as the ratio of lifetime under normal
service conditions to the lifetime under accelerated conditions.

In this section, TC, cyclic bending, vibration test, and drop impact test will be
discussed with examples to present testing method and reliability analysis for
advanced electronic packaging. Thermal cycling loading (high strain, low cycle
fatigue) induces viscoplastic deformation in the solder joints. Vibration loading (low
stress, high cycle fatigue) primarily induces elastic or elastic-plastic deformation in
the solder joints. Drop impact test is used to investigate impact reliability of electronic
assemblies for portable electronic products.

4.2.1 Thermal cycling test and analysis

When accelerated thermal cycling (ATC) tests were carried out, AF given by Norris
and Landzberg [34] has been used to relate test conditions to field conditions for
solder:

AF¼
�
DTt
DTf

�1:9�ff
ft

�1=3

exp

�
1414

�
1

Tmax:f
� 1
Tmax:t

��
(4.2.1)

where DTt and DTf are temperature ranges at test and field conditions; ft, and ff are the
cyclic frequencies at test and field conditions; and Tmax.t and Tmax.f are the highest
temperature in K at test and field conditions, respectively. When the accelerated factor,
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AF, is determined and reliability test data are known, the life distribution, reliability
function, and failure rate for field condition can be calculated using best-fit Weibull life
distribution model considering linear acceleration case in which the Weibull plots of
the field condition and testing condition have the same Weibull slope:

FfðxfÞ¼ 1� exp
�
� ðxf=AF$qtÞbt

	
(4.2.2a)

RfðxfÞ¼ exp
�
� ðxf=AF$qtÞbt

	
(4.2.2b)

hfðxfÞ¼ ðbt =AF $ qtÞðxf=AF$qtÞbt�1 (4.2.2c)

where xf, Ff, Rf, and hf are the time to failure, life distribution, reliability function, and
failure rate at field condition, respectively, bt and qt are the shape parameter and
characteristic life at testing condition, respectively, and AF represents the accelerated
factor.

The two common ATC tests used for solder joint reliability used in industry are TC
[35] and TS [36] tests. Cyclic stressestrain will deform the solder material when
subjected to TC or TS test due to CTE mismatch in different electronic materials,
thus inducing thermal fatigue failure in solder joints. TC has a ramp rate varying
from 8 to 33�C/min, whereas TS condition has a ramp rate between 33 and 55�C/
min. Dwell time (soak time) is included at the cycle extremes to allow for creep and
stress relaxation process to take place. TC testing condition is in air environment, while
TS testing condition is in liquid environment to provide fast temperature change.
Different temperature ranges are shown in Table 4.2.1 for different service environ-
ments for electronic products. In ATC test, such temperature range will be considered.

Surface mounted components, such as PBGA, are commonly used in electronic
assemblies. In PBGA, the solder joints are very important parts for the integrity of
electronic products as they are prone to fatigue failure at test or field condition.
Lead-free solders are rapidly replacing lead-based solders as the EU legislations on

Table 4.2.1 Thermal environments for electronic products.

Use condition Temperature range(8C)

Consumer electronics 0e60

Telecommunications �40e85

Commercial aircraft �55e95

Military aircraft �55e125

Space �40e85

Automotive passenger �55e65

Automotive under the hood �55e150
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RoHS (Reduction of Hazardous Substances) and WEEE (waste electrical and elec-
tronic equipment) take effective in July 2006. The lead-free solder alloy recommended
by the iNEMI, Sne3.9Age0.6Cu, is gaining widely spread use with a narrow range
Sne(3e4)Age(0.5e1)Cu. In this section, thermal fatigue test from �40 to 125�C
and FEA simulation of PBGA package with Sne3.8Age0.7Cu solder were investi-
gated as an example. Weibull distribution analysis was conducted for test results,
and the MTTF was used for validation of FEA simulation result.

4.2.1.1 Thermal cycling test and failure analysis

Fig. 4.2.1 shows a PBGA specimen comprising 316 solder joints with 0.76 mm solder
ball diameter, 1.27 mm solder joint pitch, and 0.58 mm solder ball stand-off height.
The die size is 7.6 mm � 7.6 mm � 0.4 mm. The size of BT substrate is
227 mm � 0.28 mm. The PBGA component is mounted on the 1.63 mm thick PCB
using Sne3.8Age0.7Cu lead-free solder. Electroless nickel immersion gold (ENIG)
surface finish is used for both PCB and package substrate copper (Cu) pads. The thick-
ness of over mold is 0.7 mm. Thermal cycling test with temperature ranging from �40
to 125�C was conducted for the PBGA specimen in a three-zone thermal chamber. As
shown in Fig. 4.2.2, the TC profile has a 60 min cycle time including 15 min ramp up
and ramp down and 15 min dwell time at extreme low and high temperature. One
daisy-chain loop connecting all the solder joints for each PBGA package was designed
to monitor resistance change using a data logger. The initial resistance of the daisy-
chain loop is about 10U. Solder joint failure criterion is defined as having resistance
values more than 300U, which is one of the most used failure criteria in defining
the solder joint failure of the electronic assemblies under accelerated reliability tests.
Total of 24 samples were tested in the thermal chamber. The test was stopped at
3500 TC cycles. The total of 16 failure data was obtained and shown in Fig. 4.2.3.
The PBGA package used in this work has a good TC reliability with the first failure
life more than 1000 cycles. The calculated MTTF is 2742 cycles and the characteristic
life (63.2% failure) is 3081 cycles based on the Weibull distribution model analysis.
The characteristic life will be used as a reference for comparison with numerical life
prediction. Failure analysis was performed for the PBGA package to ascertain the fail-
ure site and mode through cross-sectioning and scanning electron microscope (SEM).

Figure 4.2.1 Plastic ball grid array (PBGA) specimen and solder joint layout.
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The solder joint under silicon die corner was found to be total fatigue cracking failure.
Fig. 4.2.4 shows the SEM image of typical solder joint failure site. The observed fail-
ure mode was solder joint fatigue cracks initiating from the solder joint corner and
propagating through the bulk solder close to the solder/IMC interface at the component
side. The IMC was identified as Cu-Ni-Sn ternary IMC as shown in Fig. 4.2.4.
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Figure 4.2.2 Thermal cycling profiles from actual test and finite element analysis (FEA)
simulation.
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Figure 4.2.3 Weibull plot of thermal cycling fatigue life for plastic ball grid array (PBGA)
package.
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4.2.1.2 Thermal cycling fatigue life analysis

4.2.1.2.1 Material property model
FEA modeling and simulation will be implemented to help investigate solder joint
fatigue reliability and understand failure mechanism and affecting parameters. Solder
creep behavior is temperature and time dependent and plays a very important role in
the deformation of the solder due to low melting point. Therefore, the time- and
temperature-dependent deformation behavior of the solder alloy is one of the most
important properties in the FEA modeling and simulation. These constitutive models
include a single creep equation with hyperbolic sine function, elastic-plastic model,
EPC models, and viscoplastic model. All these constitutive models are used in TC
reliability modeling for comparison.

In the EPC model, the temperature- and strain rateedependent Young’s modulus E
and yield stress sy for Sne3.8Age0.7Cu solder are given below [37]:

EðT ; _εÞ¼ ð� 0:0005T þ 6:4625Þlog _εþ ð� 0:2512T þ 71:123Þðunit: GPaÞ
(4.2.3)

syðT; _εÞ¼ ð�0:1362T þ 67:54Þð _εÞð0:000559Tþ0:0675Þðunit: MPaÞ (4.2.4)

where T is the temperature in �C and _ε is the strain rate. The strain rate for solder
deformation under TC usually corresponds to 10�4 1/s. The solder is assumed to
exhibit elastic, bilinear kinematic hardening plastic behavior after yield. For hyper-
bolic sine creep equation (see Eq. 4.1.28), material constants of creep model for
SneAgeCu solder was presented in Ref. [38]. Nine constants in the viscoplastic
Anand model (see Eqs. 4.1.17e4.1.20), A, Q/kB, x, m, bS, n, h0, a, and S0, for Sne
AgeCu can be found in Ref. [39]. Such material properties can be used in FEA
modeling to simulate stressestrain behavior of solder joint under TC loading condition
for life prediction. Fatigue damage parameters such as inelastic strain energy density
Win can be expressed as follows:

Win þWp þWc (4.2.5)

200 μm

Cu–Ni–Sn  IMC

Sn–Ag–Cu  solder

Crack

Copper pad

Figure 4.2.4 SEM images showing solder joint failure mode and location.
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where subscripts in, p, and c represent inelastic, plastic, and creep, respectively. Some
researchers only considered solder creep behavior without considering the plastic
aspect in the FEA simulation of TC. Under such a condition, all creep strain energy
density contributes to a whole inelastic strain energy density.

There are two ways to develop a fatigue model for solder joint. One way is to
develop a fatigue model by conducting displacement-controlled isothermal mechani-
cal fatigue test using bulk solder material or solder joint specimen. The other way is
to develop a fatigue model by combining actual thermal fatigue reliability test and
FEA simulation results. For the first method, energy-based life models are given in
Eq. 4.1.50. The fatigue ductility coefficient, C, and the fatigue exponent, m, for
Sne3.8Age0.7Cu can be obtained from the energyelife curves. In a TC test, temper-
ature changed from�40 to 125�C with a frequency of a cycle per hour. The isothermal
tension test condition is required similar to the TC test. The extreme high temperature
and strain rate in the TC test have a significant effect on solder joint fatigue failure.
According to above conditions, the isothermal test condition was selected as at
125�C with a frequency of 0.001 Hz. The material constants n and A for Sne3.8
Age0.7Cu solder are 0.897 and 311.7 MPa, respectively, obtained from the
isothermal fatigue tension tests [40].

For the second method, the coefficient and exponent in fatigue model can be deter-
mined by combining the FEA simulation results and actual test data. Schubert et al.
[26] proposed the creep strain energy-based fatigue life models (Eq. 4.1.54b) for Sne
AgeCu solder with high Ag content based on FEA simulation results (averaging the
accumulated creep strain and energy density for interface layer of solder at package
side) and actual reliability test data from different types of assemblies such as
FCOB and PBGA under different TC conditions. Syed [25] proposed fatigue models
(Eq. 4.1.53) for SneAgeCu solder with high Ag content using FEA simulation results
and actual reliability test data from different BGA assemblies such as PBGA, Ceramic
BGA, and fleXBGA under different TC conditions. Different fatigue life models
mentioned above will be used to predict PBGA solder joint fatigue life to investigate
the effect of different life models on the solder joint fatigue life prediction.

4.2.1.2.2 Finite element analysis modeling and life prediction
4.2.1.2.2.1 Finite element analysis model Fig. 4.2.5 shows different FEAmodels
for PBGA package including quarter, octant, slice, and 2D models. Quarter model was
obtained by cutting from two symmetric centerline planes. Octant model was obtained
by cutting from diagonal and centerline planes based on geometric symmetry. Slice
models were extracted from a diagonal line and two different slice models were
considered, one was obtained by cutting plane through package diagonal, thus all sol-
der joints along diagonal are in the shape of half solder ball (S2). The other slice model
contains all entire solder joints along package diagonal (S1). Because of the
complexity of octant and quarter models, submodeling method was used in these
two models. A 2D model is chosen from package diagonal with a diagonal pitch dis-
tance (

ffiffiffi
2

p
times normal pitch) between adjacent solder joints. For the 2D model, 2D

strain, 2D stress with unit thickness, 2D stress with thickness equivalent to solder joint
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pitch, and 2D symmetric models were investigated. The proper symmetric and/or
coupled boundary conditions were applied to different FE models. All FEA models
that are commonly encountered in the simulation of TC for electronic assemblies
were simulated. Errors arising from different numerical models were identified quali-
tatively and quantitatively through result comparison by considering the quarter model
as a reference model because the quarter model was the most accurate model compared
with the other models.

In the FEA simulation of PBGA package under TC, the elements required for solder
joints occupy a majority of all elements because finer meshing is needed for solder
joints. Therefore, it is desirable to reduce elements size for solder joints. According
to a beam theory, a ball-shape solder joint can be replaced by a cuboid-shape solder
joint with the equivalent tensile and shear stiffness because tension compression and
shear loads are the major loading type when electronic package subjects to TC.
Fig. 4.2.6 shows the meshed solder joints in an equivalent global quarter model.

Coupling

Coupling

Symmetry
Symmetry

Symmetry

Coupling

S1 S2

PBGA solder joint distribution

SymmetrySymmetry

Symmetry

1/4 global model and submodel

1/8 global model and submodel
2D model (2D) 

Symmetry

Symmetry

Figure 4.2.5 2D and 3D finite element analysis (FEA) models of plastic ball grid array (PBGA)
package.

Equivalent global model Meshed solder joint element

Symmetry

Symmetry

Figure 4.2.6 Meshed ball-shape and cuboid-shape solder joints in an equivalent global model.
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The critical solder joints, for example, solder joints under die corner and package
corner, were modeled as a real shape solder joint and others were modeled as the
equivalent cuboid-shape solder joints. The submodel used for the effective solder joint
model is the same as that for the quarter model as shown in Fig. 4.2.5. This effective
global model reduces elements size significantly compared with global model with all
meshed ball-shape solder joints.

To investigate the effect of element size on the simulation results, the mesh sensi-
tivity study was carried out. The quarter global FEA model has the same element
density, while the submodel has different element densities. Fig. 4.2.7 shows the
different FEA models of solder ball used in the submodel containing coarse, medium,
fine, and very fine element mesh. Usually, the top interface layer of component/solder
is a critical area in terms of failure site. The thickness of the interface layer elements is
25 mm for all FEA models, which was used for BGA solder joints. Different mesh den-
sities along the radial direction and across the thickness of the 25 mm interface layer
were implemented as shown in Fig. 4.2.7. The effect of the mesh density across the
interface thickness on the simulation results was also studied by comparing a fine
model (Fig. 4.2.7c) with a very fine model (Fig. 4.2.7d). The fine FEA model has
one layer elements across the 25 mm interface thickness, while the very fine FE model
has 2-layer elements across the same interface thickness. The medium and coarse
models have grid size 2 times and 3 times as the fine model along the radial direction,
respectively. Anand constitutive model was used for the solder in the mesh sensitivity
study.

Tables 4.2.2 and 4.2.3 list the material properties used in the FEA simulation for the
PBGA package [37,41]. Solder joint material properties are critical in the FEA simu-
lation. The elastic-plastic, EPC, elastic-creep, and viscoplastic Anand models were
simulated for the SneAgeCu solder for comparison. Temperature-dependent material
properties were used for Cu and silicon die [41]. Fig. 4.2.2 shows the TC profile used
in the FEA simulation.

4.2.1.2.2.2 Finite element analysis simulation results and discussion The
accumulated strain energy density in the top interface layer elements based on
volume-averaging method was compared as in Fig. 4.2.8. The volume-averaged
method was used for plastic strain energy density (W) calculation [27]:

DWave¼
Pn
i
W2;i$v2;iPn
0
v2;i

�
Pn
i
W1;i$v1;iPn
i
v1;i

(4.2.6)

where W2;i and W1;i are the total accumulated strain energy density in one element at
the end point and the starting point of the ith thermal cycle, respectively, v2;i and v1;i
are the element volume at the end point and start point of the ith thermal cycle,
respectively, and n is the number of selected elements to calculate averaged strain
energy density. The element size effect on the simulation result is not significant
because the volume-averaging method was used. The difference of the simulation
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(c)

One-layer element at interface
thickness 25 μm
element size in radial direction 67.5 μm 

One-layer element at interface
thickness 25 μm 
element size in radial direction 45 μm 

One-layer element at interface
thickness 25 μm 
element size in radial direction 22.5 μm 

Two-layer element at interface
total thickness 25 μm 
element size in radial direction 22.5 μm 

(d)

(a)

(b)

Figure 4.2.7 Solder joint finite element analysis (FEA) models with different mesh density:
(a) coarse mesh, (b) medium mesh, (c) fine mesh, and (d) very fine mesh.
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results between the fine model and very fine model is less than 4%, which means that
the volume-averaged result over the interface layer is not sensitive to the element size
across the thickness of the interface. The medium model has a closer result compared
with the fine model. Therefore, the medium model would be used in this chapter for
parametric studies because this model needs lower computing sources compared with
the fine model.

Table 4.2.2 Material properties used in finite element analysis (FEA) simulation for plastic ball
grid array (PBGA) package.

Materials Young’s Modulus (GPa) Poisson’s ratio CTE(ppm/8C)

Solder Table 4.2.3 0.35 24.5

Copper 155.17 0.34 Table 4.2.3

FR4 PCB x,z:20;y:9.8 x,z:0.28;y:0.11 x,z:18;y:50

BT substrate x,z:26;y:11 x,z:0.39;y:0.11 x,z:15;y:52

Die Table 4.2.3 0.278 Table 4.2.3

Adhesive 7.38 0.3 52

Molding compound 16 0.25 15

Table 4.2.3 Temperature-dependent material properties.

Temperature(8C) L40 25 50 125

Solder modulus (GPa) 54.43 41.73 36.84 22.19

Copper CTE (ppm/�C) 15.3 16.4 16.7 17.3

Die modulus (GPa) 192.1 191 190.6 190

Die CTE (ppm/�C) 1.5 2.6 2.8 3.1
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Figure 4.2.8 Effect of mesh density on strain energy density result of top interface layer.
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From FEA simulation results, all FEA models predict the same critical solder joint
location, which is the solder joint under the die corner as shown in Fig. 4.2.9. In the FE
simulation, three thermal cycles were simulated because it is enough to obtain the
converged strain or strain energy density results. Fig. 4.2.10 shows the accumulated
plastic strain energy density per cycle averaged over elements of an interface layer
on solder/component and solder/PCB based on the quarter FEA model simulation
results based on Eq. (4.2.6). The accumulated plastic strain energy density converges
at the third thermal cycle for both component side and PCB side interface elements.
Therefore, simulating three thermal cycles is enough to obtain a stable plastic strain
energy density accumulation per cycle. The accumulated plastic strain energy density
is larger on the solder/component interface layer than on the solder/PCB interface layer
such that solder joint fatigue failure occurs on the component side, which was verified
by failure analysis in TC test results.

Critical solder

Die corner

Component
corner

Center

6th solder

5th solder
4th solder

3rd solder

.437E-04 .036148 .072252 .108356 .14446
.162512.126408.090304.0542.018096

Figure 4.2.9 Strain energy density accumulated in plastic ball grid array (PBGA) solder joint
after one thermal cycle.
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Figure 4.2.10 Accumulated plastic strain energy density in three thermal cycles.
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Fig. 4.2.11 shows volume-averaged plastic strain energy densities accumulation on
component/solder interface elements for different FEA models. Firstly, the 2D stress
models result in the highest plastic strain energy density, while the slice models S1
result in the lowest plastic strain energy density due to more assumptions about geom-
etry and boundary conditions used in these models compared with real condition.
Secondly, the 2D strain model results in the higher plastic strain energy density
than the 2D axisymmetric model. Finally, octant, equivalent quarter, S2 slice, and
2D axisymmetric FE models can give reasonable results compared with the reference
model (quarter FE model). Solder fatigue life predictions based on different FEA
models were carried out using the energy-based fatigue model. For simplicity, the
normalized fatigue life, or fatigue life ratio as shown in Fig. 4.2.12, was calculated
considering fatigue life prediction for quarter reference model as a unity. It can be
seen that all 2D models underestimate the solder fatigue life, especially for 2D stress
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Figure 4.2.11 Accumulated plastic strain energy densities per cycle for different finite element
analysis (FEA) models.
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Figure 4.2.12 Normalized fatigue life predicted by different finite element analysis (FEA)
models.
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model. Octant, equivalent quarter, S2 slice, and 2D symmetric models result in accu-
rate fatigue life predictions with error less than 10% compared with quarter reference
model. These findings are applicable for the large PBGA solder joints.

4.2.1.2.2.3 Parametric study using finite element analysis (FEA) simula-
tion Fig. 4.2.13 shows a comparison of volume-averaged strain energy density results
for different constitutive models. The strain energy density values obtained from the
EPC model, creep model, and Anand model are consistent. In the EPC model, total
inelastic strain energy was separated into two parts, one for creep and the other for
plastic deformation. When the EPC model was used for solder, the time-dependent
creep effect (EPC creep) is dominant compared with time-independent plastic effect.
In the Anand model, plastic and creep strain energy density cannot be separated and
they were together as inelastic strain energy density. In the creep model, time-
dependent creep behavior was developed. The EP model does not consider the
time-dependent creep deformation but only the irreversible plastic deformation. There-
fore, the energy density resulting from the EP model is lower than those from the other
constitutive models. Therefore, the EP model is not a suitable constitutive model for
solder joints subjected to TC.

Volume-averaging technique can be used to determine strain energy density to
minimize the effect of mesh sensitivity and stress concentration on fatigue life predic-
tion. As such, selecting suitable elements for volume-averaged strain energy density is
very important as it affects fatigue life prediction significantly. Fig. 4.2.14 shows
different volumes from solder/component interface elements in the quarter FEA model
containing whole layer elements with 540 mm diameter, two outer rings elements with
width of 1/3 radius of the interface, i.e., 90 mm ring width, the outermost ring elements
with width of 1/6 radius of the interface, i.e., 45 mm ring width, and segment (1/4 ring)
of the outmost ring. Fig. 4.2.15 shows the predicted fatigue life of solder joint based on
different averaging volumes. Fatigue life prediction based on the segment elements
results in a low life compared with test result due to stress concentration effect on
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Figure 4.2.13 Inelastic strain energy density from different solder constitutive models.
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such small volume. Fatigue life based on the outermost ring elements has a good agree-
ment with test result. During a TC test, a crack always initiates at the outermost area of
solder/component interface due to stress concentration near this area. Then, the crack
propagates along the interface so that the stress concentration area will move toward
the center of the interface. The majority of the solder joint reliability will be consumed
before the crack propagates to the center of the interface because the effective interface
area used for supporting thermal-induced loading becomes smaller and smaller. There-
fore, averaging the whole solder/component interface layer volume will underestimate
strain energy density and overestimate solder fatigue life accordingly.

To explain why volume-averaging method based on the outermost ring elements
can result in accurate fatigue life prediction, a nonuniformity factor is introduced,
which is defined as a ratio of the maximum plastic strain energy density to the mini-
mum result among the selected elements. Fig. 4.2.16 shows the plastic strain energy
density contours for different averaging volumes. The nonuniformity factors of plastic
strain energy density are 10.2, 5.1, and 2.9 for the whole layer, two outer rings, and
outermost ring elements, respectively. The peripheral area of the interface has the
higher stress level under TC loading compared with the center area of the interface.
The resulted strain energy density will reduce from the periphery to the center of
the interface. For the result of the whole interface layer, the nonuniformity factor is
the ratio of the maximum result at the edge of the interface to the minimum result at

 Whole layer
thickness 25 μm

diameter 540 μm  

Two outer rings
thickness 25 μm

width 90 μm  

Outermost ring
thickness 25 μm

width 45 μm  

Segment of
outermost ring

(1/4 ring)  

(a) (b) (c) (d)

Figure 4.2.14 Different averaging volumes for plastic ball grid array (PBGA) solder joint.
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Figure 4.2.15 Comparison of solder joint fatigue life based on different averaging volumes.

Stress and reliability analysis for interconnects 163



the center of the interface, so the nonuniformity factor is larger. When using a ring as
an averaged-volume, the maximum result is the same as that of the whole layer
volume, but the minimum result of the ring is larger than that of the whole layer. There-
fore, the nonuniformity factor for the ring volume becomes smaller compared with that
based on the whole layer volume. The plastic strain energy density averaged on the
whole interface layer results in a lower magnitude, which leads to a higher fatigue
life. Volume based on the outermost ring elements is a desirable averaging volume
for solder joint fatigue life prediction.

To investigate the effect of different fatigue models on solder fatigue life, fatigue
life prediction was carried out by substituting accumulated strain energy density results
as shown in Fig. 4.2.13 into different energy-based fatigue models such as Schubert’s
model and Syed’s model. Fatigue life was predicted based on the outermost ring
volume-averaged strain energy density when using our model developed by bulk
solder specimen. Fig. 4.2.17 shows a comparison of fatigue life predictions using
the energy-based fatigue life models. For a given fatigue life model, different solder
constitutive models lead to similar fatigue life prediction. Syed’s model was developed
by using the experimental results of different types of BGA packages and FEA simu-
lation results where the fatigue damage parameter was averaged based on the whole
solder/component interface elements. Schubert’s model has a similar method as Syed’s
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Figure 4.2.17 Life prediction based on different solder constitutive models and fatigue life
models.
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model except that different types of packages such as PBGA and FCOB with and
without underfill were used in Schubert’s model. Three different fatigue models result
in an acceptable fatigue life prediction compared with experimental result. It should be
noted that the whole layer element averaging method is reasonable in fatigue life
prediction when using Schubert’s model and Syed’s model, while the outermost
ring averaging method is desirable when using our fatigue model.

In the thermomechanical analysis, the initial stress-free condition (also called refer-
ence temperature) is important. Solder material is in a relatively stress-free state when
solder joint is formed at soldering temperature. When the electronic assemblies are
cooled down to room temperature, stresses have been induced in the assemblies due
to CTE mismatch among different materials. Many researchers assumed room temper-
ature or some other arbitrary temperatures as a reference temperature. This assumption
is based on the belief that any residual stresses in solder will relax due to the creep
characteristics of the solder [42]. Through stress relaxation tests for lead-free solders,
Mavooti et al. [43] observed that the relaxation time (time required for stress drop to
1/e of the initial stress) decreases with increasing temperature and increasing strain.
At 80�C, the stress relaxes completely to zero in less than 1 day for lead-free solder.
At 25�C, most of stress (more than 50%) relaxes rapidly in less than 120s, and then the
stress relaxation is insignificant over a period of 1 day. Some researchers [43,44] used
25�C as a reference temperature in the FEA simulation for investigating BGA solder
joint fatigue life subjected to TC loading and they achieved a good agreement between
life prediction and experimental results. Pyland et al. [45] used underfill cure temper-
ature, 150�C, as a stress-free temperature in the FEA simulation for an underfilled
BGA package to predict a consistent fatigue life compared with reliability test results.
Fan et al. [46] recommended high dwell temperature, Tmax, e. g., 125�C, for a TC test
from�40 to 125�C, as a stress-free condition because the packages always relax to the
lowest stress during the high-temperature dwell period after several cycles. Through
their simulation results, it was found that the stabilized strain energy density almost
converge to the same value for different stress-free conditions such as Tmax and
room temperature. In the study for fine pitch BGA packages [47], stress-free condi-
tions affected the location and history of the stressestrain hysteresis loop, while the
area of the hysteresis loop (strain energy density per cycle) was similar for different
stress-free condition of 125 and 25�C. It seems that the selection of the stress-free tem-
perature in the FEA simulation has been a debate for different packages and loading
conditions. Here, three stress-free temperatures at 25�C, 125�C, and 150�C were simu-
lated to investigate the effect of the stress-free temperature on the simulation results for
the PBGA solder joints. Different solder material constitutive models, including
Anand model, creep model, and EPC model, were also considered in the study of
stress-free condition. Energy-based fatigue model and the outermost ring elements
for averaging volume were used in solder joint fatigue life prediction. Fig. 4.2.18
shows a comparison of fatigue life prediction for different stress-free conditions
when using different solder constitutive models. Solder joint fatigue life prediction
decreases with increasing reference temperature for all solder constitutive models.
However, fatigue life prediction is more sensitive to the reference temperature when
using the Anand model for solder material than that when using the creep and EPC
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models. Selecting 25�C, 125�C, or 150�C as a reference temperature results in a
reasonable fatigue life with error less than 25% compared with the test result. Gener-
ally, package warpage measured using shadow moiré and solder joint deformation
measurement by digital image correlation [48] are two direct ways to benchmark
the simulation results.

4.2.1.2.2.4 Effect of IMC layer on life prediction The microstructure change and
its influence on solder joint reliability have received much attention recently due to the
miniaturization trend of electronic packages. Chen et al. [49] reported the effect of
microstructure change on the solder joint reliability under TC. The failure modes
are dependent on the localized microstructural changes in the stress concentration
regions and the crack propagation paths follow the networks of grain boundaries by
recrystallization. Li et al. [50] developed a new method to predict the onset and prog-
ress of recrystallization in solder interconnection under TC test by combining the finite
element simulation and Monte Carlo (MC) method. The stored energy distribution
from FEA simulation was mapped onto the MC model to predict the onset and prog-
ress of recrystallization. However, the predicted fatigue life of solder joint is sensitive
to the selection of the retained stored energy fraction.

The Cu-Ni-Sn ternary IMCs form between the SneAgeCu solder joints and Cu/
Ni(Au) pad during reflow and thermal aging [51]. The reliability of the electronic
assembly was affected by the IMC layer during TC [52]. The thickness of the IMC
layer increases with aging time when the PBGA package subjects to TC. The evolution
in the IMC morphology and microstructure were investigated using an isothermal ag-
ing test, and results were shown in Fig. 4.2.19 with aging time of 0 h, 120 h, 260 h, and
500 h, respectively. The microstructure of interfacial IMC changing with aging time
can be roughly divided into several steps, from initial needle-type, transitional scal-
lops þ needles to finally planer type. Then, the IMC layer becomes smoother and
smoother. The thickness of the IMC layer is around 3 to 6 mm after 2000 thermal
cycles from �40 to 125�C [51]. However, it cannot be realized in the finite element
modeling to model the IMC growth dynamically. Therefore, different constant IMC
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Figure 4.2.18 Effect of stress-free temperature on solder joint fatigue life prediction.
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thicknesses, e. g., 1 mm, 2 mm, 3 mm, 4 mm, and 6 mm, were simulated separately in the
FEA models to investigate the effect of the IMC thickness on the solder joint fatigue
life, thus it can mimic the IMC growth influence approximately. In a real condition,
the IMC surface is not flat with random roughness during growing. For a convenience,
a flat IMC layer was modeled. The IMC layers with the same thickness were modeled
at both package side and PCB board side, as shown in Fig. 4.2.20. The solder joint
stand-off height was the same for both FEA models with and without IMC layer.
The elastic modulus and CTE of the Cu-Ni-Sn IMC are 160 GPa [53] and
15.3 ppm/�C [54], respectively.
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Figure 4.2.19 Microstructure change of the IMC layer at solder/Ni(Au) interface under different
aging times: (a) 0 h, (b) 120 h, (c) 260 h, and (d) 500 h.
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Figure 4.2.20 Finite element analysis (FEA) model including thin IMC layers in solder joint.
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Fig. 4.2.21 shows a comparison of the solder joint fatigue life when modeling
different IMC layer thickness. Thicker IMC layer results in a lower solder joint fatigue
life, which is consistent to the results given by Yao et al. [55]. The thicker IMC layer
makes solder joint stiffer, which induces higher strain energy in solder ball and accel-
erates the solder joint fatigue failure accordingly. From a numerical simulation point of
view, simulating a 6 mm IMC layer in the FEA model reduces the solder joint fatigue
life prediction about 8% compared with the case without simulating the IMC layer.

4.2.1.3 Summary on thermal cycling reliability test and analysis

Thermal cycling reliability test and FEA simulation were carried out for a PBGA pack-
age with the SneAgeCu lead-free solder joints as an example. Failure analysis shows
solder fatigue failure with fatigue crack close to solder/component interface, which is
consistent with FEA simulation results. In the FEA simulation, 3D quarter and octant
models lead to more accurate results than 2D model and 3D slice model. Solder consti-
tutive models, such as the EPC model, elastic-creep model, and viscoplastic model,
lead to the similar strain energy density and life prediction. Elastic-plastic model is
not suitable for solder material in the thermomechanical FEA simulation. Fatigue dam-
age parameter based on the outermost ring volume-averaging method is reasonable
and proper in solder fatigue life prediction when using fatigue model developed by
the bulk solder fatigue tests. The predicted fatigue life of solders decreases with
increasing reference temperature. Selecting 25�C, 125�C, or 150�C as a reference tem-
perature results in a reasonable fatigue life with error less than 20% compared with the
test result.

The simulation results showed that the solder joint fatigue life prediction incorpo-
rating the modeling the IMC layer thickness results in much shorter TC fatigue life
compared with the base reference model without the IMC layer present. The reduction
is more significant with increasing IMC thickness. The finite element model results
with a thick IMC layer of 6 mm resulted in good correlation with the TC test fatigue
life prediction result. However, dynamically modeling IMC layer in the FEA model
is still one challenging job and needs to put more efforts on this problem.
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Figure 4.2.21 Effect of IMC layer thickness on solder fatigue life prediction.
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4.2.2 Mechanical bending test and analysis

Bend loading is encountered for hand-phone board-level keypad loading test. Three-
point and four-point bend tests with cyclic or monotonic loading may be used. Cyclic
bend test can evaluate the fatigue reliability of electronic assembly, while monotonic
bend test is intended to characterize the fracture strength and overstress of solder joints.
Three-point bend test is useful for generating reliability data for multiple packages
tested under different load levels (bending moments) in a single test, while four-
point bend test is suitable for testing large sample size of packages at similar loading
condition (same bending moments) between the inner load span regions.

Shetty et al. [56,57] reported cyclic three-point bend tests from zero curvature to
maximum curvature for chip-scale packages (CSP) mounted on both sides of PCB.
Before cyclic bend test, overstress monotonic three-point bend tests were conducted
to determine the overstress limits for CSP assembly. Fatigue life was developed based
on bending strain and failure data. However, bending strain of PCB board measured
during bend test is not a useful fatigue damage parameter for determining solder
fatigue failure because bending strain can be affected by many factors such as PCB
thickness and material properties, load profile, support span and load span, package
type, etc. Fatigue damage parameters for solder fatigue failure should be used and
the solder stress (SeN) or strain (ε-N) or energy (Wp-N) fatigue life approach needs
to be developed and is reported in this chapter.

Mercado et al. [58] introduced four-point bend fixture with capable of two-sided
bend test from positive to negative deflections and investigated the effect of loading
frequency with 1 Hz, 3 Hz, and 5 Hz and deflection levels with 1.5 mm, 2 mm,
3 mm, and 4 mm on fatigue reliability of handheld components. Correlation between
four-point and three-point bend was also developed. Geng et al. [59] studied the effect
of loading rate on PBGA solder joint reliability using four-point bend test with three
different loading speeds of 2.54 mm/min, 25.4 mm/min, and 254 mm/min. It was
shown that solder joint fatigue failure is dependent on bending loading rate. At high
loading rate, solder joint fails at less board deflection. Therefore, traditional quasi-
static bending test is not sufficient to quantify solder joint failure under shock load.

All the bend tests from existing literature were conducted at room temperature
(25�C). In this section, VQFN (very-thin quad-flat-no-lead package) assembly with
SneAgeCu lead-free solder was chosen as an example and tested under three-point
and four-point cyclic bending load at room temperature (25�C) and high temperature
(125�C). The correlation between three-point bend and four-point bend was developed
and verified by test results and FEA simulation results. Temperature effect on bending
fatigue life was evaluated, and accelerated factor was presented. In this study, FEA
modeling and simulation were also performed for different testing conditions to inves-
tigate the stressestrain behavior of solder joint. Fatigue models were developed for
SneAgeCu lead-free solder subjected to cyclic bending load at 25 and 125�C based
on FEA results and bend test data using strain energy density as a fatigue damage
parameter.
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4.2.2.1 Isothermal cyclic bend test and analysis

4.2.2.1.1 Test vehicle and experimental procedure
VQFN assembly with SneAgeCu solder was selected for cyclic bend test in this
study. The specimen size as shown in Fig. 4.2.22 follows JEDEC standards [60,61].
Two different board surface finishes of Ni/Au and OSP (organic solderability preser-
vative) were investigated. For specimen with OSP finish, two types of test boards were
used: one type of test board has 5 components and the other one has 15 components.
For specimen with Ni/Au finish, one type of test board with 5 components was used.
The structure of VQFN component is shown in Fig. 4.2.23. VQFN package with
geometry size of 7 mm � 7 mm � 0.8 mm was mounted on the FR-4 PCB board of
132 mm � 77 mm � 1 mm in size by 48 SneAgeCu solder joints with 0.1 mm joint
thickness. One daisy-chain loop containing all 48 solder joints was designed for each
component to take in situ resistance measurement.
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Figure 4.2.22 Board size and layout of very-thin quad-flat-no-lead package (VQFN)
specimens.
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Cyclic bend test of specimen was conducted by an Instron tensile tester with a ther-
mal chamber. The failure event was detected when resistance of the daisy-chain loop is
greater than 300U lasting for 0.1 s or longer. Four-point and three-point bend tests
were conducted to make correlation between them. Fig. 4.2.24 shows the fixture for
four-point bend and three-point bend. Anvil radius and length of fixture satisfy require-
ment of bend test given by IPC/JEDEC-9702 standard [62]. The support span of
100 mm and load span of 70 mm as shown in Fig. 4.2.22 were used for four-point
bend test. For three-point bend test, support span of 100 mm was used. Constant
bending moment can be obtained between load head in four-point bend test so that
all the samples within the load span are subjected to the same stress level (bending

Die paddle area=5.26 mm × 5.26 mm

Top surface area
=0.3 mm × 0.7 mm

Exposed lead
=0.25 mm × 0.4 mm

Exposed pad area
=5.06 mm × 5.06 mm

  Package
=7 mm × 7 mm

Die attach thickness=0.025 mm

Mold=
0.6 mm

Half etch
=0.1 mm

LF thickness=
0.2 mm

Solder joint

PCB

Die=3 mm × 3 mm × 0.254 mm

Figure 4.2.23 Structure of very-thin quad-flat-no-lead package (VQFN) package.
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Figure 4.2.24 Four- and three-point bending test fixtures and setup.
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moment or curvature), which significantly increases the sample size suitable for
Weibull analysis. Therefore, in four-point bend test, all five components are used
for test board No. 1, and nine components along three center rows for test board
No. 2 are used for reliability analysis.

4.2.2.1.2 Correlation between three-point bend and four-point bend test
Correlation between three-point bend and four-point bend was performed considering
components in four-point bend test subjected to the same bending moment value as
components in the center, right, and left rows in three-point bend test. Based on classic
beam theory, the maximum deflection, D3, for three-point bend with centered loading
condition can be expressed as

D3 ¼ Fl3

48EI
(4.2.7)

where F is the load applied on specimen, l is support span (100 mm in this study), and
E and I are Young’s modulus and moment of inertia of specimen, respectively. For
centered loading case, the maximum deflection and maximum moment occur at
centered loading point. The maximum moment can be obtained by

MC¼Mmax ¼ Fl

4
¼ 12EID3

l2
(4.2.8)

whereMC is moment applied on components of the center row in three-point bend test.
The moment value of MR applied on components of the right row can be obtained
considering specimen layout as shown in Fig. 4.2.22:

MR¼ 3
5
MC ¼ 36EID3

5l2
(4.2.9)

Pure bend condition occurs between loading anvils in four-point bend test. The
following equation can be derived from classic beam theory when any effects due
to the packages and the Poisson’s ratio effect of a plate in bending are ignored [62]:

D4 ¼ εðLS � LLÞðLS þ 2LLÞ
6t

(4.2.10)

where D4 is displacement of loading anvil, ε is global PCB strain, LS is support span of
100 mm, LL is load span of 70 mm, and t is PCB thickness of 1 mm. The global strain
of PCB surface is a function of curvature expressed as

ε¼ y

r
¼ My

EI
(4.2.11)
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where y is distance of PCB surface to middle plane, equating to half thickness of PCB
board. Combining above two equations and substituting known value, the relationship
between moment and displacement of loading anvil can be obtained as follows:

M4¼D4EI

600
(4.2.12)

The same moment value leads to the same global stress strain level. Therefore, to
use four-point bend test to simulate stress level of the center row components in
three-point bend test, let Eq. (4.2.8) equal to Eq. (4.2.12), obtain

D4C¼ 0:72D3 (4.2.13)

where D4C and D3 are displacements of loading anvil in four-point bend and three-
point bend tests, respectively. Similarly, let Eq. (4.2.9) equal to Eq. (4.2.12), the
relationship of displacement in four-point bend and three-point bend can be obtained to
use four-point bend to simulate the same stress level of right/left row components in
three-point bend:

D4R¼ 0:432D3 (4.2.14)

4.2.2.1.3 Three-point cyclic bend test
VQFN assembly with OSP finish was used in three-point bend test under displacement
control. Displacement from 1 to 5 mm with a frequency of 1 Hz was applied to spec-
imen center with chip facing down condition as shown in Fig. 4.2.24, which gives a
positive curvature to positive curvature fatigue test. Three components (U3, U8, and
U13) located at the center row of specimen as shown in Fig. 4.2.22 have the same
stress level. Three components at left row (U2, U7, and U12) and three components
at right row (U4, U9, and U14) have the same stress level due to symmetry. Table 4.2.4
shows the failure data for three-point bend test including averaged fatigue life and life
range. The fatigue life of components at the center row is less than that at the right and
left rows dramatically due to high stress level. It is one major disadvantage of three-
point bend test that failure is dependent of component location, which reduces the
number of components subjected to the same stress level. Moreover, the limited

Table 4.2.4 Fatigue life (cycles) correlation between three-point and four-point cyclic bend
tests.

Bend type Conditions Averaged life Life range

Three-point Center row 512 422e563

Four-point 0.72e3.6mm 444 317e678

Three-point Right/left row 2111 787e3033

Four-point 0.432e2.16 mm 2249 1363e3426
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sample size and large board-to-board variation will result in large variation in failure
data for three-point bend condition.

4.2.2.1.4 Four-point cyclic bend test for correlation
In the four-point bend test, failures of components between loading anvils are indepen-
dent of component location due to uniform stress strain region, which increases the
sample size for reliability analysis. Correlation between three-point bend and four-
point bend was performed considering components in four-point bend test subjected
to the same bending moment value as components of the center, right, and left rows
in three-point bend test.

VQFN assemblies with OSP surface finish were selected for four-point bend tests to
conduct comparison between four-point bend and three-point bend. Displacement
range from 0.72 to 3.6 mm and from 0.432 to 2.16 mm was used in four-point bend
tests to simulate stress level of components at the center row and components at the
right/left rows in three-point bend test with displacement range from 1 to 5 mm accord-
ing to Eq. (4.2.13) and Eq. (4.2.14), respectively. Three uniaxial strain gages as shown
in Fig. 4.2.25 were mounted on the test board according to requirement of standard
[62]. Strain gage mounted on opposite side of PCB as component and positioned at
package center was used to measure the local stiffening effect of VQFN package.
Strain gage mounted on opposite side of PCB as component and positioned at package
corner was used to measure the maximum PCB strain. Strain gage mounted on the
same side of PCB as component and centered between package edge and anvil center-
line was used to measure the global PCB strain. The sensing direction of all strain
gages was aligned with the longitudinal board direction, which is coincident with
PCB principal strain angle. The strain measurement was used to validate FEA simula-
tion results.

U12

U7

U2 U3 U4

U8 U9

U13 U14

Package
corner

Package
center

Global

Figure 4.2.25 Strain gage location on test board.

174 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



Fig. 4.2.26 shows the strain values measured by three strain gages during four-point
cyclic bend test at 25�C with displacement from 0.432 to 2.16 mm. The maximum
strains are 2.000 � 10�3

ε, 1.960 � 10�3
ε, and 1.280 � 10�3

ε for package corner,
global, and package center strain gages, respectively. Therefore, the local stiffening
effect of VQFN package on global PCB strain is obvious. The package corner strain
is slightly more than global PCB strain.

Fig. 4.2.27 shows the typical resistance change of daisy-chain loop with cycles dur-
ing four-point bend test with displacement from 0.72 to 3.6 mm. The package failure is
defined when resistance of daisy chain is more than 300U.

The fatigue comparison between three-point bend and four-point bend is listed in
Table 4.2.4. The fatigue lives of package in four-point bend tests with displacement
from 0.72 to 3.6 mm and from 0.432 to 2.16 mm are consistent with those of compo-
nents at the center row and right/left rows in three-point bend test with displacement
from 1 to 5 mm, which verifies the good correlation between three-point bend and
four-point bend tests. Failure mode analysis was carried out through cross section
and optical microscopy after bend test. The typical solder fatigue failure was identified
as shown in Fig. 4.2.28.
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Figure 4.2.27 Typical in situ resistance measurement during cyclic bend test (four-point bend:
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4.2.2.1.5 Four-point cyclic bend test at 25 and 125�C
Different displacement ranges were used in four-point bend tests to develop bending
fatigue life model of VQFN solder. Two different surface finishes containing Ni/Au
and OSP were selected for VQFN assembly to investigate finish effect on bending
fatigue life. All cyclic bend tests reported in limited literatures were conducted at
room temperature of 25�C. In this study, bend test was also conducted at high temper-
ature of 125�C to investigate AF of fatigue life at high-temperature condition
compared with room temperature condition. All four-point bend test conditions are
listed in Table 4.2.5. For convenience, one term was given for each test condition,
for example, Ni/Au-25_3.6 indicates that specimen with Ni/Au finish was tested at
room temperature of 25�C with the maximum displacement of 3.6 mm. The minimum
displacement was selected as one-fifth of the maximum displacement for all displace-
ment ranges used in four-point cyclic bend tests.

Figs. 4.2.29 and 4.2.30 show the Weibull plots of cycle to failure for VQFN assem-
bly with OSP finish under four-point cyclic bent tests conducted at 25 and 125�C,
respectively. It can be seen that failure data satisfy the Weibull distribution very
well. The cycle to failure increases significantly with decreasing displacement range
for both bend tests at 25 and 125�C. However, Weibull slopes for all test conditions
have a similar value. These phenomena are also fit for failure data of VQFN assembly
with Ni/Au finish.

Fig. 4.2.31 shows comparison of failure data for OSP finish case tested at 25 and
125�C. It was shown that high temperature (125�C) accelerates the failure of VQFN.

4.2.2.2 Finite element analysis for cyclic bend test

FEA modeling for bend fatigue tests were conducted to investigate the stressestrain
behavior of solder joint. Based on bend test data and FEA simulation results, fatigue
life prediction models were proposed for VQFN solder fatigue with OSP finish
subjected to cyclic bend at 25 and 125�C. Submodeling technique was used for
board-level FEA simulation to save computing source. Firstly, two-level submodeling
and one-level submodeling methods were compared to investigate the effect of mesh
density on FEA simulation results.

Figure 4.2.28 Typical solder fatigue failure mode under cyclic bend test.
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Table 4.2.5 Summary for four-point cyclic bend testing data.

Test conditions Slope
Characteristic
life MTTF

Averaged
life Life range

Ni/Au-25_3.6 1.76 447 398 388 158e691

Ni/Au-25_2.16 2.62 2375 2110 2089 1103e3034

OSP-25_3.6 4.04 485 440 444 317e678

OSP-25_2.16 4.27 2458 2237 2249 1363e3426

OSP-25_1.5 2.31 14,097 12,489 12,434 6735e19331

OSP-25_1.25 4.16 69,058 62,739 62,914 43553e84640

Ni/Au-125_2.16 2.47 590 523 520 272e854

Ni/Au-125_1.5 3.99 1509 1368 1374 984e1920

Ni/Au-125_1.0 5.24 31,932 29,400 29,526 21372e36102

OSP-125_2.16 3.38 699 628 631 330e1098

OSP-125_1.5 2.93 1968 1756 1778 1076e3062

OSP-125_1.25 3.3 9185 8239 8331 5131e13895

OSP-125_1.0 3.15 32,949 29,488 29,455 14880e46175
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Figure 4.2.29 Weibull plot of cycle to failure for four-point bend test at 25�C.
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4.2.2.2.1 Submodeling method for bend test
Solder joint is the critical part in VQFN assembly so that stress strain in solder is very
important to assess the reliability of VQFN package under cyclic bend loading.
Conventional 3D FEA model for board-level simulation is not desirable due to larger
element size and high-level computing source requirement. Therefore, submodeling
technique is a desirable choice. In this section, two submodeling methods were imple-
mented to study the effect of global model meshing on submodel results. One is called
two-level submodeling method as shown in Fig. 4.2.32, where the global board-level
quarter model was solved firstly. Then degree of freedom (DOF) results were trans-
ferred and interpolated to the cut boundary in the first-level package submodel with
medium mesh. Finally, the DOF results from first-level submodel were transferred
and interpolated to the cut boundary in the second-level submodel with fine mesh.
In two-level submodeling method, the package-level FEA model is a transitional
model, which is a submodel relative to the board-level global model, while it becomes
the package-level global model relative to the second-level submodel. This method can
satisfy requirement of elements transferring from much coarser mesh to much finer
mesh. It was expected that two-level submodeling method leads to more accurate
results, but complicated procedure is needed due to twice DOF interpolations.
The other method is called one-level or traditional submodeling as shown in
Fig. 4.2.33. In this method, global model and submodel are the same as board-level
global model and second-level submodel used in two-level submodeling method,
respectively. The DOF results from global model were transferred to final submodel
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Figure 4.2.30 Weibull plot of cycle to failure for four-point bend test at 125�C.
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Figure 4.2.31 Comparison of cycle to failure between 25 and 125�C test condition assembly
compared with room temperature (25�C) in four-point bend test with same displacement range
because the solder fatigue resistance would be reduced and simultaneously solder joint
deformation becomes larger at 125�C compared with 25�C. AF of cycle to failure due to high
temperature effect (125�C) is around 4e7 times compared with room temperature case for
cyclic bend test. All bending fatigue life data were summarized in Table 4.2.5. The cycle to
failure increases significantly with decreasing displacement range for both bend tests at 25 and
125�C. The VQFN assemblies with OSP finish have slightly longer fatigue life than VQFN
assemblies with Ni/Au finish for all test conditions. The MTTF is almost the same as the
averaged fatigue life. Weibull slope is larger when life range is narrow.
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Figure 4.2.32 Two-level submodeling method for bend test.
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directly without using package-level submodel as a transitional model. However,
it may give arise to more error because DOF results were interpolated and transferred
from too coarse mesh in global model to finer mesh in submodel. These two submod-
eling methods were performed by considering monotonic four-point bending load to
find a desirable method for following more simulation.

The displacement range from 0 to 6 mm was added on loading position of global
model in 1 s using 6 load steps in FEA simulation. Viscoplastic Anand model was
used for solder material [45]. Material properties refer to Table 4.2.2. Fig. 4.2.34
shows the global strain contour with direction normal to load and support anvil at
the displacement of 6 mm. It is shown that all packages are subjected to the same strain
level in four-point bending test. Strain value close to package corner is more than
global strain due to localized stiffening effect of package. The outmost corner solder
joints of VQFN package were prone to failure so that the submodel was created based
on the corner solder joint accordingly. Transitional package model in two-level
submodeling method can be selected from any package location, and it was modeled
based on the center package in this study.
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Figure 4.2.33 One-level submodeling method for bend test.
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Figure 4.2.34 Longitudinal strain contour at a displacement of 6 mm in four-point bend test.
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Figs. 4.2.35 and 4.2.36 show the volume-averaged Von Mises strain and plastic
strain energy density for different models considering whole solder joint as an aver-
aging volume, respectively. It can be seen that one-level submodel and two-level
submodel result in almost the same Von Mises strain and plastic strain energy density.
Therefore, one-level submodeling method is an effective and sufficient FEA model for
modeling and simulation of VQFN assembly subjected to bending load. The important
advantage of one-level submodeling exists in saving time and computing source
compared with two-level submodeling and providing more accurate results compared
with coarse global model, especially for simulating cyclic bend test with more load
steps.

4.2.2.2.2 Finite element model modeling for three-point cyclic bend test
One-level global-local modeling approach discussed above was used to simulate three-
point bend test. Quarter model was used to model board-level assembly due to sym-
metry of geometry and load. According to test conditions, board-level global model
was constrained at both symmetry planes and fixed in the out-of-plane direction at
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the support edge. In three-point cyclic bend test, a displacement range from 1 to 5 mm
was applied at the centerline of specimen and repeated with a frequency of 1 Hz
without dwell time. For convenience, only four load steps with equal displacement
increment were specified for both loading and unloading periods to facilitate the
DOF transfer between the global model and submodel.

Fig. 4.2.37 shows strain contour with direction normal to support/load edge and
energy density contour of solder joints at different components. The global strain
distribution shows very strong location dependent and package localized stiffening
effect. The global strain increases with joint location close to loading edge at the
centerline of specimen, which verifies the fact that packages at different locations
are subjected to different stress levels in three-point bend test. The stress levels for
packages at the same row show similar value. Therefore, it is assumed that all packages
in the same row are subjected to the same stress level and only one submodel is created
for packages at the same row to simplify the simulation without loss of generalization.
It can be seen from strain energy density contour that the critical solder joint is located
at package corner. For package located at the left row, the critical solder joint locates at
package corner and closes to loading edge. The submodel is created based on such
critical solder joint.

The submodel contains one solder joint and PCB board, copper pad, and mold
compound in one pitch volume as shown in Fig. 4.2.33. Solder joint was modeled
with Anand’s viscoplastic behavior. Displacement results from global model was
interpolated and transferred to corresponding nodes on cut boundary in submodel
step by step. The accurate results can be obtained from detailed submodel with fine
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Figure 4.2.37 Global simulation results for three-point bend test.
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mesh based on the assumption that the influence of the submodel on the global model
can be ignored. Usually, strain energy density is used as damage control parameter for
solder joint. For Anand’s model, unified plastic strain energy density can be obtained.
Fig. 4.2.38 shows the solder joint mesh in submodel and plastic strain energy contour
for elements at the top and bottom interfaces. The maximum energy density locates at
the corner node of bottom interface or top interface due to stress concentration effect,
which is exactly a crack initiation site. To reduce stress concentration effect, volume-
averaged approach was used to calculate strain energy density based on elements at the
top or bottom interfaces.

Generally, mechanical loading is much faster than TC loading with cycle time from
several minutes to hours. Therefore, it takes only a few simulation cycles, for example,
three cycles [63], to reach results convergence for thermomechanical loading. Howev-
er, for mechanical loading with frequency around 1 Hz, it always takes more simula-
tion cycles to obtain the converged results because the creep of solder material cannot
fully develop during short cycle period. Usually, 10e15 cycles are needed to obtain
converged results for bending load with 1 Hz frequency [56]. In this study, 15 cycles
were simulated for both global and local models.

Figs. 4.2.39 and 4.2.40 show the accumulated strain energy density per cycle aver-
aged on elements at the top or bottom interface from submodel results for the center
row and left row, respectively. Strain energy density is larger for center row compo-
nent case than for left row component case, which is consistent with test results where
center row components fail faster than right/left row components. At high stress level
for center row component, strain energy density at the bottom interface converges
faster than at the top interface due to larger plastic deformation. At low stress level
for left row component, strain energy density convergence is similar for bottom and
top layers. After 10 cycles, volume-averaged strain energy densities are similar for
bottom and top interfaces. FEA simulation by Shetty and Reinikainen [57] showed
that strain energy density appeared to be nearly same on the top and bottom BGA
solder interfaces.
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Figure 4.2.38 Solder joint mesh and energy density contour at bottom and top interfaces.
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To explain strain energy convergence further, relative strain energy density change
was calculated based on energy density difference between two consecutive cycles and
plotted in Fig. 4.2.41. It was verified that FEA result convergence for mechanical
loading is slower than that for thermomechanical loading. It is shown that 15 simula-
tion cycles are needed to obtain change of energy density accumulation per cycle
between two consecutive cycles less than 5%, which is considered as a convergence
criterion in FEA simulation.

4.2.2.2.3 Finite element analysis modeling for four-point cyclic bend test
4.2.2.2.3.1 Correlation between three-point bend and four-point bend
test The global-local modeling procedure and FEA models in four-point bend simu-
lation are the same as those as in three-point bend simulation except displacement
loading position and value. Displacement load was applied on the centerline of spec-
imen in three-point bend while it was added at the loading span position in four-point
bend. Four-point bend with displacement loading from 0.72 to 3.6 mm was simulated
to correlate FEA results between four-point bend and center row components in three-
point bend. Fig. 4.2.42 shows comparison of energy density accumulation per cycle
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between three-point bend and four-point bend. It can be seen that energy density accu-
mulation values appear to be similar for four-point bend and three-point bend after 10
bend test simulation cycles, which is consistent with four-point bend and three-point
bend test results.

4.2.2.2.3.2 Finite element analysis modeling and result discussion on bend
test at 25�C In four-point bend FEA simulation, it was shown that components
between loading span are subjected to almost the same stress level, so global board-
level simulation can be conducted just considering one center component. Global
board-level quarter model with full VQFN components as shown in Fig. 4.2.33 has
32,688 elements, while global quarter model just with the center VQFN component
(named U8 in Fig. 4.2.22) has 8195 elements. The simulation time used by global
model with full VQFN is 10 times that used by global model with one VQFN.
Fig. 4.2.43 shows the strain energy density accumulations of bottom interface layer
from submodel results with DOF transferred from different global models. It was
shown that energy density accumulations are nearly the same for different cases.
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Different components on specimen result in almost the same energy density value,
which verifies the assumption of different components subjected to the same stress
level under four-point bend test. The stiffening effect of one component on another
component can be neglected. Therefore, global model with one center VQFN is equiv-
alent to global model with full VQFNs in terms of simulation results. Therefore, the
global model with one center VQFN would be used in following FEA simulation to
save solving time without loss of accuracy.

Fig. 4.2.44 shows the strain results from FEA simulation for four-point bend with
displacement from 0.432 to 2.16 mm at 25�C. FEA simulation results are consistent
with experimental results as shown in Fig. 4.2.26, which validates the modeling meth-
odology and results.

Fig. 4.2.45 shows the plastic strain energy density accumulation convergence
history of bottom interface layer for different four-point bending loads at 25�C.
It was shown that all energy density accumulations reach a convergence after 15 simu-
lation cycles with 5% difference between two consecutive cycles. The energy density
values converge faster for larger displacement, which are consistent with results from
three-point bend FEA simulation results.
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Table 4.2.6 lists energy density accumulations at 15th simulation cycle for different
displacement loads. It can be seen that volume-averaged energy density accumulation
value on bottom interface layer is larger than that on top interface layer. The energy
density increases significantly with increasing displacement load. The relationship
between displacement and energy density accumulation can be expressed by a power
law equation as shown in Fig. 4.2.46. Therefore, once one displacement load and its
corresponding energy density accumulation are known, energy density accumulation
can be estimated for another displacement load using following equation:

Wkn

Wun
¼ 0:773

�
Dkn

D

�4:581

(4.2.15)

where Dkn and Wkn are known displacement and corresponding energy density
accumulation, respectively. Unknown Wun can be obtained when D is known.

4.2.2.2.3.3 Finite element analysis modeling and result discussion on bend
test at 125�C FEA modeling and simulation for four-point bend at high temperature
(125�C) were also conducted. The geometry of FEA model for high temperature bend
test is the same as that for room temperature bend test. The difference is that some
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Figure 4.2.45 Accumulated energy density convergence for four-point bend test simulation at
25�C.

Table 4.2.6 Summary of results for four-point bend test finite element analysis (FEA)
simulations at 25�C.

Maximum displacement 1.25 mm 1.5 mm 2.16 mm 3.6 mm

Energy density at bottom layer (MPa) 1.27E-04 2.10E-04 8.08E-04 1.56E-02

Energy density at top layer (MPa) 8.53E-05 1.76E-04 7.75E-04 1.25E-02

Energy density factor (bottom/top) 1.49 1.19 1.04 1.25

Relative energy density (bottom) 1 1.65 6.34 122.64

Relative displacement 1 1.20 1.73 2.88
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material properties used in high temperature bend test simulation are temperature-
dependent like those used in TC simulation (Table 4.2.3). Before applying mechanical
bending load, temperature ramp up from 25 to 125�C was simulated with time period
of 10 min, which was consistent with physical bend test condition. Then cyclic
bending load was simulated with frequency of 1 Hz and at dwell temperature of
125�C. Viscoplastic Anand model was used for solder material. Fifteen bending cycles
were simulated to obtain converged results. It was found that accumulated energy
density on top interface layer is slightly higher than that on bottom interface layer
due to high residual stress effect close to top solder interface after temperature ramp
up to high dwell temperature, while higher volume-averaged energy density accumu-
lation occurs on bottom interface layer at room temperature bend test. Fig. 4.2.47
shows the energy density accumulation convergence history based on top layer volume
averaging for different four-point bend tests at 125�C. It is similar to room temperature
bend test simulation that convergence of 5% difference between two consecutive
cycles can be obtained after 15 simulation cycles for bend test at high temperature.

Table 4.2.7 lists converged energy density accumulation results for different
displacement loads at 125�C. It can be seen that volume-averaged energy density accu-
mulation value on top layer is nearly twice that on bottom layer. The relationship
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Figure 4.2.47 Energy density convergence for four-point bend test simulation at 125�C.
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between displacement and energy density accumulation as shown in Fig. 4.2.48 can be
fitted by a power law curve. Energy density accumulation in four-point bend at 125�C
can be calculated by following equation (method: refer to Eq. (4.2.15) for bend test at
25�C):

Wkn

Wun
¼ 1:054

�
Dkn

D

�2:669

(4.2.16)

Fig. 4.2.49 shows the comparison between FEA simulation results for bending test
at 25 and 125�C with the same displacement load of 2.16 mm. Accumulated energy
density per cycle at high temperature is more than that at room temperature signifi-
cantly, which indicates that high temperature accelerates bending fatigue of solder
joint. The simulation results are consistent with experimental data.

4.2.2.3 Fatigue model development for cyclic bend test

Some literatures showed fatigue life curves with fatigue life as a function of board
strain, or even board deflection and reaction load. These fatigue models cannot be
extended when board or package parameters change. In fact, the solder fatigue model

Table 4.2.7 Summary of results for four-point bend test finite element analysis (FEA)
simulations at 125�C.

Maximum displacement 1 mm 1.25 mm 1.5 mm 2.16 mm

Energy density at bottom layer (MPa) 4.45E-04 8.31E-04 1.41E-03 3.52E-03

Energy density at top layer (MPa) 8.25E-04 1.60E-03 2.80E-03 6.45E-03

Energy density factor (top/bottom) 1.85 1.92 1.99 1.83

Relative energy density (top) 1 1.94 3.40 7.82

Relative displacement 1 1.25 1.5 2.16
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Figure 4.2.48 Relationship of displacement and accumulated energy density for bend test at
125�C.
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should correlate fatigue life to damage parameter extracted from solder material.
Skipor and Leicht [64] developed a bending fatigue model for PBGA Sn/Pb solder
joint using inelastic strain as a damage parameter. Mercado et al. [58] proposed a total
energy-based bending fatigue model for CSP with eutectic Sn/Pb solder. All bending
fatigue models were developed at room temperature from literatures. Based on limited
literature, bending fatigue model for SneAgeCu solder was not documented. In this
section, bending fatigue models were presented for VQFN package with SneAgeCu
solder at both test conditions of 25 and 125�C.

Strain energy density was selected as a damage parameter because it is a compre-
hensive factor considering both stress and strain. The strain energy density results
shown in above section are all plastic strain energy density from Anand’s model.
The total energy density accumulation on the bottom interface layer was also calcu-
lated and listed in Table 4.2.8 for FEA simulation of bend test at 25�C. It can be
seen that plastic energy density is dominant. For high temperature case, the ratio of
plastic energy density to total energy density is more than 99% from FEA simulation
results.

Fig. 4.2.50 shows the relationship between MTTF from experimental data and plas-
tic strain energy density from FEA simulation for bend test at 25�C. The power law
function can fit data well. Bending fatigue life model at 25�C can be established by
a power law function below:

Nf ¼ 6:025ðDWPÞ�0:946 (4.2.17)
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Figure 4.2.49 Result comparison between bending test simulation at 25�C and at 125�C.

Table 4.2.8 Finite element analysis (FEA) simulation results and experimental data for four-
point bend at 25�C.

Displacement 1.25 mm 1.5 mm 2.16 mm 3.6 mm

Total strain energy density (MPa) 1.34E-04 2.24E-04 8.56E-04 1.56E-02

Plastic strain energy density (MPa) 1.27E-04 2.10E-04 8.08E-04 1.55E-02

Ratio (plastic/total) 95.3% 93.8% 94.4% 99.7%

MTTF (cycles) 67,073 12,489 2237 440
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Nf ¼ 5:725ðDWTÞ�0:959 (4.2.18)

where DWP and DWT are plastic strain energy density and total strain energy density,
respectively. The power law exponents are �0.946 and �0.959 for plastic strain
energy-based and total strain energy-based fatigue models, respectively. These
exponents are quite close due to plastic deformation dominant.

Fig. 4.2.51 shows the power law relationship between MTTF and plastic strain
energy density for high temperature bend test. As plastic strain energy density is as
high as 99% total strain energy density, plastic strain energy-based fatigue model is
very close to total strain energy-based fatigue model. Therefore, bending fatigue life
model for bend test at 125�C was established according to Eq.(4.1.50) as below:

Nf ¼ 0:032ðDWPÞ�1:922 (4.2.19)

where DWP is plastic strain energy density. It was found that the power law exponent
of bending fatigue model at 125�C is about twice that of bending fatigue model at
25�C, which indicates that AF of cycle to failure is larger at high temperature bend test
than at room temperature bend test.
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Figure 4.2.50 Bending fatigue model of SneAgeCu solder for bend test at 25�C.
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Figure 4.2.51 Bending fatigue model of SneAgeCu solder for bend test at 125�C.
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4.2.2.4 Summary on bend test and analysis

Cyclic four-point and three-point bend tests were performed for reliability assessment
of VQFN assembly with SneAgeCu solder joints. The correlation between three-
point bend and four-point bend was demonstrated and validated by experimental
and simulation results. Four-point bend tests were conducted at 25�C and at 125�C
for VQFN with Ni/Au or OSP surface finish, respectively. Failure data satisfy Weibull
distribution very well. Cycle to failure increases significantly with decreasing bending
displacement range. Fatigue resistance of VQFN with OSP finish is slightly better than
that of Ni/Au finish case from experimental data. AF of cycle to failure is larger at high
temperature bending test than at room temperature bending test.

FEA modeling and simulation were performed for different testing conditions.
Before cyclic bend simulation, monotonic bending load was simulated using
one-level and two-level submodeling methods. FEA simulation results show that
one-level submodeling method is an effective and sufficient method. Fifteen simula-
tion cycles are needed for cyclic bending test to obtain converged results. Simulation
results show the location-dependent global strain for three-point bend and location-
independent global strain for four-point bend. Strain results from FEA simulation
are consistent with experimental data, and localized stiffening effect due to package
is also observed in four-point bend. Volume-averaged strain energy density accumu-
lation on the bottom interface is slightly higher than that at the top interface for bend
test simulation at 25�C, while it is higher at the top interface than the bottom interface
for bend test simulation at 125�C. The relationship between displacement and energy
density accumulation fits power law curve for both bend tests at 25 and 125�C Accu-
mulated strain energy density per cycle at 125�C is more than that at 25�C signifi-
cantly, which indicates that higher temperature accelerates bending fatigue of solder
joint.

Energy-based fatigue models were developed for SneAgeCu solder subjected to
cyclic bending load at 25 and 125�C. It was found that the power law exponent of
bending fatigue model at 125�C is about twice the exponent of bending fatigue model
at 25�C, which indicates that AF of cycle to failure is larger for bending fatigue at
125�C than bending fatigue at 25�C.

4.2.3 Vibration test and analysis

Electronic equipment can be subjected to many different forms of vibration over wide
frequency ranges and acceleration levels [65]. Vibration, in a broad sense, is consid-
ered as an oscillating motion where structure or body moves back and forth. The
simplest form of periodic motion is harmonic motion, which is usually represented
by a continuous sine wave on a plot of displacement versus time, and this type of
vibration is often selected for testing electronic equipment. Vibration-induced stress
can usually lead to fatigue failure for electronic assemblies. There are three steps in
vibration fatigue analysis of electronic assembly. Firstly, modal analysis of the PCB
assembly; secondly, dynamic analysis of the PCB assembly; and thirdly, stress
analysis of the individual soldered component.
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For vibration analysis, vibration mode and natural frequency of the vibrating body
must be determined first through experimental and/or numerical methods. The first
harmonic mode often has the greatest displacement amplitude and usually the greatest
displacement induced stresses. Vibration-induced stresses usually lead to fatigue fail-
ure for electronic assemblies. For surface mount microelectronic components, an
approximation of modal analysis for PCB assembly can be made by assuming PCB
as a bare unpopulated thin plate because the increase in stiffness of PCB due to the
mounting of the components is approximately offset by the increase in total mass of
the populated PCB [66]. However, this approximation may lead to errors in natural fre-
quency prediction for different packages such as FCOB and PBGA assemblies [67,68].
When the component has small profile, the approximation of PCB assembly as a bare
PCB can provide satisfactory modal analysis results because the stiffness and mass
contribution of small component to PCB assembly is not significant.

The second step in vibration fatigue life calculation is dynamic analysis where the
response of the PCB is calculated under vibrating load. The first few mode shapes are
used as they represent the largest deflections and curvatures of the PCB and will
account for the majority of fatigue damage. The dynamic analysis provides informa-
tion about the PCB deflection at each component location and for each mode shape.
The vibration analyses by Basaran and Chandaroy [69,70] and Zhao et al. [71] showed
that solder joints respond elastically mainly at room temperature vibration loading. So,
vibration fatigue failure of solder joints is often assessed for reliability using a high
cycle fatigue life model, which is represented by an S-N (stress-life) curve. Then
FEA modeling and simulation are used to determine the stress of the solder joint
subjected to vibration load. Because of the complication of the geometry of electronic
assembly, global-local or submodeling method [72,73] has been used for the board-
level vibration test simulation. In this section, the constant g-level and block g-level
vibration tests for FCOB assembly were conducted. Four different FEA models
were investigated for modal analysis to calculate the first-order natural frequency of
the FCOB assembly. A quasi-static analysis approach was conducted for the FCOB
assembly to evaluate the stressestrain behavior of the solder joints. A harmonic anal-
ysis was also conducted to investigate the dynamic response of the FCOB assembly
subjected to vibration load. Fatigue life prediction results from quasi-static analysis
and harmonic analysis approaches were compared with experimental results.

4.2.3.1 Vibration test approach

4.2.3.1.1 Test vehicle and setup
FCOB assembly was selected as test vehicle in vibration fatigue tests to analyze the
dynamic response of FCOB assembly and solder joint fatigue subjected to sinusoidal
vibration loading. The specimen and chip number are shown in Fig. 4.2.52. Six larger
flip chip modules with 8.5 mm � 8.5 mm� 0.65 mm silicon die numbered from 1 to 6
and six smaller flip chip modules with 3.5 mm � 3.5 mm � 0.65 mm silicon die
numbered from 7 to 12 were mounted on the FR4 PCB with 185 mm � 150 mm �
1.13 mm in size. The solder joints are eutectic 63Sn/37 Pb solder with a diameter of
0.16 mm, ball pitch of 0.35 mm, and standoff height of 0.1 mm. Capillary underfill
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is used between silicon die and PCB board through underfilling process. FCOB spec-
imens were tested at different acceleration levels to assess the solder joint reliability
subjected to constant g-level (g is the gravitational acceleration) or varying g-level
(also called block g-level) vibration loads of 3-g, 5-g, and 10-g, respectively.

Vibration tests were conducted by using an electrodynamic shaker and vibration
control test facility. Fig. 4.2.53 shows the vibration test setup. Two accelerometers
were used to determine the dynamic response of the FCOB specimen with one on
fixture and the other on the PCB board; thus, the vibration transmissibility of the
PCB can be determined. The FCOB specimen was clamped along two longer edges

1 2

3 4

5 6

7 8

9 10

11 12

Figure 4.2.52 Flip-chip-on-board (FCOB) specimen and chip numbering.

Test vehicle

Fixture

Shaker header

Event detector

Vibration 
shaker

Figure 4.2.53 Vibration test setup and accelerometers mounted on fixture and specimen.
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using an aluminum fixture, which was bolted to a shaker header. The daisy-chain loop
was designed for each flip chip module to detect solder joint failure by measuring the
resistance change of the loop. Daisy-chain loops were monitored simultaneously by an
event detector during vibration test. Any resistance change exceeding a preset
threshold with minimum duration of 0.1 ms can be detected by the event detector.
When a crack is initiated in the solder joint during the vibration test, the resistance
will increase with increasing fatigue damage. Different failure criteria have been
used by different researchers. For example, fatigue failure was defined as 10% increase
in resistance for PBGA package under dynamic vibration test by Kim et al. [74]. The
failure criterion was set as 20% increase in daisy-chain resistance reported by Stepniak
[75] for flip chip joint and for PBGA package with eutectic solder under sinusoidal
vibration test with clamped condition by Chen et al. [76]. Wong et al. [77] used
100% increase in resistance as failure criteria for PBGA package under sinusoidal
vibration test. Perkins et al. [78] used a resistance value over 100U as the failure
criteria for ceramic column grid array (CCGA) under linear sweep vibration test.
The failure criteria recommended by IPC standard [79] is defined as an increase of
the daisy-chain resistance by at least 20% of the initial value for six or more consec-
utive occurrences. In this study, 50% increase in daisy-chain resistance was defined as
the failure criterion, which meets the requirements by the IPC standard.

4.2.3.1.2 Frequency-scanning test
The frequency-scanning test was conducted with sweep frequency from 20 to 1000 Hz
to determine the fundamental resonance frequency of the specimen. The transmissi-
bility of the specimen can be estimated using the following equation:

TR¼Gout

Gin
(4.2.20)

where Gout is the maximum acceleration measured at the center of the specimen, and
Gin is the acceleration amplitude of the sinusoidal excitation, which is measured at the
fixture. The fundamental resonance frequency of 195 Hz was determined by scanning
test with 0.5-g level input.

The screening test was conducted at 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, 16, 18, and
20-g levels with the same frequency range from 20 to 1000 Hz. According to Meiro-
vitch [80], for a linear vibration system, its transmissibility should remain constant
regardless of any input change. However, the varying transmissibility, TR, at different
acceleration input shows nonlinear relationship as shown in Fig. 4.2.54. Therefore, the
FCOB assembly under the out-of-plane sinusoidal vibration is not a linear system,
similar to the results reported by Yang et al. [81]. The transmissibility is also location
and test frequency dependent.

For a vibration system subjected to a harmonic excitation, its displacement response
at any location can be expressed as

D¼Dmax sinðUtþfÞ (4.2.21)
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whereDmax is the maximum displacement andU is the natural frequency in radians per
second, which can be changed into natural frequency in Hertz by

U¼ 2pf (4.2.22)

Differentiating Eq. (4.2.21) twice with respect to time, the acceleration can be ob-
tained as

€D¼ � DmaxU
2 sinðUtþfÞ (4.2.23)

Hence, maximum acceleration of €Dmax can be expressed as

€Dmax ¼DmaxU
2 (4.2.24)

And the maximum displacement can be determined as

Dmax ¼
€Dmax

U2 ¼ 9:8GinTR
4p2f 2

¼ 0:248GinTR
f 2

(4.2.25)

where Gin has a unit of the gravity acceleration, and Dmax in meter. According to Eq.
(4.2.25), the maximum displacements for different g-level tests can be estimated.

4.2.3.1.3 Sweep vibration reliability test
The fundamental natural frequency was obtained from frequency-scanning test, and
then reliability test can be conducted based on the known natural frequency. In reli-
ability vibration test, the sweep frequency range was 10% around natural frequency
of 195 Hz, that is, from 175 to 215 Hz. The sine sweep vibration swept from low

0 2 4 6 8 10 12 14 16 18 20 22
0

50

100

150

200

250

 T
ra

ns
m

is
si

bi
lit

y

 Transmissibility

0

5

10

15

20

25

30

35

40

45

50

G
ou

t (
g)

 Gout

Gin (g)

Figure 4.2.54 Nonlinear relationship between Gin and Gout.
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frequency to high frequency and then from high frequency to low frequency and
repeated until a preset time was reached. For the varying g-level vibration test, 3-g,
5-g, and 10-g level vibration tests were conducted in turn for the same specimen
and 5 h was used for each acceleration level. Constant g-level vibration test was
conducted at 3-g for 200 h, 5-g for 100 h, and 10-g for 36 h on different FCOB spec-
imens, respectively. The cycles to failure were calculated based on duration time
recorded by the event detector and the averaged frequency of the sweep sinusoidal
excitation. No failure results were observed for the small chip components numbered
7e12. The test results of the large components (chips 3 and 4) satisfy two-parameter
Weibull distribution well as shown in Fig. 4.2.55. Fig. 4.2.55 also shows the Weibull
plot of vibration test results for PBGA assembly from Yang’s work [81], where the
PCB has the same length and width as that used in this study while the clamped-
clamped boundary condition at two shorter edges was used.

Table 4.2.9 lists the Weibull parameters together with the MTTF and first-time-
to-failure (FTTF) for the FCOB and PBGA assemblies. It can be seen that the fatigue
life of flip chip solder joint reduces rapidly with increasing acceleration input. The
Weibull slope is similar for PBGA and FCOB assemblies. However, the fatigue life
of PBGA solder joint is much less than that of flip chip solder joint even under low
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Figure 4.2.55 Weibull plots of test results for flip-chip-on-board (FCOB) and plastic ball grid
array (PBGA) assembly.
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g-level vibration test. This is because components in FCOB assembly have less mass
and dimension than those in PBGA assembly. Furthermore, underfill is used in the
FCOB assembly, which can increase the fatigue life of flip chip solder joints when
subjected to vibration load. The failure analysis from SEM image showed the solder
joint fatigue cracking failure mode.

The high-speed camera with recording rate up to 4500 frames/s was used to capture
the dynamic response of the specimen. Displacement was measured at the center of the
PCB free edge. The relative displacement of free edge can be calculated using a mark
at the fixture as a reference point. The maximum theoretical displacement can be calcu-
lated by Eq. (4.2.24). Table 4.2.10 gives comparison of the displacement results
between high-speed camera and theoretical data. It can be seen that high-speed camera
can provide accurate result without contact effect on specimen.

4.2.3.1.4 Cumulative damage index fatigue analysis
For the electronic assembly subjected to varying g-level vibration tests, the solder
fatigue damage due to each acceleration level (stress level) can be superimposed using
a linear superposition method of Miner’s law [82] if solder joint stress is in the elastic
stage. Miner’s cumulative fatigue damage ratio is calculated by summing up the ratio
of the actual number of fatigue cycles (n) accumulated in a specific element, in
different environments, divided by the number of fatigue cycles (N) required to
produce a fatigue failure in the same specific element in the same environment.
When the ratios are added together, a sum of 1.0 or greater means that the fatigue
life has been used up and should fail. CDI using Miner’s cumulative damage law
can be given by

CDI¼Dtotal ¼
Xn
i¼1

ni
Ni

(4.2.26)

Table 4.2.9 Vibration test fatigue data of flip-chip-on-board (FCOB) and plastic ball grid array
(PBGA) packages.

Gin h (106) b MTTF(106) FTTF(106)

FCOB 3-g 65.30 2.22 57.84 32.30

FCOB 5-g 23.28 1.20 21.91 4.93

FCOB 10-g 12.89 1.41 11.73 2.47

PBGA 2.5-g 8.31 1.20 7.82 0.46

Table 4.2.10 Displacement results comparison.

Gin (g) Eq. (4.2.24) (mm) Camera (mm) Difference (%)

3 1.07 0.96 �10.3

10 2.18 2.36 8.3
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Eq. (4.2.26) was used to assess the reliability of solder joint subjected to varying
loading conditions if the solder fatigue life under constant loading condition and dura-
tion under different loading condition were known.

The Miner’s CDI is widely used to estimate component life under different loading
conditions. Perkins et al. [83] applied Miner’s law for life prediction of CCGA package
subjected to sinusoidal sweep vibration test, and the MTTF predicted using linear
Miner’s law was validated by experimental data considering CDI as unity (1.0).
Chen et al. [76] applied Miner’s law for PBGA package subjected to sinusoidal vibra-
tion loads, and the calculated CDIs were happened to be roughly equal to 1 (0.9e1.07).
Wong et al. [77] calculated CDI values for PBGA package under different random
vibration conditions and observed that the variation of CDI is significant from 0.25
to 3.39. When the solder stress is in the elastic range, the Miner’s law can be used
to predict the solder fatigue life in the high cycle fatigue life regime. For higher
g-levels or plastic deformation loading, the Miner’s rule can significantly underesti-
mate the cumulative damage result as reported by Basaran et al. [84] for a package
subjected coupled TC and dynamic vibration loads.

In this study, 3-g, 5-g, and 10-g input vibration reliability tests were conducted for
the FCOB assemblies. From finite element simulation results under these three test
conditions, no plastic deformation was observed in the solder material. Hence, the
linear Miner’s law can be used to predict the solder fatigue life. For the varying g-
level test, chips 3 and 4 were selected for the CDI analysis. The values of ni were ob-
tained from the test result as shown in Fig. 4.2.56 for chip 3 and chip 4, while Ni are
MTTF in Table 4.2.9. Substituting the data as shown in Fig. 4.2.56 into Eq. (4.2.26),

CDIchip3 ¼ n1
N1

þ n2
N2

þ n3
N3

¼ 3:42
57:84

þ 3:42
21:91

þ 2:76
11:73

¼ 0:451

CDIchip4 ¼ n1
N1

þ n2
N2

þ n3
N3

¼ 6:84
57:84

þ 6:84
21:91

þ 3:65
11:73

¼ 0:742

(4.2.27)
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Figure 4.2.56 Schematics of vibration cycles at varying g-level tests for chip 3 and chip 4.
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When the CDI value reached 0.451 and 0.742 for chip 3 and chip 4, respectively,
failure should occur for FCOB solder joint. Therefore, the CDI of unity is noncon-
servative for FCOB solder joint when subjected to varying g-level vibration test. Based
on the vibration test data in this work, a safety factor of 2e3, which relates to the
reciprocal of the CDI value, is recommended for FCOB solder joint fatigue failure
evaluation when subjected to the varying sinusoidal vibration test.

4.2.3.2 Finite element analysis for vibration test

4.2.3.2.1 Modal analysis of flip-chip-on-board assembly
The PCB was modeled with shell elements in the modal analysis. The clamped-
clamped boundary condition was applied according to test condition. Firstly, the
bare PCB without mounting flip chip components was simulated to study the effect
of different variables such as material properties and element size. The FEA model
of the bare PCB is shown in Fig. 4.2.57. Table 4.2.11 shows the natural frequency
results of the first three modes for the bare PCB model. It can be seen that the element
size and considering PCB with orthotropic material properties have slight effect on the
natural frequency. In the subsequent FEA modeling, the 5 mm � 5 mm element size
and PCB with orthotropic material properties were used. Fig. 4.2.58 shows the first
six mode shapes for the bare PCB. It is obvious that the mode shape becomes more
complicated when the order of mode increases. Generally, the first order mode has
the most significant effect on the reliability of the electronic assembly.

To obtain accurate modal analysis result for FCOB assembly, four FEA models for
modal analyses were implemented. In model 1, the flip chip components were modeled
as distributed masses on the PCB. In model 2, the flip chip components were modeled
as concentrated masses at the center locations of the corresponding components on the
PCB. In model 3, the components were modeled as a solid part of flip chip package
without considering the effects of the solder joint and underfill. In model 4, the
integrated circuit (IC) chips were modeled with shell elements and the solder joints
were modeled as the effective two-node beam elements with equivalent stiffness

Figure 4.2.57 Finite element analysis (FEA) model of the bare PCB with clamped-clamped
boundary condition.
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[85]. The natural frequency of the bare PCB with the clamped-clamped boundary
condition also can be obtained from the following equation [65]:

fn ¼ 3:55
L2

ffiffiffiffi
D

r

r
(4.2.28)

Table 4.2.11 Natural frequencies of the bare PCB from modal simulation results.

No.
Modulus,
E (GPa)

Poisson’s
ratio, n

f1
(Hz)

f2
(Hz)

f3
(Hz)

Element size
(mm 3 mm)

1 22 0.28 208.75 232.86 324.0 2.5 � 2.5

2 22 0.28 208.61 232.51 323.17 5 � 5

3 22 0.28 208.59 232.44 322.9 7.5 � 7.5

4 22 0.28 208.57 232.34 322.51 10 � 10

5 22 0.28 208.5 232.07 321.48 15 � 15

6 Ex ¼ 22
Ey ¼ 22
Ez ¼ 10

nxy ¼ 0.28
nyz ¼ 0.11
nzx ¼ 0.11

208.51 232.36 322.88 5 � 5

Mode 1:208.61 Hz Mode 2:232.51 Hz

Mode 4:509.31 HzMode 3:323.17 Hz

Mode 6:608.63 HzMode 5:575.18 Hz

Figure 4.2.58 Mode shape and corresponding natural frequency of the bare PCB.
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whereD ¼ EH3

12ð1�n2Þ ; r ¼ Mass
Area, E ¼ 22 GPa, (Young’s modulus), n ¼ 0.28 (Poisson’s

ratio), H ¼ 1.13 mm, (thickness of the PCB), L ¼ 140 mm (free edge length of the
PCB), and r ¼ 2.147 kg/m2 ¼ 2.147 � 10�9 Ns2=mm3.

Table 4.2.12 shows the first-order natural frequencies of the PCB obtained from
different FEA models. The frequency obtained from the bare PCB modal analysis
has a good agreement with theoretical result. The result of modal analysis using
global-local-beam model agrees with the test result. Therefore, model 4 is an optimal
simplified method among four FEA models for the modal analysis of FCOB assembly.
From modal simulation results, approximation of FCOB assembly modal response can
be made by assuming the FCOB assembly as a bare unpopulated PCB to obtain the
approximate natural frequency result quickly. However, the same approximation
may introduce more error for the PCB with large PBGA package [68] because the
contribution of mass and stiffness of the PBGA package for the PCB assembly cannot
be ignored due to the PBGA package with larger volume and mass compared with
small flip chip package.

4.2.3.2.2 Quasi-static analysis for vibration fatigue
4.2.3.2.2.1 Determination of quasi-static load A quasi-static analysis method
was developed to evaluate the stressestrain behavior of solder joints, which can be
used for fatigue life prediction by stress-based fatigue model. The dynamic loading
due to vibration was replaced by an equivalent static loading in this method. According
to Newton’s second law, pressure acting on the PCB or component can be obtained by

p¼F

A
¼ mGout

A
¼ rvGout

A
¼ rtGoutg (4.2.29)

wherem, r, v, A, and t are mass, density, volume, area, and thickness of PCB assembly,
respectively. Gout is output acceleration.

For constant g-level test, the pressure load can be obtained when transmissibility is
known. It is observed that transmissibility is not a constant value along transverse lo-
cations. The transmissibility was measured only for the half of the PCB due to sym-
metry. Eight locations uniformly distributed along the PCB transverse direction as
shown in Fig. 4.2.59 were selected to measure transmissibility of the PCB.
Fig. 4.2.60 shows the transmissibility for different locations at natural frequency for
10-g input vibration test, and a linear relationship between transmissibility and loca-
tion is observed clearly. When input g-level is known, output g at different locations

Table 4.2.12 Comparison of the natural frequency for flip-chip-on-board (FCOB) assembly
from different sources.

Methods
Bare
PCB

Eq.
(4.2.28)

Model
1

Model
2

Model
3

Model
4 Test

Frequency
(Hz)

208.5 209.4 206.8 206.8 209.6 201.9 195
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can be obtained based on transmissibility in Fig. 4.2.60, and the pressure loading can
be calculated by Eq. (4.2.29).

4.2.3.2.2.2 Determination of stress amplitude A submodeling method was
implemented for quasi-static simulation. Fig. 4.2.61 shows the schematic for submod-
eling. For the whole global model, only two large chips 3 and 4 located at PCB trans-
verse direction were modeled. Elastic-plastic material model for solder was used.
Table 4.2.13 lists material properties used in the FEA simulation. No plastic deforma-
tion occurs for solder material from simulation result, so the Miner’s law can be imple-
mented for solder fatigue life analysis. The stressestrain distribution for two chips was
almost the same from simulation results, so only chip 3 was used for further analysis.
The corner solder joint has the maximum stress, which means the first failure will
occur at the corner solder joint. Thus, submodel was created based on the corner solder
joint. For multiaxes stress situation, the equivalent Von Mises stress is commonly
used:

seff ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs1 � s2Þ2 þ ðs2 � s3Þ2 þ ðs3 � s1Þ2

q
(4.2.30)

To minimize the effect of stress concentration, the volume-weight method was used
to calculate the Von Mises stress at the die/solder interface layer as shown in
Fig. 4.2.61. The volume-weight averaged Von Mises stresses at natural frequency
were calculated for die/solder interface layer for different g-level tests as shown in
Fig. 4.2.62. It can be seen that the stress amplitude is proportional to Gout of the
PCB center for different g-level vibration tests.
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Figure 4.2.59 Schematics of location on the PCB board for transmissibility measurement.
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Figure 4.2.60 Transmissibility versus location at natural frequency from vibration test (10-g
input).
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IC 
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Figure 4.2.61 Global and local finite element analysis (FEA) models for flip-chip-on-board
(FCOB) assembly.

Table 4.2.13 Material properties used in finite element analysis (FEA) simulation for flip-chip-
on-board (FCOB) assembly.

Materials
Solder
joint FR4 PCB

Silicon
die Underfill Copper

Young modulus
(GPa)

30.67 22(x, y), 9.8(z) 131 5.6 120

Shear modulus
(GPa)

e 3.5(xy), 2.5(xz, yz) e e e

Poisson’s ratio 0.35 0.11(xy), 0.28(xz, yz) 0.3 0.3 0.35

r (kg/m3) 8500 1900 2300 1700 8900
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Figure 4.2.62 Plot of Gout versus Von Mises stress amplitude of solder joint at natural
frequency.
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The frequency range from 175 to 215 Hz was applied in vibration reliability test.
Different transmissibility of the PCB center occurs at different frequencies as shown
in Fig. 4.2.63. Therefore, specimen was subjected to different effective pressures
during test, thus different stress amplitudes will be applied on the solder joint during
vibration test with frequencies from 175 to 215 Hz. The stress amplitude can be deter-
mined using linear relationship as shown in Fig. 4.2.62 when the Gout or transmissi-
bility of the PCB center is known. The stress amplitude (sa) can be calculated for
three different g-level tests (10-g, 5-g, and 3-g) using the following equations:

sa ¼ 4:35� Gout

128:5
¼ 4:35� 10� T

128:5
for 10� gðin MPaÞ

sa ¼ 2:63� Gout

77:25
¼ 2:63� 5� T

77:25
for 5� g ðin MPaÞ

sa ¼ 1:87� Gout

53:22
¼ 1:87� 3� T

53:22
for 3� g ðin MPaÞ

(4.2.31)

The Gout (in g) at the center of the PCB are 128.50, 77.25, and 53.22 for vibration
test with Gin of 10-g, 5-g, and 3-g, respectively. The corresponding critical solder joint
stress amplitude at natural frequency when subjected to 10-g, 5-g, and 3-g vibration
tests are 4.35, 2.63, and 1.87 MPa (refer to Fig. 4.2.62), respectively.

4.2.3.2.2.3 Vibration fatigue life prediction The stress-based high cycle fatigue
model listed in Eq. (4.1.34) was used to predict flip chip solder joint fatigue life. For
eutectic Sn/Pb solder, the material constant s0f and b can be determined by curve fitting
as shown in Fig. 4.2.64 using experimental data by Yao et al. [86], and they are
177.15 MPa and �0.2427, respectively. The fatigue life can be predicted by
Eq. (4.1.34) when stress amplitude is known. From the above analysis, different stress
amplitude will be applied on solder joints during vibration test with frequencies chang-
ing from 175 to 215 Hz, which causes different cycles to failure at different
frequencies. Miner’s law of Eq. (4.2.26) should be used and solder fatigue life under
vibration test can be predicted by combining Eqs. (4.2.26) and (4.1.34). The procedure
is given below for calculating solder joint fatigue life.
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Figure 4.2.63 Plot of transmissibility versus frequency from 5-g input vibration test.
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Assuming the failure time is t (in second), the fatigue cycle, Nf, can be determined
using the mean frequency or natural frequency of 195 Hz:

Nf ¼ t�195 (4.2.32)

In total, 28 different frequencies (increment steps) were recorded in the sweep
vibration test with frequency sweep from 175 to 215 Hz. Because the sweep velocity
is constant, the same period of time (t/28) is consumed at each frequency. Then the
actual cycle (ni) for each frequency (f) can be determined:

ni¼ðt = 28Þ � f ¼ Nf � f =ð195� 28Þ (4.2.33)

The CDI in Eq. (4.2.26) can be expressed by

CDI¼
X28
i¼1

ni
Ni

¼
X28
i¼1

Nf � f =ð195� 28Þ
Ni

¼ Nf$
X28
i¼1

f =ð195� 28Þ
Ni

(4.2.34)

So, the vibration fatigue life of the solder joint can be obtained by

Nf ¼CDI

,X28
i¼1

f =ð195� 28Þ
Ni

(4.2.35)

where f is the frequency recorded in the sweep vibration test and Ni is the cycle to
failure for the corresponding frequency of f. The value of f and Ni can be obtained from
previous analysis. Therefore, the total fatigue cycle, Nf, can be calculated by using Eq.
(4.2.35) for a given CDI factor.
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Figure 4.2.64 Stress-based fatigue life curve of eutectic Sn/Pb solder.
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Different CDI values were used to predict the flip chip solder joint fatigue life to
examine suitable CDI values leading to better correlation between fatigue life predic-
tion and experimental data. The factor of normalized fatigue life is defined as the ratio
of fatigue life predicted by quasi-static simulation result to experimental data. Different
factors considering four CDI values of 1, 0.7, 0.5, and 0.33 were calculated for chip 3,
as shown in Fig. 4.2.65. Fatigue life prediction shows good agreement with the test
data for 5 g-level vibration test (factor near 1). For input 3 g-level vibration test, lower
CDI value, such as 0.5 or 0.33, provides a reasonable fatigue life. For input 10 g-level
vibration test, the quasi-static analysis method results in a conservative fatigue life
compared to test result.

4.2.3.2.3 Harmonic response analysis
Harmonic response analysis is a technique used to determine the steady-state response
of a linear structure to loads that vary sinusoidally (harmonically) with time. In this
section, harmonic response analysis for FCOB assembly was conducted for solder
joint fatigue life prediction to compare with quasi-static analysis result. Submodeling
technique used in quasi-static analysis mentioned above was implemented in harmonic
analysis. The FEA model as shown in Fig. 4.2.61 and the material properties as listed
in Table 4.2.13 are the same for quasi-static and harmonic simulation. For the global
model, the displacement amplitude applied onto the clamped-clamped boundary can
be obtained by Eq. (4.2.25) with considering the transmissibility TR as a unity. The
displacement results from the global model were transferred to the cut boundary of
submodel. Damping in some form should be specified in harmonic analysis; otherwise,
the response will be infinity at the resonant frequencies. In this study, a constant damp-
ing ratio was used. The trial and error of damping ratios from 1% to 10% was conduct-
ed to find suitable damping ratio value. A suitable damping ratio value was determined
by comparing displacement amplitude between simulation result and test result
measured by a high-speed camera, and then the damping ratio of 2% was determined

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3 5 10

N
pr

ed
ic

tio
n/

N
ex

pe
rim

en
t

CDI = 1

CDI = 0.7

CDI = 0.5

CDI = 0.33

Input g-level 

Figure 4.2.65 Comparison of fatigue life prediction with experimental life considering different
cumulative damage index (CDI) values.
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accordingly. The frequency range used in harmonic simulation was the same as that
used in the vibration test mentioned above. Volume-averaged Von Mises stresses
based on elements at die/solder interface layer of the corner solder joint were calcu-
lated from submodel result for three different input g-level tests as shown in
Fig. 4.2.66. Stress increases with frequency before the fundamental natural frequency
while stress decreases with frequency after the fundamental natural frequency. Fatigue
life prediction of FCOB solder joint based on harmonic simulation results was carried
out by the similar procedure used in the previous section for quasi-static analysis.
Table 4.2.14 lists comparisons of predicted fatigue life between quasi-static and har-
monic simulation results by considering CDI of 0.5. It can be seen that both harmonic
and quasi-static analysis provide consistent fatigue life prediction results. It is very
important and sometimes difficult for harmonic analysis to select a desired damping
ratio. Therefore, quasi-static analysis can be used to calculate the stress amplitude
for fatigue life prediction of solder joint when subjected to vibration load without
damping ratio requirement, especially for low input g-level vibration test.

4.2.3.3 Summary on vibration test and analysis

FCOB assemblies were tested under out-of-plane sinusoidal vibration load with
constant input g and varying input g excitation and with clamped-clamped boundary
condition at longer PCB edges. The FCOB assembly shows nonlinear dynamic
behavior under vibration load and the transmissibility value decreases with input
g-level. The transmissibility is location and frequency dependent. The fatigue life of
FCOB assembly reduces rapidly in vibration test when acceleration input increases.
Based on CDI fatigue analysis, a CDI of unity (1.0) leads to nonconservative results
by a factor of 2e3. Hence, it is recommended that a CDI value of 0.5 should be
used for the FCOB solder joint when subjected to vibration tests with varying
g-level loading.

Considering the PCB as a bare unpopulated thin plate for the FCOB assembly or
using global-local beam model for FCOB assembly results in accurate modal analysis
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Figure 4.2.66 Stress amplitudes at different frequencies for three g-level vibration tests.
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results compared with experimental result. Therefore, such simplified models are the
optimal and suitable models for the modal analysis of the FCOB assembly with saving
computing time and resources and without loss of accuracy.

Both quasi-static analysis and harmonic analysis methods with submodeling tech-
nique have been developed for dynamic vibration FEA simulation. Vibration fatigue
life prediction based on simulation results by using stress-based high cycle fatigue
model and Miner’s law has been demonstrated. Different CDI effect on fatigue life
prediction was investigated and the fatigue life prediction results with CDI of 0.5
are recommended by comparing with experimental results.

4.2.4 Drop impact test and analysis

Portable electronics devices such as mobile phone, personal digital assistant, and
laptop have to be designed to withstand repeated drops because it is common for
them to be subjected to accidental drop impacts resulting in damage and hence failures.
Therefore, the reliability characterization of electronic assembly subjected to drop
impact is a major concern. When an electronic product drops on the ground, impact
force is transmitted to the PCB, solder joints, and the packages. The packages are
susceptible to solder joint failures induced by a combination of PCB bending and
inertial force during impact. Drop tests are often substituted in qualification testing
of microelectronic devices by shock tests. In shock tests, a short-term load with the
given magnitude (i.e., a constant or half-sine load with the given maximum value of
g, gravity) and duration is applied to the support structure of the device. The maximum
acceleration of PCB board can reach to more than 1000-g when subjected to drop
impact loading. The induced stress depends on local acceleration, deformation, and
dynamic strength of the structure. In the drop test, the measured maximum acceleration
is often used as a criterion of the strength of structure in microelectronic products. It is
well known, however, that it is the maximum stress, not the maximum acceleration,
which is responsible for the dynamic strength of a structure. The maximum accelera-
tion and the maximum dynamic stress are affected differently by different factors and
therefore the use of the maximum acceleration as a strength criterion for dynamic
strength is not adequate. So understanding of the maximum dynamic stress is required
to characterize the dynamic response of electronic product to shock excitation.
The drop impact reliability of portable electronic equipment depends on several
external and product factors, the forces, and accelerations during impact: drop height,

Table 4.2.14 Fatigue life prediction between quasi-static and harmonic analyses (CDI ¼ 0.5).

g-level Quasi-static (I) Harmonic (II) Ratio(II/I)

3-g 1.10Eþ08 1.43Eþ08 1.30

5-g 2.57Eþ07 3.27Eþ07 1.27

10-g 2.61Eþ06 2.45Eþ06 0.94
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housing material, weight, shape, orientation at impact, and surface onto which it drops.
Typically, the accidental drops of a portable product are randomly oriented. Research
showed that the horizontal impact case of PCB is the most dangerous case for reli-
ability of solder joints. The first-order mode vibration is more dominant in dynamic
fracture of solder joints. Usually, packages of larger size, stiffer construction, and
lower solder join stand-off height are more vulnerable to drop impact and stress
increases with increase of drop height, PCB length, package stiffness, and package
size and decreases with increase of solder bump height, solder bump size, and solder
bump number. There are mainly three types of drop tests in the electronic industry:
(a) free fall product level; (b) free fall board level; and (c) controlled pulse drop at
board level. Board-level drop test is convenient to characterize the solder joint perfor-
mance, as it is more controllable than product level drop test. Some researchers had
conducted board-level drop tests to understand the response of solder joint to impact
loading using different boundary conditions such as 4 or 6 screw support [87],
clamped-clamped boundary condition [88,89], and free fall drop [90]. Some
researchers [91,92] had conducted product-level drop tests due to real drop events.

Lead-free solder usually exhibits less drop impact life than lead-based solder from
many test results [88,93]. The study of impact reliability for solder joint conducted by
Date et al. [93] showed SneAgeCu solder was more prone to fracture at interface than
Sn/Pb solder under impact test because of higher bulk strength. Solder joint failures
during drop testing is a complex failure interaction process between low cycle impact
fatigue crack growth and the brittle fracture of the intermetallic interfaces. During a
drop test event, dynamic hardening causes the yield stress in the solder to rise several
times above the normal monotonic tensile test yield stress. The increase in dynamic
strength in the solder joint can cause dynamic strain cycling in the solder material
and lead to progressive low cycle impact drop fatigue failures. On the other hand,
when the drop loading is excessive, impact failure strength of the intermetallic com-
pound (IMC) interface will result in a brittle fracture of the solder joint. Charpy test
was commonly used for evaluating dynamic strength of solder joint and assessing
IMC interface strength and failure mechanism [94]. Recently, more and more FEA
simulations were carried out for drop impact reliability study to understand the stresse
strain response of solder joint under dynamic drop loading. The dynamic material
properties of solder are different from static ones because the dynamic material prop-
erties are dependent on strain rate. For SneAgeCu solder, the yield stress at high
strain rate is about three times higher than that at low strain rate [94]. However, the
elastic modulus of the solder joints varies less with strain rate. The solder constitutive
model used in FEA simulation will affect stressestrain behavior of solder
significantly.

In this section, drop impact test is conducted for PBGA package with SneAgeCu
solder joints. Failure mode and drop impact life are also investigated. FEA modeling
and simulation of drop impact are conducted by considering different constitutive
models of solder containing elastic, bilinear plastic, and rate-dependent plastic models
to investigate board-level drop reliability of SneAgeCu lead-free solder joint.
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4.2.4.1 Drop impact test approach

4.2.4.1.1 Test vehicle and set up
The Lansmont Model 65/81 drop impact tester is used to provide the drop impact load
for board-level specimen drop test. This machine can provide half sine shock pulse.
The acceleration level of the half sine pulse is related to the drop height and the mount
of felt pads on drop base. The duration of the pulse is adjustable somewhat by the addi-
tion or subtraction of the felt pads. The basic drop machine structure consists of a steel
base, two solid chrome-plated guide rods, drop table, and hoist positioning system as
shown in Fig. 4.2.67. The table is an aluminum weldment and contains brakes and low
friction bearings, which rid on the guide rods. An integral brake pressure regulator in
the main control panel supplies nitrogen pressure to the brake.

The samples used in the drop test are 35 mm � 35 mm PBGA package (312 balls),
28 mm � 28 mm plastic quad flat package (PQFP) (208 leads), and 7 mm � 7 mm
VQFN package. All packages are daisy chained for the purpose of interconnection fail-
ure monitoring. As shown in Fig. 4.2.68(a), these packages are mounted on a
150 mm � 200 mm PCB board using the Sne3.8Age0.7Cu lead-free solder.
As shown in Fig. 4.2.68(b), the PCB specimen is fixed on the top of drop table with
a clamped-clamped boundary condition and with horizontal drop orientation and face-
down packages. Two different pad surface finishes of ENIG and OSP are used on PCB
pad finish to investigate the effect of pad finish on the drop impact reliability of solder
joint interconnects. The microminiature piezoelectric accelerometer (Endevco model
22) is used in drop test. Its light weight, 0.14 g, effectively eliminates mass loading
effects on samples during drop impact test. An accelerometer is mounted on the
drop table near the fixture to measure the input acceleration. Another accelerometer
is mounted at the center of the PCB to characterize the output acceleration response
of the PCB.

Guide rod

Drop table

Impact base

Drop console

Hoister

Figure 4.2.67 Lansmont drop impact tester.
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Daisy chain is designed for each package, and the dynamic resistance measurement
system as shown in Fig. 4.2.69 is used to measure the resistance of daisy-chained sol-
der joint to determine the drop to failure in real time. According to this method, a con-
stant resistor, R0, is placed in series with the daisy-chain solder joints of Rx and
connected to a DC power supply. The oscilloscope is used to measure the dynamic
voltage dropped on daisy-chain loop. The dynamic resistance, Rx, can be expressed

Rx¼ R0Vx

U � Vx
(4.2.36)

whereU is the voltage of the DC power supply and 1.8 V was used in this test, Vx is the
dynamic voltage of daisy chain measured by oscilloscope, and R0 is the constant
resistance of 10U used in this test. When Vx/U, Rx/N(implies an open circuit), it
indicates the critical solder joint has failed with crack opening. The open circuit
(infinite resistance) is adopted as a failure criterion in this study.

4.2.4.1.2 Drop reliability test and analysis
The experiment is performed with an input peak acceleration of about 580 g and 2 ms
duration at the drop table as sown Fig. 4.2.70. The output acceleration of PCB center as

(a)

(b)

PQFP

PBGA
VQFN

28 × 28

35 × 35
7 × 7

PCB

Drop table Positions of
accelemmeter

Output

Input

acceleration

acceleration

Al Fixture

Resistance

Monitoring

Figure 4.2.68 Board-level drop test setup and PCB specimen: (a) PCB specimen with different
packages and (b) PCB mounted on the top of the drop table with the fixture.
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shown in Fig. 4.2.71 is more than that of drop table due to deflection effect of PCB.
As the PCB is experiencing the maximum bending at the center during drop test,
only real-time resistances of packages labeled “A,” “B,” and “C” (Fig. 4.2.68(a))
are monitored by a dynamic measurement method as illustrated in Fig. 4.2.69.

The drop dynamic responses of resistance for daisy-chain loop are illustrated in
Fig. 4.2.72. With the PBGA solder balls mounted onto an OSP pad finish, the first fail-
ure was observed at the 15th drop. From the graph, the resistance increases from an
initial value of 1.4e1.8 V after impact. The dynamic resistance does not reached the
1.8 V level immediately but fluctuates for a short period of time before reaching
1.8 V permanently. This observation is first postulated that on impact, a solder joint
crack is initiated followed by a rapid crack propagation till total failure (dynamic resis-
tance reaches infinity, V/ E ¼ 1.8 V). Manual probing after the drop confirmed that
the static resistance reached infinity and hence permanent failure was registered. Cross
sectioning showed that no solder joint crack were found. Copper trace failure was
observed. From the dynamic curve response, the copper trace fatigued after 14 impact
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Figure 4.2.70 Acceleration measured on drop table during drop test.
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Figure 4.2.69 Schematic of dynamic resistance measurement system.
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drops. At the 15th drop, the copper trace tears in a ductile manner and the failure is not
immediate. PCB board flexing causes the copper trace to rupture and results in a per-
manent failure. As for the VQFN package, some intermittent failures were observed in
the dynamic resistance curve. Crack in the VQFN interconnects has started to initiate
and propagate through the joint interface at the 15th drop. However, the crack is only
partial; hence, the resistance peaks to about 1.0 V instead of 1.8 V. When the PCB
bends downwards, the outermost solder joints are subjected to tensile stress, thus lead-
ing to an open mode in the crack. When the board bends up, the joints are under
compression, which helps the crack to close up. Toward the end of a drop, the partial
crack would most probably close up when the flexing of the board is over. At this
instance, manual probing after the drop test would not register any failure. As such,
no failure is considered for the VQFN package after the 15th drop. When probed
manually, the static resistance after drop is 7.1 U as compared with a static resistance
of 5.1 U before drop. No change in the resistance response is observed for PQFP after
15 drops.

0

500

1000

1500

0 5 10 15 20

A
cc

el
er

at
io

n 
(g

) 

Time (ms)

−500

−1000

−1500

Figure 4.2.71 Output acceleration curve of the PCB center during drop test.
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Figure 4.2.72 Dynamic measurement of resistance during drop test (15th drop). Sampling
rate ¼ 10k samples/s.
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A total drop of 50 times was conducted for each test board, and 12 test boards were
tested. Being the smallest in size and weight and with the center pad holding the entire
body firmly onto the PCB, the VQFN package proves to be most robust under drop test
and still survives after 50 drops. Fig. 4.2.73 shows a comparison of the drop life for
different packages based on the averaged test results. The test results show that OSP
board finish gives better drop reliability than ENIG finish for the PBGA package.
With the compliant gull-wing leads, the PQFP package outperforms the PBGA in
drop impact reliability where the solder balls are more rigid. Fig. 4.2.74 shows the fail-
ure mode for both PBAG and PQFP packages. The PQFP package failure is not due to
solder joint crack but the lead fingers breaking off (Fig. 4.2.74(c)) from mold com-
pound due to a large impact force during drop impact. For the PBGA package with
different PCB surface finishes, there are several failure modes such as Cu trace broken
and resin crack (Fig. 4.2.74(a) for OSP finish case) and interface brittle failure
(Fig. 4.2.74(b) for ENIG finish case) beside solder joint cracking failure. Most of fail-
ure locations happen at the PCB side from experimental results. Usually, a binary IMC
of Cu/Sn is formed for SneAgeCu solder on OSP-finished PCB Cu pads, while a
ternary IMC of Cu-Ni-Sn and a binary IMC of Ni/Sn are formed on ENIG finished
PCB Cu pads [95,96]. Previous studies showed that Cu/Sn IMC has stronger adhesion
strength than Ni/Sn IMC [97]. For a given thickness, the fracture toughness of Cu/Sn
appears to be greater than that of Ni/Sn [98]. Cu-Ni-Sn and Ni/Sn IMCs have a higher
hardness and are much more brittle compared with Cu/Sn IMC [52]. Therefore, for the
PBGA package with ENIG finish, the common failure mode is IMC layer brittle
cracking. For the PBGA package with OSP finish, due to stronger IMC adhesion
strength, the failure site is being migrated to the solder joint, copper traces, and
PCB resin layers [87,88].

Interface failure and IMC brittle failure are important failure modes in the drop test,
which require further investigations on the failure mechanism and material character-
ization, such as IMC toughness, IMC morphology, and failure mechanism of solder/
IMC interface under highly dynamic load. However, there is a big challenge to model
IMC in the simulation accurately in terms of its morphology and material properties.
Study on interface strength and toughness of solder joint under dynamic loading is
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Figure 4.2.73 Comparison of drop life for different packages.
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Figure 4.2.74 Images of failure modes: (a) plastic ball grid array (PBGA) package with Cu trace
and PCB rinse crack for PCB with organic solderability preservative (OSP) finish, (b) PBGA
package with brittle failure of IMC layer for PCB with electroless nickel immersion gold
(ENIG) finish, (c) plastic quad flat package (PQFP) packages with good solder joint intact and
broken leads.
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necessary to investigate the effect of board surface finish and IMC on the drop reli-
ability of electronic package. Charpy test is usually used for investigating interface
and bulk material toughness, which is discussed in the following section.

4.2.4.1.3 Charpy impact test and analysis
The Charpy impact test helps determine the impact energy absorbed and failure mode.
Two different Charpy specimens of bulk SneAgeCu specimen and soldered spec-
imen as shown in Fig. 4.2.75 are used in the test. For soldered specimen, two copper
blocks are soldered together with SneAgeCu solder after reflow process. Two cases
are studied for soldered specimen: copper block with and without Ni/Au plating. Three
samples are tested for each type of Charpy specimen. Fig. 4.2.76 shows the fracture
modes for different specimens. The bulk specimen exhibits ductile failure, and
soldered specimen shows all brittle interface failure. Table 4.2.15 lists the impact
toughness for different specimens. The bulk solder specimen has the largest toughness
value. The impact toughness of soldered specimen without Ni/Au plating is twice
higher than that with Ni/Au plating. It implies that electronic assembly with SneAge
Cu solder and Ni/Au finish is liable to impact failure compared with the case without
Ni/Au finish, which is consistent with drop test results for the PBGA package
mentioned above. Cu/Sn IMC is formed between copper block and SneAgeCu sol-
der, while Cu-Ni-Sn IMC is formed when Ni/Au plating is used. The Charpy impact
test results prove that when the drop failure mode shows IMC brittle failure, package
with ENIG board surface finish has lower drop lifetime than that with OSP board
surface finish.

4.2.4.2 Finite element analysis for drop impact test

4.2.4.2.1 Material property of solder
Solder joint failure (bulk solder or IMC brittle cracking) is one dominant failure mode
for electronic assembly under drop test. Material properties of solder are much sensi-
tive to strain rate. Therefore, it is important to know material response of solder under
different strain rates. The mechanical properties of Sne3.8Age0.7Cu lead-free solder
are characterized by performing two types of testing: tensile test and impact test. Dog
bone-shaped bulk solder specimens as shown in Fig. 4.2.77 are machined from a solder
bar. The specimen for impact test is threaded at both ends for screwing onto the test
system. Before testing, the specimens are annealed at 60�C for 24 h to eliminate the

(a) (b)

Figure 4.2.75 Charpy impact test specimens: (a) soldered specimen, and (b) bulk SneAgeCu
specimen.
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residual stresses. The uniaxial tensile tests were carried out using a universal testing
machine (Instron model 5569). The impact tests were carried out using a split Hopkin-
son pressure bar (SHPB) tester to study the dynamic response of solder material.
The principle of the SHPB test is based on the theory of stress wave propagation in
an elastic bar and the interaction between a stress pulse and a specimen of different
impedance.

Fig. 4.2.78 shows the stressestrain curves of the solder under different strain rate
conditions. The test data under low strain rate are from normal tensile tests [37] while

(a) (b)

Figure 4.2.76 Failure mode under Charpy impact test: (a) brittle failure for soldered specimen,
and (b) ductile failure for bulk SneAgeCu specimen.

Table 4.2.15 Impact toughness for different specimens.

Specimens
Bulk
SneAgeCu

Soldered sample without
Ni/Au

Soldered sample with
Ni/Au

Impact
toughness (J)

74.0 0.261 0.118

(a)

(b)
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Figure 4.2.77 Geometry of solder specimen (in mm): (a) tensile test specimen and (b) impact
test specimen.
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the test data under high strain rate are from the SHPB impact tests. The results show
that the stressestrain behavior of the solder is highly dependent on the strain rate. For
each test condition, three to five specimens are tested and the average mechanical prop-
erties are calculated. Table 4.2.16 summarizes the mechanical properties of the Sne3.8
Age0.7Cu solder under different strain rates. The tangent modulus is estimated based
on a bilinear plastic model. The strain rate affects the yield stress and tangent modulus
more significantly than the elastic modulus. Solder material becomes harder under
high strain rate and consequently exhibits higher yield stresses. Under drop impact
load, the strain rate of solder material varies significantly from several tens to several
hundred per second. Therefore, the strain rateedependent material properties are
essential for solder material in the drop impact modeling to achieve the reasonable
and accurate stress results. The stressestrain curves under different strain rate tests
as shown in Fig. 4.2.78 can be implemented in modeling, and the actual strain ratee
dependent material data can be achieved through data interpolation in FEA modeling.

4.2.4.2.2 Finite element model
The FEA simulation is conducted for PBGA package to assess stress response of
solder joint under drop impact test. Some assumptions are made in the FEA modeling.
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Figure 4.2.78 Rate-dependent stress strain curves of SneAgeCu solder.

Table 4.2.16 Material properties of solder under different strain rates.

Strain
rate (1/s)

5.6� 10�4 5.6 � 10�3 5.6 � 10�2 7 � 102 9 � 102 1.3 � 102

Young’s
modulus
(GPa)

44.4 50.3 52.8 63.2 67.7 69.4

Yield stress
(MPa)

35.1 40.8 51.1 129 175 216

Tangent
modulus
(MPa)

194.3 207.3 230.7 1279 1796 2165
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For instance, the dynamic response of each package mounted on the PCB is not
affected by the other packages. In addition, the effect of individual packages on the
global response of the PCB is ignored. As such, a quarter FEA model for the
PBGA assembly is created as shown in Fig. 4.2.79 with PBGA package facing
down at the center of PCB board. A symmetric boundary condition is applied on
the symmetric planes. The input acceleration from experimental measurements as
shown in Fig. 4.2.70 is applied on the clamped PCB edge as an input-G loading.
The critical corner solder joint is modeled using fine meshed elements and other solder
joints are modeled using effective cuboid elements, which could help to reduce the
number of elements significantly for the entire model without losing accuracy. The ma-
terials used in the FEA model contain FR4 PCB, SneAgeCu solder, copper pads on
both board and package sides, BT substrate, silicon die, solder mask, and mold com-
pound. Table 4.2.17 lists the material properties used in the FEA simulation. A total of
15 ms are simulated with 150 substeps for the general result file and 750 substeps for
the history result file. Solder material is modeled with different properties for compar-
ison including elastic, bilinear plastic, and rate-dependent models.

4.2.4.2.3 Simulation results and discussion
4.2.4.2.3.1 Results based on elastic model of solder In the FEA modeling and
simulation for the drop test of the PBGA assembly with lead-free solder joint, the
important and critical material is solder. Therefore, it is essential to model solder
material in the high strain rate loading condition. In this study, the elastic model
and rate-dependent inelastic model are implemented for the SneAgeCu lead-free

Acceleration input Symmetry B.C.

Symmetry B.C

PCB

Mold

BT

Die

Solder joints modelCritical solder joint model

Zoom in package model

Quarter FE model with chip down 

Figure 4.2.79 Quarter finite element model of plastic ball grid array (PBGA) assembly for drop
impact simulation.
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solder to investigate the effect of the constitutive model on the dynamic response of the
solder joint. Firstly, the elastic model developed under the low strain rate tensile test is
used for the solder joint. It was known that the damping effect is important for dynamic
behavior of the PCB under drop impact load. Consequently, a calibration study is
carried out in the FEA simulation to obtain an optimal damping ratio by comparing
the simulation results with experimental data. An optimal damping ratio of 2% is deter-
mined by comparing the output acceleration of the PCB center as shown in Fig. 4.2.80
from the FEA simulation result with the acceleration measured in the drop test as
shown in Fig. 4.2.71.

Fig. 4.2.81 shows a comparison of the peeling stress for the critical nodes of solder
joint at the interfaces of both board and package sides. It is obvious that solder stress at
the PCB board side is larger than that at the package side, which indicates that the
solder/PCB interface is prone to failure for large PBGA assembly due to dynamic
bending effect of the PCB board. Most of failure locations happen at the PCB side
from experimental results, which are consistent with simulation results having higher
stress at the PCB board side. When package size becomes smaller, e.g., less than
15 mm � 15 mm, solder joint failure at chip side becomes very common [87,99].

Table 4.2.17 Material properties used in the finite element analysis (FEA) simulation for drop
test.

Materials Young’s modulus (GPa) Poisson’s ratio Density (kg/m3)

SneAgeCu solder 52.8 0.35 7500

FR4 PCB 20(x,z),9.8(y) 0.11(x,z),0.28(y) 1900

BT substrate 26(x,z),11(y) 0.11(x,z),0.39(y) 2000

Copper pad 120 0.34 8900

Silicon chip 131 0.278 2330

Mold compound 16 0.3 1970

Solder mask 2.4 0.3 1300
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Figure 4.2.80 Simulation result of acceleration at the center of PCB board.
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The failure location is related not only to high stress concentration but also to IMC
composition and morphology at both joint sides. However, solder stress is still a
reasonable indicator to study the solder joint drop impact reliability. Fig. 4.2.82 shows
the peeling stress in the vertical direction and the first principal stress of the critical
node at the PCB board side. It can be seen that the peak stress value between the
peeling stress and principal stress is quite close, which implies that the peeling stress
is the dominant factor inducing crack initiation and propagation at the interface of
solder/PCB. The elastic model of the solder can be used in the FEA simulation for
drop test to investigate the relative trend of drop life. However, using the elastic model
to simulate the dynamic behavior of solder material under drop tests could lead to
errors. Usually, elastic model of solder leads to high stress and low life prediction
accordingly. As such, the predicted drop life based on the elastic model underestimates
drop reliability.
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Figure 4.2.81 Comparison of peeling stress for the critical nodes at both board and package
sides.
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solder joint.
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4.2.4.2.3.2 Results based on plastic model of solder Plastic deformation of the
solder joint can be expected in a dramatic dynamic loading such as drop impact. It is
imperative to simulate for the solder behavior using strain rateedependent plastic
model when subjected to drop impact loading. The rate-dependent plastic model
was developed from the characterization tests of the solder under different strain rates
as shown in Fig. 4.2.78 mentioned above. The rate-dependent material properties of
the solder used in the FEA simulation include the Young’s modulus, yield stress,
and tangent modulus. The bilinear elastic-plastic model of the solder is also simulated
for comparison. The bilinear elastic-plastic model used in the simulation is mostly
obtained from the tensile tests of the solder under low strain rate such as from 10�4

to 10�2 1/s, which is always used in the FEA simulation of TC load. The material prop-
erties of the bilinear elastic-plastic model used in this work are obtained from tensile
tests under a strain rate of 5.6 � 10�2, as shown in Table 4.2.16.

Fig. 4.2.83 shows the effect of the constitutive model of the solder on the peeling
stress history of the critical node in solder joint under drop impact load. It can be seen
that the peak value of stress reduces significantly when considering solder with
dynamic plastic behavior compared with the elastic model. The rate-dependent plastic
model leads to slightly higher peeling stress of the solder compared with the bilinear
plastic model. Fig. 4.2.84 shows a comparison of the Von Mises stress of solder when
using different constitutive models of the solder. The error of the peak Von Mises
stress between the elastic and plastic models is more than 100%. The stress level of
solder joint would be overestimated when only the elastic material behavior is modeled
for the solder under dynamic loading. The bilinear elastic-plastic model results in
lower Von Mises stress compared with the rate-dependent plastic model because the
effect of strain rate on solder strain hardening is not considered when using the bilinear
elastic-plastic model. The solder exhibits more ductile properties and lower yield stress
in the bilinear elastic-plastic model, which results in lower Von Mises stress. On the
other hand, the bilinear elastic-plastic model will result in larger plastic deformation
compared with the strain rateedependent plastic model, which is verified by the
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Figure 4.2.83 Effect of constitutive models of solder on peeling stress of solder under drop test.
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effective plastic strain results as shown in Fig. 4.2.85. The plastic deformation of the
solder joint will be overestimated when the bilinear elastic-plastic behavior is modeled
for the solder without considering the rate-dependent plastic behavior under dynamic
loading. Therefore, modeling solder as a rate-dependent plastic behavior is essential
and needed in the FEA simulation of electronic assemblies under drop test.

4.2.4.2.3.3 Life prediction for drop test Drop life model has been developed for
lead-free solder based on experimental data and simulation results [100]. The devel-
oped model can be used to predict drop life of electronic package with lead-free solder
joint when subjected to drop impact loading. In this study, the drop life is predicted
using the life model for the PBGA package considering the simulated maximum
peeling stress as a damage control parameter. The stress-based drop life model is
expressed below [100]:

Nd¼ 9:9� 109 � s�3:9 (4.2.37)
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Figure 4.2.84 Effect of constitutive models of solder on Von Mises stress of solder under drop
test.
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Figure 4.2.85 Comparison of effective plastic strain of solder for different plastic models.
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where Nd is drop life and s is the maximum peeling stress of the solder joint, which can
be obtained from dynamic drop simulation. The maximum peeling stress variation is
calculated from simulation results as shown in Fig. 4.2.83. When the stress values are
substituted into above equation, the drop life can be predicted for the PBGA package.
Fig. 4.2.86 shows the drop life prediction with 50% error bar for the PBGA package
when using different solder constitutive models in drop test dynamic simulation. The
elastic model underestimates the drop life of package significantly because large
peeling stress is obtained from the dynamic simulation when plastic behavior of solder
is not modeled. The bilinear plastic model overestimates the drop life of package
compared with the rate-dependent model. Compared with experimental results of
PBGA drop life under drop test as shown in Fig. 4.2.73, numerical life prediction has a
good agreement with experimental data when modeling solder with rate-dependent
material model.

In terms of IMC effect on drop life, some assumptions are usually used to model the
IMC layer, including modeling IMC as a flat layer and elastic material property
[53,101]. Modeling an IMC layer in the solder joint interface results in a high stress
level in drop impact simulation because the stiffness of the solder joint increases.
However, modeling IMC layer in drop test constrains the plastic deformation of the
solder, which results in lower plastic strain of the solder [101]. Therefore, just consid-
ering the plastic deformation or stress of the solder joint is not sufficient for investi-
gating reliability of electronic assembly subjected to a drop impact load. Study on
interface strength and toughness of solder joint under dynamic loading is necessary
to investigate brittle failure or transition failure.

4.2.4.3 Design-for-reliability methodology for drop test

A flowchart of a design-for-reliability (DFR) methodology for drop impact reliability
analysis is shown in Fig. 4.2.87. Material characterization for lead-free solder
subjected to dynamic high strain rate conditions can be carried out by SHPB test
and Charpy impact test. Strain rateedependent elastic-plastic model is then developed
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Figure 4.2.86 Drop life prediction for plastic ball grid array (PBGA) package with using
different solder constitutive models.
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for solder material. The high strain rate solder material properties are implemented in
the dynamic FEA simulation for board-level solder joint drop impact test to study
dynamic stressestrain behavior of solder joint. Dynamic peeling stress or plastic strain
in the solder can be used as an impact damage driving force for analyzing high strain
and low cycle impact fatigue failures of the solder. Solder fatigue models developed
from strain-based and stress-based tests with slow strain rates or frequency tests cannot
be used for drop impact fatigue analysis where high strain rate plastic deformation is
important. An impact fatigue model based on FEA simulation results with rate-
dependent plastic behavior for solder material and drop impact testing data is necessary
for the drop life prediction and drop performance optimization of electronic assembly
under drop impact load. Drop test data are used to validate the numerical prediction
results. When experimental data and simulation results are consistent, the systematic
DFR methodology is established. Otherwise, the DFR method needs to be updated
and modified. Accurate material model and FEA modeling are essential for evaluation
and optimization of drop performance of solder joint. Physical drop test is still needed
to study different failure modes and drop performance of electronic assembly. Such
topics can be linked through the DFR for drop reliability of solder joint. The DFR
method for board-level drop reliability assessment is demonstrated above, including
material characterization of solder and soldered samples under high strain rate test,
board-level drop test and failure analysis, FEA modeling and simulation, and life
prediction.

4.2.4.4 Summary on drop impact test and analysis

The methodology on DFR of lead-free electronic assembly under drop test has been
developed by conducting material characterization test, FEA and life prediction,

Reliability test

Life prediction
models

Drop impact test

Calibration

Impact fatigue

Effective plastic strain

Dynamic FEA modeling

Charpy impact test

High strain rate test

Stress–strain curve

Solder

DFR
methodology

Materials
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FEA modeling and
simulation

Update
DFR

Figure 4.2.87 Flowchart of a design-for-reliability methodology for drop impact reliability.
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board-level drop test, and Charpy impact test for bulk solder specimen and soldered
specimen. The link among each part is also discussed. Some conclusions can be
summarized below:

Board-level drop impact tests were conducted for electronic assembly with different
packages. The PBGA package is more prone to drop impact failure than the leaded
PQFP package. The PQFP package failure shows the lead fingers breaking off from
mold compound. The PBGA package with OSP board finish exhibited higher drop
reliability than that with Ni/Au board finish due to different IMC formation and
IMC toughness. Drop life of the PBGA package is used to validate the simulation.
Charpy impact test results show that the soldered specimen with Ni/Au plating has
lower impact toughness than the specimen without Ni/Au plating, which is consistent
with drop test results of that PBGA package with OSP board finish exhibited higher
dropt reliability than PBGA package with ENIG board finish.

Drop impact FEA simulations for PBGA assembly were carried out using an input-
G modeling method with using different solder constitutive models including the
elastic model and strain rate-dependent plastic model obtained from material charac-
terization tests. The stresses of the solder joint at the board side are higher than those
at the package side for large PBGA package, which is consistent with drop failure loca-
tion in the drop test where most of failure happened at the PCB side. The elastic model
overestimates the stress level of the solder compared with the strain rate-dependent
plastic model under drop impact load. Life prediction based on simulation results
was carried out for the PBGA package. The predicted drop life time is consistent
with drop test results when modeling solder with rate-dependent material behavior.
It is necessary and accurate to implement the rate-dependent plastic model for solder
joint in the drop impact modeling.

4.3 Case study of design-for-reliability

4.3.1 Design-for-reliability using finite element method

Manufacturers of electronic products face with demands for design with high reli-
ability and performance at lower costs. Reliability tests of electronic assemblies are
very important concerns to ensure long-term reliability of electronic products. In
service, electronic products failures can occur within a year but often much longer.
Therefore, it is not practical to test at service load level and it is uneconomical with
respect to test time and cost. ALT methods are employed for the purpose of acceler-
ating reliability test results.

Reliability tests aim at revealing and understanding the physics of failure. Another
objective of reliability tests is to accumulate representative failure statistics. Acceler-
ated tests use elevated stress levels and/or higher stress cycle frequency to precipitate
failures over a much shorter time. Stress loading includes constant stress, step stress,
progressive stress, and random stress. Typical accelerating stresses are temperature,
mechanical load, TC or TS, cyclic bend, drop impact, and vibration. Such tests can
facilitate physics of failure for reliability tests that cost effectively, shorten the product
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process, and improve long-term product reliability. Accelerated tests can be performed
at any level, such as part level, component level, board level, equipment level, and
system level. The degree of stress acceleration is usually determined by an AF. This
factor is defined as the ratio of lifetime under normal service conditions to the lifetime
under accelerated conditions.

Computational modeling and simulation can reduce the product development time
to market in a competitive electronic product sector. Commercial FEA software, such
as ANSYS, ABQUS, and NASTRAN, have been used extensively to simulate reli-
ability test, design and service operation loads on electronic components, board assem-
blies, and product systems. By using FEA simulations, industry can minimize the
requirement for extensive and time-consuming physical testing. This can further
reduce product development costs, increase reliability, and reduce the product time
to market. Further miniaturizations of IC component size and higher I/O counts are
expected trends in electronic packaging applications. Thus, conventional application
of finite element modeling technique will become more difficult as the geometry
features become smaller and require higher number of elements so that FEA simulation
will require higher speed computing, larger memory size, and hard disk storage space.
These critical requirements can limit the use of full 3D model applications for finite
element reliability analysis of the electronic assemblies. To reduce the element size
in the FEA simulation for reliability modeling, some reduced models based on reason-
able assumption are used by researchers, including slice model, one-eighth model, and
2Dmodel. Some trade-off in accuracy is expected in these simple models. Such simpli-
fied models can be used for quick assess and evaluate packaging design and material
selection. In the previous section, an example is provided for a DFR methodology for
drop impact reliability analysis (Fig. 4.2.87). Successful DFR methodology includes
accurate material characterization and material property data, life model and damage
prediction parameter selection, FEA modeling and simulation details, modeling results
analysis for reliability assessment and design improvement, and reliability test data
used to validate the numerical prediction results. When experimental data and simula-
tion results are consistent, the systematic DFR methodology is established. Otherwise,
the DFR method needs to be updated and modified.

4.3.2 Optimization of package design

Following Moore’s law, the scaling of the IC goes to a very small physical dimension,
e.g., less than 10 nm, which makes IC design and manufacturing to face several
significant challenges such as lithography technology, circuit design, yield, and
cost. Recently, more than Moore technology applied in advanced packaging has
been attracting more and more attention and becoming a cost-effective way to over-
come challenges of Moore’s law. System-in-package (SiP) technology is one prom-
ising way to cope with requirements for microelectronic systems. There are two
typical types of SiP technologies. First, multiple chips are integrated in one package
with side-by-side placement, which is referred to 2.5D integration, such as interposer
technology. The other is chips integrated in one package through stacking each other,
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which is referred to 3D integration, such as chip stacking and interconnection by
through-silicon via (TSV) and package-on-package.

SiP technology has many advantages in terms of electrical and thermal perfor-
mance, small package profile, and high integration density. However, package design
and assembly process and long-term reliability are critical to ensure such technology
cost effective. Package layout and assembly process become complicated compared
with traditional packaging technology. Design cycle time and cost are critical for
SiP packaging technology. In addition, chip package interaction becomes a critical
concern in advanced packaging because advanced IC technology requires low-k or
ultraelow-k dielectrics in BEOL to improve electrical performance and advanced
packaging technology with 3D stacking for thinned IC chips with TSVs, and Cu
wire bonding process cause high stress on package. Therefore, package needs to be
carefully designed and assembled. Physical design of experiment for package design
and reliability assessment is time and cost consuming and sometimes it is not practical.
Numerical modeling and simulation is a powerful tool to numerically assess the reli-
ability of the designed package and to provide optimal solutions for an improper
design. Materials also can be quick assessed through FEA modeling and simulation,
and optimal material selection can be determined based on data of material properties,
loading condition, package design, and stress level of package. Recommendation from
simulation results is adopted for reduction of material candidates, optimizing package
structure design, assembly, and packaging process, and long-term reliability
evaluation.

In the following section, case study is presented to show how to use FEA modeling
and simulation to improve package design and assess reliability for 3D stacked pack-
age with TSV chips.

4.3.3 Case study

4.3.3.1 Problem statement

In this case study, the reliability of a pyramidal shape 3-die stacked package with TSVs
was demonstrated experimentally and numerically. The initial designed microbumps
locate peripherally along the edge of the TSV die, which induces a concentrated
bending force on the lower die when the upper die is stacked. The experimental results
show that the bottom die cracks when the middle die is stacked and the middle die
cracks when the top die is stacked even with a small stacking force. FEA results
show that such bump layout induces large stress and deflection in the lower die under
the die stacking process. Three-point bend tests are conducted to determine the die
strength first. Consistent results have been obtained among FEA simulation, die
strength bend test, and die stacking experiments. An optimal bump layout design is
proposed based on DFR methodology, which adds some dummy bumps on the central
area of the die to support the bending force induced by the die stacking process. The
optimal design significantly reduces the die stress level and deflection. Finally, a suc-
cessful die stacking process is achieved even using a larger stacking force.
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Fig. 4.3.1 shows a schematic of a 3-die stacked package with TSVs. The diameter
and depth of Cu TSV are 20 mm and 100 mm for the middle die, 50 mm and 200 mm for
the bottom die, respectively. All TSVs are located at the edge of the die peripheral. The
package has three stacked dies and the structure has a pyramidal shape. The top die is
5 mm � 5 mm � 0.1 mm in size with 176 microbumps; the middle die is 7 mm �
7 mm � 0.1 mm with 212 microbumps; and the bottom die is 10 mm � 10 mm �
0.2 mm with 360 solder bumps. Fig. 4.3.2 shows the die dimension and bump layout
in the initial design for three chips. Bumps are distributed at one, two, and three periph-
eral rows for the top, middle, and bottom die, respectively. In die stacking process, the
bottom die is mounted on the substrate through solder bumps, and then the middle die
is stacked onto the bottom die through microbumps. Finally, the top die is stacked onto
the middle die. Reflow process was conducted for joint permanent formation. Underfill
is used in between all dies after 3-die stacking process. The moldable underfill is used
to fill the gap between the bottom die and substrate and then full package
encapsulation.

A die stacking process was conducted using flip chip bonder FB35. When mounting
the middle die onto the bottom die, the bottom die cracks with cracking path close to
the inner solder bumps as the mounting force increases to about 5 kgf (1 kgf ¼ 9.8 N).
When stacking the top die on the middle die, the middle die also cracks as the stacking
force increases to 3.5 kgf. Fig. 4.3.3 shows the failure location in the bottom die. Such
die stacking results show that the maximum die stress induced in the die stacking
process exceeds the die strength. A concentrated bending force will be applied on
the lower die when a smaller upper die is stacked due to peripherally distributed
bumps. This concentrated force induces large stress and deflection in the lower die.
Improper solder bump layout design results in the large die stress induced during

UnderfillMicrobump bump
Moldable
underfill TSV SubstrateSolder 

ball DieSolder 

Figure 4.3.1 Schematic of a 3-die stacked package.

5mm×5mm  die 7mm×7mm die 10mm×10mm
        die

Top die with 176 
bumps in one row

Middle die with 212 
bumps in two outer rows

Bottom die with 360 
bumps in three outer rows

Figure 4.3.2 Geometry and bump layout design of three integrated circuit (IC) chips.
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the die stacking process. DFR using FEA modeling and simulation was conducted to
assess the package reliability and optimize the bump layout design for overcoming the
reliability problem of the package under the die stacking process.

4.3.3.2 Die strength characterization

To assess the package design and die strength and reliability, die strength measurement
test needs to be carried out. In this work, three-point bend test [102] was conducted for
a thin die with TSVs. The dimension of the sample is 10 mm � 10 mm � 0.2 mm,
which has same size as the actual bottom die used in a 3-die stacked package.
Fig. 4.3.4 shows a schematic of a three-point bend test. The maximum die stress
can be determined by

s3p¼ 3lF
2bh2

(4.3.1)

where l is the support span, F the applied load, b the die width, and h the die thickness.
Five samples were tested for each type of specimen to determine the die strength

through averaging the testing data. Fig. 4.3.5 shows the typical loading curve of
3-point bend test of the die. When the load head contacts with die surface, the bending

Die 
cracking

Figure 4.3.3 Die cracking in the die stacking process.

l

b

h

F

Figure 4.3.4 Schematic of three-point bend test.
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force increases linearly with the loading displacement. The loading force drops
drastically after the die breaks. For each test, the breaking force is measured and the
die strength is determined using Eq. (4.3.1). The averaged die strength value is
279 MPa. This die strength value can be used to evaluate the reliability of die under
the die stacking and other packaging processes, which will be discussed in the next
sections. In a three-point bend test, the maximum tensile stress occurs at the centerline
of the die surface so that die cracks along the centerline.

4.3.3.3 Finite element analysis and optimization

4.3.3.3.1 Finite element model
In this work, FE simulation was carried out to evaluate and optimize the package
design. Fig. 4.3.6 shows a schematic of the die stacking process and its simplification
for FEA simulation. It shows that a mounting pressure added on the upper die is trans-
ferred to the lower die in a type of concentrated force. Fig. 4.3.7 shows FEAmodels for
the die stacking process simulation. When the middle die is stacked, a mounting pres-
sure applied on the middle die is transferred to the bottom die as a concentrated force at

0
2
4
6
8

10
12
14
16

0 0.05 0.1 0.15 0.2

A
pp

lie
d 

lo
ad

 (N
)

Loading displacement (mm)

Figure 4.3.5 Typical loading curve of three-point bend test.
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Figure 4.3.6 Schematic of die stacking process and its simplification for finite element analysis
(FEA) simulation: (a) mounting the middle on the bottom die and (b) mounting the top die on
the middle die.
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a location corresponding to the microbumps of the middle die. Therefore, concentrated
force can be applied onto each corresponding bump location instead of constructing a
model with the middle die. Similar technique can be used for stacking the top die onto
the middle die. For convenience, a 2D axisymmetric FEA model is used. A symmetric
boundary condition is applied on a symmetric plane, and the bottom surface of the
substrate is constrained in the vertical direction. In the FEA simulation for the die
stacking process, three load conditions, i.e. 5 g, 10 g, and 20 g per bump, are simu-
lated. The concentrated force applied on the die is calculated by considering various
stacking load conditions and the number of microbumps in the stacking die. For solder
and copper materials, a bilinear elastoplastic constitutive model is implemented. Other
materials are considered as having elastic behavior. The orthotropic material properties
are implemented for the substrate material.

4.3.3.3.2 Analysis for stacking the middle die
Fig. 4.3.8 shows the simulation results of die deflection and stress when the middle die
is stacked on the bottom die using stacking force of 10 g per bump. The bottom die has
large deflection due to the bending force. The maximum bending stress occurs at the
top surface of the die, and its location is corresponding to the inner bumps of the
bottom die. The deflection of the beam is proportional to the bending moment, which
is also proportional to the bending force. An approximately linear relationship between
the maximum die deflection and stacking force is shown in Fig. 4.3.9(a). Large

(a) 

(b) 

Figure 4.3.7 Finite element analysis (FEA) models: (a) stacking the middle die on the bottom
die and (b) stacking the top die on the middle die.
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deflection is dangerous for a thin die because the die will crack under large deflection
and stress.

An approximately linear relationship between the maximum die stress and stacking
force is shown in Fig. 4.3.9(b). Based on the beam theory, the normal stress of the
beam with rectangular cross section can be determined by the following equation:

smax ¼Mymax

I
¼ 6M

b$h2
(4.3.2)

where M is the bending moment, y the perpendicular distance to the neutral axis, I the
area moment of inertia, b the width of the cross section, and h the height of the cross
section. The maximum bending stress is proportional to the bending moment but
inversely proportional to the square of the beam thickness. Thus, the maximum stress
is more sensitive to the thickness of the beam. There is no bump at the bottom die to
support the bending force directly due to improper bump layout design. Therefore, the
bottom die is subjected to a large bending moment and die stress when the middle die
is stacked.
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Figure 4.3.8 Simulation results for stacking force of 10 g per bump: (a) deflection results and
(b) bending stress.
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Figure 4.3.9 Effect of stacking force on results of bottom die: (a) the deflection of the bottom
die and (b) the maximum stress of the bottom die (1gf ¼ 0.0098 N).
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Based on the simulation result, the bump layout of the bottom die is optimized by
adding one more row of solder bumps (see Fig. 4.3.10) to support the bending force
induced by stacking the middle die. Die deflection and die bending stress reduce
significantly by introducing the optimal bump layout design for the bottom die. For
example, for a stacking force of 20 g per bump, optimal bump layout design yields
0.71 mm die deflection, which is 98.9% lower in magnitude comparing to that of the
initial bump layout design (68.1 mm). Maximum stress reduces from 237.8 to
15.5 MPa.

4.3.3.3.3 Analysis for stacking the top die
Fig. 4.3.11 shows the simulation results of die deflection and bending stress when the
top die is stacked on the middle die for the stacking force of 20 g per bump. Compared
with the case of stacking the middle die, both die deflection and stress are higher for the
case of stacking the top die. The thickness of the middle die is 100 mm, which is half

(a) 

(b) 
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)
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Figure 4.3.11 Simulation results for stacking the top die under the stacking force of 20 g per
bump: (a) die deflection and (b) die bending stress.
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Figure 4.3.10 New design and simulation results of the bottom die under the stacking force of
20 g per bump.
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that of the bottom die. The die deflection and stress are sensitive to die thickness. When
the top die is stacked, the middle die has larger deflection and stress than the bottom
die. Bump layout should be carefully designed for both bottom die and middle die to
overcome the large deflection and stress resulting from stacking process.

4.3.3.3.4 Optimization of bump layout design
For the initial bump layout design, the bumps are close to the TSVs, which are distrib-
uted in the die peripherally. There is no bump at the central area of the die to support
the bending force introduced by the stacking of upper die, and thus large die deflection
and stress occur during the die stacking process. In the optimal design as shown in
Fig. 4.3.12, dummy bumps are added to support the concentrated bending force
induced in the die stacking process.

Fig. 4.3.13 shows a comparison of maximum bending stress for different bump
layout designs when the top die is stacked. The optimal designs help to reduce bending
stress significantly compared with the initial design, which can improve die reliability
significantly. New design 2 is adopted, which is shown in Fig. 4.3.14 by a schematics
of cross-sectional view for the optimized bump layout design in the 3-die stack
package.

The 3-die stacking process is achieved successfully for the TSV dies with the opti-
mized bump layout design even under high stacking force because the die deflection
and stress is reduced significantly. Fig. 4.3.15 shows a pyramidal shape 3-die stacked
package after the die stacking process. After that, solder reflow, underfilling and
molding processes can be carried out.

4.3.3.4 Experimental validation

To obtain the accurate die cracking failure data, the compression test on the stacked
dies was carried out. Flip chip bonder was used to stack the dies in the sample prep-
aration. The 3-die stack samples were tested under a compression pressure to simulate

(a)

(b)

(c)

Figure 4.3.12 Schematic of microbump layout for both the middle and bottom dies: (a) initial
design, (b) new design 1: one more row of bumps in both the bottom and middle dies, and
(c) new design 2: one more row of bumps in the middle die and two more rows of bumps in the
bottom die.
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the die stacking condition. Fig. 4.3.16 shows a typical loading curve of displacement
versus compression load for 3-die stack sample. The applied compression load
increases with increasing displacement. The sharp drop of compression load occurs
when the load increases to 35.64 N, which indicates a die cracking failure load. We
found that the middle die cracks in 3-die compression test. Such failure data can be
used to verify FEA simulation results.

FEA simulation, stack die compression test and die strength test have been carried
out to investigate the reliability of 3-die stacked package with the initially designed

Figure 4.3.15 3-die stacked package after die stacking process.
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Figure 4.3.13 Comparison of the maximum stress for different designs when stacking the top
die.
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Figure 4.3.14 Schematics of the optimized bump layout for 3-die stacked package.
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bump layout. The die strength determined from die strength test is 279 MPa. Simula-
tion results show that the die stress increases linearly with increasing stacking force.
Die cracking force has also been determined by the compression test. Combining
the simulation results and die cracking force results, the die stress corresponding to
die cracking failure can be determined, which can be used to compare with die strength
to verify the simulation results. In the compression test of 3-die stack, the middle die
cracks at a compressive force of 35.64 N, which is equivalent to 20.64 g per bump by
considering a total of 176 bumps in the top die. Die stress can be determined by extrap-
olating simulation results and this failed stacking force. A comparison of results is pre-
sented in Table 4.3.1 for 3-die stacking condition. It can be seen from the table that die
failure stress determined by FEA simulation and die compression test is similar to the
die strength value by three-point bending test (281.74 MPa vs. 279 MPa). Thus, the
FEA modeling methodology and simulation results have been validated
experimentally.

4.3.3.5 Summary

In this case study, FEA simulation, die stacking experiment, stacked die compression
test, and die strength 3-point bending test for a pyramidal shape 3-die stacked package
have been carried out. FEA modeling and simulation is proved as one effective and

Table 4.3.1 Comparison of results for 3-die stacking condition.

3-Die
stacking

Failure
load(N)

Stacking load
(gf/bump)

Die stress
(MPa)

Die strength
(MPa)

Simulation
result
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35.64 20.64 281.74 281.74
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Figure 4.3.16 Loading curve of the 3-die stack compression test showing the die cracking force.
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powerful tool in the DFR methodology. The initial bump layout design induces a
concentrated bending force on the lower die when the upper die is stacked, and thus
the large die stress and deflection occur under the die stacking process. The die deflec-
tion and stress linearly increase with increasing stacking force, which is verified by
simulation results. Thus, this design limits stacking force and leads to a potential
die cracking failure. FEA simulation was conducted to investigate the reliability of
die stacking process and to optimize the bump layout. Under the help of FEAmodeling
results, the bump layout design has been optimized by adding some dummy bumps on
the dies to support the bending force induced by stacking the upper die. The die deflec-
tion and stress are reduced significantly under the die stacking process in optimal bump
layout design. A 3-die stacking process has been achieved successfully by optimizing
bump layout design.
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Reliability and failure analysis of
encapsulated packages 5
5.1 Typical integrated circuit packaging failure modes

In the last fifty years, IC packages experienced the major packaging development in
terms of typical wire bonded package, flip chip substrate package, fan-in, and fan-
out wafer-level packages by using Cu pillar and 2.5D/3D through-silicon vias package.
Chip failures are described by many cracking at different locations of the die and pack-
age, such as the die corner, the lateral side of the die, die backside, solder bump, under
bump metallization (UBM), wire bond pad low k, etc. The thermal mechanical stresse
induced package failures are mainly characterized by the cracking with underfill, sub-
strate, and bump near substrate. Chip package interaction (CPI) failures come from
thermal mechanical stress during assembly and field applications under various envi-
ronmental conditions. CPI associated failures are shown in Figs. 5.1.1e5.1.3, respec-
tively [1].

The materials, design, and assembly process may also have an impact on the CPI
reliability issues. Most of the time, materials play a critical role, including the CTE
mismatch between materials, stress concentration caused by material defects, low k
die, underfill, or lead-free bumps. From design perspective, people may ignore the
effects of polyimide opening size, UBM thickness, metal structure, ELK, substrate
routing, and bump density, etc. Process steps, such as wafer dicing parameter setup,
wire bond process window setup, and flip chip attachment profile, could also
contribute to the CPI issues.

The IC package failures are closely related to the package stress, which results from
the multiphysics interaction. Typical thermal, thermalemechanical, hygro-, and
hygroethermalemechanical stress and the corresponding fracture mechanics will be
elaborated in the following sections [2e9].

5.2 Heat transfer and moisture diffusion in plastics
integrated circuit packages

The typical “popcorn” cracking phenomenon of plastic integrated circuit (IC) pack-
ages during reflow soldering was attributed to the effect of moisture absorbed by
the plastic molding compound resin before the solder reflow process [10e14].
Fig. 5.2.1 illustrates the mechanism of popcorn cracking, which was proposed by
Fukuzawa et al. [10]. If the plastic IC package is exposed to a humid environment
before the solder reflow process, moisture would diffuse into the plastic resin encap-
sulating the padedie assembly. The longer the exposure is, the greater the moisture
level in the package is. Moisture may accumulate along the tiny pores at the paderesin
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interface. During reflow soldering, the temperature of the package is raised to about
215�C. At such a high temperature, the water along the paderesin interface would
vaporize and cause delamination in conjunction with the induced thermoemechanical
stress and eventual popcorn cracking of the plastic resin.

Two types of moisture preconditioning were used, namely, moisture absorption and
moisture desorption. Kitano et al. [11] conducted experiments in which moisture-
preconditioned plastic small-outline J-leaded (SOJ) packages were placed in a vapor
phase reflow (VPR) oven for several minutes and then examined for evidence of pack-
age cracking. In the moisture absorption preconditioning process, completely dried IC
packages were subjected to an 85�C/85%RH environment for varying periods. In the
moisture desorption preconditioning process, the IC packages were first exposed to an
85�C/85%RH environment until saturated and then baked in dry air at 80�C. They
found that cracking occurred in packages that had been either preconditioned by mois-
ture absorption for longer than 34 h or by moisture desorption for shorter than 26 h.
A primary conclusion from these experiments was that package cracking was not
controlled by the absolute moisture level in the package but by the moisture concen-
tration at the critical paderesin interface. They then performed a one-dimensional
analysis of the moisture distribution within the layer of plastic resin adjacent to the
bottom of the die pad during the preconditioning moisture absorption and desorption
processes. They found that the critical moisture concentration level at the paderesin
interface, which corresponded to the critical 34 h of absorption, was 63% and that
compared with the critical 26 h of desorption was 60%. The 1D solution of Kitano
et al. [11] is applicable for the central region of the die pad. However, it is not clear
how moisture concentration and rates of diffusion vary along the entire width and
length of the die pad. As the thermomechanical stress is the greatest at the edge of
the die pad, the moisture there could prove to be more critical than that at the center.
This is particularly true for small-outline packages with very small thickness of resin
around the edge.

This section describes two-dimensional (2D) finite element (FE) simulations of the
heat transfer and moisture diffusion in the IC packages during moisture absorption,
desorption, and VPR. The results show good agreement with experimental data.
The limitations of 1D analyses are also examined. The transient buildup of water vapor
pressure in the delaminated paderesin interface during VPR soldering is also obtained,
which is necessary for package cracking analysis.

Water Vapor

Die padSi chipWire bondPlastic

Lead

Figure 5.2.1 Mechanism of popcorn cracking of the small-outline J-leaded (SOJ) package.
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5.2.1 Governing equations for heat and moisture diffusion

When moisture enters the resin, it exists in many different forms [12]. Two diffusion
theories, single-phase and two-phase absorption, have been applied to describe the
moisture absorption process [12e18]. In this section, we shall use the single-phase
absorption/desorption theory that assumes that moisture diffusion occurs freely
without any bonding with the resin. For 2D diffusion of moisture with no local sources
or sinks, the governing differential equation obeys Fick’s second law of diffusion,
given by

v

vxi
DMij

 
vC

vxj

!
¼ vC

vt
(5.2.1)

and for an isotropic region of the resin

V $DMVC ¼ vC

vt
(5.2.2)

where C is the moisture concentration, DM is the moisture diffusivity, x is the Car-
tesian coordinate, and t is the time. For moisture diffusion processes accompanied by
simultaneous heat conduction in the same region, the analogous equations governing
thermal diffusion are as follows:

v

vxi

 
kij
vT

vxj

!
¼ rcp

vT

vt
(5.2.3)

V $ kVT ¼ rcp
vT

vt
(5.2.4)

where T is temperature, k is thermal conductivity, r is density, and cp is specific heat.
DM and k are assumed to be functions of temperature.

The water absorption process within the resin includes both solubility and diffu-
sivity, respectively. Diffusion is described by the above Fick’s laws of diffusion.
Solubility of water molecules in resin obeys Henry’s law in the linear regime.
The diffusivity DM is determined by the following Arrhenius equation:

DM ¼ DM0 exp

�
� Qact

RuT

�
(5.2.5)

where T is absolute temperature, Ru is the universal gas constant, Qact is the activation
energy (4.84 � 104 J/mol), and DM0 ¼ 47.2 mm2/s [11]. The solubility s can also be
described by the Arrhenius equation

s¼ s0 exp

�
� Qs

RuT

�
(5.2.6)
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where Qs ¼ �3.87 � 104 J/mol and s0 ¼ 4.96 � 10�7 mg$mm�3$MPa�1 [11].

5.2.2 Constitutive relations for water vapor

The conservation of mass of water vapor is governed by the following equation:Z
V

dC
dt

dV þ
Z
s
n$Jds ¼ 0 (5.2.7)

where V is the volume with the surface s, n is the outward normal to s, and J is the
concentration flux of the diffusing phase leaving s, given by

J¼ � n$DMVC ¼ �s$DMV$f (5.2.8)

where f ¼ C/s is the normalized concentration. In mass diffusion studies involving
regions of dissimilar materials, computations are usually carried out in terms of the
normalized concentration f, as this is continuous across interfaces of dissimilar
materials [19].

The total mass of water in the delaminated paderesin interface from time t1 to t2 is
determined as follows:

m¼m0 þ
Z
A

Z t2

t1
DM

�
vC

vx
þ vC

vy

�
dtdA (5.2.9)

where m0 is the initial mass of water in the delaminated interface and A is area of the
chip pad. Treating the delaminated layer of resin below the pad as a thin plate
deforming under the uniform vapor pressure, Kitano et al. [11] showed that the
maximum clearance of the gap between the pad and the resin is given by

d¼ 0:249
a2:91

E0:93H1.97 pþ d0 (5.2.10)

where a is length of chip pad in the short direction, E is the modulus of elasticity of the
plastic, H is the thickness of the plastic, p is the pressure, and d0is the initial clearance.
The units of d, d0, a, and H are mm and those of p and E are MPa. The volume of the
delamination (gap) V is given by Ref. [11].

V ¼ h$d$A (5.2.11)

where h is a constant. The specific volume of the vapor is given by

n¼V

m
(5.2.12)
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The specific volume v is a function of vapor pressure p and temperature T. The rela-
tionship is described by an equation of state [11] as follows:

v¼ 461:2T
p

� 0:668�
T

100

�2 �
437þ 6:44� 106p� 2� 10�34p5�

T

100

�8:4 � 1:77� 10�5p5�
T

100

�30:5

� 5:4� 10�68p25�
T

100

�147

(5.2.13)

5.2.3 Initial and boundary conditions

The die and die pad are impermeable to moisture. Hence, the initial and boundary
conditions for concentration are as follow:

Absorption:

Cðt¼ 0Þ¼ 0 (5.2.14)

CG1 ¼RH$ps$s (5.2.15)

vC

vn

����G2 ¼ vC

vx

����
x¼0

¼ 0 (5.2.16)

Desorption:

Cðt¼ 0Þ¼C0ðx; yÞ (5.2.17)

CG1 ¼ 0 (5.2.18)

vC

vT

����G2 ¼ vC

vx

����
x¼0

¼ 0 (5.2.19)

where RH is the relative humidity, ps is the saturated pressure, and C0(x, y) is the initial
concentration distribution, and S has been defined in Eq.(5.2.6). G1 is the outer top,
right, and bottom boundary of the package body shown in Fig. 5.2.2. G2 is the outer
boundary of the die/pad assembly, excluding the portion along the plane of symmetry
x ¼ 0.

The initial and boundary conditions for temperature during preconditioning are

Tðt¼ 0Þ¼ T0ðx; yÞ (5.2.20)

T ¼ Ts at G1 (5.2.21)
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vT

vx

����
x¼0

¼ 0 (5.2.22)

where T0(x, y) is the initial temperature distribution and Gs is the VPR temperature.

5.2.4 Boundary condition during vapor phase reflow

The thermal conductivity of water vapor in the delaminated region is much lower than
that of the resin. Hence, the heat flux along G2 and G3 (Fig. 5.2.3) may be neglected. In
addition, the outer boundary is exposed to surroundings at 215�C. Thus, T ¼ 215�C at
G1. The moisture concentration along the outer boundary G1 is assumed to be zero and
G3 is impermeable to moisture.

5.2.5 Solution procedure

The procedure employed to solve the simultaneous heat transfer and moisture diffusion
problem is detailed as follows, assuming that T(x, y, t) and C(x, y, t) are already known:

(1) Compute the temperature distribution in the package T(x, y, t þ Dt) at t þ Dt.
(2) Obtain D(T) and s(T).
(3) Assume a value for p(t þ Dt), the water vapor pressure in the delamination (gap).

nl
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Node 18 Node 2918
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Figure 5.2.2 Finite element (FE) model for absorption and desorption.
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Figure 5.2.3 Finite element (FE) model of integrated circuit (IC) packages during vapor phase
reflow (VPR) with delamination.
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(4) Calculate the concentration along G2 from

G2¼ p$s (5.2.23)

(5) Compute the moisture distribution C(x, y, t þ Dt).
(6) Calculate the pressure p from Eqs. (5.2.9)e(5.2.13) and compare this value with that

assumed in step (3). If the difference is less than 0.001, then the assumed p(tþDt) is correct.
Otherwise, iterate for p(tþDt) between steps (3)e(6). Following steps (1)e(6), the transient
distributions of temperature and moisture during VPR are obtained.

5.2.6 Finite element analysis

The 2D heat transfer and moisture diffusion analysis were carried out on the SOJ pack-
age shown in Fig. 5.2.4, using the general purpose FE code ABAQUS. Owing to sym-
metry, only half of the package needs be analyzed. The FE mesh employed consisting
of 1332 nodes and 1260 eight-node quadrilateral elements is shown in Fig. 5.2.5.
The properties of materials constituting the IC packages are listed in Table 5.2.1.

5.2.7 Results and discussion

5.2.7.1 Moisture distributions during preconditioning

The moisture absorption and desorption preconditioning processes performed by
Kitano et al. [11] for their IC package were simulated. The variation of level of mois-
ture saturation of the resin layer adjacent to the central pad region after varying hours
of preconditioning are shown in Figs. 5.2.6 and 5.2.7. The results compare well with
those of Kitano et al. suggesting that at the pad central, the 1-D model is adequate. This
can also be seen in Figs. 5.2.8 and 5.2.9, which show typical moisture distributions
obtained after 34 h of absorption and 26 h of desorption, respectively. However,
Figs. 5.2.8 and 5.2.9 also show some 2-D effects around the edge of the pad.
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Crack
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Figure 5.2.4 Geometry of small-outline J-leaded (SOJ) integrated circuit (IC) package.
Unit: mm.
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Figure 5.2.5 Finite element (FE) mesh of small-outline J-leaded (SOJ) package.

Table 5.2.1 Properties of packaging materials.

Component Material
Thermal conductivity
W$mL1$KL1

Specific heat
J$kgL1$KL1 Density kg/m3

Chip Silicon 150 761 2340

Lead frame Cu 385 380 8930

Component Material
Thermal conductivity
W$mL1$KL1

Specific heat
J$kgL1$KL1 Density kg/m3

Lead frame Alloy 13.4 502 8250

Plastic Epoxy 0.8 1052 1800
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Figure 5.2.6 Moisture absorption from 0 to 100 h: (1) 2 h (not crack); (2) 4 h (not crack); (3) 8 h
(not crack); (4) 16 h (not crack); (5) 30 h (not crack); (6) 34 h(crack); (7) 40 h (crack); (8) 60 h
(crack); (9) 80 h (crack); and (10) 100 h (crack).
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Figure 5.2.7 Moisture desorption from 0 to 100 h: (1) 2 h, crack; (2) 4 h, crack; (3) 8 h, crack;
(4) 16 h, crack; (5) 26 h, crack; (6) 40 h, not crack; (7) 60 h, not crack; (8) 80 h, not crack; and
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Figure 5.2.8 Moisture concentration distribution after 34 h of absorption. Concentration(kg/m3):
(A) 11; (B)10.2; (C) 9.39; (D) 8.58; (E) 7.67; and (F) 0.
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Figure 5.2.9 Moisture concentration distribution after 26 h of desorption. Concentration (kg/
m3): (A) 6.17E-03; (B) 5.65E-03; (C) 4.62E-03; (D) 3.59E-03; (E) 2.05E-03; (F) 2.02E-03; and
(G) 0.
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The effect of the length L (see Fig. 5.2.4) on the moisture concentration around the
pad edge after 34 h of absorption was studied. The results are shown in
Figs. 5.2.10e5.2.13. Figs. 5.2.10e5.2.12 show the transient buildup of moisture
concentration at two representative paderesin interface locations, node 18 at the center
of the pad, and node 2918 at the edge of the pad (Fig. 5.2.3).

As can be seen, when L is large at 1.48 mm, there is very little difference between
the rate of moisture buildup at the two locations. However, as L decreases (Figs. 5.2.11
and 5.2.12), the rate of moisture buildup at the pad edge is much faster than that at the
center of the pad. In Fig. 5.2.13, the level of moisture saturation is plotted against the
distance from the bottom surface of the resin, represented by nodes 2901 to 2918
(Fig.5.2.3). As can be seen, when L is large at 1.48 mm, there is significant difference
between the moisture saturation level at the pad corner and that at the resin surface.
However, this difference decreases as L decreases. The above results show that
when L is about the same or larger than the thickness of the resin layer below the
pad, 1D analysis will suffice. However, if L is significantly smaller than the thickness
of the resin layer below the pad, 2-D analysis has to be performed to obtain good
accuracy.

The level of moisture saturation for the package was computed and plotted against
the period of preconditioning in Figs. 5.2.14 and 5.2.15. The experimental results and
the results from the 1-D analysis of Kitano et al. [11] are also plotted in Figs. 5.2.14
and 5.2.15. It can be seen that for the case of desorption, the results obtained using
2D analysis gave better agreement with the experimental results than those obtained
using 1D analysis. For the case of absorption, the agreement between 1D and 2D anal-
ysis is about the same.
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Figure 5.2.10 Transient rise of moisture saturation level at nodes 18 and 2918 during
absorption.
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5.2.7.2 Temperature and moisture distribution during vapor
phase reflow

The experiments performed by Kitano et al. [11] in which IC packages were first pre-
conditioned with moisture for varying periods before being subjected to a VPR process
were simulated using FE analysis. It was found that the diffusion of heat in the IC
package during VPR was very much faster than that of moisture. Thermal equilibrium
in the package was reached rapidly within 10 s. Fig. 5.2.16 shows the temperature dis-
tribution after 3 s of VPR. Fig. 5.2.17 shows the moisture distribution after 20 s of
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Figure 5.2.11 Transient rise of moisture saturation level at nodes 18 and 2918 during absorption
(l ¼ 0.68 mm).
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Figure 5.2.12 Transient rise of moisture saturation level at nodes 18 and 2918 during absorption
(L ¼ 0.18 mm).
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VPR for a package that has been preconditioned with 34 h of moisture absorption.
Fig. 5.2.18 shows the moisture distribution after 30 s of VPR for a package that has
been preconditioned with 26 h of moisture desorption. Figs. 5.2.19 and 5.2.20 give
the transient moisture distribution across the resin thickness. It can be seen that the
moisture diffusion is much slower than the heat diffusion.
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Figure 5.2.13 Distribution of moisture saturation level across resin adjacent to the die pad after
34 h of absorption.
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Figure 5.2.14 Comparison between the results of 1- and 2D finite element (FE) analysis and
experiment during absorption.
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5.2.7.3 Vapor pressure buildup in the delaminated gap during
vapor phase reflow

Fig. 5.2.21 shows the transient rise of temperature of the water vapor in the gap during
VPR for a package that has been preconditioned with 34 h of absorption and another
package that has been preconditioned with 26 h of desorption.
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Figure 5.2.15 Comparison between the results of 1D and 2D finite element (FE) analysis and
experiment during desorption.
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Figure 5.2.16 Temperature distribution in integrated circuit (IC) package 3 s after vapor phase
reflow (VPR) soldering, with contour temperature levels in Kelvin: (A) 488; (B) 485: (C) 483;
(D) 481; (E) 479.8; (F) 476; (G) 474; (H) 472.6; (I) 469; (J) 467; (K) 466; (L) 463.6; and
(M) 459.
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Figs. 5.2.22 and 5.2.23 show the transient buildup of water vapor pressure in the
delaminated gap during VPR for packages that have been subjected to varying hours
of preconditioning by absorption and desorption, respectively. As can be seen, the
buildup of water vapor pressure in the gap was rapid during the first 10 s of VPR
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Figure 5.2.17 Moisture concentration distribution in integrated circuit (IC) package after 34 h
of absorption preconditioning and 20 s of vapor phase reflow (VPR) soldering, with
concentration levels in kg/m3: (A) 11.9; (B) 11; (C) 10.1; (D) 9.22; (E) 8.29; (F) 7.378;
(G) 6.456; and (H) 0.0.
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Figure 5.2.18 Moisture concentration distribution in integrated circuit (IC) package after 26 h
of desorption preconditioning and 30 s of vapor phase reflow (VPR) soldering. Concentration
(kg/m3): (A) 6.94; (B) 6.36; (C) 5.78; (D) 5.21; (E) 4.68; (F) 4.05; (G) 3.49; (H) 2.99; (I) 2.31;
(J) 1.73; (K) 1.15; (L) 0.78; and (M) 0.00.
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but became gradual after that. As expected, the longer the period of absorption precon-
ditioning and the shorter the period of desorption preconditioning, the higher the final
vapor pressure. A higher final vapor pressure will tend to cause package cracking. This
is consistent with experimental observations that the greater the amount of moisture in
the package, the greater the likelihood of package cracking during VPR.

Fig. 5.2.24 shows the transient rise of water vapor pressure in the gap for a package
that has been preconditioned with 34 h of absorption and another package that has
been preconditioned with 26 h of desorption. These two states of preconditioning
are being extensively studied in this chapter as they represent the two critical states
of preconditioning to lead to package cracking during VPR [11]. It is interesting to

Time = 5 s

Time = 10 s

Time = 30 s

Gap area between die pad and resin

Outer surface of resin

Node number
181614121086420

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

N
or

m
al

iz
ed

 c
on

ce
nt

ra
tio

n 
(N

/m
2 )

Figure 5.2.19 Transient distribution of normalized concentration across the resin adjacent to the
die pad during vapor phase reflow (VPR) after 34 h of absorption preconditioning.
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Figure 5.2.20 Transient distribution of normalized concentration across the resin adjacent to the
die pad during vapor phase reflow (VPR) after 26 h of desorption preconditioning.
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note that both these critical states of preconditioning gave virtually the same final
vapor pressure in the gap of about 1 MPa. This pressure would appear to be the critical
vapor pressure for the package under study which would lead to cracking.

The saturated vapor pressure corresponding to the temperature of the vapor in the
gap is also plotted in Fig. 5.2.24. As can be seen, the water vapor in the gap during
VPR is far from saturated, and judging from the very slow rate of increase of vapor
pressure after the initial 10 s, it is unlikely that saturation pressure will be reached
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Figure 5.2.22 Transient rise of vapor pressure in the gap during vapor phase reflow (VPR)
soldering after absorption preconditioning.
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Figure 5.2.21 Transient rise of temperature of water vapor in the gap during vapor phase reflow
(VPR) soldering.
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during the critical period during which solder is reflowed and resolidified. Thus, any
analysis of package fracture that assumes that the water vapor in the gap is saturated
is likely to be erroneous. The actual vapor pressure is a result of the dynamic influence
of temperature, the rate of moisture diffusion into the gap, and the rate of increase in
the volume of the gap due to the vapor pressure.

(Crack)

(Not crack)

(Desorption 16 h)

(Desorption 26 h)

(Desportion 40 h)

Time (second)
4035302520151050

0.0

0.2

0.4

0.6

0.8

1.0

1.2

P
re

ss
ur

e 
(M

P
a)

Figure 5.2.23 Transient rise of vapor pressure in the gap during vapor phase reflow (VPR)
soldering after desorption preconditioning.
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Figure 5.2.24 Comparison between the vapor pressure in the gap during vapor phase reflow
(VPR) soldering and the saturation vapor pressure.
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5.3 Thermal- and moisture-induced stress analysis

When plastic IC packages are subjected to high temperatures during solder reflow,
large thermal stresses are induced along the interfaces within the package owing to
differences in the thermal expansion coefficient of the different materials constituting
the package. If the plastic package has been previously exposed to moisture, the prob-
lem is compounded by the additional hygrostress that is induced due to the swelling of
the mold compound arising from moisture absorption. During solder reflow, the hygro-
stress adds to the thermal stress and increases the likelihood of delamination.

5.3.1 Development of thermal stress

When a plastic IC package is placed in a solder reflow oven, the environment temper-
ature is higher than the surface temperature of the package, and heat will diffuse into
the package. The temperature distribution in the plastic IC package is governed and
described by previous equations Eq. (5.2.3).

For the boundary condition, it is assumed that the surface temperature of the pack-
age is the same as that of the environment temperature. This is particularly applicable
for VPR processes where the surface heat transfer coefficient is very large. In this sec-
tion, the molding compound was cured at 175�C while the package is in a zero-stress
state. The thermal strain is defined as

εt¼
Z T

Tcure

adT (5.3.1)

where a is the coefficient of thermal expansion (CTE) and T is temperature.
Thermal stress is given by

st¼Eεt (5.3.2)

where E is the modulus, and the mold compound was cured at 175�C while the
package is in zero-stress state.

5.3.2 Development of hygrostress

When a plastic-encapsulated IC package is exposed to a humid environment, moisture
diffuses through pores in the plastic causing the plastic encapsulate to swell. But mois-
ture does not penetrate the silicon chip or metallic lead frame and hence does not affect
their dimensions. This differential expansion between the plastic and the other
materials results in the development of hygrostress.
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Hygrostrain

εh¼ SC� C (5.3.3)

where SC is the swelling coefficient, or the coefficient of hygro expansion, and C the
moisture concentration (wt.%) as shown below.

Hygrostress

sh¼Eεh (5.3.4)

For moisture diffusion, governing Eqs. (5.2.1) and (5.2.2) clearly define moisture
concentration C.

5.3.3 Case study for hygrothermal stress analysis

In this section, the plastic stacked die package was constructed in TQFP with 100 I/Os,
denoted by 100TQFP, and temperature cycles after JEDEC level 3 (60�C at 60% rela-
tive humidity for 40 h) were performed. The temperature cycle results showed that
100TQFP with stacked die construction could pass 1000 temperature cycles with
the electrical function test. However, it was found that the full delamination occurred
at 100 temperature cycles at the lead frame paddle/mold compound interface where
conventional failure modes were observed and could induce the popcorn cracking
[20e23]. The actual evaluations were performed in terms of the comparisons between
single-die and stacked packages by the fishbone diagrams implemented by process,
material, design, and reliability assessments. The main results revealed that die attach
paste voids initiated the small delamination at the die attach edge and propagated down
to the lead frame paddle/mold compound interface due to the stress concentration and
the weak adhesion strength (without dimple structure at the backside of the lead
frame). The finite element analysis (FEA) was applied for the relative stress compar-
ison between single and stacked die packages and finally verified by scanning acoustic
microscopy (SAM). The assessment results demonstrated that the selection of pack-
aging material and robust process was very crucial for maintaining the excellent pack-
age integrity and reliability.

5.3.3.1 Observed failure modes of TQFP package

Reliability evaluation and SAM were performed on TQFP100 with a stacked die after
100 temperature cycles. Based on the JEDEC/IPC standard, 1000 cycles are usually
taken by industry to be a criterion for reliability assessment. The results of SAM
showed that 16/82 failed at the mold compound/lead frame paddle interface with
full delamination and popcorn cracking that was validated by SAM results, as shown
in Figs. 5.3.1 and 5.3.2.
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5.3.3.2 Design and material properties

Table 5.3.1 shows the material items containing the mold compound, lead frame, and
die attach paste that was used for 100TQFP test vehicle. Based on Table 5.3.1, it was
found that the die attach paste used for the stacked die was totally different from the
single die because EP2 had higher die shear strength than EP1. The same lead frame
and mold compound were used for single and stacked die packages.

For the structure of single and stacked die construction, there were a lot of differ-
ences, as shown in Table 5.3.2. In this study, the stacked die used had the size of
3.17 mm � 3.8 mm (top die) and 5 mm � 5 mm (bottom die) with a thickness of
10 mil, and the single die had the size of 3.17 mm � 3.8 mm (die thickness was
13 mil). It could be assumed that the stiffness and stress distribution for single and
stacked die packages had large gaps due to the different die sizes and thicknesses. Dur-
ing the reliability assessment, the moisture soaking process and temperature cycles
could result in different stress concentration for single and stacked die package. It is
necessary to build a finite element model for single and stacked die packages to address
the stress distribution and possible failure locations.

Figure 5.3.1 The schematic failure mode of 100TQFP with the stacked die at the lead frame
paddleemold compound interface.

Figure 5.3.2 Photos of results on the acoustic microscopy performed by the typical through-
mode scanning.
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Table 5.3.1 Materials used for 100TQFP test vehicle.

Test vehicles
Mold compound (body:
14 mm 3 14 mm 3 1.4 mm)

Lead frame (pad:
6 mm 3 6 mm 3 5 mila) Die attach paste

100TQFP with single die C1 Full silver plating without
dimple structure

EP1

Controlled vehicle
100TQFP with stacked
die

C1 Full silver plating without
dimple structure

EP2 at the bottom die attach level, EP3
(nonconductive paste) at the top side

a1 mil ¼ 0.0254 mm.
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5.3.3.3 Finite element analysis

The objective of this evaluation is to address the difference of the stress level between
single and the stacked die packages. The results will be used to justify the possible fail-
ures. The thermal stress was simulated based on the temperature variations from 175 to
25�C using commercial FEA code ANSYS. It was noted that same mold compound
(C1) and die attach paste (EP2) were used in both single and stacked die packages.
For stacked die package, another die attach paste EP3 was used at the top die. The
top die attach delamination was not found in this reliability assessment due to the min-
imum die-to-die CTE mismatch. The material properties are listed in Table 5.3.3.

Figs. 5.3.3 and 5.3.4 showed FEA model mesh for 100TQFP with single and
stacked die, respectively. Densified mesh was applied at the delamination interfaces.

The simulation results (maximum principal stress) are shown in Figs. 5.3.5e5.3.8.
The actual field observation by SAM was concurrently shown in Table 5.3.4. Note that
the values shown in Table 5.3.4 were selected from the edge because there always were
defects or microvoids or stress concentration areas in which the delamination could
occur. Based on this experimental observation, the delamination always was found
at the edge and propagated to the center areas.

As seen in Table 5.3.4, two critical facts revealed that the delamination occurred at
both single and stacked die packages with different locations that were, respectively,
corresponding to the higher stress level. In addition to the high-stress factor, the

Table 5.3.2 The impact of die size with 13 mil die thickness on package design.

Bottom die Top die Thickness

100TQFP with single die
(control lot)

3.17 mm � 3.8 mm None 13 mil

100TQFP with stacked die 5 mm � 5 mm 3.17 mm � 3.8 mm 10 mil

Table 5.3.3 Material properties, 100TQFP stacked die: EP3 die attach paste was used at the top
die and EP2 paste was used at the bottom die, 100TQFP single die: only EP2 paste was applied;
the Poisson ratios of die and lead frame are 0.3 and 0.35, respectively.

Properties
C1
compound

EP2 die attach paste
(bottom)

EP3 die attach paste
(top)

CTE1
(ppm/�C)

11 85 45

CTE2
(ppm/�C)

47 140 136

Modulus
(GPa)

21.5 2.4 0.72

Poisson ratio 0.25 0.25 0.25
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Figure 5.3.3 Finite element analysis (FEA) model for 100TQFP with a single die, focusing on
single-die and lead frame areas.

Figure 5.3.4 Finite element analysis (FEA) model for 100TQFP with stacked die, focusing on
stacked die areas.
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Figure 5.3.5 Maximum principal stress (Pa) along paddleemold compound interface for
TQFP100 with stacked die.
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Figure 5.3.6 Maximum principal stress (Pa) along paddleemold compound interface for
TQFP100 with a single die.
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adhesion strength was weak because there was no dimple structure at the backside of
the lead frame, which could contribute to the delamination. It was noted that the above
stress simulation was only representing the static status of the thermal stress from 175
to 25�C, which could not really describe the stress state of the reflow and temperature
cycle process. However, if we considered the real stress state of the reflow process and
temperature cycles, the stress or strain accumulations differences were actually not
14% for lead frame paddle/mold compound interface or 32% for bottom die attach/
lead frame interface if the stress and strain correlation were not proportional. They
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Figure 5.3.7 Maximum principal stress (Pa) along paddle die attach paste interface for
TQFP100 with stacked die.
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Figure 5.3.8 Maximum principal stress (Pa) along paddle die attach paste interface for
TQFP100 with a single die.
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could be very high and finally induce the delamination. Based on above detailed anal-
ysis, the major root causes of delamination were shown in Table 5.3.5.

5.4 Fracture mechanics analysis in integrated circuits
package

When plastic IC packages are exposed to high temperatures during solder reflow, large
thermal stresses are developed along the interfaces within the package owing to CTE
mismatch of the package. Voids or defects are often present at interfaces in plastic IC

Table 5.3.4 Comparison between the stress simulation and experimental observation by
scanning acoustic microscopy(SAM) for 100TQFP test vehicle, compound C1, and die attach
paste EP2.

Locations
100TQFP stacked
die

100TQFP single
die

Difference
(%)

Lead frame/mold compound
interface

76 MPa (edge
corner)

67 MPa (edge
corner)

14%
(76e67/
67)

Field observation Delamination on
LF/MC

No delamination

Die attach/lead frame
interface

30 MPa (edge
corner)

44 MPa (edge
corner)

32%
(44e30/
44)

Field observation No delamination Delamination on/
DA/LF

Table 5.3.5 The major root cause on the delamination of TQFP100 with stacked die.

Package
type

Observed
failures (after
100 TCs) Reasons Suggested actions

100TQFP
stacked
die

Lead frame
paddle/
mold
compound
interface

1. Die attach paste
voids or incomplete
die attach coverage

2. Weak adhesion (no
dimple structure at
the backside of lead
frame)

3. High-stress
concentration at the
backside of lead
frame

1. Implementing dimple
structure at the backside of
the lead frame to improve the
adhesion strength

2. Improving the die attach
paste voids
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packages [23]. Very high-stress concentrations then develop at the edges of these inter-
facial defects or cracks. Stress intensity factor (SIF), stain energy release rate and
J-integrals are basics for applying fracture mechanics theory. If the SIF exceeds a crit-
ical value, delamination or crack extension will occur along the interface [4,24,25].
If the plastic package has been previously exposed to moisture, the problem is com-
pounded by the additional hygrostress that is induced due to the swelling of the
mold compound arising from moisture absorption. As pointed out by Lin and Tay
[4], during solder reflow, the hygrostress adds on to the thermal stress giving a higher
stress intensity level and increasing the likelihood of delamination. Apart from
increasing the SIF at the crack tip, moisture also degrades the adhesion between the
pad and the mold compound [4,26,27], which further increases the likelihood of
delamination propagation during solder reflow. Tanaka et al. [20] proposed a new
adhesion test methodology, which can separate the residual stress from the true adhe-
sion strength. This is useful especially for measuring the adhesion strength of moistur-
ized specimens as there is no need to determine the hygrostress induced at the crack tip.
Later Tanaka and Nishimura [20] used the method to study the effect of temperature on
fracture toughness of interfaces between Alloy 42 lead frames and two mold com-
pounds. They also considered the effect of moisture on interfacial fracture toughness.
They placed specimens that were initially dry in an environment of 70�C/62%RH for
varying periods of time. They then let the specimens cooled down to room temperature
and measured the interfacial fracture toughness as a function of absorption time. They
found that the fracture toughness decreases with absorption time, that is, with
increasing moisture content.

At present, there is still very little experimental data available on the effect of tem-
perature and humidity on interfacial fracture toughness. In this section, the method of
Nishimura et al. [20] is employed to measure the fracture toughness of interfaces of
copper lead frames and a typical mold compound. The influence of temperature as
well as humidity is investigated.

During the 1980’s, there were some publications on stress-induced delamination
and cracking, especially thermal stresseinduced interfacial failure in microelectronics.
Barber and Comninou [21] applied fracture mechanics principles to analyze an inter-
face penny-shaped crack subjected to a steady heat flux. Fisher [22] studied the effect
of cyclic thermal shock on cracking in the interface region between ceramic and metal.
Kokini [28] analyzed the interfacial crack between a ceramic-to-metal bond subjected
to a transient thermal loading. He found that the transient strain energy release rate
would be significantly different for edge and center cracks. In this calculation model,
he considered the effects of thickness ratio of the ceramic-to-metal bond and thermal
properties.

The interfacial fracture mechanism is controlled by many factors. In recent years,
the interfacial fracture theory of thin films was developed by Hutchinson and Suo
[29]. Elastic-plastic interfacial fracture was studied by Shih [30]. Hutchinson and
Suo [29], Wang and Suo [31], and Liu et al. [32] have shown that interfacial fracture
toughness is a function of mode mixity.

The propagation of the small cracks or defects at the edge and at the center of the
padeencapsulant interface in plastic IC packages during solder reflow is analyzed
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using 2D FEA. The modified-integral or strain energy release rate due to thermal stress
effects was computed and then the SIF K obtained based on the JeK relationship.
Finally, K was compared with the critical interfacial SIF and the possibility of delam-
ination discussed.

5.4.1 Measurement of interfacial fracture toughness

The principle of a novel three-point bending test of two-layer end-notched flexural
(ENF) specimens for measuring interfacial adhesion strength was described by Nishi-
mura et al. [20]. Critical loads were measured for identical bimaterial specimens
(Fig. 5.4.1) by loading from the molding compound side and from the lead frame ma-
terial side when the precrack started to propagate during loading. The apparent SIFs
due to the critical loads Pb1 and that due to Pb2 were calculated. It was shown by Nish-
imura et al. that the average of these two SIFs effectively eliminates the effect of
residual stresses and gives the true interfacial fracture toughness.

Following the method of Nishimura et al. described above, three-point bending
tests were carried out on bimaterial specimens of length 40 mm, width 6 mm, and
overall thickness 4.15 mm made by transfer molding after placing 0.15 mm-thick
strips of a copper lead frame material into a mold. Precracks of length 10 mm were
created at one end of the specimens by painting the required portion of the copper
strips with silicone grease. Specimens of the above dimensions were used as the
mold was available. A three-point testing machine was used, which had a test chamber
where the temperature could be maintained at any set temperature up to 300�C. The
span of the two supports for the three-point test was 32 mm. The properties of the
mold compound and the lead frame material employed are given in Tables 5.4.1
and 5.4.2.

To obtain the effect of moisture and temperature on interfacial fracture toughness,
three different groups of specimens were preconditioned at three different moisture
levels and tested at three different temperatures, namely, 180�C, 220�C, and 260�C.
One group was fully dried. The second group was preconditioned at 85�C/60%RH
for 168 h and the third group at 85�C/85%RH for 168 h. Specimens from each group
were taken one at a time from the preconditioning chambers and immediately set up for
the three-point test in the test chamber. About 10 min was allowed for the specimens to
fully attain the temperature of the test chamber.

During the approximately 15-min period from when the specimens were taken out
of the preconditioning chambers to the time when the loading was applied in the three-
point bending test, it is possible that some moisture could have diffused out of or into

Pb1 Pb2

Precrack
Precrack

Adherend

Adherend
molding

molding

compound
compound

Figure 5.4.1 Three-point bending test.
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the specimens, depending on the humidity conditions surrounding the specimen during
this period. However, it has been shown that moisture diffusion is a very slow process,
even at relatively elevated temperatures [4]. Hence, it is unlikely that the moisture
diffusion out of or into the specimen will significantly affect the moisture concentra-
tion at the crack tip of the test specimens during this relatively short period of 15 min.
Moreover, as almost the entire edge of the crack tip is hidden, any such effect will only
be limited to the ends of the edge of the crack tip.

For each combination of temperature and relative humidity, three measurements
were carried out and the average value of the critical load obtained. The measured
values are given in Table 5.4.3. The critical loads measured were then used to calculate
the interfacial fracture toughness using both FEA and beam theory [20]. The results
obtained are shown in Fig. 5.4.2. As can be seen the interfacial fracture toughness
decreases with increase in temperature and also with increase in moisture content.

5.4.2 Interfacial fracture analysis

This section describes the effect of the location of interfacial voids or defects (cracks)
on delamination at the padeencapsulant interface that is the precursor of much
popcorn failure of plastic IC packages. Because of imperfect manufacturing processes,
small defects could exist at interfaces in IC packages. Such defects could also arise due
to damage mechanisms during the initial period of service of packages or during the
initial temperature cycling packages under evaluation and are subjected to before
moisture preconditioning and solder reflow processes. It is assumed that the initial

Table 5.4.1 Properties of encapsulant and lead frame material: *at 25�C/at 240�C and **below
Tg/above Tg (Tg ¼ 160�C).

Constituent material Encapsulant Lead frame

Young’s modulus (GPa) 12.3/1.23* 115

Coefficient of thermal expansion (ppm/�C) 16.7/70.2** 17

Poisson’s ratio 0.25 0.35

Hygroswelling coefficient (ppm/wt%) 2600 e

Table 5.4.2 Moisture absorption properties for molding compound.

s0 (mg$mmL3$MPaL1) 1.93 10L8

n 1

Qs (J/mol) �4.83 � 104

D0 (mm2/s) 0.21

Qact (J/mol) 3.52 � 104
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Table 5.4.3 Critical loads measured in three-point bending test.

T(8C) Loading side(copper or encapsulant)

858C/85%RH (for 168 h)
Critical load (N)

858C/60%RH (for 168 h)
Critical load (N)

Dry
Critical load(N)

Each test Average value Each test Average value Each test Average value

100 Copper �50 �50.00 �56 �54.6 �112 �85.33

Copper �38 �50 �82

Copper �62 �58 �62

Encapsulant �72 �61.33 �73 �75 �110.5 �103.31

Encapsulant �62 �75 �97.74

Encapsulant �50 �77 �101.68

220 Copper �27.5 �27.50 �30.5 �29 �45.4 �44.91

Copper �33 �27.5 �43.59

Copper �22 �28.9 �45.73

T(8C) Loading side (copper or encapsulant)

858C/85%RH (for 168 h)
Critical load (N)

858C/60%RH
Critical load (N)

Dry
Critical load(N)

Each test Average value Each test Average value Each test Average value

220 Encapsulant �34 �35.00 �46.5 �21.9 �46.88 �56.19

Encapsulant �36 �43 �65.55

Encapsulant �35 �39 �56.15

260 Copper �23.2 �21.73 �21.1 �21.9 �24.69 �26.76

Copper �20 �21.5 �26.82

Copper �22 �23.2 �28.77

Encapsulant �28.5 �24.83 �25 �25.4 �28.74 �26.71

Encapsulant �21 �23 �26.04

Encapsulant �25 �26.2 �25.34
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sizes of such defects are of the order of 0.2 mm [4]. Such defects may be located at any
point in the interfaces. It would be important to be able to predict which location would
be more serious in terms of the growth of such defects. This is the subject of this
section where FE linear elastic fracture mechanics will be employed to analyze the
SIFs of defects at various locations on the interface. The two obvious extremes in terms
of the location of the interfacial defects would be at the boundaries (edges) or at the
center of the interfaces. Hence, in this study, the effect of the location of the interfacial
defects (cracks) will be studied by considering 0.2 mm-sized cracks located at the
center and at the edge of the interface. Only thermal stress effects are considered in
this analysis. Surface temperature in the range of 175e290�C was assumed on the
boundary. The effect of the buildup of water vapor pressure in the 0.2 mm interfacial
voids was also investigated. The package used in this study was an 80-pin quad flat
package with outer dimensions of 20 mm � 14 mm � 2.7 mm and a die pad size of
10.8 mm � 8.4 mm [20].

5.4.2.1 Criterion for delamination growth

During solder reflow, the interfacial crack will propagate when the strain energy
release rate Gt at the crack tip exceeds the interface toughness Gc, i.e., when

GtðT;C;4Þ > GcðT ;C;4Þ (5.4.1)

or alternatively, when the SIF Kt at the cracktip exceeds the critical interfacial SIF Kc,
i.e., when

KtðT;C;4Þ > KcðT ;C;4Þ (5.4.2)

Full dry condition
85°C/60 H for 168 h
85°C/60 H for 168 h
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Figure 5.4.2 Variation of critical interfacial stress intensity factor with temperature and
humidity.
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where C is the moisture concentration and 4 the mode mixity defined as

4¼ tan�1ðKII =KIÞ (5.4.3)

where KI and KII are the mode I (opening mode) and mode II (shearing mode)
components of the complex SIF. Thus,

Kt¼KI;t=iKII;t (5.4.4)

where 4 is a measure of the relative proportion of the mode II component to the mode I
component. When 4 ¼ 0 degree, we have pure mode I, and when 4 ¼ �90 degrees,
we have pure mode II.

Interface toughness is defined as the critical value of the strain energy release rate
required for crack propagation along the interface. This critical value Gc or the corre-
sponding critical SIF Kc has to be measured. One method of measurement has been
described in the previous section where it was found that Kc decreases with tempera-
ture and moisture concentration. However, it has been found that Kc also depends
strongly on the mode mixity 4. Thus, in making comparison between Kt and Kc in
Eq. (5.4.2), one must ensure that the mode mixity is the same value for both parame-
ters. A typical variation of Gc with 4 is illustrated in Fig. 5.4.3. It can be seen that Gc

has a minimum value at 4 ¼ 0 degree (pure mode I) and a maximum value at 4 ¼ 90
degrees (pure mode II).

The strain energy release rate Gt and the interfacial SIF Kt at the tip of an interfacial
crack due to the effects of thermal stress has been obtained by Wilson and Yu [33] as
follows:

Gt¼E0K2
t ¼ JT

Z
GþG�

Tj
vDpj

vx1
ds ¼ Ea

1þ 2n

Z
A0

�
1
2

v

vx1
ðTεijÞþ εij

vT

vx1

�
dA (5.4.5)

90°-90° 0°

Gc(   )ϕ

Figure 5.4.3 Typical variation of Gc(4) with 4.
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where Tj ¼ sjknk is the traction along the crack surfaces, JT the J-line integral
computed along a contour around the crack tip, Dpj is the displacement, x1 is the
coordinate along the interface, ε is the strain, and

E0 ¼

8>>>><>>>>:
1þ n1

4G1
þ 1þ n2

4G2
ðplane strainÞ

1
4G1ð1þ n1Þ þ

1
4G2ð1þ n2Þ ðplane stressÞ

(5.4.6)

where Gi and ni are the shear modulus and Poisson’s ratio of the material forming the
interface, respectively. As the analysis in this chapter is a 2-D FEA of half the plastic
IC package sectioned along the central plane parallel to the long side, plane strain
conditions may be assumed.

The above values of Gt and Kt obtained from Eqs.(5.4.4e5.4.5) are the magnitudes
of the energy release rate and SIF, respectively, at the tip of the interfacial crack due to
thermal stresses. However, as the critical SIF Kc is a function of the mode mixity 4, this
must also be determined. This is done using an extrapolation method due to Yuuki and
Cho [34], where

tan 4¼KII=KI ¼ lim
r/0

ðsxy=syÞtan X

1þ ðsxy=syÞtan X
(5.4.7)

where

X¼ l ln
�r
L

�

l¼ 1
2p

ln

��
K1

G1
þ 1
G2

�
=

�
K2

G2
þ 1
G1

��
(5.4.8)

Ki¼ 3� 4vi i ¼ 1; 2; (5.4.9)

where L is the crack length, r is the distance from the crack tip, and sy and sxy are
normal and shear stresses along the interface ahead of the crack tip.

5.4.2.2 Finite element analysis

Finite element analyzes were carried out to determine the crack tip SIF for 0.2 mm
interfacial cracks located at the edge and center of the padeencapsultant interface.
This is illustrated in Fig. 5.4.4. Crack tip elements were used to capture the singularity
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at the crack tip. Ten concentric layers of elements surrounding the crack tip had been
employed to obtain the value of the J-integral. The finite element model consisted of
1283 eight-noded elements and 3935 nodes. The mesh is shown in Fig. 5.4.5. Tran-
sient heat transfer, thermal stress, and the energy release rate due to thermal stresses
were computed using the ABAQUS finite element code. The material properties
employed are shown in Table 5.4.3 [20]. Although the Young’s modulus decreases
drastically at typical solder reflow temperatures, it was found by Yang et al. [34]
that the failure of the mold compound is still largely brittle in nature. Hence, linear
elastic fracture mechanics may be employed.

5.4.3 Results and discussion

Fig. 5.4.6 shows the temperature distribution along the padeencapsultant interface for
a package of initial temperature 175�Cwhose surface temperature is suddenly raised to
290�C. As may be seen the temperature is essentially uniform along the interface at
any time after thermal loading is applied. This shows that the thermal load history
experienced by a crack located anywhere along the padeencapsultant interface is
about the same, and that in fact, only a steady state thermal stress analysis need be
done to determine whether an edge crack or a central crack will propagate first. How-
ever, it should be noted that if this is not the case, then a transient analysis would be
essential as different crack locations will then experience different rates of thermal
loading and hence different values of SIF. This is important in studying the effect
of crack location on delamination of the padeencapsultant interface.

e

Figure 5.4.4 Diagram of package cross section illustrating location of delaminations.

Figure 5.4.5 Typical finite element mesh for crack located at edge of padeencapsulant
interface.
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Fig. 5.4.7 shows that the temperature at the interface virtually reached equilibrium
after about 10 s. It also shows that the length L off the mold compound at the edge
of the pad has some initial effect on the temperature, but the difference disappears af-
ter 10 s.

Fig. 5.4.8 shows that the value of the strain energy release rate Gt at the crack tip of
a 0.2-mm edge crack increases with temperature increment. It also shows that equilib-
rium is reached in about 10 s. Fig. 5.4.9 shows that for the same thermal load, the strain
energy release rate for an edge crack is almost double that for a central crack of the
same size.

Fig. 5.4.10 shows the variation of the crack tip SIF Kt with temperature for 0.2-mm
cracks at two different locations along the padeencapsulant interface. The critical SIF
Kc as a function of temperature measured by Tanaka and Nishimura [20] using the
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Figure 5.4.6 Temperature distribution along the padeencapsulant interface.

L = 4.6 mm
L = 0.6 mm

Figure 5.4.7 Transient crack tip temperature for different encapsulant length.
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three-point bending test is also plotted. It was previously mentioned that Kc is a func-
tion of the mode mixity 4 as well as temperature. It is well known that the loading at
the crack tip of an ENF specimen is predominantly shear and almost pure mode II
where 4 is close to 90 degrees. For the crack tip at the edge crack investigated in
this study, it was found that 4 has a value of 86 degrees using a reference length
[29] corresponding to the precrack length (10 mm) of the ENF specimen. Thus, the
values of Kc measured using three-point tests on ENF specimens can be used in
conjunction with Kt for the edge crack to determine the onset of crack propagation.
From Fig. 5.4.7, it can be seen that the edge crack will propagate at about 290�C.
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Figure 5.4.8 Values of Gt at different thermal loads.
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For the central crack of 0.2 mm, it was found that 4 has a value of 22 degrees for a
reference length of 10 mm. To predict the onset of crack propagation for the central
crack, we need to have the variation of interface fracture toughness or Kc with temper-
ature for 4 ¼ 22 degrees. From the experimental data of Wang and Suo [31] and Liu
et al. [32], the interface toughness for 4 ¼ 22 degrees is practically equal to that for
pure mode I crack where 4 ¼ 0 degree. Unfortunately, data on the interface toughness
for the padeencapsultant bimaterial interface for the case where 4 ¼ 0 degrees were
not available from Ref. [20]. However, it may be noted that whether the edge crack
or the central crack will propagate first depends on the ratio KIIc/KIc at about 290�C.
The transitional case is shown in Fig. 5.4.10 where the ratio of KIIc at 290�C is found
to be 1.64. It is clear that if the ratio KIIc/KIc is smaller than 1.64 the edge crack will
propagate first as temperature is raised from room temperature.

The combined effect of thermal stress and that of water vapor pressure buildup in
the delamination was also investigated. The water vapor pressure developed in the
delamination during solder reflow was calculated using the method developed by
Kitano et al. [11]. This pressure was found to be 0.31 MPa for a temperature change
from 175 to 290�C. The results are given in Fig. 5.4.8, where it is seen that the water
vapor pressure buildup at the delamination does not significantly increase the J-
integral. This is probably due to the fact that the delamination considered here is
very small.

5.4.4 Summary

Interfacial fracture toughness has been measured using a three-point bending test with
ENF specimens. It was found to decrease with increase in temperature and moisture
content. FEA was employed to calculate the transient temperature distribution, modi-
fied integral, and SIF at small defects located at the edge and at the center of the pade
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encapsultant interface of a plastic IC package. The methodology for predicting the
likelihood of interfacial delamination propagating from defects located at various parts
of the interface has been established. However, as data on the variation of interfacial
fracture toughness with mode mixity at high temperature are not available, the effect of
defect location could not be conclusively determined. It was found that as the temper-
ature of the package was increased, the SIF of the edge crack was higher than that of
the center crack. However, whether the edge crack will propagate first as temperature
is increased depends on the ratio of mode II interface toughness to that of the mode I
interface toughness. For the package under investigation, it was established that when
this ratio is less than 2.69 (or alternatively when KIIc/KIc is smaller than 1.64), the edge
crack will propagate first, otherwise the center crack will. For small defects, it was
found that the water vapor pressure developed at the interface did not have a significant
effect of the value of the strain energy release rate and hence the crack tip SIF.

5.5 Reliability enhancement in PBGA package

The electronics industry is moving to lead- and halogen-free electronic products,
driven by market pressure and environmental regulations. As a result, they are moving
to “green” IC packaging technologies, and manufacturers are facing critical challenges
with respect to cost and reliability, including the use of nongreen IC packages in lead-
free solder reflow processes [7,35e37]. The melting temperature of the SneAgeCu-
based lead-free alloy is about 30�C higher than the traditional melting temperature
(183�C). As a result, the peak solder reflow temperature for IC assembly will increase
as well. The maximum solder reflow temperature (up to maximum 260�C) can also
negatively impact the useable floor life performance designated by the moisture sensi-
tivity levels (MSL) of the IC packages [38,39]. The common failure mechanisms of
traditional large size plastic ball grid array (PBGA) packages include pop-corning,
as well as delamination and cracks between solder mask/copper interface in the mul-
tiple layer substrates [12,27]. In fact, one of the challenges with the move to lead and
halogen-free IC packages is the degradation of MSL performance for large size
PBGAs [40].

To achieve higher or comparable MSL performance for green PBGA packages, the
die attach, mold compound, and substrate must be concurrently improved to reduce
hygrothermally induced delamination and popcorn cracking [40e47]. The reliability
enhancement of substrates is one of the critical improveements for PBGA packages.
From a material perspective, the solder mask material must be sufficiently ductile
but strong to provide high fracture and crack resistance; it also needs to provide adhe-
sion between mold compound to solder mask and the solder mask to copper interface
under various temperature and humidity conditions. In addition, the substrate needs to
withstand the influence of high temperature (260�C) for the duration of reflow and
have sufficient warpage resistance [48,49] so that the assembly yield is at least com-
parable with traditional PBGA packages.
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A surface finish treatment must be introduced onto the copper surface during the
green substrate manufacturing process to ensure adequate adhesion. The traditional
jet scrubbing will not fully meet the adhesion requirements at the solder mask/copper
interface. The advanced chemical microetch (MEC) with fine surface treatment (down
to 1 mm) can make much fine anchor holes on the copper surface that can provide a
better locking mechanism between solder mask/copper interface for better adhesion.
In addition to the substrate enhancement, the integrity of green PBGA packages
must be evaluated for each package assembly process, such as die attach, wire
bonding, molding, ball attachment, and singulation. The material, process, and pack-
aging integrity characterization are major tasks for achieving higher MSL performance
and acceptable assembly yield with minimum cost penalty.

Here, the performance of nongreen PBGA packages was evaluated at 260�C reflow
temperature. It was found that delamination and cracks could occur at the solder mask/
copper interface. To mitigate these failure mechanisms, a solder mask material and a
MEC etching process was introduced. Comparative assessments were performed
between the old and new solder mask and surface treatment process. The new solder
mask material and mechanic etching process could greatly improve the adhesion
between the solder mask to copper interface. Finally, the package integrity of green
PBGA was evaluated with the new solder mask and surface etching process. It was
observed that the substrate failures were reduced; however, some failures still occurred
at the solder mask/mold compound interface. This indicates that improvements on the
adhesion strength between solder mask/mold compound interfaces are still needed to
have more robust green PBGA packages.

5.5.1 Characterization and improvement of moisture sensitivity
of performance of PBGA

The MSL performance of nonhermetic packages is typically characterized using the
joint IPC-JEDEC standard J-Std-20C Moisture/Reflow Sensitivity Classification for
Nonhermetic Solid State Surface Mount Devices [38]. The reflow condition for
lead-free solders in the standard is 250�C for package thickness<2.5 mm and package
volume <350 mm3 and 245�C for package thickness �2.5 mm and package
volume �350 mm3. The test conditions used in this study are more stringent than
the standard, to determine limits of reliability and provide margins.

5.5.1.1 Impact of reflow soldering temperature (260�C) on MSL
of nongreen PBGA

Here a 27 mm PBGA with two-layer substrate and 35 mm PBGA with four-layer sub-
strate combined with nongreen mold compound and die attach paste (silver filled
epoxy) was used to assess the impact of reflow temperature (maximum 260�C) on
MSL performance. Fig. 5.5.1 shows the schematic of the BGA under consideration.
The assessment flow chart is shown in Fig. 5.5.2 [7]. For each MSL level assessment,
a new set of packages are used. The detailed MSL assessment results were shown in
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Table 5.5.1. In this table, a floor life at 30�C/60% RH conditions is assumed with a life
of 1 year at MSL 2, 1 month at MSL 2a, 1 week at MSL 3, and 3 days at MSL 4. It was
found that 27 and 35 mm PBGA both can pass MSL 2a at the normal reflow temper-
ature (maximum 225�C). However, 27 mm PBGA failed at MSL 2a and passed MSL 3
at the lead-free reflow temperature (260�C). The 35 mm PBGA performed worse at the
lead-free reflow temperature. They failed at MSL 3 and passed MSL 4. As such, 27 and
35 mm PBGA degraded one and two MSLs, respectively. The failure mechanisms
were cracks and delamination at the solder mask/copper trace interface as shown in
Fig. 5.5.3.

5.5.1.2 Enhancing adhesion strength at Cu to solder mask
interface

The failures of nongreen PBGA packages at the lead-free reflow temperature revealed
that the adhesion between solder mask and copper interface could be weak.

Wire
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Circuit
trace

Molding
compound Die Die pad Die attach Solder

mask

SubstrateThermal viasSolder ballSolder mask

Figure 5.5.1 Schematic of the ball grid array (BGA) package under consideration.
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Figure 5.5.2 Moisture sensitivity level (MSL) assessment flow for plastic ball grid array
(PBGA) packages.
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The requirements of the solder mask material include low moisture absorption, high
crack resistance, high fracture strength, and elongation with low elastic modulus.
As such, the advanced material and processing technology must be developed and
enhanced in the substrate manufacturing to provide a robust PBGA package.

Fig. 5.5.4 shows the SEM image of the copper surface after the copper surface was
treated by jet scrubbing, which is the typical surface treatment process during the
substrate manufacturing process. However, from a peel test perspective, jet-
scrubbing technologies cannot fully meet the adhesion requirement for lead-free pack-
aging solution. As a consequence, a new etching technology was developed to surface
treat the copper that provides better adhesion with finer structure, which is indicated in
Fig. 5.5.5.

It was found that the “MEC” etching process could provide a fine surface finish of
copper and provide a stronger locking mechanism between copper and the solder
mask. Atomic force microscopy (AFM) shows that the finer surface treatment with
fine anchor holes could provide better adhesion. Fig. 5.5.6 shows the MEC etching

Table 5.5.1 Impact of lead-free temperature (260�C) on moisture sensitivity level (MSL)
performance (27 and 35 mm plastic ball grid array [PBGA], sample size: 40units per package per
MSL test).

Peak reflow temperature

MSL
performance

225�C 260�C (lead-free temperature)

2 Fail (only for 35 mm PBGA) N/A

2a Pass (both 35 and 27 mm
PBGA)

Fail (27 mm PBGA)

3 N/A Fail (35 mm PBGA)/pass (27 mm
PBGA)

4 N/A Pass (35 mm PBGA)

Crack in substrate
Mold compound

Chip

Solder mask

Crack in die attachCopper trace in the substrate

Figure 5.5.3 Failure mechanism of interfacial delamination between solder mask/copper trace
in 35 mm.
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with 1 and 2 mm surface treatment. It was seen that the 1 mm surface treatment had a
finer surface crystal structure compared with the 2 mm surface treatment.

The adhesion between the copper to solder mask was evaluated using peel tests,
after the samples were subjected to pressure cooker test (PCT at 121�C, 100%RH,
2 atm (1 atm ¼ 105 Pa) for 100 h) for both the traditional material and new material
with jet scrub and MEC etching process (1 mm etch) as seen in Table 5.5.2. An adhe-
sion index corresponding from the best (index: 1) to poor (index: 7) level was intro-
duced to evaluate the performance of the adhesion strength. Index 1e7 indicates the
level of peeling-off at the solder mask to copper interface. Index 1 indicates the best

Figure 5.5.4 Scanning electron microscopy (SEM) image of surface treatment by old jet
scrubbing technologies for copper surface finishing (rough surface crystal structure).

Figure 5.5.5 Scanning electron microscopy (SEM) image of the surface treatment by the
chemical microetch (MEC) etching technologies for copper surface finishing (fine surface crystal
structure).
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adhesion that shows “no peeling or blistering.” Index 2 showed slight peeling. Index 7
corresponds to delamination at the copper to solder mask interface.

In Table 5.5.2, it is shown that the new solder mask material together with MEC
etching process of 1 mm could improve the adhesion strength at the copper to solder
mask interface. Nevertheless, a thicker coating and post baking at high temperature
with longer time degraded the adhesion strength.

Index 1e4: good adhesion with subsequent low peel strength.

(a)

(b)

Figure 5.5.6 Atomic force microscopy (AFM) plot of the surface treatment by the chemical
microetch (MEC) etching 1 mm (a) and 2 mm (b) on copper surface finishing.

Table 5.5.2 Impact of solder mask material and surface finishing process on the adhesion
strength on copper/solder mask interface (Peel test after PCT 100 h).

Old solder mask New solder mask

MEC etching Jet scrub MEC etching Jet scrub

Post bake 150�C for 5 h 4 7 2 4

Post bake 170�C for 5 h 4 5 2 4

Coating thickness (5 mm) 1 1 1 1

Coating thickness (10 mm) 1 1 1 1

Coating thickness (15 mm) 2 4 4 2

Coating thickness (20 mm) 2 4 2 3
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5.5.1.3 Improving the mechanical properties of solder mask
materials

The new surface treatment process works together with the new solder mask material
to provide greater adhesion strength. The development of solder mask materials
focuses on the following areas:

, better ductile properties to overcome solder mask cracking;
, reduction in the CTE mismatch to reduce stress;
, reduction in the moisture absorption coefficient to reduce stress.

Comparisons between the old and new solder mask materials are shown in
Table 5.5.3. The new solder mask material is more ductile and has a low CTE value
and lower water absorption ratio. These improvements help overcome the solder
mask cracks at 260�C reflow temperature.

5.5.2 Reliability assessment for PBGA packages

The 27 mm PBGA with two-layer substrate and 35 mm PBGA with four-layer sub-
strate was selected as the test vehicles. These PBGA packages were built by normal
IC manufacturing processes. C-SAM was performed on all the packages at receipt.
C-SAM was performed again after baking, moisture soaking at 60�C/60% RH for
120 h (MSL 2a) and 60�C/60% RH for 40 h (MSL 3), and reflow at 260�C, respec-
tively. The new substrate with new solder mask material together with etching (1 m
surface treatment) was used for the sample builds. In addition, two new green com-
pounds suppliers (A and B) provided their optimized green mold compound for the
reliability assessment. The same green die attach paste was used for all the samples.

The assessment results are shown in Table 5.5.4. It was found that delamination at
the mold compound to solder mask interface was observed for both the test vehicles.
The delamination was observed by C-SAM using the through-scan function after
reflow at 260�C and was verified by SEM. The 27 mm PBGA demonstrated more

Table 5.5.3 Comparison on the mechanical properties of old and new solder mask materials.

Old solder mask New solder mask

Young’s modulus 3500 MPa 2400 MPa

Elongation at facture 30 MPa 43 MPa

CTE1 (ppm/�C) 50 60

CTE1 (ppm/�C) 140 130

Tg (�C) 104 101

Water absorption ratio (%) 1.5 1.3

288 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



failures than the 35 mm PBGA because the package has higher moisture susceptibility.
The thicker substrate (four-layer substrate) and large size molding package have more
resistance to moisture. In addition, the adhesion between mold compound and
substrate plays a critical role in reducing the delamination. Table 5.5.4 shows that
the 35 mm packages with molding compound from supplier B did not show any
delamination. This result indicated that compound supplier B provided the compound
with higher moisture resistance and better adhesion with the solder mask material.

Mold compounds A and B have similar properties, e.g., Young’s modulus and CTE
values (CTE1/CTE2). However, the adhesion between the compound and solder mask
is different under moisture condition as indicated by the hygroscopic properties of
mold compound.

5.5.3 Summary

The new solder mask material together with the special MEC etching copper surface
treatment can provide stronger adhesion between the solder mask to copper interface
and reduce the substrate failures that occur at lead-free reflow temperature for
nongreen PBGA packages. The detailed surface analysis and PCT resistance compar-
isons on new and old solder mask material and process were performed and addressed
by SEM, AFM, and peel tests.

The package integrity was also assessed for two green compounds, one green die
attach paste and a new substrate after reflow at 260�C. It is found that the substrate
failures are no longer observed. However, delamination still occurs at the solder
mask/mold compound interface. The assessment results suggest that high moisture
resistant molding compounds and better adhesion between solder mask to the mold
compound is necessary to maintain good packaging integrity. There is continued effort
on further improving the multi interfacial adhesion and MSL performance of the green
mold compounds.

Table 5.5.4 Impact of lead-free temperature on the reliability of green plastic ball grid array
(PBGA) packages.

Test vehicles Fail/pass Failure site

27 mm
PBGA

Compound supplier A:9/
12failures

Solder mask/mold compound
interface

Compound supplier B:2/
12failures

Solder mask/mold compound
interface

35 mm
PBGA

Compound supplier A:6/
12failures

Solder mask/mold compound
interface

Compound supplier B:0/12pass NA
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Thermal and mechanical tests for
packages and materials 6
6.1 Package thermal tests

6.1.1 Introduction to package thermal test

In the package development stage, various thermal tests are involved to qualify the
package. The thermal-related package tests include both the performance metrics
and qualification tests. Performance metrics can be determined based on different
test conditions such as natural convection and forced convection, whereas the qualifi-
cation test during manufacturing involves tests such as power cycling test, burn-in test,
and system-level test. Thermal test and characterization of packages can be conducted
by either steady-state or transient measurement techniques. Test standards are avail-
able to define the measurement techniques, boundary conditions or test environments,
and the test devices along with the measured thermal metrics. Since 1990, the Joint
Electron Device Engineering Council (JEDEC) under the Electronic Industries Asso-
ciation has been devoting to create thermal measurement standards for semiconductor
device packages. The JEDEC thermal testing standards from JEDEC JC-15 committee
recommend specific environmental conditions, measurement techniques, fixture, heat-
ing power, and data reporting guidelines for electronic packaging test. The basic ther-
mal testing standards are available in the JEDEC JC-15 websites [1].

Nonetheless, the steady-state test of the junction-to-case thermal resistance, which
of concern for package designers and suppliers, is not available in JEDEC standard.
An approximate test method was documented in the method 1012.1 in MIL-STD-
883H based on the cold plate test [2]. For the transient measurement of the
junction-to-case thermal resistance, a new test standard has been added recently,
known as the JESD51-14 standard based on the transient dual interface (TDI) test tech-
nique. Some other advanced tests such as the power and temperature cycling test docu-
mented in JEDS 22-A105C are also thermal-related. Besides, for the qualification and
manufacturing tests such as burn-in test, a more detailed description is given in the mil-
itary test standard MIL-STD-883H, method 1015.1 [3]. A summary of pertinent ther-
mal test standards are shown in Fig. 6.1.1. The steady-state and transient tests of the
packages, together with the burn-in test, are to be elaborated in the ensuing parts of
this section.

6.1.2 Steady-state thermal test

In the semiconductor device, the most commonly used temperature-sensitive sensor is
the voltage drop across a forward-biased diode. This diode is specifically designed into
the thermal test die and usually fabricated as a parasitic device in most integrated
circuit devices.
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Thermal test die is specially designed to provide a uniform heating structure (i.e., a
resistor or active device) for heating purposes and one or more small diodes for tem-
perature sensing. In conformance with the JEDEC thermal measurement standard, the
total heating structure must occupy 85% or more of the total die surface. The resistor
may be configured as a single unit or as two or more isolated resistors that together
meet the surface coverage requirement. The latter structure is usually preferred because
it provides great flexibility in setting up the heating power supply for the desired power
dissipation. If a single diode is built into the die, then it is usually placed in the center of
the die. To simulate a die heating with complex scenarios, it can be composed of
multiple smaller thermal die with the different heating power to simulate the local
heating pattern such as hot spot.

A commercially available thermal test die has varying size. The minimal die size of
1 mm is supplied from TEA associate. Fig. 6.1.2 illustrates a thermal test die of
5.08 mm � 5.08 mmmade of four small dies, each with a size of 2.54 mm � 2.54 mm
and built in with diodes and resistors. The on-die thermal resistors are connected with a
DC power supply during the thermal test. To validate that the power dissipation is
consumed on the chip instead of the interconnects, the four-wire test can be conducted
to analyze the electrical resistance at the die level, package level, and board level.
An illustration of the four-wire test is exemplified in Fig. 6.1.3.

Standard thermal characterization include the junction-to-ambient thermal resis-
tance (Rja) and junction-to-case thermal resistance (Rjc). Fig. 6.1.4 illustrates the ther-
mal test of the junction-to-ambient thermal resistance under natural convection
condition. The fixture is suggested to follow the standard given in the JEDEC standard
51-2. More importantly, an enclosure made of acrylics with wall thickness no less than
1/800 or 3.175 mm should be used to minimize the disturbance especially in an
air-conditioned room. The power levels at which devices are tested should be governed

JEDS51–8:Junction-to-
board  thermal resistance

      JEDS51–6:
Forced convection

      JESD51–1:
Thermal measurement

      JESD51–2:
Natural convection

based on diode

     JESD22–A105C:
Power and temperature

cycling

JESD51–14:Junction-to-
case thermal resistance

     JEP 163 Selection of
burn-in/life test conditions

Thermal-related test
and characterization

         MIL STD–883H,
          method 1012.1
Junction-to-case resistance

         MIL STD–883H,
          method 1015.1
       Burn-in/life test

Figure 6.1.1 Thermal performanceerelated package test standards.

294 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



Figure 6.1.2 A thermal test die formed with four small dies, each die having a resistor and four
diodes located at the center and peripheral. The marked diodes, D1eD6, are connected for
package assembly and test.

Figure 6.1.3 Four-wire test of the package and board electrical resistance for the through-silicon
via (TSV) package based on a four-wire probe station.

  To power
    supply/
measurement

Thermocouple in the tube

Package on the
board

Chamber wall

Figure 6.1.4 Thermal test of 2.5D package according to the Joint Electron Device Engineering
Council (JEDEC) standard 51-2 for the junction-to-ambient thermal resistance.
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by actual use conditions. The minimum recommended junction temperature rise for
testing is 20�C. The typical junction temperature rise during testing is between 30
and 60�C, which is the normal range of use for most devices. To obtain the thermal
equilibrium, record the die temperature in consecutive 5 min. If the temperature devi-
ation is less than 0.2�C, the thermal equilibrium is considered reached. It is also
feasible to put a pin fin heat sink on the top of the package to characterize the thermal
resistance at the dissipated heat range of 4e6 W.

The junction-to-ambient thermal resistance at thermal equilibrium time t can be
calculated by

Rja ¼ Ta;0 þ DV � KC� Ta;t
q

(6.1.1)

where Ta,0 is the initial ambient air temperature before heating power is applied

Ta,t ¼ final ambient air temperature when steady state is reached,
DV ¼ the voltage change in the sensing diode reading (V),
KC ¼ the proportionality coefficient of temperature rise over the voltage change (�C/V)

Here, the small increase in the ambient temperature due to package heating, which
is in the range of a few degrees Celsius, has been taken into account in Eq. (6.1.1) to
obtain the accurate thermal resistance.

There is no steady-state JEDEC measurement method for the junction-to-case ther-
mal resistance or Rjc. The cold plate testing based on the method 1012.1 in MIL-STD-
883H can be used for thermal testing, provided that the cold plate thermal resistance
itself is much smaller than Rjc. Fig. 6.1.5 shows the cold plate test jig for a molded
package, for which the test die was mounted on a silicon interposer with through-
silicon vias. The measured Rjc is in the range of 10�C/W. Nonetheless, such a thermal
resistance is actually the junction-to-sink thermal resistance including, besides Rjc, the
thermal interface resistance and heat sink thermal resistance.

Figure 6.1.5 Junction-to-case thermal resistance test with a liquid-cooled cold plate assembled
on the top of the test jig.
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The junction-to-board thermal resistance Rjb is a figure of merit for comparing the
thermal performance of surface mount packages mounted on a standard board. The
standard test boards should have two internal copper planes conforming to JEDEC
51-8 standard. The double ring cold plate, made of copper, is clamped onto the board,
normally solder maskecovered traces, at a minimum of 5 mm clearance from the
package. The double ring cold plate is a fluid cooled cold plate that clamps both sides
of the test board such that the heat flows radially from the package along the plane of
the test board. The double-ring cold plate test is illustrated in Fig. 6.1.6.

The cold plate clamping must have a minimum of 4 mm width. The measurement
results are not sensitive to clamping force. Thermal interface materials (TIM) are not
required between the clamp on the board surface after confirmation with experimental
test. The openings in the top and bottom of the cold plate corresponding to the package
footprint are to be insulated as shown in Fig. 6.1.6. The top insulation material with a
conductivity less than 0.1 W$m�1$K�1 is faced with a low emissivity aluminized plas-
tic film. There should be a 1e5 mm air gap between the package and the insulation and
between the bottom of the test board and the insulation on the bottom of the fixture to
minimize the heat loss to the insulation. Furthermore, in the latest version, the thermo-
couple with the wire diameter of 40 gauge instead of 30 gauge is suggested to solder to
the board for more accurate temperature measurement. The power levels shall be cho-
sen such that the junction temperature rise during testing is between 15 and 30�C to
minimize the heat loss to the ambient other than the cold plate.

In practice, this junction-to-board thermal resistance is not often used, partially due
to the fact that the test PCB is never realistic for a specific application. However, such a
configuration is useful in the development of compact board thermal model for a

Figure 6.1.6 The test configuration for junction-to-board thermal resistance JB with double-
ring cold plate test jig.
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realistic PCB. The double-ring cold plate serves as the ideal boundary condition to
determine the compact board thermal model of a package with equivalent junction-
to-board thermal resistance to save the computational time and efforts. The thermal
model with the boundary condition of the double-ring cold plate can be implemented
in CFD software, such as Mentor FloTHERM.

6.1.3 Transient thermal test

A transient thermal test of the junction-to-case thermal resistance, known as TDI
measurement, has been documented as JEDEC 51-14 [4]. In this method, the transient
temperature responses are obtained for a package-heat sink assembly both with and
without TIM during the cooling-down process. The structure functions related to the
geometry and material thermophysical properties are obtained to obtain the cumulative
thermal resistance and thermal capacitance, based on the analysis of the Cauer RC
network. By identifying the separation point in the two curves for the structure
functions, the junction-to-case thermal resistance can be determined.

Assume the chip temperature curves without and with thermal grease have been
measured. The following steps shall be followed to compute the junction-to-case ther-
mal resistance. Step 1: Convert the temperature curves Rjc1 and Rjc2 to the correspond-
ing structure functions Cth1 and Cth2 using some dedicated software. Step 2: Interpolate
both structure functions on a common Rjc scale and compute the difference Cth1�Cth2.
Step 3: The junction-to-case thermal resistance Rjc is the point where the difference of
Cth1�Cth2 starts to rise. If spurious peaks make the determination of Rjc impossible, the
Rjc measurement shall be repeated with higher power dissipation to achieve a higher
signal-to-noise ratio.

Based on the standard test method, the junction-to-case thermal resistance can be
determined for a 2.5D package more accurately than the steady-state given in
Ref. [2]. A case study was conducted for characterizing a molded 2.5D package
with built-in heater and diode. The test started with the cooling-down process for
the 2.5D package after the power is switched off. A commercial transient thermal tester
branded T3Ster from Mentor was used for fast temperature recording. The test setup is
shown in Fig. 6.1.7, which mainly comprises the tester with a power booster, test sec-
tion, and software for postprocessing the temperature data to obtain the structure
functions.

Both the cumulative and differential structure functions can be obtained to deter-
mine the junction-to-case thermal resistance, as indicated in Figs. 6.1.8 and 6.1.9,
respectively. In comparison, the differential structure function curve has more abrupt
turning in the curve and thus provides a more clear separation point to determine the
thermal resistance. The transient thermal resistances at different heating power are
shown in Table 6.1.1 at different heating power. It is seen that the results are smaller
than the thermal resistance values obtained in the steady-state measurement. As has
been explained, the steady-state thermal resistances comprises the heat sink and ther-
mal interface resistances besides the junction-to-case thermal resistance, which may
overestimate the thermal resistance significantly. A detailed discussion on the pros
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and cons of the TDI method is given in Ref. [5]. A comparison of the transient
measurement is conducted with the steady-state method [6].

6.1.4 Burn-in test of electronic packaging

To weed out the weak parts and avoid early life failures, the packages are put under
accelerated temperature and voltage stress conditions for a certain period of time.
This is called burn-in. Burn-in can be understood as the preconditioning of assemblies
and the accelerated power-on tests performed subjected to temperature, voltage, and
the aging the components after fabrication but before operational use to eliminate

Test fixture

PCBooster

T3Ster
DC Power

supply

Test section

Figure 6.1.7 The T3Ster setup for thermal resistance measurement consisting of thermal
transient tester, booster, thermostat for device under test (DUT), natural convection chamber,
and data postprocessing software.
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Figure 6.1.8 The cumulative structure function for the measurement of junction-to-case thermal
resistance for a molded 2.5D package.
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failures before the devices leave the factory. This practice ensures that the components
that get to the user have a minimum number of detectable failures and minimize field
repair costs.

According to Refs. [7,8], the infantemortality period of the life cycle results from
failure is a weak subpopulation of a bimodal component lifetime distribution. The per-
centage of weak subpopulation, usually two percent or smaller, varies with component
type and manufacturing lot, even for the same manufacturer. The period of infant mor-
tality is about 1 year, after which the package becomes more reliable as shown in
Fig. 6.1.10. Because of high failure rates, it would be expensive to use these compo-
nents in an operational system during the early stage of their life cycle. The industry
has tried to eliminate the infant mortality exhibited in industrial products with burn-in
screenings to accelerate aging.

This kind of screening procedure includes static burn-in, dynamic burn-in, and sys-
tem bum-in running with various programs and software. Test patterns are applied to
the inputs and the outputs are monitored. The consensus in the manufacturers has been
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Figure 6.1.9 The differential structure function for the measurement of junction-to-case thermal
resistance for a molded 2.5D package.

Table 6.1.1 A comparison between the transient and steady-state
measurement of junction-to-case thermal resistances.

T3Ster Steady-state

Heating
power (W) Rjc (K/W)

Heating
power (W) Rjc (K/W)

2 7.40 1 10.9

3 7.36 2 10.9

4 7.34 4 10.8
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that certain components and assemblies that are marginal can be removed and replaced
at a lower cost during manufacturing screening operations rather than after shipment to
the customer.

Industry generally accepts the method 1012.10 from MIL-STD-883H (2010) [3] as
the basis for burn-in conditioning by manufacturers of industrial electronic equipment.
A list of the military standards has been applied with references. There are similar
documents covering resistors, capacitors, and discrete semiconductors. Some company
inspects its incoming IC’s and generally subjects every IC to electrical and burm-in
testing.

Because stringent thermal boundary conditions are imposed in the chip during the
burn-in test, the thermal design of the test equipment is crucial in the test performance.
Fig. 6.1.11 illustrates the dynamic system testing in a burn-in test platform at room
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(decreasing failure rate)
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(increasing failure rate)
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Figure 6.1.10 Bathtub curve describing the behavior of the hazard rate of semiconductor
devices over time.
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Figure 6.1.11 The system testing at room temperature and hot temperature in a burn-in test
platform.
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temperature and high temperature of w90�C. The temperature fluctuations are
controlled within a low range less than 5�C even at a high-power surge. A high-
performance thermal control unit with fast thermal response and low inertia is required
to meet the thermal design challenge.

Because of the increasing trend in DUT cores and integration with homogeneous
and heterogeneous chips, the thermal design difficulty has been elevated to meet the
testing challenges.

A practical design of the thermal control unit is elaborated here. Fig. 6.1.12 shows
the schematic of the present thermal design, which consists of a thermoelectric module,
a liquid-cooled heat sink, a TEC holder also acting as a heat spreader, and solid TIM
[9]. The photograh and image of TEC are shown in Fig. 6.1.13. The purpose of ther-
moelectric module is to provide refrigeration cooling capacity to the DUT so that high-
power testing can be conducted at ambient or subambient temperatures. Nonetheless,
the selection of a TEC depends on not only the nominal cooling power but also the
thermal load at device side. An analytical solution incorporating the TEC module
parameters as well as thermal resistance factors that have been developed in Chapter
3 is employed for the selection of optimal TECs for the present tester design.

Three TEC coolers ranging from 187 W to 500 W in nominal cooling power are
first assessed following the analytical method given in Section 3.7. TECs of high cool-
ing capacities are considered and their details are listed in Table 6.1.2. The calculated
cooling powers qc at specified Tj ¼ 25�C are shown in Fig. 6.1.14 for both the ideal
case of Rjc ¼ Rhs ¼ 0 K/W and the actual case with nonzero Rjc and Rhs. The TEC 2
gives a maximum cooling power of 302 W at a feasible current of 10 A, near to the
nominal power of 330 W. Although a much higher nominal power is claimed for
the TEC 3, w452 W at a large current I w 40 A, it can only dissipate 217 W at the
same feasible current of 10 A. In practice, it is the realistic power dissipations with
thermal loads that are of the most interest. The actual case with device and heat
sink thermal resistances of Rjc ¼ 0.6 K/W and Rhs ¼ 0.04 K/W is plotted in

Liquid cooler

TEC

TIM

DUT

Tec holder

Figure 6.1.12 Schematic of the thermal design configuration for system burn-in testing.
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Fig. 6.1.14(b). By considering the thermal resistances at both the cold side and hot
side, the TEC 2 provides the best thermal performance and the optimal current is
around I ¼ 10 A. For actual experimental implementation, TEC 2 with the highest
actual cooling power and figure of merit is more suitable for high-power dissipations
and selected for tests. As indicated in Fig. 6.1.13, TEC 2 has a size of 50 mm � 50 mm
with thermoelectric pellets of 127 pairs.

There exists electrical contact resistance for a commercial TEC, which may have an
adverse effect on TEC performance, especially for the TEC operated at high currents.
Additional effort is made to obtain the module electrical resistance Rm at high current
around 10 A, which is around 1.7U, 29% higher than the nominal value of 1.32U.
A corrected calculation for TEC2 is also conducted incorporating the effect of the
increase in electrical resistance, which is illustrated in Fig. 6.1.14. As indicated in
the corrected Rm curves, an increase in the electrical resistance will degrade the
thermal performance, especially when the thermal resistances at the hot side and
cold side of the TEC are nonzero.

Figure 6.1.13 Photograph of TEC 1 and corresponding C-mode acoustic image at 35Mhz.

Table 6.1.2 List of thermoelectric cooler (TEC) details for system burn-in test.

Parameters TEC1 TEC2 TEC3

Imax 13.4 19 60.6

qmax 187 330 452

Vmax 21.4 32 13.6

DTmax 58 64.5 49.6

Th0 300.15 298.15 298.15

Z 0.00198 0.00236 0.00161

Sm 0.071 0.107 0.046

Km 1.99 3.69 6.93

Rm 1.29 1.32 0.19
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To remove the waste heat from the TEC hot side, a liquid cooler with alternatively
stacked honeycomb microstructure is utilized and discussed in this section. Fig. 6.1.15
illustrates the heat sink structure. In the meantime, the CFD is conducted for this type
of heat sink structure. Water is used as coolant and incompressible fluid is assumed.
Because of the flow tortuosity, algebraic turbulent model is used. Half of the heat
sink is incorporated in the model due to symmetricity. The computed flow field,
pressure drop, and temperature profiles are illustrated in Fig. 6.1.16.

The application of the present TEC2 model in processor burn-in test was also con-
ducted based on a burn-in test platform. The test platform consists of a mother board to
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Figure 6.1.14 Cooling capacities for various TECs at given device temperatures of Tj ¼ 25�C:
(a) without thermal resistances and (b) with thermal resistances.
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provide electrical connections to the DUT. Loaded on the DUT, the TEC2 was sand-
wiched between a liquid-cooled heat sink and a heater plate with thermal grease filled
at the thermal interfaces, as indicated in Fig. 6.1.12. A high-power lidded processor
was used for the DUT with built-in thermal diode to record the junction temperature

Figure 6.1.15 Images of a honeycomb heat sink and its microstructure, with a unit cell
represented in dashed line.
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Figure 6.1.16 Simulated fluid flow, pressure drop, and temperature profiles at the bottom layer
for the honeycomb heat sink.
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Tj. In each test, the TEC current was fixed and the processor power qc was varied to
obtain Tj when the steady-state was reached. The plot of qc versus Tj was attained,
which appeared linear in the test range and, thus, qc at specified Tj can be extracted.
Fig. 6.1.17 shows a comparison of measured qc results, together with the analysis
results at Tj ¼ 25�C based on the method given in this section. Good agreement is
achieved between measurements and analysis, in spite of some minor deviation
observed in the experimental test.

6.2 Material mechanical test and characterization

Material mechanical test refers to the testing to obtain mechanical properties such as
stressestrain relationship, Young’s modulus, yield stress, creep properties, fatigue
behavior, viscoplastic and viscoelastic properties, etc. In this section, solder joint
material and epoxy molding compound are selected as two typically advanced elec-
tronic packaging materials to represent metal and polymer materials, respectively.

6.2.1 Material test and characterization for solder alloys

For solder material testing, different types of testing methods and sample preparation
are available. Tensile or shear test is usually used to obtain mechanical properties.
Universal tester (e.g. Instron tensile tester), dynamic mechanical analysis (DMA), or
other machines providing horizontal or vertical tension and compression loading
can be used to conduct testing for solder material.
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Figure 6.1.17 Comparison between measured results and analytical results for the processor
burn-in test.
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In the past decades, lead-free solders have been investigated widely. Among them,
the SneAgeCu (SAC) solder becomes a promising candidate to replace Pb-based sol-
ders, and they are increasingly implemented in electronics industry. Nonetheless, drop
reliability issue is encountered in the portable electronic devices with the use of the
SAC solder due to its rigidity compared with the eutectic SnePb solder [10,11].
It is shown that lowering Ag content in SAC solder results in better drop reliability
due to ductile and compliant solder properties [12]. However, the low Ag content
SAC solder leads to low thermal fatigue life due to its low fatigue resistance [13].
To enhance drop reliability and thermal fatigue life, Ni, Fe, Co, Zn, or rare-earth ele-
ments are added in the SAC solder to refine microstructures and decrease growth of
intermetallic compound (IMC) [14e20]. Among additives, Ni is the commonly
used doped materials for SAC solder because it could enhances microstructure and de-
creases IMC growth, which improves the drop reliability of electronic package
[14e16,21,22]. Therefore, we selected one low Ag content and Ni-doped solder,
Sne1.0Age0.5Cue0.02Ni (or SAC105Ni0.02) solder, as an example to demonstrate
material test and characterization for solder material.

6.2.1.1 Tensile test and analysis

Fig. 6.2.1 shows the geometry and dimensions of the bulk solder specimen with flat
dog-bone shape used for tensile test. In sample preparation, solder was melted and
maintained for 20 min at 100�C above the melting point of the solder, and then the
melted solder was cast into the designed mold. Finally, solder specimens were natu-
rally cooled down to the ambient temperature. Solder specimens were annealed at
100�C for 2 h to reduce residual stress before conducting test.

A universal tester equipped with a thermal chamber was used for the tensile test.
The chamber can provide temperature from �35 to 250�C. The specimen was fixed
at the ends of the solder specimen by testing jigs during the test. The applied force
onto the solder specimen was measured by a load cell for calculating stress. A gauge
length of 10 mm was used for measuring strain by an extensometer. Tensile force
added on the specimen was measured by a load cell for stress calculation. The stresse
strain curve can be obtained from the measurement data by extensometer and load cell.
The strain rate can be controlled by adjusting loading speed. For testing conditions at
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10

3R5

unit:mm

Figure 6.2.1 Solder specimen and its geometry for tensile test.
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high and low temperatures, a thermal chamber was used to enclose the tested specimen
to provide the designed temperature condition. Solder’s material properties are very
sensitive to temperature and strain rate. Tensile test was conducted at �35�C, 25�C,
75�C, and 125�C, respectively, and with different strain rates of 10�2, 10�3, 10�4,
and 10�5 1/s to investigate the effects of temperature and strain rate on the material
properties including elastic modulus and yield stress. Five samples are chosen for
testing at the same condition and the averaged result is used for analysis. Temperature-
and strain rateedependent material models of the SAC105Ni0.02 solder were estab-
lished from testing results.

Fig. 6.2.2 shows the typical ductile failure mode of solder. Necking and surface
coarsening phenomena were observed for the tested solder before complete failure.
The stressestrain curves of solder shown in Fig. 6.2.3 reveals that strain rate affects
mechanical properties significantly. The solder exhibits significant ductility with large
elongation and plastic deformation before fracture. The yield stress, ultimate tensile
stress (UTS), and elongation increase with the increase in strain rate. Fig. 6.2.4 shows
the stressestrain curves of the solder at different testing temperatures. The solder
becomes softer, subject to broken failure at higher testing temperature. Usually, solder
creep is one dominant deformation mechanism at high-temperature tensile test, which
makes necking easily happen during tensile test and thus elongation at fracture
becomes lower. Elongation data show significant variation compared with elastic
modulus and yield stress from tensile testing data.

Elastic modulus, E, is defined as the initial slope of the stressestrain curve. Yield
stress, sy, is determined as the stress value corresponding to 0.2% plastic strain.
Figs. 6.2.5e6.2.7 show the effect of temperature on the elastic modulus, yield stress,
and UTS at various strain rates. It can be seen that the elastic modulus, yield stress, and
UTS decrease with increasing temperature. The effect of temperature on the mechan-
ical properties of solder at a large strain rate is more prominent compared with such
effect at a low strain rate. Figs. 6.2.8e6.2.10 show the effect of strain rate on the elastic
modulus, yield stress, and UTS at different test temperatures. It can be seen that the
elastic modulus, yield stress, and UTS increase with increasing strain rate. Large strain
rate makes the solder become harder, while high temperature makes the solder become
softer.

The relationship of material properties and strain rate or temperature can be estab-
lished through curve fitting for testing data. Usually, elastic modulus, yield stress, and
UTS have linear function with temperature but logarithmic function with strain rate
from experimental results. Strain ratee and temperature-dependent material models

Figure 6.2.2 Typical ductile failure mode of solder bar.
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Figure 6.2.4 Effect of temperature on stressestrain curve of solder (test at 0.001 s�1).
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Figure 6.2.5 Effect of temperature on elastic modulus of solder.
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Figure 6.2.6 Effect of temperature on yield stress of solder.
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Figure 6.2.7 Effect of temperature on ultimate tensile stress (UTS) of solder.
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Figure 6.2.8 Effect of strain rate on elastic modulus of solder.
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of elastic modulus, yield stress, and UTS are determined by following equations for the
SAC105Ni0.02 solder based on experimental results:

EðT ; _εÞ¼ ða1T þ a2Þlogð _εÞ þ ða3T þ a4Þ (6.2.1)

syðT; _εÞ¼ ðb1T þ b2Þð _εÞðb3Tþb4Þ (6.2.2)

UTSðT; _εÞ¼ ðc1T þ c2Þð _εÞðc3Tþc4Þ (6.2.3)

where T is temperature in �C, and _ε is strain rate in s�1. The material constants of a1,
a2, a3, and a4 in the elastic modulus model; b1, b2, b3, and b4 in the yield stress model;
c1, c2, c3; and c4 in the UTS model are listed in Table 6.2.1. The error analysis was
conducted to evaluate the accuracy of models. Error analysis shows that the proposed
models are accurate with error less than 10%. The calculated values and errors of the
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Figure 6.2.9 Effect of strain rate on yield stress of solder.

–35°C
75°C 125°C

25°C
Test temperature

60

50

40

30

20

10

0
1.0E–6 1.0E–5 1.0E–4 1.0E–3 1.0E–2 1.0E–1

Strain rate (1/s)

U
TS

 (M
P

a)

Figure 6.2.10 Effect of strain rate on ultimate tensile stress (UTS) of solder.
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mechanical properties are listed in Table 6.2.2. It can be seen that the curve-fitting
models are accurate with the errors within 10.5% for the predicted elastic modulus,
9.3% for the predicted yield stress, and 14.4% for the predicted UTS. The above
constitutive material models could be applied in FEA simulation to evaluate stresse
strain respond and solder joint reliability of the electronic package, subjected to the
external loading with varying strain rates and temperatures, such as thermal cycling,
cyclic bending, and vibration.

6.2.1.2 Creep test and analysis

The study of creep behavior and associated characteristics is important in the reliability
tests of solder joints. Generally, creep behavior is difficult to describe because it de-
pends on a large number of variables. However, for technological applications, it is
sufficient to describe the steady-state creep behavior. A steady-state creep is reached
after a constant stress has been applied and the material has already passed through
a transient phase of creep. Creep characteristics of solder alloys can be studied by
different experimental techniques such as lap shear creep [23,24], uniaxial tensile
[24,25], stress relaxation [26], and indentation testing methods [27]. In this section,
the tensile creep behavior of the bulk solder alloy of SAC105Ni0.02 was investigated
at different temperatures and stress levels.

The same specimen used in tensile test is also applied in creep test. Creep tests were
carried out at four isothermal conditions including �35�C, 25�C, 75�C, and 125�C.
For each testing temperature, several stress levels were designed from 5 to 45 MPa.
For testing conditions at high and low temperatures, a thermal chamber was used to
enclose the tested specimen to provide the designed temperature condition. The spec-
imens were held at the designed temperature for 10 min before loading. At the begin-
ning, tensile force is applied and increases gradually to the designed value. The
designed stress is held to the end of the test, and creep strain is recorded during the
whole test. For the creep test at a high stress level or high temperature, the creep
test continues to be sample broken. While for the creep test at a low stress level or
low temperature, the test is stopped for saving time when the constant creep strain
rate is observed. Tests are repeated for three samples at the same condition and the
averaged results are used.

Table 6.2.1 Material constants in mechanical property models of solder.

Elastic modulus model Yield stress model UTS model

Variable Value Variable Value Variable Value

a1 �0.00592 b1 �0.132 c1 �0.243

a2 6.07 b2 35.57 c2 59.76

a3 �0.164 b3 �4.80E-05 c3 2.02E-04

a4 65.59 b4 0.0513 c4 0.0745

312 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



Fig. 6.2.11 shows a typical creep strain curve of the solder. Creep has three stages
including primary, secondary, and tertiary stages. Primary creep happens at the
beginning of the test and very short. The secondary creep stage, also called
steady-state creep, is a long creep stage, and it occupies most of the creep lifetime.
The tertiary creep stage occurs before creep rupture, which has fast creep strain
rate. Creep strain rate is calculated by taking the derivative of creep strain with
time. The minimum rate was taken as the creep strain rate of the steady-state creep
stage. Creep strain rate at steady-state creep stage is an important parameter that
usually determines lifetime of solder joints. Stress and testing temperature have a
significant effect on creep strain rate.

Table 6.2.2 Predicted mechanical property data and errors based on the material models.

Strain rate/
Temp. Calculated values Errors

10L5/s
E
(GPa)

Yield
(MPa)

UTS
(MPa) E Yield UTS

�35�C 39.97 22.62 31.42 3.4% 4.5% 3.4%

25�C 31.89 18.09 21.49 �8.9% �5.2% �0.5%

75�C 25.15 14.34 14.80 3.9% 0.3% �7.7%

125�C 18.42 10.62 9.33 �4.5% �9.3% 14.4%

10L4/s

�35�C 46.24 25.45 36.70 1.0% 0.8% �0.7%

25�C 37.81 20.36 25.81 �4.7% �0.5% 7.3%

75�C 30.77 16.14 18.20 10.5% 6.6% 6.2%

125�C 23.74 11.95 11.73 2.1% �7.4% �13.3%

10L3/s

�35�C 52.52 28.60 42.86 �0.5% 4.7% �4.4%

25�C 43.73 22.88 31.00 �0.5% -0.6% 7.1%

75�C 36.40 18.15 22.37 10.0% 3.5% 6.1%

125�C 29.07 13.44 14.76 �5.3% �3.9% �9.9%

10L2/s

�35�C 58.79 32.09 50.05 �1.7% 5.5% �3.4%

25�C 49.64 25.69 37.23 2.6% �5.2% �0.7%

75�C 42.02 20.38 27.50 �1.9% �7.4% 14.2%

125�C 34.40 15.10 18.57 �2.5% 3.7% �3.4%
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Fig. 6.2.12 shows the effect of temperature on creep curve of solder. The creep
strain rate increases and creep rupture time decreases significantly with increasing tem-
perature at a certain stress level. Fig. 6.2.13 shows the effect of stress on creep curve of
solder. The creep strain rate increases and creep rupture time decreases sharply when
increasing the applied stress level. The creep rupture time as a function of stress at
different temperatures is summarized in Fig. 6.2.14. It can be seen that the creep
rupture time is sensitive to the stress level and temperature. Both high stress level
and temperature accelerate creep rupture of solder due to the corresponding high creep
strain rate.

Fig. 6.2.15 shows the relationship between creep stress and steady-state creep strain
rate at test temperature of 25�C. The creep strain rate changes from 10�9 to 10�2 s�1

when stress level changes from 5 to 30 MPa. The creep strain rate is less dependent on
stress in the low stress range, while it becomes more dependent on stress in the high

S
tra

in

S
tra

in

0.03

0.02

0.01

0
0 100 200 300

Time (s)

Time (s)
800070006000500040003000200010000

0

0.1

0.2

0.3

0.4

0.5

Figure 6.2.11 Typical tensile creep curve of solder (test conditions: 25�C and 20 MPa load).
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Figure 6.2.12 Effect of temperature on creep curve of solder (test load: 15 MPa).
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Thermal and mechanical tests for packages and materials 315



stress range. The power law constitutive model can be used to describe the relationship
between creep strain rate and stress. The stress exponent n is larger in the high stress
range than that in the low stress range. This phenomenon is referred as power law creep
behavior breakdown. This power law breakdown behavior can be found at any given
test temperature as shown in Fig. 6.2.16. The stress exponents in the low and high
stress ranges can be determined based on creep strain rate data in this figure.

Fig. 6.2.17 shows the stress exponents separately for high and low stress ranges at
different temperatures. The stress exponent decreases with increasing temperature for
both high and low stress ranges. Stress exponent can vary from 2 to 13 for different
solders due to different creep mechanisms. At low stress, creep deformation is
controlled mainly by grain boundary sliding in which stress exponent is 2e4 [28].
At high stress, creep deformation is mainly due to dislocation climb and glide with
high stress exponent [24]. At high temperature, diffusion-controlled creep is a domi-
nant mechanism.

From the analysis mentioned above, the stress exponent and creep activation energy
in the creep models are stress level and temperature dependent. The averaged values of
stress exponent and creep activation energy can be determined by fitting all the creep
experimental results under different stresses and temperatures. We conducted the curve
fitting for the creep test data through iterative multivariable nonlinear regression to
develop the creep constitutive models based on testing data shown in Fig. 6.2.16.
The different types of creep constitutive models for SAC105Ni0.02 solder are pre-
sented below.

Norton’s power law model (refer to Eq. 4.1.26):

_εcr ¼ 2:39� 10�7s8:90 exp

�
�6282:7

T

�
(6.2.4)
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Figure 6.2.16 Steady-state creep strain rate at various load conditions.
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Double power law model (refer to Eq. 4.1.27):

_εcr ¼ 9:87� 10�7s7 exp

�
�4883:1

T

�
þ 5:01� 10�10s13 exp

�
�8949:2

T

�
(6.2.5)

Garofalo hyperbolic sine model (refer to Eq. 4.1.28):

_εcr ¼ 3:94� 104½sinhð0:0607sÞ�6:32 exp
�
�7024:2

T

�
(6.2.6)

Exponential model (refer to Eq. 4.1.29):

_εcr ¼ 277:4 exp
� s

2:11

�
exp

�
�7744:3

T

�
(6.2.7)

These four creep constitutive models have been applied in FEA simulation for fine
pitch ball grid ball package subjected to thermal cycling load. FEA simulation results
showed that different models lead to similar creep strain and creep strain energy den-
sity, and similar fatigue life was predicted based on results from these four creep
models [29]. Among steady-state creep models, hyperbolic sine model is commonly
implemented for electronic solder materials. The creep activation energy is an impor-
tant parameter used for measuring the creep resistance of the solder alloy. The larger
the creep activation energy is, the higher the creep resistance is. For the purpose of us-
ing the creep model in FEA simulation, Eq. (4.1.28) is usually rewritten as the
following format:

_εcr ¼C1½sinhðC2sÞ�C3 exp

��C4

T

�
(6.2.8)
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Figure 6.2.17 Effect of temperature and stress level on stress exponent.
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where C1, C2, C3, C4 are material constants, which are determined from tensile creep
test results.

Table 6.2.3 lists material constants in Eq. (6.2.8) for SAC105Ni0.02 solder and
other solder alloys for comparison. Creep activation energy of the SAC105Ni0.02 sol-
der is comparable with that of high Ag content Sne3.9Age0.6Cu solder, which indi-
cates that SAC105Ni0.02 solder has similar creep resistance as the high Ag content
SAC solder under TC condition. Ni addition in solder increases creep resistance and
creep rupture lifetime due to refinement of IMC particles [20,24]. Compared with
Sne1.0Age0.5Cu solder as listed in Table 6.2.3 [30], adding 0.02%wt Ni improves
creep resistance of the SAC105 solder. From other researchers’ studies,
SAC105Ni0.02 solder has similar mechanical properties as SAC105 solder, but the
SAC105Ni0.02 solder improves drop performance compared with SAC105 solder
[33,34].

6.2.2 Material test and characterization for polymers

Dynamic mechanical analysis (DMA) is a technique used to study the viscoelastic
behavior of polymers. A small oscillation stress is applied on the material as a function
of time and the strain response is measured, allowing one to determine the complex
modulus. The variation of the temperature and frequency of the load causes the com-
plex modulus to vary, and the glass transition temperature, Tg, can be evaluated
through this approach. Suppose a sinusoidal force is applied to the material, the
time-varying stress (s) and strain (ε) are written as

s¼ s0 sinðutþ dÞ (6.2.9)

ε¼ ε0 sinðutÞ (6.2.10)

where u is frequency of strain oscillation, t is time, and d is phase lag between stress
and strain. s0 and ε0 are the maximum amplitude of stress and strain, respectively. The
complex modulus of the material E* ¼ s/ε is defined as the ratio of stress to the strain
of the material. It consists of storage modulus E0 (real part) and loss modulus E00
(imaginary part), which can be expressed as

E� ¼E0 þ iE00 (6.2.11)

where

E0 ¼ s0

ε0
cos d

E00 ¼ s0

ε0
sin d
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Table 6.2.3 Material constants of hyperbolic sine creep model for different solders.

Solder alloys C1 C1(1/MPa) C2 C4(K) Q (kJ/mol) References

Sne1.0Age0.5Cue0.02Ni 3.94 � 104 0.0607 6.32 7024.2 58.4 This study

Sne1.0Age0.5Cu 2.8 � 10�4 0.0581 7.1 5292.3 44 [30]

Sne2.0Age0.5Cu 3.7 � 10�4 0.0659 6.8 9165.3 76.2 [14]

Sne2.0Age0.5Cue0.05Ni 2.8 � 10�4 0.0677 7.9 10,175.6 84.6 [14]

Sne1.0Age0.3Cu 3.1 � 10�4 0.0576 5.1 5412.6 45 [17]

Sne3.9Age0.6Cu 0.184 0.221 2.89 7457 62.0 [31]

63Sne37Pb 10 0.2 2.0 5400 44.9 [32]

Sne3.5Ag 9 � 105 0.0653 5.5 8690 72.2 [35]
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The phase angle d is calculated as

tan d¼E00

E0 (6.2.12)

Epoxy molding compound (EMC) material was tested by DMA to obtain
temperature-dependent modulus, Tg, and viscoelastic model. The tested sample has
a dimension of 40 mm (length) by 10 mm (width) by 1 mm (thickness). The specimen
was clamped on the fixture at one end and the load applied at the other end. The ge-
ometry deformation was set for single cantilever bending mode in strain control with
amplitude of 20 mm.

Temperature sweep with fixed frequency method was used to obtain the
temperature-dependent modulus and glass transition temperature of the EMC spec-
imen. The oscillation frequency was fixed at 1 Hz while the temperature was ramping
from 30 to 250�C at a heating rate of 3�C/min. There are mainly two methods to eval-
uate the glass transition temperature of a material by DMA spectra. A direct and simple
way is to determine the transition temperature at which the peak of tan d or loss
modulus occurs. Another method is called the evaluation of modulus step. In this
method, the glass transition temperature is measured as the temperature of the
midpoint of inflectional tangent. The onset temperature is determined as the intersec-
tion of the inflectional tangent with the tangent extrapolated from temperatures below
the glass transition temperature. The Tg determined by first method using peak tan d is
always higher than that by the modulus step method. In this study, the peak of tan
d was adopted for evaluating the Tg of the EMC specimen, as it is the most straight-
forward method, and its results had least variation on the DMA spectra.

Temperature step with frequency sweep method was used to construct the master
curves and to determine the corresponding shift factors. The testing temperature
increased from 30�C to 210�C with a step of 10�C. The storage modulus (E0), loss
modulus (E00), and tan d were measured at a series of frequencies (10e0.1 Hz) while
the temperature was kept as constant at each temperature step. The selected frequencies
(Hz) are 10.00, 6.30, 3.00, 2.50, 1.60, 1.00, 0.63, 0.40, 0.25, 0.16, and 0.10. Time-
temperature superposition principle (TTSP) was developed to describe the equivalence
of time and temperature effects on linear viscoelastic polymers. The correspondence
between time and temperature can be consequently achieved by timeetemperature
shifting with suitable shift factors. Utilizing this principle, polymer’s behavior in
elevated temperatures can be used to generate a master curve to predict the polymer
behavior in a much longer time range than testing time under reference temperature.
The key idea of using TTSP is to accelerate the polymer resin test by increasing
temperature.

Three specimens were tested for the EMCmaterial, and the DMA curve is shown in
Fig. 6.2.18. It clearly shows that modulus (unit in MPa in figure) is temperature depen-
dent and has significant change from below Tg to above Tg. The value of Tg can be
determined based on tan d curve.
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The master curve of the storage modulus can be expressed as a Prony series:

EðtÞ¼EN þ ðE0�ENÞ
XN

i¼1
Ci exp

�
� t

si

�
(6.2.13)

where E0 is the elastic modulus at t ¼ 0, EN is the elastic modulus as t ¼N, and i ¼ 10
is selected in all the curve fitting in this study. The WilliamseLandeleFerry Equation
(or WLF Equation) is empirically obtained and associated with time and temperature
superposition for almost all amorphous polymers above the glass transition
temperature:

log aT¼ �C1ðT � TrÞ
C2 þ ðT � TrÞ (6.2.14)

where the two constants, C1 and C2, in the WLF Equation can be determined by fitting
the discrete values of shift factor aT.

Fig. 6.2.19 shows the master curves of three EMC specimens at reference temper-
ature of 150�C. The repeatability of testing data is quite well. The parameters in Prony
series can be determined through curve fitting. Fig. 6.2.20 shows the shift factors fitted
by WLF Equation for EMC specimens at all temperatures with T0 ¼ 150�C. The fitted
parameters in WLF Equation also can be obtained through curve fitting. Such param-
eters can be implemented in FEA modeling and simulation to investigate effect of
viscoelastic behavior of EMC material on stress and reliability of electronic package.
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Figure 6.2.18 DMA curves for the epoxy molding compound (EMC) specimens.
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System-level modeling, analysis,
and design 7
7.1 System-level thermal modeling and design

7.1.1 Introduction to system-level thermal modeling and design

7.1.1.1 Description of the system-level thermal modeling

The system-level thermal modeling and design deal with the cooling and temperature
control of more than one chip or components. The terminology system can be ambig-
uous considering the different scenarios. Professor Rao Tummala [1] from Georgia
Institute of Technology first defined the system to be all the electronic products.
As such, the system involves not only active components such as central processing
unit (CPU), memory, graphic processing unit, RF, MEMS sensors, and actuators
but also a myriad of passives such as capacitors, resistors, and inductors. All the com-
ponents are to be packaged, not necessarily in one package, and assembled on one or
more printed circuit boards (PCBs). More broadly speaking, a number of electronic
boards are to be configured in a tray, a number of trays are to be stacked in a rack,
and a number of racks are to be stored in a room to fulfill the functions. The last
case may represent the system for a modern data center.

Because of the different levels of the electronic systems, the thermal solutions vary
depending on various factors such as the power, heat flux dissipation, technology
feasibility, and implementation cost [2]. Fig. 7.1.1 illustrates the hierarchy of the
system-level thermal modeling and designs at different levels. The tray-level model
in a burn-in test system is displayed in Fig. 7.1.2, which includes three full sets of com-
puter board subsystems. Each board is mounted with high heat flux components such
as dual processors with the corresponding thermal heads for cooling purpose and other
components such as memory modules, graphic card, hard disk, voltage regulating
modules (VRMs), capacitors and resistors, and so on.

To facilitate the operation, the thermal head can be made of air-cooled heat sink,
liquid-cooled heat sink, or even refrigeration cooling block with in-built expansion
valve to allow heat dissipation in the order of several hundred Watts. Besides the ther-
mal head apparatus dedicated to the cooling of the processors on the boards, three axial
fans were installed at the inlet of the tray to force the indoor air into the tray to cool the
rest of the components. The vertical stacking of a number of trays with thermal heads
forms a rack system.

7.1.1.2 Chip-level cooling

Chip-level cooling could be the most expensive thermal solution as it is to be inte-
grated during the device fabrication stage before the packaging. The chip-level cooling
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Figure 7.1.1 Description of system-level thermal modeling and design of electronic system at
different levels.
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Figure 7.1.2 The thermal model for a tray with three printed circuit boards (PCBs) and three
inlet fans, each board mounted with a set of computing subsystem including dual processors
with their respective thermal heads, hard disk, memory modules, and voltage regulating power
modules.

326 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



could interfere with the fabrication process and thus cause incompatibility in process
and implementation. IBM [3] investigated the dielectric cooling with R1234z as the
direct cooling medium as funded by DARPA; the pin-fin microstructure was fabricated
on the backside of the silicon die for impingement cooling. To facilitate the central
impingement flow, the central holes were made on the manifold chip so that the back-
side cooling could be achieved. This additional fabrication of microstructure might
affect the process for the chip circuits, and the whole structure might cause premature
failures due to the damage of the mechanical integrity of silicon material. Although this
is a new cooling method for chip-level cooling, the implementation could be costly
considering the fabrication process and the assembly and integration of the evaporative
coolant.

Nonetheless, novel chip-level cooling can be gradually implemented by introducing
new materials. One example is the introduction of carbon nanotubes and graphene on
the chip [4]. The chip process is being improved with time so that the incorporation of
new designs and materials in the next generation of chips can be achieved.

7.1.1.3 Package-level cooling

Most of the air cooling and liquid cooling techniques can be implemented at the pack-
age level. The most prevalent method is to mount heat sink and heat spreader on the
package. The enlarged fin surface can remove the heat directly from the chip and pack-
age. In general, air cooling provides a simple yet effective cooling solution. However,
with the increase in heat flux dissipation, the air cooling technology is not sufficient
anymore. According to Ref. [5,6], the upper limit of the power dissipation heat flux
for dedicated air cooling solutions is around 50 W/cm2. The use of vapor chamber
heat sink could extend the cooling power up to 100 W per a 12 mm � 12 mm chip.
When the heat flux goes up to and even beyond 100 W/cm2, which is the case for
high performance computing chips, air cooling methods have become inadequate
for most applications [6e8]. As such, liquid cooling technology with higher power
dissipation capability for high performance microelectronic devices is required.

Basically, there are two major operational modes of liquid cooling, namely the
single-phase cooling and two-phase cooling. A number of researchers have explored
the advantages of using liquid cooling to mitigate the present thermal management
problems [9e12]. Madhour et al. [9] offered a parametric study with single- and
two-phase cooling technologies to address the cooling requirements for the vertically
integrated microprocessors. Mohapatra and Loikits [10] provided a study on what
attributes are more effective in selecting a working fluid for a microchannel applica-
tion. Wei and Joshi [11] presented a thermal resistance modeling approach to identify
the potential beneficial and deleterious effects associated with stacked microchannels.

Considering the higher pressure drop and more complexity in a two-phase liquid
cooling system, utilizing the single-phase liquid cooling technology for high heat
flux microprocessors is considered a more viable option [12e20]. For a single-
phase liquid cooling technology, both microchannel and microjet heat sinks can dissi-
pate high heat fluxes anticipated in high-power electronic devices [15e17]. A review
of the high heat flux cooling technologies is given in Ref. [12], which pointed out
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the chip cooling power limitation of 300 W/cm2 based on the microchannel structure
under straight flow configuration. An overview of the thermal performance of the heat
sinks with miniaturized structure is displayed in Fig. 7.1.3.

Colgan et al. [17] described a practical implementation of a single-phase silicon
microchannel cooler designed for cooling very high-power chips, and the cooler of
this design was able to cool a single chip with the average power densities of
300 W/cm2 by bonding this chip to the cooler using the silver epoxy or solder.
Brunschwiler et al. [20] demonstrated that a microjet array impinging cooling method
can provide a high heat transfer coefficient up to 8.7 � 104 W m�2$K�1. Compared
with the impinging microjets on the plain backside of chip, microchannel cooling
has a lower heat transfer coefficient, but, with the enlarged fin areas, the overall
heat transfer can be enhanced. Recently, the hybrid microcooler, combining the merits
of both microjet array impingement and microchannel flow, has been developed for
cooling the high-power devices [21,22].

It is noted that all of the above studies are focused on the development of the cool-
ing methods with enhancement structure such as microchannels/microjet array to
maximize their heat dissipation capability. The thermal design for the external heat
exchanger, as part of the thermal system, is not well addressed and discussed. In
many cases, however, the heat exchanger could be a limiting factor in the application
scenarios such as computers, data center, and transportation systems, where both
weight and size become of a practical concern. Miniaturized heat exchanger with
low pressure drop and high heat exchange efficiency is a major design objective for
cooling system designers. Available studies on a single miniaturized heat exchanger
are reported in Ref. [23,24], which, nonetheless, did not consider the hydraulic perfor-
mance and thermal efficiency of the full system, including the chip cooler for
integrated circuits cooling.

To better understand the problem of a heat exchanger, a computer casing integrated
with a microchannel cooler for the microprocessor and a heat exchanger was imple-
mented in the laboratory without optimization of the heat exchanger, as illustrated
in Fig. 7.1.4. The fan was mounted on the top of the casing for sucking air out of
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Figure 7.1.3 An overview of the heat sink performance for the high-power chips.
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the computer casing. An aluminummicrochannel heat sink was assembled on the high-
power chip for thermal management. The test chip was built in with both thermal diode
for temperature monitoring and heating resistors for chip heating. The measured chip
junction temperature was 55�C based on 60 W power input at an ambient temperature
of 25�C, indicating a junction to the ambient thermal resistance of 0.50�C/W. None-
theless, the thermal resistance for junction to the heat sink itself was 0.30�C/W, indi-
cating a temperature rise of 18�C for chip over the heat sink inlet coolant. A fast
analysis at the temperature rise indicates that the temperature difference over the
heat exchanger amounts to around 12�C, which is nontrivial and should be addressed
in the thermal design at the system level.

7.1.1.4 System-level modeling at the tray, rack, and room levels

The thermal system cooling at the tray, rack, and room levels may occur at the proces-
sor manufacturing site and data center for data communication and processing. A nu-
merical procedure to model individual servers within each rack was developed by
Rambo and Joshi [25]. A commercial finite volume method was developed for the
multiscale model of air-cooled data centers. The multiscale model of a representative
data center consists of w1,500,000 grid cells and needs more than 2400 iterations to
obtain a converged solution. This model took about 8 h to converge on a 2.8 GHz
Xeon with 2 GB memory. Even so, this model is still a significant departure from
reality because it does not include finer details at the server and chip level. Unfortu-
nately, a fully detailed multiscale CFD model of operational data centers, which
may contain hundreds and thousands of racks, seems infeasible due to available

Heat exchanger and
fan located at the
top

Heat sink on the 
test package

Dual pump at the
bottom (not visible)

Figure 7.1.4 A computer casing integrated with a cooler for the microprocessor and a heat
exchanger is demonstrated by removing the side casing.
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computing capacities. As such, more compact submodels with greatly reduced details
and thus grid cells should be developed, which could run much faster by keeping the
influences of all the key parameters. Such modeling reduction is essential, especially
for optimization of complex electronics systems.

The air flow in a rack with seven layers of trays was investigated in Ref. [26], in
which each tray consists of three sets of computer subsystems, and each subsystem
consists of mother boards, memory cards, hard disk drives, and so on. A comprehen-
sive review of literature on data center numerical modeling with a study on the neces-
sity of compact air flow/thermal modeling for data centers is available in Ref. [27].
A more detailed discussion on the thermal analysis and design of thermal cooling of
data center from the tray to the room level can be found in the monograph as given
by Joshi and Kumar [2].

In the following parts of this section, the case studies for the system-level modeling
and designs are presented and discussed. As defined in the beginning of this section,
the system-level modeling consists of at least two components of different types. The
system components can be either electronic components or thermal components to
demonstrate the system design methodologies, together with engineering consider-
ations and optimizations for system implementation.

7.1.2 Modeling and design of cooling system with cooler and
heat exchanger

A typical liquid cooling system for microelectronic chip is shown in Fig. 7.1.5.
It mainly consists of a microcooler to remove the heat from the high-performance
chip, a pump to transport the heat through the liquid flow, and an external heat
exchanger, where the heat is transferred to the secondary fluid to reject the heat to
the ambient.

Power supply
Temperature monitoring

Heating chip

Th1

Tc2

Th2

Tc1

FM

Pump

Cold side

System cooling
facility

Heat
exchanger

Hot side

Figure 7.1.5 Typical liquid cooling heat exchanger to transport heat from heat-generating chip
(the hot side) to the cold side. The fluids are separated at the exchanger, whereas the heat is
exchanged from hot side to cold side. Tc1, Tc2, Th1, and Th2 represent temperatures of cold inlet,
cold outlet, hot inlet, and hot outlet, respectively, with FM indicating flow meter.

330 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



A conventional fin-tube heat exchanger requires fans to remove the heat from
extended fins attached to the peripheral of the cooling tube. Such a configuration could
be oversized in space-constrained electronic systems. The air flow, if not well guided,
would also overheat the indoor air or even the peripheral electronic parts, accompanied
with other design limitations such as annoying fan noise. Instead, a liquid-to-liquid
heat exchanger has the advantage of higher heat exchange efficiency, smaller size,
and centralized management of the secondary liquid flow through facility cooling
such as the coolant distributed unit at the site.

The design target for this thermal system is to have a heat dissipation capability of
175 W from a chip of 7 mm � 7 mm, which corresponds to a heat flux of 350 W/cm2.
The heat exchanger works with the coolant inlet temperature of 25�C. The allowable
junction temperature is 85�C. The design target of the junction-to-ambient thermal
resistance for this system is about 0.343�C/W. The following design criteria should
be taken into account in the design of the heat exchangers:

(1) The flow rate in the hot side chip cooling loop should be maintained at a low level. In the
present study, the flow rate is fixed to 0.4 L per minute with water as coolant. This avoids
large pressure drop and also minimizes the negative consequences in case of aqueous liquid
leakage, which is detrimental to the electronic components. The pump can also be miniatur-
ized to save space. The thermal performance shall not be affected with the dedicated design
of the microcooling devices.

(2) The heat exchanger should have compact size with high heat exchange efficiency, or heat
exchange density as termed in this section, and should not be located too far away from
the electronic chip to minimize pressure loss along the piping and tubing. Reduction in
size and weight has been one of the key design consideration.

(3) It is required to maintain the thermal resistance and pressure drop of the heat exchanger at a
level obviously lower than the heat sink with the task of chip cooling. Because of the chip
fragility, the design burden for the chip cooling should be mitigated by minimizing the over-
all pressure drop and thermal resistance.

(4) Design methodology for the heat exchanger is required. The thermal performance of the heat
exchanger shall be obtained, which is to be done through both numerical analysis and exper-
imental characterization. However, in the thermal system with a heat sink and a heat
exchanger, the thermal design budget for the heat exchanger should be set in connection
with the heat sink performance. Namely,

Rja ¼Rjs þ Rsa (7.1.1)

Considering the chip cooler inlet temperature of 40�C, as defined by the ambient
temperature in the ITRS 2012 roadmap, the thermal resistance for the cooler should
be maintained not more than 0.25�C/W. Thus, the heat exchanger thermal resistance
shall not exceed 0.093�C/W.

In designing and selecting a heat exchanger, the inlet temperature difference of the
cold flow and hot flow, Th1�Tc1, is known for determining heat exchanger thermal
performance and heat exchanged. In the chip cooling case, the selection criteria is
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to maintain Th2 at preset Ts ¼ 40�C. Sine Th1 is not known a priori, and Th1 can be
correlated as follows given the heat dissipation q and hot side flow rate VF.

Th1¼ Th2 þ q=ðrcpVFÞ: (7.1.2)

where rcp is the heat capacitance of coolant. In the present case, Th1 ¼ 46.25�C based
on flow rate of 0.4 L/min with water as coolant. The designs of chip cooler and heat
exchanger are to be discussed in what follows.

7.1.2.1 Silicon-based microcooler for chip cooling

A silicon-based microcooler, featuring both microchannels and jet structure, was
developed to dissipate the heat flux for the high-power IC chip. Hybrid multiple jets
and microchannels, shortened as MJMCs, have been designed inside the cooler [21].

Fig. 7.1.6 shows the geometrical design of the hybrid MJMC silicon microcooler,
including the heat generating chip, the microchannel plate, and the microjet plate with
the draining trenches. As shown in Fig. 7.1.6(c), there are two adjacent circular nozzles
in blue color for the incoming flow and two draining trenches in red color adjacent to
the two nozzles in the proposed MJMC design. Besides the flow speed, the thermal
performance is the microcooler depending on geometrical factors including nozzle
diameter D, the nozzle length L, and the microchannel height H.

During operation, the jet flows from the two micronozzles impinge on the hot wall
underneath the heat generating chip, turn around along the microchannel, and then exit
through the adjacent draining trenches, as indicated by the arrows in Fig. 7.1.6(bec).
In the conventional design with a single jet at the center and multiple draining drenches
at the far ends of the microchannels, the forced flow would be overheated and the heat
dissipation is not efficient. In the present design, the adjacent drainage design would
allow faster removal of heated fluid without being overheating when passing through
the long channels and thus more efficient heat transfer could be achieved. As explained
in the previous work [21], there is no accumulation of the cross-flow to cause detri-
mental influence on the adjacent jet impingement with this MJMCs configuration.
Therefore, the impingement jet flow can be effectively drained for each individual
nozzle, which enables more uniform and higher cooling capability for the chip.

The computational fluid dynamics (CFD)ebased modeling and simulation is con-
ducted using COMSOL and ANSYS FLUENT solver for the microcooler design opti-
mization. For the targeted chip size of 7 � 7 mm2, the microjet array is designed to
cover an area of 8 � 8 mm2 to fully cover the chip-heating area. Considering the fabri-
cation capability and process ability, the nozzle diameter D is fixed at D ¼ 100 mm.
The nozzle length (l), microchannel width (w), and jet to wall distance (H) are varied
in the modeling to evaluate their effects on the thermal performance of the micro-
cooler. After optimization, the geometrical parameters in the numerical simulation
are listed as the followings. Nine draining trenches with a width of 150 mm are config-
ured in the microcooler. The number of the nozzles along the microchannel flow direc-
tion in x direction is 16 (with a pitch of 250 mm in y direction between two trenches and
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550 mm in x direction across the trenches). The number of the nozzles along the drain-
ing trench direction is 21 in y direction with a pitch of 350 mm.

Deionized water is used as the coolant with an inlet temperature of 40�C. Heat
source of 175 W is set for the heat-generating chip, and a gage pressure of 20 kPa
is set at inlet of the microcooler. A mesh of 1 million is generated, and the grid inde-
pendence study is conducted. The mesh number is sufficient to obtain accuracy within
around 1% for the hydraulic and thermal performance.

The effects of the nozzle length, microchannel width, and jet to wall distance on the
thermal performance of the microcooler are respectively presented in
Figs. 7.1.7e7.1.9. Fig. 7.1.7 shows that the chip junction to microcooler thermal resis-
tance increases as the nozzle length increases slightly. This is because the pressure loss
in the nozzle increases as the nozzle length increases, thus flow rate decreases and the
jet thermal resistance increases. However, it can be found that the increment of thermal
resistance is insignificant within 5%, when the nozzle length varies from 300 to
600 mm based on the feasible fabrication range.

Fig. 7.1.8 shows that the thermal resistance first decreases and then increases with
the microchannel width increasing from 150 to 300 mm, while the thermal resistance
increases again as the microchannel width increases further to 300 mm. This can be
attributed to the reduction of heat conduction capability through the thinned micro-
channel fins due to the increase in microchannel width. Fig. 7.1.9 shows that the
optimal thermal performance can be achieved when the jet to wall distance is
250 mm. Based on above numerical analysis, the microcooler with a nozzle diameter
of 100 mm, a nozzle length of 400 mm, a jet to wall distance of 250 mm, and a micro-
channel width of 250 mm was fabricated for the experimental study. The optimal
cooler thermal resistance of 0.164�C/W also meets the design budget less than
0.25�C/W.
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Figure 7.1.6 Schematic of the proposed hybrid microcooler with MJMC design: (a) heat-
generating chip assembled with the microchannel plate; (b) isometric view of the microchannel
plate and microjet plate; and (c) side view of the microjet flow configuration [21].
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Figure 7.1.7 Variation of junction to microcooler thermal resistance with microchannel width
[6].
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Figure 7.1.8 Variation of junction-to-microcooler thermal resistance with microchannel width
[6].
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Figure 7.1.9 Variation of junction-to-microcooler thermal resistance with jet to wall distance
[6].
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The hybrid microcooler is designed with two patterned silicon layers, which is
bonded together through the tinegold alloy to form the cooler. The first layer consisted
of the patterned microchannels and fins, and the second layer has double-side pattern
layer, which consists of the nozzles and jet pattern on one side and inlet flow manifolds
and draining trenches on the other side. The process layers for the bonding of two
silicon substrates are schematically shown in Fig. 7.1.10 [22].

The fabrication process steps of the microchannel and nozzle wafers are illustrated
in Fig. 7.1.11. The process starts with an 8-inch wafer. First, a layer of SiO2 with a
3 mm thick is deposited by plasma-enhanced chemical vapor deposition (PECVD)
process in a Novellus PECVD system, and then the SiO2 layer is patterned and etched
as hard mask with microchannel patterns and micronozzle patterns. During the fabri-
cation of microstucture, the deep reactive ion etching (DRIE) technique was utilized to
make the microchannels and nozzles with uniform size.

The microchannels are further etched using the DRIE process to reach a depth of
250 mm. After that, the backside of the wafer is grinded to 350 mm thickness.
At last, the metal layers of Titanium 1000 A, Platinum 2000 A, gold 2 mm, tin
2 mm, and gold 500 A are deposited consequently, which were used for the AuSn
eutectic bonding with the heat-generating chip.

7.1.2.2 Modeling of heat exchanger HEX-A

The heat exchanger should be designed along with the microcooler development in the
system design. Because of the size and weight constraints, it is not appropriate to use a
conventional fan tubeefin heat exchanger, which has a much larger size. Instead, a
liquid-to-liquid heat exchanger is examined here for the integration with the micro-
cooler. Two different liquid-to-liquid heat exchanger configurations, HEX-A and
HEX-B, are studied in the present case.

Top silicon substrate

SiO2

Ti adhesion layer(1000 A)

Ti adhesion layer(1000 A)
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Pt adhesion layer(2000 A)
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In interface layer(1.5 μm)

Bottom silicon substrate

Cap
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Figure 7.1.10 Schematic of various bonding layers with the goldeindium composites process
for the bonding of silicon microcooler to the silicon substrate.
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HEX-A has the plate heat exchanger configuration with the counter flow. In this
configuration, the hot fluid and cold fluid channel layers are stacked alternatively,
separated from each other with plates made of metals such as stainless steel (SS).
Micropatterns such as herringbone can be fabricated based on vendor’s expertization.
Nonetheless, the effect of micropattern on the thermal performance may not be signif-
icant due to the small flow rate and laminar flow regime in the present study. Bonding
of the different metal layers was done through brazing tooling and process at vendor’s
site to form the heat exchanger without fluid leakage.

The second heat exchanger HEX-B is customized design with cross-flow configu-
ration, in which the hot fluid and cold fluid layers are stacked alternatively, but the two
types of flow channels are arranged orthogonally to form the cross-flow heat
exchanger. As this is at the heat exchanger design stage, fast prototyping can be
done through CNC machining without resorting to the brazing process. Brazing
process can be expensive due to tooling setup. A comparison of the different heat
exchangers is shown in Fig. 7.1.12.

Commercial CFD software FloTHERM is used to construct the thermal models.
Because of the relatively small Reynolds number, the laminar flow is assumed.
Both the inlet and outlet are modeled as 10 mm � 10 mm rectangular holes. For the

Si substrate 1 Si substrate 2(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 7.1.11 Fabrication process of the microcooler with the similar steps for both the channel
wafer and the nozzle wafer: (a) original wafer, (b) SiO2 deposition, (c) photoresist deposition,
(d) channel and nozzle pattern, (e) SiO2 etch, (h) DRIE etching, (g) back grinding and
metallization, and (h) alignment and bonding.
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cold side, the inlet flow rate is varied from 0.4 to 2 L/min at fixed temperature of 25�C,
whereas the hot-side inlet is set to 0.4 L/min. The hot inlet temperature is set to a fixed
temperature of either 46.25 or 40�C for case study. A mesh of 134K is generated, and
the grid independence study is conducted. The mesh number is sufficient to obtain ac-
curacy within around 1% for thermal performance.

Fig. 7.1.13 shows velocity profiles and temperature profiles at different fluid layers
for the HEX-A configuration. It is seen that relatively similar temperature profile and
velocity profile are obtained for the fluid layers. The heat exchanged can be derived
from difference of enthalpy for either the hot fluid or cold fluid, namely,

q¼EHh1 � EHh2 (7.1.3a)

q¼EHc2 � EHc1 (7.1.3b)

where EHh1, EHh2, EHc1, and EHc2 are the enthalpies of the inlet and outlet fluids at the
hot side and the inlet and outlet fluids at the cold side, respectively. The discrepancy of
heat amount for the two fluids is kept within 1% as part of computing convergence
criteria. The thermal resistance is calculated as

Rsa¼ðTh1 � Tc1Þ=q (7.1.4)

Fig. 7.1.14 shows the heat exchanged with varying cold fluid flow rate. Firstly, the
heat exchanged could increase with flow rate increase at both cold and hot fluids. The
copper heat exchanger is better than SS at 1 Lpm or larger. At fixed hot flow case
(0.4 L/min), however, the heat exchange levels off with the increase in the cold
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Figure 7.1.12 Comparison of different heat exchangers: (a) HEX-A with parallel plates and (b)
HEX-B with cross-flow.
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flow. The exchanged heat at 1.89 L/min (0.5Gpm) is around 842 W, which is close to
the heat exchange capacity as is indicated in the supplier’s datasheet. It is noted that the
supplier’s data are only available for the high flow rates, which may not guide the pre-
sent design with low flow rate suitable for chip cooling. The simulation cases are also
conducted with different inlet temperatures. The inlet temperature change at the cold
side does not have obvious effect in thermal resistance.

7.1.2.3 Modeling and design of heat exchanger HEX-B

For the HEX-B with cross-flow configuration, the thermal model is first built with
4 � 9 channels in each fluid side with a heat exchanger core size of 20 mm. At least
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Figure 7.1.13 Computed profiles at different fluid layers for the HE-A configuration (a), with
temperature profile (b), and velocity and pressure profiles (c).
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seven cells are assigned in each channel cross section to ensure the computational
accuracy. The resulting mesh is 1.5 M for the 15-channel case. Computation shows
that such configuration only provides 110 W heat exchanged at Th2 ¼ 40�C, which
is too low for system design. Therefore, the design is further optimized to increase
the power dissipation. The optimized heat exchanger core has a footprint of
32 mm � 32 mm with channel number of 15 in each row for both fluids. Fig. 7.1.15
shows the fluid flow and temperature profile of HEX-B. A slightly nonuniform
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Figure 7.1.14 Computed results for the HEX-A with counter flow configuration: heat
exchanged for SS heat exchanger with the hot flow 0.4 L/min, hot flow same as cold flow, and
copper heat exchanger with hot flow 0.4 L/min.
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Figure 7.1.15 The computed results for HEX-B with 15 channels in each layer: (a) plain view of
the temperature and velocity profile and (b) side view of velocity profile.
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velocity profile may be present, which nonetheless does not affect the heat exchange
performance in the present two-fluid case.

Fig. 7.1.16 shows the computed effect of channel number on thermal performance
based on the design constraint Th2 ¼ 40�C and hot flow of 0.4 L/min, respectively. It is
seen that the thermal performance increases as the channel number increases, and the
heat exchanged also exceed the design power of 175 W for channel number around or
larger than 15 for both conditions, meeting the design target.

The effect of heat exchanger material type is shown in Fig. 7.1.17. SS, with thermal
conductivity of 16 W$m�1$K�1, would have unfavorable thermal performance and is
not a preferred material for cross-flow configuration. On the other hand, aluminum
heat exchanger has similar performance as the copper heat exchanger. The aluminum
heat sink is suggested for practical fabrication due to the light weight.
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Figure 7.1.16 The effect of channel number on the heat exchanger power based on design
constraint of Th2 ¼ 40�C.
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Figure 7.1.17 The effect of heat sink material effect for HEX-B with 20 channels in each layer
at Th2 ¼ 46.2�C.
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A comparison of the heat exchange density for the commercial HEX-A and the
newly developed HEX-B heat exchangers is illustrated in Fig. 7.1.18. The heat
exchange density is defined by the exchanged heat over the heat exchanger volume
without counting in the connecting joints and parts. It is seen from Fig. 7.1.8 that
the HEX-B has a much higher heat exchange density in comparison due to the
more compact design.

The photo of the fabricated HEX-B, together with HEX-A and an air-to-liquid heat
exchanger, is shown in Fig. 7.1.19. It is seen that the present heat exchanger (HEX-B)
has the advantage of small size over the other two types of heat exchangers.

An experimental setup was established to evaluate the hydraulic and thermal
performance of the proposed liquid cooling system. Before the setup of the
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Figure 7.1.18 Comparison of heat exchange density for the HEX-A and HEX-B heat ex-
changers at different cold side flow rates.
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Figure 7.1.19 Comparison of different heat exchangers: HEX-A, HEX-B, air-to-liquid heat
exchanger.
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experimental system, the microcooler test vehicle (TV) was first assembled in the
following way. The bottom side of the microcooler was attached on the PCB using
epoxy, and the thermal test chip on the top surface of the microcooler was wire bonded
to the PCB for electrical connection. Fig. 7.1.20 shows the experimental measurement
apparatus, in which the infrared (IR) camera was used for chip temperature measure-
ment. Both the commercial heat exchanger (HEX-A) and the designed HEX-B were
used in the flow loop test.

A micropump forced the water through the filter and a flow meter before it entered
the microcooler. The water temperature at the inlet of the microcooler and ambient
temperature were around 25�C. The differential pressure transducers were attached
to a system to measure the pressure drop. The test chip temperature at steady state,
which usually took 30 min, was measured and recorded using the IR camera.

The thermal resistances were measured to authenticate the thermal system design.
In the tests, the power applied to the thermal test chip varied from 50 to 200 W. The
flow rate remains 0.4 L/min in the hot flow side and 2 L/min in the cool flow side
during the test.

The measured thermal resistances of the microcooler and the heat exchanger,
together with their summation corresponding to the overall thermal resistance of the
system, are illustrated in Fig. 7.1.21. Note the hot side flow is fixed to be 0.4
L/min. It can be seen that the thermal resistance decreases as the cold flow rate
increases causing the decrease in the overall system thermal resistance.

Taking a close examination on Fig. 7.1.21, it can be found that the microcooler is
the main contributor to the overall system thermal resistance, accounting for around
80%e90% of the total thermal resistance, while the heat exchanger only account
for about 10%e20% of the overall system thermal resistance. In comparison, it can
be seen that the thermal resistance of the customized HEX-B is slightly larger than
that for the commercial HEX-A, while as mentioned in the previous context,
HEX-B is much smaller and lighter than HEX-A. The pressure drop in HEX-B is
only half of the pressure drop in HEX-A. Thus, it can be concluded that HEX-B is
an effective design in the trend toward to miniaturization.

(a) (b)

Test vehicle

IR camera

Figure 7.1.20 Photo of the experimental apparatus: (a) chip temperature measurement with
infrared camera and (b) assembled microcooler TV.
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7.1.3 Modeling of burn-in rack system with multiple trays

7.1.3.1 Model development for the rack-level test system

A burn-in test is referred to the accelerated test of semiconductor devices under stress
conditions of high-power and high temperature. Such a testing is known to weed out
weak components and to ensure that highly reliable processors are shipped to market
without premature fails. In the past, the burn-in testing was mostly conducted for de-
vices arranged in an oven environment without sufficient functional and power tests.
The productivity was also low.

Recently, the functional burn-in systems have been demanded to handle advanced
testing with increased functionality and test efficiency, which is accompanied with
higher power dissipations in a shrinking space from thermal viewpoints. To enhance
productivity, the burn-in trays are to be stacked in a rack to enable integrated testing.
This leads to a rack-level power dissipation of 10e20 kW or even higher under
controlled temperature levels. More efficient yet compact flow and thermal manage-
ment techniques are to be examined and optimized for the burn-in boards, trays,
and racks with processor chips and densely packed modules and cards. Enhanced ther-
mal head techniques, such as active heat sinks, indirect liquid cooling, or refrigeration
cooling, can be used for the cooling of the microprocessor chips [28].

On the other hand, the densely packed modules and cards such as graphic modules,
VRMs, and Dram II memory cards are to be cooled by either direct forced air convec-
tion or on-card conduction associated with secondary convection to the air flows. Fail-
ures on the air-cooled cards are becoming one of major factors affecting the
productivity. For this purpose, plenty of fans with high capacity are employed to pro-
vide sufficient flow rates into the burn-in system.
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Figure 7.1.21 Measured thermal resistances for the microcooler and heat exchangers with
varying flow rate at the cold side.
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However, partially increasing the fan rotation speed and capacity may induce unde-
sirable noise, which is harmful to human audibility in a manufacturing environment.
Therefore, upfront simulation and modeling on the functional burn-in system are
required to provide insightful understanding of air flow patterns and to optimize fan
number and configuration. As one would expect, the flow can be maximized, the noise
level can be minimized, or both can be simultaneously achieved.

For this purpose, the CFD model is established for the numerical modeling. In the
tray-level model, the duct tray is configured with three computer modules including
mother boards, and dual processors are considered. The thermal head trays are incor-
porated on top of the duct tray with a cooling loop. The fan characteristic curves from
suppliers are used in the model to determine the system operation points. For compar-
ison study, two tray configurations, one with three-fan tray and the other with four-fan
tray are investigated. In the rack-level modeling, seven stacked trays are included, and
an exhaust fan is configured at the top to suck the flow out of the system.

The tray-level model includes both a duct tray with mechanical casing, PCBs, com-
ponents and a thermal tray with thermal head, tubings, and insulation. The duct tray
model is based on the original CAD solid geometrical model generated from the SOL-
IDWORKS software, which has been incorporated with both mechanical parts and
electronic parts. Because of overwhelmingly large quantity of parts and complexity
of part geometry, a direct geometrical model conversion from the CAD model to
the simulation model is virtually not feasible on an office workstation, not to mention
the CFD simulation with the detailed geometry.

To reduce the modeling complexity, the CAD model of the duct tray is dissembled
into a number of subassemblies. Each subassembly is further simplified through
removing aerodynamically and thermally insignificant parts, such as screws, small
through-holes (less or around 1 mm), low-profile resistors, and thin wires. The electro-
lytic capacitors are usually significantly large (in the range of 10e20 mm) and thus
represented as rectangular blocks of same volumes in the geometry model. The
geometrically simplified subassemblies and parts are then input to the simulation
model and reassembled into a tray model for mesh generation and fine-tuning. Because
there is no CAD model available for the thermal tray, the geometrical data from avail-
able thermal tray hardware were measured based on a practical thermal tray used for
the model construction. The study methodology is illustrated in Fig. 7.1.22.

The CPU packages under testing are typical computer processors in flip chip pin
grid array format. Although microprocessors attain the highest power dissipation in
the testing, the processor temperature could be well controlled by the directly attaching
thermal head without being affected by the surrounding air flow. Thus, the processor is
modeled with simplified blocks with the same outer dimensions instead of detailed
package models. Attached on each graphics card is a plate fin heat sink for the cooling
purpose. To reduce the effort in the tray-level modeling, the detailed heat sink is
replaced with a volume flow resistor of the same flow resistance level to facilitate
the simulation of air flow at the rack level. The volume flow resistor acts as a porous
medium, so that the pressure drop could be obtained without excessive modeling of
details.
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7.1.3.2 Model results and discussion

Zhang et al. [26] numerically simulated the air flow in a system test hardware consist-
ing of seven trays in a rack, each tray consisting of three PCB boards with each board
mounted with dual processors, memory cards, hard disk driver and power supply units,
and other accessory parts. The tray has been shown in Fig. 7.1.3. The cooling is imple-
mented by direct cooling of the processors with refrigeration thermal head, as well as
upstream fan blowing. In addition, a rack system exhaust fan is mounted at the top of
the rack to guide the flow exiting from all the trays.

In the tray-level modeling, only one tray is modeled without the exhaust fan effect.
The specification for the two types of axial fans in the trays is tabulated in Table 7.1.1.
Based on the tray-level model, the computed fan operation points are listed in
Table 7.1.2. It is noted that the fan noise Ndb with the sound power of SP for each
tray is calculated based on the following equation.

Ndb¼Ndb0 þ 10 log

�
SP
SP0

�
(7.1.5)

Other components on 
PCB (HDD, menory cards),

discrete components,
mechanical parts

Processor chip with
thermal head
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No
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block

equivalent solid block
with specified heat
generation
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Device
under test?

Modeled as lumped
 solid blocks

Package submodels for other chips,
interposer, substrate, etc.

Board level model

Tray-level model with fans

Rack-level model with fans

Figure 7.1.22 The flowchart for the modeling from the board- to the rack-level model.
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where Ndb0 is the nominal decibels (dB) of a single fan with a sound power level of
SP0. The spatial superposition of the sound intensity of n fans would cause increased
decibels. The relationship between the sound level and the distance is expressed by

SP
SP0

¼ n
�r0
r

�2
(7.1.6)

with r0 is the standard distance of 1 m and r the evaluation distance in practice. It is
seen that, even though the four-fan tray had one more fan, the overall fan noise was
only 48.5 dB, which is smaller than 64 dB for the three-fan tray configuration. This can
be attributed to the reason that the four-fan tray could operate at the much lower flow
rate and thus reduced noise level. In addition, the operational power for the four-tray
configuration was lower, only 17.2 W as against 72 W for the three-fan configuration,
which is preferred in the real implementation.

The computed velocity profiles for the two-tray configurations are displayed in
Fig. 7.1.23, shown with the cross-sectional planes at the heights of z ¼ 10 and
50 mm above the boards. The maximum velocity is reduced, from 14.98 m/s for the
three-fan tray to the 8.09 m/s for the four-fan tray. In addition, the velocity profiles
are also more uniform for the four-tray configuration, as marked in the encircled
dashed lines.

The rack-level model is also developed by stacking the trays vertically. In addition,
an exhaust fan is installed at the top of the rack to suck the air flow from the exiting
ports of the trays. The developed rack-level model and the computed velocity and pres-
sure profiles are shown in Fig. 7.1.24 for the three-fan tray case and Fig. 7.1.25 for the
four-fan tray, respectively. It is seen that relatively uniform air flow could be obtained
for the trays located at different heights in the rack. An improved air flow uniformity is

Table 7.1.1 Fan specifications for the different tray configuration.

Model
Noise at 1 m
(dB)

Nominal pressure
drop (Pa)

Flow rate at 0 pressure
(CFM)

Fan 1 (three-fan
tray), 24 W

59 178 190, powerful and noisy

Fan 2 (four-fan tray),
4.3 W

42.5 75.8 74, moderate and quiet

Table 7.1.2 The computed fan operation parameters at the tray level.

Tray
configuration

Tray operation
flow (CFM)

Tray operation
pressure drop (Pa)

Noise at r
[ 1 m (dB)

Total fan
power (W)

Three-fan tray 420 90 64 72

Four-fan tray 220 26 48.5 17.2

346 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



z = 10 mm z = 50mm

z = 10 mm z = 50 mm

11.24

7.4931

3.7465

0

0

Speed(m/s)
14.986

Speed
(m/s)
8088

80888

40445

20222

(a) (b)

(c) (d)

Figure 7.1.23 Computed velocity profile: (a) z ¼ 10 mm for three-fan tray, (b) z ¼ 50 mm for
three-fan tray, (c) z ¼ 10 mm for four-fan tray, and (d) z ¼ 50 mm for four-fan tray.
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Figure 7.1.24 The air flow model for a rack with seven layers of three-fan trays, each tray
configured with three boards and three inlet fans, with velocity magnitude and pressure levels
shown in A-A plane.
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attained by arranging the four-fan configuration so that the thermal heads connecting
with the top of the processors would not block the direct blowing of the fans from the
inlets. Besides, the resulting pressure drop in the four-fan tray is also reduced, with
the maximum pressure drop of 29.5 Pa versus 114 Pa with reduced pressure levels
are shown in Fig. 7.1.25. Not only did the fan noise reduce, the fan power level
was also greatly reduced based on the present four-fan tray configuration. Table 7.1.3
lists the computed fan parameters including the flow rate, pressure drop, and noise-
level fan power. Because if the small noise level for the four-fan tray configuration,
the noise source mainly comes from the exhaust fan, not from the pushing fans
(Fan 2).

7.2 Mechanical modeling and design for microcooler
system

As the electronics industry continues the trend toward smaller form factor, greater
functionality, and faster processing speed, the high-power dissipation across a smaller

Table 7.1.3 The computed fan operation parameters at the rack level.

Rack cases Fan used

Tray fan
flow
(CFM)

Tray fan
pressure
difference (Pa)

Noise
source at
3 m (db)

Fan
power
(W)

R1 rack:
three-fan
tray

21 Fan 1,
exhaust
fan

1830 114 Tray fan (63) 504

R2 rack:
four-fan
tray

28 Fan 2,
exhaust
fan

1416 29.5 Exhaust fan
(55)

240

Speed in B-B planeB-B Pressure in B-B plane

Speed
(m/s)

14.1

10.6

7.06

3.53

0

Pressure
(Pa)

45.0

33.8

22.5

11.2

0

Figure 7.1.25 The optimized air flow model for a rack with seven layers of four-fan trays, each
tray configured with three boards and four inlet fans, with velocity magnitude and pressure
levels shown in B-B plane [26].
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chip area can result in hotspots. These are usually high heat flux concentrated in small
areas, which could lead to extremely high junction temperature and drastic breakdown
of integrated circuits devices. As chip power densities are increasing beyond air cool-
ing limits, the liquid cooling technology is around the corner. Because of high heat
transfer coefficient associated with it, microchannel cooling is an attractive approach,
which is widely investigated by researchers [13,29]. Singh et al. [30] fabricated
on-chip microchannels on the reverse side of the device to improve the cooling perfor-
mance and reported the in situ impact analysis of very high heat flux transient on the
operation and mitigation of electronic devices through simultaneous thermal, fluidic,
pressure, and performance measurement. It is not feasible to form the microchannels
directly on the backside surface of the chip to achieve the chip-level thermal manage-
ment due to the potential yield loss. Instead, a separate microchannel cooler is bonded
to the backside of the chip to achieve the package-level thermal management.

Die attach (DA) material is a critical material affecting package reliability, espe-
cially for high temperature power electronics application. Studies by Sabbah et al.
[31] showed that AuGe alloy shows good performance under temperature loading
compared with the silver sintered joint for high temperature power electronics. With
the advantages of high thermal conductivity and thin bonding layer, AuSn eutectic
bonding can achieve the best thermal and mechanical properties among the three tested
bonding materials including AuSn, silver paste, and SnAgCu305 solder paste [32].
Studies by Quintero et al. [33] showed that the AuSn SLID (solid-liquid interdiffusion)
system proves to be a reliable alternative for high temperature applications compared
with nanosilver paste and high Pb solder. Yoon et al. [34] investigated two eutectic
compositions for AueSn: Au-rich Au-20 wt. % Sn and Sn-rich Au-90 wt. % Sn.
The results showed that the Sn-rich, AuSn/Ni flip chip joint was mechanically much
weaker than the Au-rich, AuSn/Ni flip chip joint. Indium (In) solder strength can be
greatly enhanced by forming an intermetallic bonding of AuIn2 [35]. Indium-based
solder was used to join two surface under low temperature (<200�C) bonding process,
and the AuIn2 intermetallic compound (IMC) remelting temperature is more than
495�C [36]. Different DA materials of AuSn, AuGe, SnAg, and AuIn are to be
evaluated numerically to provide design and process guidelines for the design of
high reliable package solution.

In this section, the silicon microchannel cooler or SMC as described in Section
7.1.2 is to be examined from mechanical and process viewpoints fabricated from
silicon. A thermal test chip with eight heating spots making hotspot heat flux reaching
up to 10 kW/cm2 is first mounted onto a synthetic diamond heat spreader and then
mounted onto the SMC cooler through thermocompression bonding (TCB) process.
Furthermore, mechanical reliability of the cooler system is still one of the important
concerns considering manufacturing process condition and application condition.
It is the aim of this mechanical study to investigate reliability of the cooler system
through thermomechanical modeling and characterization. Finite element analysis
(FEA) is implemented for mechanical reliability assessment of the SMC cooler.
Parametric studies are conducted to optimize the cooler system design and material
evaluation.
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7.2.1 Silicon microcooler system

Based on analyses for simulation results and experimental data, the final TV is fabri-
cated as shown in Fig. 7.2.1. A 7 mm � 7 mm � 0.1 mm thermal chip is mounted on a
9 mm � 9 mm � 0.4 mm diamond heat spreader using AuSn DA material with 10 mm
thick bonding layer. Then the diamond heat spreader is bonded onto a
21 mm � 12 mm � 0.75 mm SMC cooler, which includes Si microchannels and Si
nozzles. The SMC cooler system is finally mounted onto 1.6 mm-thick PCB using
epoxy glue with the bond line thickness (BLT) of 70 mm. The designed outlet and inlet
on PCB were used to connect with the manifold. The coolant water enters the SMC
cooler through inlet, flows over microchannels, and then flows back to manifold
through two outlet trenches.

The thermal test chip, as shown in Fig. 7.2.2, is designed with eight hotspots located
at the center line of the chip. The size of hotspot is 450 � 300 mm. The highly doped n-
type resistors were built on the Si test chip as hotspot heaters. The total heating power
for the thermal test chip is around 110 W, which makes hotspot heat flux reaching up
to 10 kW/cm2 by dividing the heating power by hotspot area. The Si thermal test chip
with eight tiny resistors is customized to mimic heat generation in the GaN-on-Si de-
vice. The maximum operation temperature of this type of device can be as high as
200�C. Both GaN and silicon materials have similar thermal conductivity [37]. There-
fore, using silicon thermal chip to mimic GaN-on-Si device can provide similar tem-
perature distribution.

TCB is used to assemble SMC cooler. Fig. 7.2.3 shows the schematics of TCB
bonding process. The thermal chip surface is metallized with Ti/Pt/Au/Sn/Au layers
for bonding. The hybrid microcooler is fabricated by bonding two Si plates together,
one is with 18 microchannels and the other is with a 14 � 18 microjet array. The in-
ternal dimensions of the microcooler have been optimized, considering the combined
effect of heat convection and conduction. As shown in Fig. 7.2.3 (b), the nozzle diam-
eter is 100 mm, depth is 400 mm, and pitch is 350 mm. The channel width, fin width,
and depth are 250, 100, and 250 mm, respectively. The channel length is 5 mm. The
size of the outlet trench is 6.5 � 0.5 mm2. The microchannels or microjets are etched
on different wafers with DRIE process. After etching, the wafer is metalized with 4 mm

(a) (b)

Liquid inlet Liquid outlet
Inlet nozzles

Outlet trenches

Figure 7.2.1 Assembled microcooler: (a) top and bottom view of SMC and (b) SMC connected
to manifold.
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eutectic AuSn solder alloy by evaporation. The 21 � 12 mm2 microchannel plate and
the microjet plate are bonded together through the TCB process with bonding temper-
ature of 280�C and the bonding force of 49 N. After the assembly of the microcooler,
the outside surfaces of the bonded microcooler are then metalized for the following
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Figure 7.2.2 Layout of hotspots designed on the thermal test chip.
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Figure 7.2.3 Microcooler fabrication: (a) schematics of bonding process and (b) image of
bonded SMC microcooler.
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bonding process. All the prepared components, including the chip, heat spreader, and
microcooler, are bonded in one step through the TCB process. Thicknesses of the ther-
mal chip, DA, diamond heat spreader, and glue are optimized through experiment and
numerical simulation.

7.2.2 Finite element modeling and simulation

FEA modeling and simulation was implemented for mechanical reliability assessment
of the SMC cooler. Five types of FEA models were conducted considering process
flow and application conditions, including shear test modeling analysis (model 1),
bonding the thermal chip to the heat spreader (model 2), entire cooler structure assem-
bly (model 3), thermomechanical coupling analysis considering hotspot heating
(model 4), and thermal cycling (TC) reliability test model (model 5).

To investigate bonding strength when using different DAmaterials, a type of simple
sample was built to conduct shear test at room temperature. The interface area is
2 � 2 mm2. To extend the understanding of bonding strength using shear test, shear
test FEA modeling as shown in Fig. 7.2.4 (model 1) was conducted for the shear
test configuration. A 2 � 2 mm2 chip or diamond was attached onto a 5 � 5 mm2 sil-
icon substrate with different DAs. The effects of shear height and DA layer thickness
on stress distribution were simulated. The shear height is defined as a gap between the
shear head and the top surface of the substrate. The bottom of the substrate was fixed.
Shear head was modeled as a rigid body. Shear force was added onto shear head to a
certain value in the horizontal direction (x) gradually. DA material was modeled as a
bilinear elastic-plastic behavior, which is listed in Table 7.2.1 for different DAs.

Fig. 7.2.5 shows a 3D quarter FEA model of bonding a thermal chip to a heat
spreader (model 2). Symmetric boundary condition (BC) was applied along two sym-
metric planes. Different DA materials of AuSn, AuGe, AuIn, and SnAg were modeled
for comparison. Bonding temperature of each DA as listed in Table 7.2.1 was consid-
ered as a stress-free temperature. Heat spreader thickness, bonding materials, BLT, and
thermal chip thickness were optimized through FEA modeling and simulation.

The optimized parameters by model 2 were used in model 3 as shown in Fig. 7.2.6
of 3D quarter FEA model for the cooler assembly due to symmetric geometry to

2 mm × 2 mm

5 mm × 5 mm
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Side view
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Figure 7.2.4 Shear test simulation model (model 1).
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evaluate the reliability of entire cooler structure after assembly process. In the model 3,
epoxy glue BLT between the cooler and the PCB was optimized to reduce warpage and
stress by considering PCB assembly process condition as a temperature loading. Ther-
momechanical coupling simulation (model 4) was conducted for the same cooler sys-
tem by considering temperature nonuniform distribution due to hotspot and cooling
effect when the thermal power was applied onto the thermal chip. Temperature distri-
bution and stress were analyzed based on simulation results of model 4 to evaluate
cooler system under application condition. The final TV was tested under TC condition
with temperature range from�40 to 125�C to assess TC reliability performance. In the
design stage, TC simulation was conducted for cooler system to optimize design and
improve TC performance. FEA geometry model for TC simulation (model 5) is the
same as models 3 and 4 as shown in Fig. 7.2.6.

Table 7.2.1 lists materials and material properties used in different FEA models.
DA materials were modeled with an elastic-plastic or creep behavior. Temperature-
dependent material properties were modeled for epoxy glue, DA, silicon, and dia-
mond. PCB material has the orthotropic material properties, where there are different
properties for in-plane (x, y) and out-of-plane (z) directions.

7.2.3 Results and discussion

7.2.3.1 Shear test and simulation of model 1

Shear test sample was made by bonding 2 � 2 mm2 Si die or diamond onto silicon
substrate using different DA materials through TCB process. Shear test was conducted
using a Dage 4000 Pull/Shear Tester. Si substrate was fixed onto a XY stage, which
was used for tested sample alignment. Shear test head pulled the sample in the horizon-
tal direction with shear speed of 500 mm/s and shear height (H) of 15 or 250 mm. For
each test sample, an average shear force was obtained based on four tested samples.
Shear strength was calculated based on the maximum shear force and interface area.

Symmetric
    B.C.

Symmetric
    B.C.

Figure 7.2.5 Quarter finite element analysis (FEA) model of thermal chip bonded with heat
spreader (model 2).
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Table 7.2.1 Material properties used in finite element models.

Materials

Elastic
modulus
(GPa)

Poisson’s
ratio

CTE
(ppm/8C)

Bonding
temperature (8C)

Yield stress
(MPa)

Tangent
modulus (MPa)

Thermal conductivity
(W$mL1$KL1)

Silicon 130 0.27 2.8 152 � (273/T)1.334

(T in K)

Diamond 1000 0.1 1 1500@25�C,
1400@500�C

AuSn 68 0.4 16 300 200 680 57

AuIn 69.25@25�C
62.7@150�C
57.5@250�C

0.32 13 380 896 1980 44

AuIn 40 0.4 18 280 120 500 66

AuGe 47.5@25�C
33.1@110�C
13.8@200�C

0.4 22 250 30 1000 78

Glue 5.42 below Tg
0.4 above Tg

0.3 31 below
Tg

158
above
Tg

Tg ¼ 80�C 0.2

PCB 26(x,y), 11(z) 0.39,0.19 15(x,y),
31(z)

18.9(x,y), 0.4(z)
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Fig. 7.2.7 shows the maximum shear force from shear tests for different samples and
shear height. When using AuSn-bonding material, shear strength for SieAuSneSi and
diamondeAuSneSi structures are similar (27 MPa vs. 25 MPa). Shear test with
15 mm shear height leads to higher shear force by 4% than shear test with 250 mm shear
height. AuIn-bonded sample has higher shear strength by 6% than AuSn-bonded
sample.

Fig. 7.2.8 shows scanning electron microscope images of bonding interface after
TCB process for SieAuSneSi and SieAuIneSi-bonded samples. Good bondability
and microstructure were achieved for both AuSn and AuIn-bonding materials. The
formed IMCs have higher remelting temperature, so the bonded samples have good
performance under high-temperature condition.

Fig. 7.2.9 shows shear stress simulation result for AuSn-bonding layer under 107 N
shear force and 15 mm shear height. Nonuniform shear stress distribution is obtained.
Shear stress of AuSn layer is higher at shear head side and then decreases gradually
from the shear head side to the opposite side. Both shear and bending effects exist

Symmetric BC

Figure 7.2.6 Quarter finite element analysis (FEA) model of SMC cooler system used for
assembly process modeling (model 3), thermomechanical coupling analysis (model 4), and TC
reliability assessment (model 5).
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Figure 7.2.7 Shear force results for different samples with 15 or 250 mm shear height.
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on the DA layer during shear test. The lateral edge closing to shear head has the
maximum shear stress due to stress concentration and boundary effect at this area.
The maximum shear stress is 128.8 MPa, which is 4.8 times the average shear strength
(27 MPa). Therefore, the actual shear strength of AuSn DA material is larger than the
average value from shear test.

Fig. 7.2.10 shows the effect of bonding material on the maximum shear stress of
bonding layer under the same shear force condition. AuGe layer leads to the largest
shear stress among four DA materials due to the stiffest property, while SnAg layer
leads to the smallest shear stress due to the softest property. Fig. 7.2.11 shows stress
distribution for different DA layers under the same shear force. For AuGe layer, shear
stress highly concentrates at the shear head side due to high elastic modulus and yield
stress of AuGe material, which makes the maximum shear stress very high.

The very high shear stress of bonding material raises the issue that failure may
migrate to chip at high shear stress. For SnAg layer, shear stress distributes more uni-
form than other DA layers, which makes the maximum shear force much lower. How-
ever, the soft SnAg-bonding material has low melting point and is prone to creep
fatigue failure under high temperature condition. AuIn layer has similar shear stress
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Figure 7.2.8 Scanning electron microscope (SEM) images of bonding interface: (a) SieAuSne
Si and (b) SieAuIneSi.

unit: MPa
3
17
31
45
59
73
87
101
115
129

MX

Shear head side

Figure 7.2.9 Shear stress distribution for AuSn layer from shear test simulation.
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distribution as AuSn layer. AuSn-bonding material was finally selected for micro-
cooler system assembly due to its high shear strength, good processability, and high
melting point.

Fig. 7.2.12 shows the effect of AuSn layer thickness on the maximum shear stress.
The maximum shear stress decreases with the increase in bonding layer thickness,
which means that the increase in bonding layer thickness can improve shear perfor-
mance. For example, shear stress reduces by 7% when DA thickness increases from
5 to 12 mm. On the other hand, thick DA layer helps improve thermal fatigue life of
bonding layer when subjected to TC loading.

The different shear heights, including 15, 50, 150, and 250 mm, were simulated to
study the effect of shear height on shear stress of AuSn layer. Fig. 7.2.13 shows the
effect of shear height on the maximum shear stress. The maximum shear stress
decreases with the increase in shear height under the same shear force, which is consis-
tent with shear test results. Shear stress could reduce by 12% when shear height
changes from 15 to 250 mm. Larger bending moment exerts on bonding layer for a
larger shear height. To make sure the bonding layer subject to pure shear loading
condition, lower shear height should be used.

7.2.3.2 Simulation results of model 2: chip bonded with heat
spreader

Selection of bonding pressure is critical for the successful TCB process. However,
bonding pressureeinduced stress is very small compared with coefficient of thermal
expansion (CTE) mismatcheinduced stress in TCB process simulation [38]. There-
fore, only bonding temperatureeinduced stress was simulated. The bonding tempera-
ture (slight higher than melting point of each DA) listed in Table 7.2.1 was defined as a
stress-free temperature when a certain DA bonding material was used. The reference
model as shown in Fig. 7.2.5 has a 7 mm � 7 mm � 0.1 mm thermal chip, a
9 mm � 9 mm � 0.4 mm diamond heat spreader, and a 10 mm AuSn DA layer.
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Fig. 7.2.14 shows the effect of diamond heat spreader thickness on the maximum first
principal stress (S1) of thermal chip, DA, and diamond heat spreader. DA has larger
stress than thermal chip and heat spreader. With the increase in heat spreader thickness,
stress in thermal chip and DA increases but stress in heat spreader decreases. When
heat spreader thickness increases from 200 to 400 mm, stress increases by 20% for ther-
mal chip and by only 2% for DA, but stress reduces by 20% for heat spreader.
Fig. 7.2.15 shows the effect of diamond heat spreader thickness on package warpage.
Warpage decreases with the increase in heat spreader thickness due to stiffer structure.
Warpage reduces by 70% when heat spreader thickness increases from 200 to 400 mm.
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Figure 7.2.11 Shear test induced shear stress distribution for die attach materials: (a) AuGe, (b)
AuIn, and (c) SnAg.
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By considering low stress and warpage, and good thermal performance, diamond heat
spreader thickness of 400 mm was optimized and used in the final TV.

Fig. 7.2.16 shows the effect of DA material on the maximum stress. DA has signif-
icant effect on stress of thermal die, heat spreader, and itself. AuGe induces the highest
stress among four DAmaterials due to its highest bonding temperature and yield stress.
AuIn and SnAg lead to lower stress due to lower bonding temperature and yield stress.
Based on mechanical simulation results, shear test results, bondability, and interme-
tallic reliability study [32,33], AuSn was selected as DA material for the final TV
fabrication.

To optimize BLT, the effects of AuSn layer thickness on stress were simulated. The
AuSn layer with thickness of 5, 10, 15, or 20 mm was modeled. Fig. 7.2.17 shows
the effect of AuSn thickness on stress. Stresses of thermal chip and DA decrease
with the increase in AuSn layer thickness, but stress of heat spreader increases with
the increase in AuSn layer thickness. For example, stress decreases by 15% for both
DA and thermal chip and increases by 8% for heat spreader when AuSn layer thickness
increases from 5 to 15 mm. Based on simulation results and processability, the
thickness of AuSn layer was determined to be 10 mm.
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Figure 7.2.15 Effect of diamond heat spreader thickness on package warpage.
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7.2.3.3 Simulation results of model 3: cooler system after
assembly

In assembly process simulation, the model 4 as shown in Fig. 7.2.6 has a
9 mm � 9 mm � 0.4 mm diamond heat spreader, a 7 mm � 7 mm � 0.1 mm thermal
chip, and 10 mm-thick AuSn DA, 40 mm thick glue, and 1.6 mm thick PCB. The glue
curing temperature of 150�C was used as a stress-free temperature for glue and PCB
materials in the microcooler system assembly modeling. Fig. 7.2.18 shows the stress
results for the microcooler system after assembly process. The maximum principal
stress (S1) occurs at the chip/diamond interface (encircled chip corner in
Fig. 7.2.18a). The maximum shear stress (Sxz) occurs at the cooler/PCB interface
(circled cooler corner in Fig. 7.2.18b). Glue thickness is important in the cooler system
assembly, and its influence was simulated with varying thicknesses 20, 40, 70, or
100 mm. Fig. 7.2.19 show the effects of glue thickness on stress of glue and warpage
of microcooler system. Thicker glue helps reduce stress of glue material. When glue
thickness is more than 70 mm, this effect is not significant. When glue thickness
increases from 20 to 70 mm, stress reduces by 20%. The effect of glue thickness on
stress of other materials is not significant. Warpage decreases with the increase in
glue thickness. The glue thickness of 70 mm was determined for the final TV.

7.2.3.4 Simulation results of model 4: thermomechanical
coupling

The FEA model used in thermomechanical coupling simulation is the same as that
used in cooler system assembly as shown in Fig. 7.2.6. In thermal modeling, heat
transfer coefficient of 2.3 � 105 W $m�2$K�1, which was calculated from thermal
cooling simulation, was applied to the cooling channel surfaces. Heat flux of 10
kW/cm2 was applied onto four hotspot areas in the quarter model according to the
designed areas. Fig. 7.2.20 shows the temperature distribution induced by hotspots
and cooling effects. The maximum temperature occurs at the hotspot areas of the
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Figure 7.2.17 Effect of AuSn die attach thickness on stress.
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thermal chip. Nonuniform temperature distribution will raise thermal stress that was
simulated by subsequent mechanical stress modeling.

To characterize the thermal performance and verify the thermomechanical coupling
simulation results, experiment was conducted for the physical microcooler. The DC
power was supplied to the hotspots with dissipation of 1 � 104 kW/cm2 hotspot
heat flux, and the flow rate of 0.4 L/min for the coolant water was provided by a micro-
gear pump. The heated water from the microcooler was cooled down by a water bath
and then flowed back to the cooling system. The inlet water ambient temperature is
around 25�C. The temperature at the surface of the thermal chip was measured using
an IR camera at steady-state condition. In the test, the steady state (temperature
variation �0.1�C) was usually reached within 30min. Before the measurement, the
chip was coated with a thin layer of matt black paint, which was used to reduce reflec-
tion, provide high emissivity factor, and ensure accurate thermographic testing using
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Figure 7.2.18 Stress contour of microcooler system after assembly: (a) principal stress S1 and
(b) shear stress Sxz.
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IR camera. The emissivity of the coating was estimated at 0.9. The maximum chip
temperature measured by IR camera occurred at the hotspots located near the test
chip center, as illustrated in Fig. 7.2.21. The maximum chip temperature can be
kept at around 157�C. For the GaN-on-Si device, the maximum operation temperature
can be as high as 200�C. By increasing the pumping power, further cooling effect can
be achieved. Simulation result as shown in Fig. 7.2.20 is consistent with temperature
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Figure 7.2.19 Effect of glue thickness on (a) stress of glue and (b) warpage of microcooler
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Figure 7.2.20 Temperature distribution of cooler system from simulation result.
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measurement result as shown in Fig. 7.2.21, which validates the inputs and settings in
the thermomechanical coupling modeling.

Fig. 7.2.22 shows the effect of DA thickness on the maximum stress of each part in
the microcooler system. Silicon chip stress increases by 8% with the increase in AuSn
DA thickness from 5 to 20 mm because temperature of the thermal chip increases with
the increase in DA thickness as shown in Fig. 7.2.23. When AuSn thickness increases
from 5 to 20 mm, the maximum temperature induced by hotspot increases by 7%. DA
stress decreases by 50% with the increase in its thickness from 5 to 20 mm. Stress of the
heat spreader changes very small while it increases AuSn layer thickness.

Fig. 7.2.24 shows the effect of thermal chip thickness on the maximum stress.
Stresses increase with the increase in thermal chip thickness because the maximum
temperature of the microcooler system increases significantly with the increase in ther-
mal chip thickness as shown in Fig. 7.2.25. When thermal chip thickness increases
from 100 to 300 mm, the maximum temperature induced by hotspots increases by
28%, which induces high stress due to significant temperature nonuniformity.
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Figure 7.2.21 Infrared (IR) thermography image of the thermal chip for 1 � 104 kW/cm2

hotspot heat flux dissipation.
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However, the stress in each part of the microcooler system is not as high as bonding-
and assembly processeinduced stress mentioned above, which demonstrates that the
microcooler system design is successful in terms of mechanical stress and
the maximum temperature.

7.2.3.5 Simulation results of model 5: thermal cycling simulation

Solder DA layer is a weak structure of the electronic assembly when subjected to TC
test due to creep fatigue failure mechanism of the solder alloy. Solder DA exhibits
creep and plastic behavior at high-temperature condition. The typical creep strain
rate for solder is usually expressed by a hyperbolic sine equation below:

_εcr ¼C1½sinhðC2sÞ�C3 exp

��C4

T

�
(7.2.1)

where C1, C2, C3, and C4 are material constants, which can be obtained from the creep
test. Zhang et al. [39] published material constants for the AuSn solder alloy:
C1 ¼ 9 � 105, C2 ¼ 0.0653, C3 ¼ 5.5, and C4 ¼ 8690 (K). In the FEA modeling, the
elastic-plastic-creep (EPC) constitutive model was simulated for AuSn DA material.
The EPC model can be realized in ANSYS using combined model of bilinear kine-
matic hardening plasticity with implicit creep [40].

Fig. 7.2.26 shows strain energy density results from FEA simulation for three
different DA materials after three TC cycles. DA1 refers to AuSn layer between the
thermal chip and the diamond heat spreader; DA2 refers to AuSn layer between the
diamond heat spreader and the microcooler; and DA3 refers to AuSn layer between
the Si microchannel and the Si nozzle. DA1 has the highest strain energy density
due to CTE mismatch between Si and diamond. DA3 has the lowest strain energy den-
sity results because both sides of DA are the same material of Si. Plastic deformation of
AuSn layer is dominant compared with creep deformation because AuSn material has
a high creep resistance.

When using the EPC model for solder material, fatigue damage parameter can be
selected and expressed as [40]

Win ¼Wpl þWcr (7.2.2)

where the subscripts in, pl, and cr represent inelastic, plastic, and creep, respectively.
Total inelastic strain energy density was used for assessing TC performance of the solder.
Large value of strain energy density means low fatigue life of the solder. The volume-
averaged method was used for inelastic strain energy density (W) calculation [41]:

DWave¼
Pn
i
Wi;2$Vi;2Pn
i
Vi;2

�
Pn
i
Wi;1$Vi;1Pn
i
Vi;1

(7.2.3)
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where Wi,2 and Wi,1 are the total accumulated strain energy density in one element at
the end point and the starting point of one thermal cycle, respectively, Vi,2 and Vi,1 are
the element volume at the end point and start point of one cycle, respectively, and n is
the number of selected elements to calculate averaged strain energy density. In this
study, whole layer elements on each AuSn layer were selected for averaging. Three TC
cycles were simulated to obtain converged accumulation results per cycle.

Fig. 7.2.27 shows volume-averaged strain energy density for different DA layers.
Potential fatigue failure of DA layer from high to low follows DA1, DA2, and
DA3. Fig. 7.2.28 shows the effect of AuSn layer thickness on strain energy density
results. Thicker AuSn layer helps to reduce stain energy density accumulation, which
means that thicker AuSn layer improves its TC life, but this effect is not significant.
AuSn layer with 10 mm thickness after bonding process was adopted in the final
TV. TC test results showed that all AuSn layers have good reliability without any
failure after 1000 cycles.

7.2.3.6 Reliability test and hydraulic leak test

With the help of simulation analysis and shear test results, the final TV was fabricated
as shown in Fig. 7.2.1. The designed outlet and inlet on PCB were used to connect with
the manifold for hydraulic leak test. The as-assembled SMC cooler system has a good
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Figure 7.2.26 Strain energy density simulation results for AuSn layers: (a) creep strain energy
density Wcr and (b) plastic strain energy density WP.
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bonding and sealing condition without leak. The microcooler system was then
subjected to the TC test with temperature range from �40 to 125�C and cycle duration
of 1 h per cycle. After 1000 TC cycles, failure analysis for the SMC cooler system was
conducted using microscope and X-ray. There is no failure, such as delamination and
cracking. Then hydraulic leak test was conducted for the microcooler system after
1000 TC cycles. A microgear pump forced the coolant water through a 15 mm filter
and a flow meter before entering the microcooler. A differential pressure transmitter
was attached to the manifold to measure pressure drop. Pressure drop increases with
the increase in flow rate as shown in Fig. 7.2.29. To maintain 400 mL/min flow
rate, the required pressure drop is around 30 kPa. No leakage was observed during
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Figure 7.2.27 Volume-averaged strain energy density accumulation per cycle for different die
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Figure 7.2.28 Effect of AuSn layer thickness on strain energy density.
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the hydraulic test even when the flow rate increased to 900 mL/min. The desirable
pressure drop validates that the microcooler system has a good bonding and sealing
quality even after long-term TC reliability test.

7.2.4 Summary

Mechanical and thermomechanical modeling and characterization for silicon micro-
cooler system design were carried out. Five different FEA models were used to study
the shear test results, bonding process, assembly process, thermalemechanical
coupling induced stress, and TC performance. Through simulation and shear test char-
acterization results, AuSn was finalized as a desirable DA material, and its optimal
thickness was determined as 10 mm. Diamond thickness was optimized as 400 mm
to reduce process-induced stress and warpage and also to achieve a good thermal
performance. Thermal chip thickness was designed with 100 mm to improve mechan-
ical reliability and thermal performance during process and field application.

Shear test simulation provided the understanding on shear strength and factors
affecting shear test results. The maximum shear stress from simulation is much higher
than the average shear stress calculated from shear test data due to nonuniform stress
across the bonding layer. Lower shear height is recommended for shear test to make
sure shear stress distribution much even across the bonding layer. TC simulation
results showed that DA layer between the thermal chip and the diamond heat spreader
is the critical layer than other DA layers. AuSn DA demonstrates a good TC
performance.

Through numerical modeling and characterization, the final TV of the microcooler
system was successfully fabricated. Hydraulic test and TC reliability test results and
failure analysis verified that the designed microcooler system has a good reliability
in terms of both thermal and mechanical performances.
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Figure 7.2.29 Pressure drop as a function of the flow rate from experiment.
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7.3 Codesign modeling and analysis for advanced
packages

Through-silicon interposer (TSI) is a successful application of through-silicon via
(TSV) technology [42,43]. The TSI technology realizes that the heterogeneous integra-
tion of IC chips and vias offers vertical connection from the chips with fine pitch I/Os
to the substrate with medium pitch I/Os [43]. However, TSV fabrication is facing many
challenges [44e50], such as Cu protrusion, temporary bonding/debonding process,
wafer warpage control, and long-term reliability. TSI is not a cost-effective technology
due to wafer processes, material cost, and yield loss. New technologies have being
explored to provide the similar function as TSI interposer but without TSV formation,
such as Non-TSV Interposer [51] and TSV-Free Interposer (TFI) technology [52]. In
TFI technology, the back end of line (BEOL) layers are formed based on a Si wafer,
followed by chip-to-wafer bonding, wafer-level compression molding and back
grinding (BG), carrier wafer removal, solder ball attachment, and singulation. There-
fore, TFI technology eliminates TSV fabrication and reduces manufacturing and
material cost.

TFI technology still faces several challenges needed to be addressed, such as wafer
warpage during wafer fabrication process, assembly-induced package warpage, and
package/board-level solder joint reliability. FEA is a powerful and useful tool and
has been widely used in the packaging design stage for virtual prototyping
[46,47,53,54]. In this study, a SMART (structure-material-assembly-reliability-ther-
mal) codesign methodology with FEA simulation has been established and applied
for TFI technology to optimize structure design, wafer process, assembly process,
material selection, and thermal performance. Codesign modeling methodology for
TFI technology includes TFI wafer process simulation to reduce wafer warpage,
TFI package assembly process simulation to minimize package warpage, package-
level TC simulation to improve C4 (controlled collapse chip connection) solder joint
reliability, board-level temperature cycling (TCOB) simulation to improve board-level
solder joint reliability, and thermal simulation to evaluate and enhance thermal perfor-
mance of TFI package. Through codesign modeling, successful wafer and assembly
processes and reliable and high-performance package solution can be achieved for
advanced package with TFI technology.

7.3.1 Test vehicle and experimental procedure

Fig. 7.3.1 shows a schematics of TFI package layout, in which one
15 mm � 15 mm � 0.56 mm larger graphics processing unit (GPU) chip and two
5.5 mm � 7 mm � 0.49 mm smaller High Bandwidth Memory (HBM) chips are
mounted onto a 25 mm � 18 mm TFI interposer. The final TFI package excluding
C4 joint and stiffener has a thickness of 0.62 mm. To achieve such package, following
process flow for TV fabrication is carried out. The TFI interposer with three levels of
0.4 mm/0.4 mm fine line/space redistribution layer (RDL) is first fabricated on a Si car-
rier wafer using BEOL process. Then chip-on-wafer bonding process is conducted
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to mount GPU and HBM chips onto the wafer and followed by wafer-level underfill-
ing. After wafer-level compression molding and BG, GPU chips are exposed and
HBM chips are embedded with 100 mm overmold. Si stiffener with 500 mm thickness
is then attached onto the top of the molded wafer to help reduce wafer warpage. After
carrier wafer removal, under bump metallization (UBM) and C4 bumping with
300 mm pitch are conducted. After singulation process, the obtained TFI package
with the stiffener has a total thickness of 1.15 mm. The TFI package is then mounted
onto a 30 mm � 25 mm organic substrate with C4 solder joints and finally attached
onto a PCB through ball grid array (BGA) solder joints. Underfill is used to protect
C4 solder joints but not used for BGA solder joints. The final TV design and material
selection are determined based on codesign modeling results for achieving successful
TFI wafer process, package assembly process, long-term package/board-level solder
joint reliability and acceptable thermal performance.

Experiment is conducted by using a simple bilayer structure as shown in Fig. 7.3.2
to validate the wafer warpage modeling method and results and also help to select
suitable epoxy molding compound (EMC) material. Liquid- or granular-type EMC
is put onto a 1200 Si carrier with the calculated weight of the EMC material. Molding
temperature for each EMC is applied accordingly. After wafer-level compression
modeling, the molded wafer has 400 mm thick mold compound and 770 mm thick Si
carrier. Wafer warpage after post mold cure is measured by the IR measurement equip-
ment. The measured warpage data are used for correlating with FEA simulation results.
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Figure 7.3.1 Test vehicle with TSV-Free Interposer (TFI) technology: (a) schematics of cross
section of TFI package assembly and (b) layout of IC chips in TFI package.
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7.3.2 Codesign modeling methodology

Fig. 7.3.3 shows contents and categories included in the SMART codesign modeling
methodology. The main purpose of codesign method is to optimize structure and
geometry design, wafer process, assembly process, material selection, and thermal
performance. Codesign modeling method for TFI technology in this study includes
wafer-level warpage, package warpage, package/board-level solder joint reliability,
and thermal performance simulation as shown in Fig. 7.3.4.

Wafer process simulation using a 3D quarter model as shown in Fig. 7.3.5a has
been established to simulate compression molding, BG, stiffener attach, carrier wafer
removal, and back-side RDL processes. For small feature such as RDL, vias, UBM,
and mbumps, thin layer is simplified with considering layer thickness and majority
material (relative high volume) in wafer-level simulation. Through wafer-level
modeling, suitable EMC materials and Si stiffener are recommended to control wafer
warpage less than 2 mm for 12 inch wafer, which is a requirement of warpage handling
by lithography equipment. Effect of organic substrate CTE and stiffener thickness on
assembly induced package warpage is simulated by a 3D half model of the package as
shown in Fig. 7.3.5b to reduce package warpage. Long-term package- and board-level
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Figure 7.3.2 Bilayer wafer structure for simulation result validation.
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TC reliability is simulated to predict C4 and BGA solder joint thermal fatigue lives.
Comparison between 3D half model in Fig. 7.3.5b and 3D slice model in
Fig. 7.3.5c is carried out for C4 joint reliability. To reduce solving time and computing
resource, a 3D slice model as shown in Fig. 7.3.5d is also used for investigating board-
level solder joint reliability. In the 3D slice models, detailed structure and small feature
size are included. Proper BCs are applied for each model as shown in Fig. 7.3.5.
Table 7.3.1 lists material properties used in each model. Stress-free temperature is
chosen for materials according to their active (processing) condition in the actual
processes. Temperature range from �40 to 125�C and cycle duration of 1 h are
modeled for TC loading. The recommended materials and structure design based on
reliability are aligned with that from wafer and package warpage simulation results.
The optimized TV structure and materials are finalized based on codesign modeling
results.

7.3.3 Results and discussion

7.3.3.1 Wafer warpage simulation and validation

First of all, the wafer warpage modeling method is validated by experimental results.
Fig. 7.3.6 shows correlation between experimental and simulation results (based on
structure in Fig. 7.3.2). Simulation result has a good agreement with warpage measure-
ment data. EMC3 leads to the lowest warpage among three EMCs due to the lowest
CTE mismatch between EMC3 and Si wafer. The validated modeling method can
be implemented in the real TV fabrication process to analyze and optimize wafer
warpage.

To identify wafer warpage direction during wafer process, warpage direction and
sign are defined in Fig. 7.3.7. Process-dependent modeling is conducted for wafer
warpage simulation using element birth and death technique provided by software.
Fig. 7.3.8 shows process-dependent wafer warpage data at room temperature (25�C)
for the reference model. In the reference model, original molding thickness is
720 mm, 100 mm thick molding compound (EMC1) is removed after BG, and
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Figure 7.3.4 Codesign modeling for TSV-Free Interposer (TFI) package technology.
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770 mm thick Si carrier and 500 mm thick Si stiffener are modeled. Two critical pro-
cesses inducing large warpage are identified by simulation results, i.e., molding pro-
cess and carrier wafer removal process. Concave shape warpage (>1 mm as shown
in Fig. 7.3.9a) occurs after wafer-level compression molding and reduces slightly after
BG process. The molded wafer becomes flat after stiffener attach. However, convex
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Figure 7.3.5 Finite element analysis (FEA) models for different modeling categories: (a) 3D
quarter model for wafer warpage simulation, (b) 3D half model for package-level simulation,
(c) 3D slice model for package-level simulation, (d) 3D slice model for board-level simulation,
and (e) thermal model.

374 Modeling, Analysis, Design, and Tests for Electronics Packaging beyond Moore



Table 7.3.1 Material properties used in finite element models.

Materials Modulus (GPa) CTE (ppm/8C)
Poisson’s
ratio

Tg

(8C) Remark
Thermal conductivity
(W$mL1$8CL1)

EMC1-reference 18(<Tg), 1(<Tg) 7(<Tg),
22(>Tg)

0.3 160 Molding 125�C 0.8

EMC2 34(<Tg), 0.45(>Tg) 6(<Tg),
22(>Tg)

0.3 180 Molding 135�C

EMC3 10(<Tg), 0.5(>Tg) 4(<Tg),
21(>Tg)

0.3 170 Molding 125�C

Underfill 13(<Tg), 0.5(>Tg) 23(<Tg),
80(>Tg)

0.3 120 Curing 125�C 0.8

Silicon 131 2.8 0.28 130

Passivation 1.6 62 0.3 >250 Curing 180�C 0.25

Bonding material 2(<Tg), 0.2(>Tg) 60(<Tg),
200(>Tg)

0.35 220 0.2

SiO2 73 0.5 0.17 1.5

Organic substrate/
PCB

25 (in plane)
11 (out of plane)

15 (in plane)
46 (out of
plane)

0.39 (in plane)
0.11 (out of
plane)

Orthotropic 18.9 (in plane)
0.4 (out of plane)

SoldereSnAgCu 60.1 (�40�C), 41.7
(25�C)

28.3 (125�C), 0.2
(220�C)

22 0.35 Creep model 58.7

Cu 117 17 0.34 Elastic-plastic
model

386

Solder mask 2.4 (<Tg), 0.2(>Tg) 50 (<Tg),
160(>Tg)

0.3 101 0.2
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shape warpage (>2 mm as shown in Fig. 7.3.9b) occurs after carrier removal and final
RDL process, which arises a challenge for final RDL process. To control wafer
warpage less than 2 mm through all processes, optimization needs to be conducted
through FEA simulation.

7.3.3.2 Wafer warpage analysis and optimization

The effect of mold compound on wafer warpage is significant, as shown in Fig. 7.3.10,
because wafer warpage is mainly induced by CTE mismatch between Si and EMCma-
terials. EMC1 and EMC2 lead to similar wafer warpage, which is different from
warpage results in Fig. 7.3.6 for the bilayered simple structure due to different struc-
tures and volume ratios of EMC to Si. EMC3 results in the lowest wafer warpage
among three EMCs due to low CTE value of 4 ppm/K, which is one of the candidates
to ensure wafer warpage less than 2 mm during wafer processes.

Fig. 7.3.11 shows the effect of Si stiffener thickness on wafer warpage considering
two major processes after stiffener attach, i.e. carrier removal and final RDL process.
Wafer warpage is more than 2 mm after carrier removal and final RDL process if the
stiffener is not applied. Even though EMC3 has low CTE value, wafer with EMC3 still
has large warpage when the stiffener is not used because EMC3 has low modulus,
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Figure 7.3.9 Wafer warpage simulation results: (a) after compression molding and (b) after final
RDL.
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which makes structure much softer and flexible. Stiffener makes structure stiffer and
not easy to deform. Wafer warpage decreases with the increase in stiffener thickness,
especially for wafer with soft EMC material (EMC3 in this study). For the purpose of
wafer warpage reduction, 500 mm thick Si stiffener and EMC3 material are desirable
choice for TFI package fabrication.

7.3.3.3 Package warpage analysis and optimization

Reflow condition with peak temperature of 250�C is modeled for package assembly to
simulate C4 solder joint reflow processeinduced package warpage. C4 joints have
300 mm pitch and 160 mm stand-off height after assembly, and organic substrate has
1 mm thickness. The warpage requirement is less than 100 mm to ensure the good joint
quality of C4 joint after reflow process. After C4 joint reflow process, underfilling pro-
cess is conducted to protect C4 joints. Fig. 7.3.12 shows package warpage at both
room temperature (25�C) and solder melting temperature (220�C) at which solder
starts to solidify and stress starts to build up in solder and high package warpage at
this temperature will affect solder joint formation quality. Package warpage has a
convex shape at 25�C and increases with the increase in substrate CTE. Package
warpage has a different definition from wafer warpage. Stiffener helps to reduce pack-
age warpage by 40%e70%. Both EMC1 and EMC3 lead to similar package warpage
at 25�C. However, package warpage has a concave shape at 220�C and also increases
with the increase in substrate CTE. Effect of stiffener on package warpage becomes not
significant at high temperature. Based on simulation results, organic substrate with low
CTE (�10 ppm/K) and applying stiffener on the top of the package are recommended
to control package warpage less than 100 mm.

Fig. 7.3.13 shows the effect of organic substrate thickness on package warpage. For
package with stiffener, substrate thickness influences on warpage are not significant.
Effect of organic substrate CTE on package warpage is more significant than its thick-
ness effect. To control warpage of the TFI package with stiffener, selecting low CTE
substrate is more efficient than changing substrate thickness.
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7.3.3.4 C4 solder joint thermal cycling reliability

Package-level TC reliability is modeled for TFI package using a 3D half model
(Fig. 7.3.5b) and a slice model (Fig. 7.3.5c) to investigate and predict C4 joint thermal
fatigue life. The SneAgeCu lead-free solder is modeled for C4 joints using
hyperbolicesine creep constitutive model [55]. Temperature range from �40�C to
125�C and cycle duration of 1 h are modeled for TC loading. Fig. 7.3.14 shows creep
strain energy density of C4 joints under TC loading for the TFI package with 500 mm
thick stiffener based on simulation results from the half model. For TFI package
without underfill, C4 joints at package edges (Fig. 7.3.14a) have large creep strain en-
ergy density value, which is corresponding to low solder joint life. Underfill is used to
improve fatigue life of C4 joints at package corners and edges and makes C4 joints
under Si die area have much uniform life (Fig. 7.3.14b). Volume-averaged creep strain
energy density accumulation per cycle based on the interfacial layer of solder and
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package warpage at (a) 25�C and (b) 220�C.
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package is used for fatigue life prediction. The energy based life model of SneAgeCu
solder is expressed below:

Nf ¼ 137:6�W�1:112
cr (7.3.1)

where Wcr is creep strain energy density from simulation results, and then fatigue life,
Nf, can be predicted.

Fig. 7.3.15 shows fatigue life comparison of C4 joints at the package edge (column
C1 in Fig. 7.3.14b) from the 3D half modeling results (Fig. 7.3.5b). For TFI package
with stiffener but without underfill, C4 joint life is much sensitive to joint location, and
the corner joint has much lower fatigue life. For TFI package without underfill, EMC3
leads to lower C4 joint life than EMC1 due to higher CTE mismatch between EMC3
and organic substrate. C4 joints show much uniform and improved fatigue life when
underfill is applied in the package. The effect of stiffener on C4 solder joint life is not
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significant when underfill is applied in package. Package with stiffener has slightly
lower C4 joint fatigue life compared with package without stiffener because Si stiff-
ener makes package not flexible and increases CTE mismatch between package and
organic substrate. The main purpose of stiffener is to help to reduce wafer/package
warpage significantly. Therefore, underfill and stiffener are all needed to improve
C4 solder joint reliability and reduce package warpage.

3D half model is one very time-consuming model, which needs more than 50 h to
solve one TC simulation for each case of TFI package. Simplified 3D slice model cut-
ting along TFI package center to edge with one row C4 joints (Fig. 7.3.5c) is adopted
for parametric study. In the 3D slice model, only large GPU die is modeled with the
same distance from die edge to package edge as in the 3D half model. Fig. 7.3.16
shows simulation results and fatigue life of C4 joints from 3D slice model. C4 joints
have similar life with helping from underfill. Life prediction based on bottom inter-
faces (organic substrate side) of C4 solder joint has slightly lower value compared
with that based on top side interface (chip side). Simulation results from the 3D slice
model are compared with those from the 3D half model, as shown in Fig. 7.3.17.
Similar life prediction from 3D slice model and 3D half model indicates that slice
model is one accurate and simple model that can be used to do more parametric studies
effectively. In this TFI package TC simulation, solving time of 3D slice model is just
one-tenth that of 3D half model. When TFI package with underfill, EMC1 and EMC3
leads to similar C4 joint life (Fig. 7.3.17), which is different from results of TFI pack-
age without underfill (Fig. 7.3.15).

Underfill is important to improve C4 joint reliability, especially for large package
size. However, it is essential and critical to choose suitable underfill to protect C4
joints. Otherwise, underfill may decrease C4 joint reliability [56]. Table 7.3.2 lists 4
underfills and their properties. CTE and Young’s modulus are two critical mechanical
properties affecting C4 joint reliability. Fig. 7.3.18 shows the effect of underfill on C4
joint reliability. Underfill 1 and 2 lead to similar results and good protection on C4
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Table 7.3.2 Mechanical Properties of different underfills.

Material Modulus (GPa) CTE (ppm/8C) Poisson’s ratio Tg (8C)

Underfill 1 13/0.2 23/80 0.3 120

Underfill 2 12/0.5 24/75 0.3 115

Underfill 3 7/0.5 37/101 0.3 118

Underfill 4 6/0.5 37/125 0.3 150
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Figure 7.3.18 Effect of underfill on package-level C4 solder joint thermal cycling (TC)
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joint reliability due to their similar mechanical properties and similar CTE value as
lead-free solder. Underfill 3 leads to poor C4 joint reliability due to high CTE and
low Tg. Underfill 1 is recommended to improve C4 joint reliability for TFI package,
and it will be used in the following simulation.

Organic substrate is another important material affecting C4 joint reliability. The
most important material property of substrate is its CTE. Fig. 7.3.19 shows the effect
of substrate CTE on C4 joint reliability for TFI package with or without underfill using
3D slice model. Substrate CTE has significant effect on C4 joint reliability of TFI
package without underfill, and C4 joint life is sensitive to joint location. C4 joint
fatigue life increases with decreasing substrate CTE because low substrate CTE leads
to low CTE mismatch between substrate and package. The effect of substrate CTE on
C4 joint reliability is not significant for TFI package with underfill, and C4 joint life is
not sensitive to joint location. For package with underfill, low CTE substrate has no
improvement for C4 solder joint reliability but helps to reduce package warpage.
Considering both C4 reliability and package warpage concern, organic substrate
with CTE of 10 or 7 ppm/K is recommended.
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7.3.3.5 Board-level solder joint reliability analysis

When TFI package is assembled onto the PCB board, TCOB reliability is another
concern for BGA solder joint, which is simulated using a 3D slice model
(Fig. 7.3.5d). In the 3D slice TCOB model, underfill 1 is applied for C4 joints but
not for BGA joints, and EMC3 is used as molding compound. BGA joint has a pitch
of 0.9 mm. Organic substrate has the same CTE of 15 ppm/K as the PCB board in
TCOB simulation and substrate thickness is 1 mm and PCB thickness is 1.6 mm.
PCB keeps a constant CTE of 15 ppm/K in TCOB simulation. C4 joints have slightly
higher life under package-level TC test than that under board-level TCOB test for the
same TC test condition due to stiffer structure of board-level assembly compared with
package-level assembly. Fig. 7.3.20 shows that BGA solder joint reliability is sensitive
to joint location due to DNP (distance to neutral point) effect and underfill not used for
BGA joints. The bottom interface of BGA joint (PCB board side) is critical compared
with the top interface (package substrate side). The critical BGA joint is adjacent to Si
stiffener edge, not package substrate edge. BGA solder joints show higher fatigue life
compared with C4 joints.

Fig. 7.3.21 shows the effect of organic substrate CTE on critical C4 joint reliability
and comparison between package TC and board-level TCOB conditions. When TFI
package with underfill 1 for C4 joints, C4 joint reliability is not sensitive to organic
substrate CTE in TCOB testing condition. Fig. 7.3.22 shows that substrate CTE affects
BGA joint reliability significantly, which is different from its effect on C4 joint reli-
ability. CTE mismatch between chip and substrate and between underfill and C4 joint
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are main contribution for C4 joint reliability while CTE mismatch between whole
package (including chip and substrate) and PCB board is a main contribution for
BGA joint reliability. Substrate with 10 ppm/K CTE leads to high BGA life, which
is also recommended for reducing package assembly warpage.

Fig. 7.3.23 shows the effect of substrate thickness on BGA joint reliability. When
package substrate and PCB board have the same CTE value (15 ppm/K), the critical
BGA joint locates at Si stiffener edge/corner (Fig. 7.3.23a), and thin substrate helps
to improve BGA solder joint reliability due to more flexible structure. When package
substrate has CTE of 10 ppm/K while PCB has CTE of 15 ppm/K, the critical BGA
joint locates at package substrate edge/corner (Fig. 7.3.23b) due to CTE mismatch be-
tween substrate and PCB. BGA joint life is less sensitive to substrate thickness when
package with 10 ppm/K CTE substrate compared with package with 15 ppm/K CTE
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substrate, which is also applicable for the effect of substrate thickness on the critical
BGA joint life. BGA joint life decreases with the increase in substrate thickness. C4
joint reliability is not sensitive to substrate thickness and CTE under TCOB condition.
Organic substrate with CTE of 10 or 15 ppm/K provides good BGA joint reliability.
Considering package warpage, organic substrate with 10 ppm/K is finally
recommended.

7.3.3.6 Thermal performance evaluation

3D simulation model as show in Fig. 7.3.5e has been constructed using a CFD soft-
ware for thermal performance modeling. The equivalent thermal conductivity in the
in-plane and out-of-plane direction is calculated based on volume-averaging method
for GPU and HBM microbump joint layer, C4 joint and underfill layer, and TFI inter-
poser layer by considering joint and bump layout design, materials, and their volume.
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Figure 7.3.23 Effect of substrate thickness on BGA solder joint reliability: (a) substrate CTE of
15 ppm/K and (b) substrate CTE of 10 ppm/K.
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Thermal modeling is carried out for TFI package considering 2 power supply cases,
i.e. 1 W for GPU chip and 1 W for each HBM chip and 2 W for GPU chip and
0.7 W for each HBM chip. Fig. 7.3.24 shows the effect of Si stiffener on the maximum
temperature of GPU and HBM chips. The stiffener can work as a heat spreader for
HBM chip and slightly improve the thermal performance. Effect of stiffener on
GPU thermal performance is not significant. The package can dissipate around
3.5 W total heating power (Case2 in Fig. 7.3.24) with helping by 500 mm thick
stiffener, while maintaining the operation temperature limit of HBM chip temperature
less than 85�C.

7.3.4 Summary

SMART codesign modeling methodology has been demonstrated for TFI packaging
technology considering wafer process, package assembly and package/board-level
reliability and thermal performance. Low CTE EMC material has matched properties
with Si carrier wafer and helps to reduce wafer warpage. Stiffener is an effective way
to reduce wafer warpage after carrier removal and assembly-induced package warpage.
Package- and board-level reliability shows that C4 joint is more critical than BGA joint
for TFI package. Through FEA simulation, the optimal underfill has been recommen-
ded for improving C4 solder joint reliability. C4 joints reliability is not sensitive to
organic substrate CTE and thickness for TFI package with using suitable underfill
for C4 solder joints. Thin substrate with medium CTE value helps to improve BGA
joint reliability without violating the package warpage condition. The stiffener also
works as a heat spreader and thus improves package thermal performance, especially
for the HBM chip. Based on codesign modeling on warpage, reliability, and thermal
performance results, geometry and materials are optimized and determined for the final
TV design and fabrication: low CTE EMC3, Underfill 1 used for C4 solder joints,
500 mm thick Si stiffener, and 0.75 mm thick substrate with 10 ppm/K CTE.
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Figure 7.3.24 Effect of stiffener on the maximum chip temperature from thermal simulation
results.
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Nomenclature

Chapter 2: Electrical modeling and design

Abbreviation
TSV Through-silicon via

Nomenclature (units of measure)
B
!

Magnetic flux density (Wb/m2)
C Interconnect capacitance per unit length (F/m)
Cdep Depletion capacitance (F)
CL Load capacitance (F)
Cox Oxide capacitance (F)
CSi Silicon capacitance (F)
Dcnt CNT diameter (m)
E
!

Electric field (V/m)
f Frequency (Hz)
fcnt CNT filling ratio
Fm Ratio of metallic CNTs in the bundle
G Interconnect conductance per unit length (S/m)
GSi Silicon conductance (S/m)
h Planck’s constant (J$s)
H Substrate thickness (m)
HTSV TSV height (m)
I Current (A)
I0($), I1($) Zero- and first-order Bessel functions of the first type, respectively

J
!

Current density (A/m2)
k Thermal conductivity (W$m�1$K�1)
L Interconnect inductance per unit length (H/m)
l Interconnect length (m)
Leff Effective inductance of the TSV inductor (H)
LTSV TSV inductance (H)
Na p-type bulk doping concentration (1/m3)
Nch Number of conducting channels
Ncnt Number of CNTs in a bundle
Ni Intrinsic carrier concentration (1/m3)
Nn Electron concentration (1/m3)
Np Hole concentration (1/m3)
P Pitch between adjacent TSVs (m)
Q Electrical charge (C)
q Heating power (W)
R Interconnect resistance per unit length (U/m)



r Radius (m)
RL Load resistance (U)
Rmc Imperfect contact resistance (U)
Ron on resistance (U)
RTSV TSV resistance (U)
Rvia TSV radius (m)
S Spacing between adjacent interconnects (m)
S11, S21 Scattering parameters and insertion loss
T Temperature (K or �C)
t Interconnect thickness (m); time(s)
tox Oxide layer thickness (m)
Vdd Power supply voltage (V)
vF Fermi velocity (m/s)
VFB Flatband voltage (V)
vp Phase velocity (m/s)
VTh Threshold voltage (V)
w Interconnect width (m)
wdep Depletion layer width (m)
Y Admittance (S)
Z Impedance (U)
Z0 Characteristic impedance (U)

Greek letters
g Propagation constant (1/m)
ε Permittivity (F/m)
l Wavelength (m)
leff Effective mean free path (m)
m Permeability (H/m)
r Electric charge density (C/m3)
s Conductivity (S/m)
s Time constant (s)
s50% Time delay (s)
u Angular frequency (rad/s)

Chapter 3: Thermal modeling, analysis, and design

Abbreviation
BGA Ball-grid array
LGA Land-grid array
PCB Printed circuit board
PGA Pin-grid array
RDL Redistribution layer
TEC Thermoelectric cooler
TIM Thermal interface material
TSV Through-silicon via
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Nomenclature (units of measure)
A Area (m2)
Ar Aspect ratio
C Constant coefficient
COP Coefficient of performance
cp Specific heat (J$kg�1$K�1)
D Diameter (m)
g Gravitational acceleration (m/s2)
h Heat transfer coefficient (W$m�2$K�1)
H Height (m)
I Electrical current (A)
I0($), K0($) Modified zero-order Bessel functions of the first and the second types,

respectively
k, k/, kt Thermal conductivity (W$m�1$K�1)
Km TEC module thermal conductance (W/K)
l Length (m)
n Constant index
N Number; number of TEC pellets
Nu Nusselt number
P Pitch (m)
Pr Prandtl number
Pw Perimeter (m)
q Heat transfer rate (W)
q00 Heat flux (W/m2)
qc, qh Heat load at cold and hot sides, respectively (W)
qte Electrically driven TEC power (W)
R Electrical resistance (V/A); thermal resistance (K/W)
r Radius (m)
Ra Rayleigh number
Rbi Heat sink base to inlet thermal resistance (K/W or �C/W)
Re Reynolds number
Rhs Heat sink thermal resistance (K/W)
Rjc Junction to case or cold side thermal resistance (K/W)
Rm TEC module electrical resistance (U)
Rtim Thermal resistance at the thermal interface (K/W)
R00
tim Specific thermal resistance at the thermal interface (K$cm2/W)

s Seebeck coefficient (V/K)
Sm TEC module Seebeck coefficient (V/K)
T Temperature (K or �C)
t Thickness (m)
Th0 TEC hot-side temperature in supplier’s datasheet (K or �C)
u Velocity (m/s)
U Velocity vector (m/s)
V Voltage (V); electric field (V)
v Volume (m3)
VF The volumetric flowrate (m3/s, L/min)

Nomenclature 395



w Width (m)
x x coordinate (m)
Z Figure of merit (1/K)
ZT Z$T, figure of merit
Dp Pressure drop (Pa)

Greek letters
a Coefficient of thermal expansion (1/K)
b Volumetric fraction
ε Emissivity; heat exchanger effectiveness;
hf Fin effectiveness
m Dynamic viscosity (N$s/m2)
r Density (kg/m3)

Chapter 4: Stress and reliability analysis for interconnects

Abbreviation
AF Acceleration factor
ALT Accelerated life testing
ATC Accelerated thermal cycling
CCGA Ceramic column grid array
CDI Cumulative damage index
CSP Chip-scale packages
CTE Coefficient of thermal expansion
DFR Design for reliability
DMA Dynamic mechanical analysis
DOF Degree of freedom
ENIG Electroless nickel immersion gold
EPC Elastic-plastic-creep
FCOB Flip-chip-on-board
FEA Finite element analysis
FTTF First-time-to-failure
IC Integrated circuits
IMC Intermetallic compound
MTTF Mean time to failure
OSP Organic solderability preservative
PBGA Plastic ball grid array
PQFP Plastic quad flat package
RoHS Reduction of hazardous substances
SEM Scanning electron microscopy
SHPB Split Hopkinson pressure bar
SiP System-in-package
TC Thermal cycling
TS Thermal shock
TSV Through-silicon via
VQFN Very-thin quad-flat-no-lead package
WEEE Waste electrical and electronic equipment
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Nomenclature (units of measure)
A Area (m2), fatigue coefficient in fatigue model
a Strain rate sensitivity of hardening in Anand model, multiplier of stress in

creep model, material constant
A0 Initial area (m2)
aT Shift factor
b Fatigue strength exponent, width of beam cross-section
C Preexponential factor (1/s) constant coefficient, complex constant in creep

model
C1, C2 Material constants in shift function
D Diameter (m), displacement (m)
E Young’s modulus (Pa, 1 MPa¼106 Pa, 1 GPa¼109 Pa)
F Force (N)
f Frequency (Hz); friction factor
g Acceleration of gravity (9.8 m/s2)
G Shear modulus (Pa)
h Heat transfer coefficient (W$m�2$K�1), thickness or height (m)
H Height (m)
I Electrical current (A), moment of inertia (kg$m2)
K Strength coefficient, bulk modulus (GPa) (1 GPa¼109 Pa)
kB Boltzmann constant
KI Stress intensity factor (MPa$m1/2)
l Support span in bending test (m)
L Length (m)
m Mass (kg)
M Moment (N$m)
N Number; number of fatigue cycles
n Strain hardening exponent, actual fatigue cycle in different environment
Nf Fatigue cycle
p Pressure (Pa)
Q, Qact Apparent activation energy (J/mol)
R Thermal resistance (K/W or �C/W), electrical resistance (U)
T Temperature (K or �C)
TR Transmissibility
t Thickness (m); time(s)
U Voltage (V)
V Voltage (V)
v Volume (m3)
W Strain energy density (Pa)
x Displacement; x-coordinate (m)
y y-coordinate (m), distance from surface to middle plane (m)
z z-coordinate (m)

Greek letters
a Coefficient of thermal expansion or CTE (1/K)
g Shear strain
ε Normal strain
_εC Creep strain rate (1/s)
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εea Elastic strain amplitude
εp Plastic strain amplitude
εt Thermal strain
n Poisson’s ratio
r Density (kg/m2)
s Normal stress (Pa)
sa Stress amplitude for nonzero mean stress case (Pa)
sar Stress amplitude for zero mean stress case (Pa)
s0f Fatigue strength coefficient (Pa)
sm Mean stress (Pa)
s Shear stress (Pa)
u Natural frequency in radians per second

Chapter 5: Reliability and failure analysis of
encapsulated packages

Abbreviation
AFM Atomic force microscopy
CPI Chip package interaction
C-SAM C-mode scanning acoustic microscopy
MEC Chemical microetch
MSL Moisture sensitivity level
PBGA Plastic ball grid array
ppm Part per million
SIF Stress intensity factor
TQFP Thin quad flat pack
UBM Under bump metallization
VPR Vapor phase reflow

Nomenclature (units of measure)
A Area (m2)
C Moisture concentration (kg/m3)
cp Specific heat (J$kg�1$K�1)
DM Moisture diffusivity (m2/s)
Dpj Displacement in j direction (m)
E Modulus of elasticity (Pa or MPa)
G Shear modulus (Pa)
Gt Strain energy release rate (J/m2)
H The thickness of the plastic (m)
J Concentration flux (kg/m2)
k Thermal conductivity (W$m�1$K�1)
L Length (m)
m Mass (kg)
n Normal direction
p Pressure (Pa)
Pb1;Pb2 Critical stress loads (Pa)
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ps Saturated pressure (Pa)
Qact, Qs Activation energy (J/mol)
Ru Universal gas constant (J$mol�1$K�1)
s Solubility (mg$mm�3$MPa�1)
T Temperature (�C)
t Time (s)
v Specific volume (m3/kg)
V Volume (m3)
x, y Cartesian coordinates in x and y directions (m)

Greek letters
a Coefficient of thermal expansion (1/K)
SC Swelling coefficient
ε Shear strain
d Length (m)
n Poisson’s ratio
r Density (kg/m3)
s Normal stress (Pa)
s Shear stress (Pa)
f C/s, the normalized concentration
4 Mode mixity

Chapter 6: Thermal and mechanical tests for packages
and materials

Abbreviation
DMA Dynamic mechanical analyzer
EMC Epoxy molding compound
IMC Intermetallic compound
SAC SneAgeCu solders
TTSP Timeetemperature superposition principle
UTS Ultimate tensile stress

Nomenclature (units of measure)
aT Shift factor
Ci, C1, C2, C3, C4 Material constants
Cth Heat capacitance used in structure functions (Ws/K or J/K)
E Elastic modulus (Pa)
E0 Storage modulus (Pa)
E00 Loss modulus (Pa)
E0 Elastic modulus at t¼0 (Pa)
EN Elastic modulus at t¼N (Pa)
I Electrical current (A)
KC Proportionality coefficient of temperature rise over the voltage

change (�C/V)
Q Activation energy (J/mol)
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q Heat transfer rate (W)
qc Cooling power (W)
Rhs Heat sink thermal resistance (K/W)
Rja Junction-to-ambient thermal resistance (K/W or �C/W)
Rjb Junction-to-board thermal resistance (K/W or �C/W)
Rjc Junction-to-case or cold-side thermal resistance (K/W)
Rm TEC module electrical resistance (U)
Rth TEC module Seebeck coefficient (V/K)
Sm TEC module Seebeck coefficient (V/K)
T Temperature (�C)
t Time (s)
Ta,0 Initial ambient air temperature before heating power is applied (�C)
Ta,t Final ambient air temperature when steady state is reached (�C)
Tg Glass transition temperature (�C)
Tj Junction temperature (�C)
DV Voltage change in the sensing diode reading (V)

Greek letters
d Phase lag between stress and strain
ε0 Maximum amplitude of strain
_ε Strain rate (s�1)
_εcr Creep strain rate (s�1)
s Normal stress (Pa)
s0 Maximum amplitude of stress (Pa)
sy Yield stress (Pa)
u Frequency of strain oscillation (Hz)

Chapter 7: System-level modeling, analysis, and design

Abbreviation
BEOL Back end of line
BLT Bond line thickness
CTE Coefficient of thermal expansion
DA Die attach
DRIE Deep reactive ion etching
FEA Finite element analysis
GPU Graphics processing unit
HBM High bandwidth memory
MJMC Microjet microchannel structure
PCB Printed circuit board
RDL Redistribution layer
SEM Scanning electron microscope
SLID Solideliquid interdiffusion
SMC Silicon microcooler
TC Temperature cycling
TCB Thermocompression bonding
TCOB Board-level temperature cycling
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TFI TSV-free interposer
TSI Through-silicon interposer
TSV Through-silicon via
TV Test vehicle
UBM Under bump metallization

Nomenclature (units of measure)
C1, C2, C3, C4 Material constants
cp Specific heat (J$kg�1$K�1)
D Diameter (m)
Dx, Dy, Dz Displacements in x, y, z directions, respectively (m)
EHh1, EHh2,
EHc1, EHc2

Enthalpies of the inlet and outlet fluids at the hot side and the inlet and
outlet fluids at the cold side, respectively (W)

H Jet to wall distance (m)
l Length (m)
n Number
Ndb0 Nominal decibels (dB)
Nf Fatigue life (cycle)
q Heat transfer or heat exchange rate (W)
r Distance (m)
Rsa Heat sink to ambient thermal resistance (K/W or �C/W)
S1 Maximum principal stress (Pa)
SP, SP0 Sound power (W)
Sxz Shear stress (Pa)
T Temperature (�C)
Tc1, Tc2, Th1, Th2 Temperatures of cold inlet, cold outlet, hot inlet, and hot outlet,

respectively (�C)
Ts Heat sink temperatures (�C)
VF Volumetric flow rate (m3/s, L/min)
w Microchannel width (m)
Wcr Creep strain energy density (Pa)
Win Inelastic strain energy density (Pa)
Wpl Plastic strain energy density (Pa)
z Z coordinate

Greek letters
_ε Strain rate (s�1)
_εcr Creep strain rate (s�1)
r Density (kg/m3)
s Stress (Pa)

Nomenclature 401



Index

Note: ‘Page numbers followed by “f ” indicate figures and “t” indicate tables.’

A
ABAQUS, 228
finite element code, 277e278

ABCD transmission matrixes of differential
TSVs, 47

Accelerated life testing (ALT), 149e150
Accelerated tests, 227e228
Accelerated thermal cycling tests (ATC

tests), 150e151
Acceleration factor (AF), 150
Actual reliability test, 143
Adhesion
strength enhancement at Cu, 284e287
test methodology, 270e271

AF. See Acceleration factor (AF)
AFM. See Atomic force microscopy (AFM)
Air cooling for electronic devices, 101e105
AlphaGo, 1
ALT. See Accelerated life testing (ALT)
Anand constitutive model, 157
Annular TSVs, 47e48
ANSYS, 228
code, 267
FEA software, 138
FLUENT solver, 332e333

Arrhenius equation, 248
ATC tests. See Accelerated thermal cycling

tests (ATC tests)
Atomic force microscopy (AFM), 285e286
AuSn layer, 360
AuSn SLID system, 349
Avogadro constant (NA), 140e141

B
Back end of line (BEOL), 86, 370
Back grinding (BG), 370
Back-to-face integration, 86
Ball-grid array (BGA), 69, 370e371,

385, 385f

BC. See Boundary condition (BC)
BCB. See Benzocyclobutene (BCB)
Beam theory, 156e157
Bend loading, 169
Benzocyclobutene (BCB), 74e75
BEOL. See Back end of line (BEOL)
Best-fit Weibull life distribution model,

150e151
Beyond-Moore technologies, 2
BG. See Back grinding (BG)
BGA. See Ball-grid array (BGA)
Bilinear elastic-plastic model, 223
Blackbody, 63
Block g-level vibration tests, 193
BLT. See Bond line thickness (BLT)
Board-level drop test, 209e210
impact tests, 227

Board-level solder joint reliability analysis,
385e387

Board-level temperature cycling (TCOB),
370

Boltzmann constant, 140e141
Bond line thickness (BLT), 68, 350
Bounce diagram, 21, 22f
Boundary condition (BC), 250e251, 352
during vapor phase reflow, 251

Boussinesq’s approximation, 95
Brazing process, 336
Bump layout design optimization, 236
Buoyancy effect, 95
Burn-in rack system modeling with multiple

trays
model development for rack-level test

system, 343e344
model results, 345e348

Burn-in test of electronic packaging,
299e306

image of TEC and X-ray image of internal
elements, 303f



Burn-in test of electronic packaging
(Continued)

system testing at room temperature and hot
temperature, 301f

TEC details list for system, 303t
thermal design configuration for system,

302f

C
C4 solder joint thermal cycling reliability,

379e384
Capacitanceevoltage characteristic of

signal/ground TSVs, 35, 35f
Capacitive couplings, 21
Carbon nanotubes (CNTs), 28, 70e71

CNT/Cu-CNT TSVs, 36e41
filling ratio, 38e39
TSVs, 88

Cartesian coordinate system, 89
CCGA. See Ceramic column grid array

(CCGA)
CDI approach. See Cumulative damage

index approach (CDI approach)
Central processing unit (CPU), 325
Ceramic column grid array (CCGA),

194e195
CFD. See Computational fluid dynamics

(CFD)
Characteristic impedance, 19, 34

CPW, 20
of lossless TL, 18

Charpy impact test and analysis, 217
Charpy test, 210, 215e217
Chip bonded with heat spreader, 357e360
Chip cooling, silicon-based microcooler for,

332e335
Chip package interaction (CPI), 245, 246f
Chip-level cooling, 325e327
Chip-on-wafer bonding process, 370e371
Chip-scale packages (CSP), 169
Circuit modeling, 7
Closed-form thermal conductivity model for

TSV chips, 77e79
CMOS inverter. See Complementary

metaleoxideesemiconductor
inverter (CMOS inverter)

CNTs. See Carbon nanotubes (CNTs)
Coaxial through-silicon vias, 41e43, 41f
Coefficient of performance (COP), 115

Coefficient of thermal expansion (CTE),
137, 263

Coffin-Manson low cycle fatigue model,
144

Coffin-Manson strain-based model, 143
Cold plate clamping, 297
Compact third-order Butterworth filter, 53
Complementary

metaleoxideesemiconductor
inverter (CMOS inverter), 13e14,
15f

Compliance matrix of material, 136
Computational fluid dynamics (CFD), 89,

332e333, 344
Computational modeling and simulation,

228
COMSOL solver, 332e333
Constant g-level vibration tests, 193
Constant resistor, 212
Continuity equation, 89
Controlled pulse drop at board level,

209e210
Convection heat transfer, 63
Conventional 3D FEA model, 178e180
Conventional fin-tube heat exchanger, 331
Conventional planar package, 74
Cooler system after assembly, 361
Cooling system modeling and design,

330e342. See also Thermoelectric
cooling (TECs)

heat exchanger HEX-A modeling,
335e338

modeling and design of heat exchanger
HEX-B, 338e342

silicon-based microcooler for chip cooling,
332e335

COP. See Coefficient of performance (COP)
Coplanar waveguide (CPW), 20
effective permittivity and characteristic

impedance of, 20
Copper (Cu), 152e153
CPI. See Chip package interaction (CPI)
CPU. See Central processing unit (CPU)
CPW. See Coplanar waveguide (CPW)
Creep, 131
activation energy, 317e318
constitutive models, 317e318
model, 140e141
strain energy-based fatigue life models, 155
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strain fatigue model, 145e146
test and analysis, 312e318

Creep-fatigue properties
creep model, 140e141
EPC model, 141e142
solder fatigue life models, 142e149

Critical film thicknesses, 62, 62t
Critical loads, 273, 274t
Crosstalk effect, 43e44
CSP. See Chip-scale packages (CSP)
CTE. See Coefficient of thermal expansion

(CTE)
Cu-Ni-Sn ternary IMC, 152e153
Cumulative damage index approach (CDI

approach), 144
fatigue analysis, 198e200

Cumulative damage theory. See Palmgren-
Miner rule

Cyclic bend test, 169
fatigue model development for, 189e191
finite element analysis for, 176e189
of specimen, 171e172
three-point bend tests, 169

Cyclic stressestrain, 151

D
DA material. See Die attach material (DA

material)
Daisy chain, 212
resistance, 194e195

Darpa-funded project, 100
Darveaux’s model, 148
Decoupling capacitors, 26
Deep reactive ion etching technique (DRIE

technique), 335
Degree of freedom (DOF), 178e180
Deionized water, 333
Delamination growth, criterion for,

275e277
Depletion capacitance, 31e32
Design-for-reliability (DFR), 10, 225e226
case study, 227e239

die strength characterization, 231e232
finite element analysis and optimization,
232e236

problem statement, 229e231
experimental validation, 236e238
using finite element method, 227e228
methodology for drop test, 225e226

multidisciplinary approach in, 11f
optimization of package design,

228e229
Device scaling, 3
DFR. See Design-for-reliability (DFR)
Diamond-like coating (DLC), 101
Die attach material (DA material), 349, 352
Die stacking process, 230e231, 232f
Die strength characterization, 231e232
Dielectric layer, 28
Dielectric loss, 23
Differential signaling, 44e48
DIP. See Dual in-line package (DIP)
Displacement-controlled isothermal

mechanical fatigue test, 143, 155
Distance to neutral point effect (DNP effect),

385
DLC. See Diamond-like coating (DLC)
DMA. See Dynamic mechanical analysis/

analyzer (DMA)
DNP effect. See Distance to neutral point

effect (DNP effect)
DOF. See Degree of freedom (DOF)
Dorn’s equation, 140e141
Double power law model, 140e141, 317
Double-ring cold plate, 297
DRIE technique. See Deep reactive ion

etching technique (DRIE technique)
Drop impact test and analysis, 150,

209e227
Charpy impact test and analysis, 217
design-for-reliability methodology for drop

test, 225e226
drop reliability test and analysis,

212e217
finite element analysis for drop impact test,

217e225
test vehicle and set up, 211e212

Drop life model, 224
Dual in-line package (DIP), 3e4
Dye penetration method, 10
Dynamic hardening, 210
Dynamic mechanical analysis/analyzer

(DMA), 139e140, 297, 318
Dynamic resistance, 212

E
Eddy current loss, 23
Effective complex conductivity, 38e39
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Effective conductivity of Cu-CNT, 39
Effective density and heat capacity of

interposer, 80
Effective inductance, 53
Effective permittivity

CPW, 20
of microstrip line, 18e19
of slotline, 19e20

Effective solder joint model, 156e157
Effective thermal conductivity, 76e77
Elastic model of solder, 220e222
Elastic modulus (E), 131e132, 166e167,

210, 308e312
Elastic-plastic interfacial fracture, 271
Elastic-plastic model, 168
Elastic-plastic-creep model (EPC model),

141e142
constitutive model, 366

Elastomeric TIM, 69
Electrical analysis for advanced

packaging, 13
Electrical modeling and design

fundamental theory, 13e28
electrical analysis for advanced
packaging, 13

EMC, 27e28, 27f
interference, 27e28
power allocation, 23e27
signal distribution, 13e23

modeling, characterization, and design of
through-silicon, 28e53

Electrical performance and design
methodology, 6e7

Electroless nickel immersion gold (ENIG),
152e153

Electromagnetic compatibility (EMC),
27e28, 27f

Electromagnetic interference (EMI), 13
Electronic equipment, 192
Electronic packaging, 1, 9, 13

burn-in test of, 299e306
Electronic products, 9
Electronics systems, heat generation in,

73e74
EMC. See Electromagnetic compatibility

(EMC); Epoxy molding compound
(EMC)

EMI. See Electromagnetic interference
(EMI)

Encapsulated packages
fracture mechanics analysis in IC package,

270e282
heat transfer and moisture diffusion in

plastics IC packages, 245e262
reliability enhancement in PBGA package,

282e289
thermal-and moisture-induced stress

analysis, 263e270
typical IC packaging failure modes, 245

End-notched flexural (ENF), 272
Endothermic reaction, 73
Energy equation, 90
Energy-based fatigue models, 147e149, 192
Energy-based life models, 155
ENF. See End-notched flexural (ENF)
Engineering stressestrain curve, 133
ENIG. See Electroless nickel immersion

gold (ENIG)
EPC model. See Elastic-plastic-creep model

(EPC model)
Epoxy molding compound (EMC), 320,

321fe322f, 371
Equivalent circuit model of TSVs, 7, 29, 29f
Equivalent heat transfer coefficient, 108
Equivalent series inductance (ESL), 26
Equivalent series resistance (ESR), 26
ESL. See Equivalent series inductance

(ESL)
ESR. See Equivalent series resistance (ESR)
Exponential model, 317

F
FA. See Failure analysis (FA)
Fabrication process, 335
Face-to-face integration, 86
Failure analysis (FA), 10
thermal cycling test and, 152e153

Failure mechanisms for electronic solders,
149e150

Fan-out wafer-level packaging (FOWLP), 3
Fatigue, 131
Fatigue cycle, 206
Fatigue failure, 194e195
criterion, 143

Fatigue model development for cyclic bend
test, 189e191

FCOB. See Flip-chip-on-board (FCOB)
FE. See Finite element (FE)
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FEA. See Finite element analysis (FEA)
FEA modeling and simulation, 154
FEA models, 369
Fick’s second law of diffusion, 248
Field-programmable gate array (FPGA), 4
Fin efficiency, 72
Fin equation, 72
Finite element (FE), 247
simulation, 143

Finite element analysis (FEA), 10, 138, 252,
253f, 264, 267e270, 349, 370

for cyclic bend test, 176e189
submodeling method for bend test,
178e181

design-for-reliability using, 227e228
for drop impact test, 217e225

elastic model of solder, 220e222
finite element model, 219e220
life prediction for drop test, 224e225
material property of solder, 217e219,
221t

plastic model of solder, 223e224
simulation results, 220e225

of interfacial fracture, 277e278
model, 155e157
parametric study using FEA simulation,

162e166
properties of packaging materials, 253t
modeling

for four-point cyclic bend test, 184e189
and simulation, 352e353
for three-point cyclic bend test, 181e184

and optimization, 232e236
analysis for stacking middle die,
233e235

analysis for stacking top die, 235e236
of bump layout design, 236
finite element model, 232e233

simulation, 10e11
results and discussion, 157e162

for vibration test, 200e208
modal analysis of flip-chip-on-board
assembly, 200e202

quasi-static analysis for vibration fatigue,
202e207

Finned surfaces, 71e72
First-time-to-failure (FTTF), 197e198
Flip chip BGA, 74
Flip-chip-on-board (FCOB), 148

assemblies, 193
modal analysis, 200e202
vibration test fatigue data, 198t
Weibull plots of test results for, 197f

Floating substrate effect, 34e36
FloTHERM software, 336
Flow rule, 142
Flow stress, 148
Forced convection, 62e63
Four-point bend test, 169
correlation between three-point bend and,

172e173
Four-point cyclic bend test
at 25 and 125�C, 176
for correlation, 174e175
FE analysis modeling
correlation between three-point bend and
four-point bend test, 184e185

and result discussion, 185e189
FOWLP. See Fan-out wafer-level packaging

(FOWLP)
FPGA. See Field-programmable gate array

(FPGA)
Fracture mechanics
analysis in IC package, 270e282
interfacial fracture analysis, 273e278
interfacial fracture toughness, 281e282
measurement, 272e273
results, 278e281

approach, 149
Free convection, 62e63
Free fall board level, 209e210
Free fall product level, 209e210
Frequency-modified Coffin-Manson

model, 145
Frequency-scanning test, 195e196
FTTF. See First-time-to-failure (FTTF)

G
Garofalo hyperbolic sine model, 317
Garofalo steady-state creep behavior,

140e141
Generalized Maxwell model, 139e140,

139f
Glass transition temperature, 320
Goodman criterion, 143e144
Governing equations, 89e92
GPUs. See Graphic processing units (GPUs)
Graphene, 70e71
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Graphic processing units (GPUs), 2,
370e371

Graphite sheet, 69
“Green” IC packaging technologies, 282
Grid cells, 90

H
Hardening rule, 142
Harmonic motion, 192
Harmonic response analysis, 207e208
HBM chips. See High Bandwidth Memory

chips (HBM chips)
Heat

conduction, 59e60
micro-and nanoscale effect on, 60e62
through radial systems, 67

convection, 62e63
exchanger HEX-A modeling, 335e338
exchanger HEX-B modeling, 338e342
flux, 59e60
generation in electronics systems, 73e74

Heat transfer
correlations, 63, 64te65t
from extended fin surfaces, 71e73
in plastics IC packages, 245e262
boundary condition during vapor phase
reflow, 251

constitutive relations for water vapor,
249e250

FE analysis, 252
governing equations for, 248
initial and boundary conditions,
250e251

popcorn cracking of SOJ packages, 247f
solution procedure, 251e252

High aspect ratio CNT TSV, 75
High Bandwidth Memory chips (HBM

chips), 370e371
High heat flux cooling technologies,

327e328
High-frequency impedance, 26
Hooke’s law, 132e135
Hybrid MJMC silicon microcooler, 332,

333f
Hydraulic leak test, 367e369
Hygrostrain, 264
Hygrostress development, 263e264
Hygrothermal stress analysis, case study for,

264e270

design and material properties, 265
materials used for 100TQFP test
vehicle, 266t

finite element analysis, 267e270
observed failure modes of TQFP

package, 264
Hyperbolic sine model, 317e318

I
IC. See Integrated circuit (IC)
ICECOOL project, 100
IMC. See Intermetallic compound (IMC)
Impedance, 6
and admittance of simplified TL model, 34
of capacitor, 26
matching, 21, 21f
of power distribution network, 24, 25f

In situ measurement, 10
In-line TSV array, 79
In-plane thermal conductivity, 84
Indium (In), 349
Indium-based solder, 349
Inductance, 25, 25f
Inductive couplings, 21
Infrared (IR)
camera, 341e342, 362e364
voltage drop, 24

Initial stress-free condition, 165e166
Insulation layer, 79
Integrated circuit (IC), 1
challenges and solutions, 4e5
chips, 200e202
devices and applications, 1e2
applications to driving electronic
products, 3f

semiconductor technology road map, 2f
package, 245e247, 246f
CPI, 246f
failure modes, 245
fracture mechanics analysis in,
270e282

packaging evolution, 1e5
performance and design methodology,
6e11

semiconductor packaging trend, 3f
Integrated passive devices (IPDs), 50e53
Interconnects, 13e14, 14f
charging circuit, 15f
discontinuity, 20e21, 20f
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package, 19f
stress and reliability analysis

design-for-reliability, 227e239
mechanical properties of materials,
131e149

reliability test and analysis methods,
149e227

Interface failure, 215e217
Interface toughness, 276
Interfacial fracture
analysis, 273e278

criterion for delamination growth,
275e277

finite element analysis, 277e278
mechanism, 271
toughness measurement, 272e273

Interference, 27e28
Intermetallic compound (IMC), 152e153,

210, 307, 349
brittle failure, 215e217
layer effect on life prediction, 162e166

Internal impedance, 32
Interstrata bond layer, 87e88
Inverter circuit and switching models,

13e14, 14f
IPDs. See Integrated passive devices (IPDs)
Isothermal cyclic bend test and analysis
correlation between three-point bend and

four-point bend test, 172e173
four-point cyclic bend test for correlation,

174e176
test vehicle and experimental procedure,

170e172
three-point cyclic bend test, 173e174

J
J-Std-20C standard, 283
JEDEC. See Joint Electron Device

Engineering Council (JEDEC)
JESD51e14 standard, 293
Jet-scrubbing technologies, 285
Joint Electron Device Engineering Council

(JEDEC), 293
Joule heating, 73
Junction temperature, 7
Junction-to-ambient thermal resistance (Rja),

294e297
Junction-to-case thermal resistance (Rjc),

294e296, 296f

K
Kinematic hardening, 142
Kirchhoff’s voltage law, 15e17

L
Laminated substrate, 83e84
Land-grid array (LGA), 69
Lansmont Model 65/81 drop impact tester,

211, 211f
Law creep behavior breakdown, 314e316
Lead-free solder, 210
LGA. See Land-grid array (LGA)
LiCoO2-based 18650 battery, 73e74
Life prediction, 155e168
for drop test, 224e225
IMC layer effect, 162e166
model for solder joints, 143

Liquid cooling
for electronic devices, 106e112
analytical model for finned heat sink,
106e109

analytical results and comparison with
experimental measurements, 109e111

anatomy of thermal resistance elements,
112

of 3D package, 99e100
Liquid-based TIM, 69
Lithium-ion batteries, 73
Load capacitance, 14
Logic errors, 7
Loop inductance, 26
of pair of TSVs, 32

Lossless TL, 18

M
Magnetic loss tangent, 23
Material mechanical test and

characterization, 306e321
material test and characterization for

polymers, 318e321
material test and characterization for solder

alloys, 306e318
creep test and analysis, 312e318
tensile test and analysis, 307e312

Material property model, 154e155
Maxwell model, 139
MaxwelleEucken’s equation, 76, 80
Maxwell’s equations, 15e16
curl equation, 23
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MC method. See Monte Carlo method (MC
method)

Mean free path (MFP), 36e38, 62, 62t
Mean time to failure (MTTF), 143, 197e198
MEC technologies. See Microetch

technologies (MEC technologies)
Mechanical bending test and analysis,

169e192
fatigue model development for cyclic bend

test, 189e191
finite element analysis for cyclic bend test,

176e189
isothermal cyclic bend test and analysis,

170e176
Mechanical failures, 69
Mechanical properties of materials,

131e149
creep-fatigue properties, 140e149
stressestrain relationship, 131e137
viscoelastic properties, 139e140
viscoplastic Anand model of solder,

137e138
Mentor FloTHERM software, 90, 297e298
Metaleoxideesemiconductor (MOS),

13e14
effect, 28e32

Metaleoxideesemiconductor field-effect
transistors (MOSFETs), 13e14

MFP. See Mean free path (MFP)
Micro-scale effect on heat conduction,

60e62
Microbumps/underfill layers, 95
Microchannels, 106, 109e110
Microcooler system, 348e369

chip bonded with heat spreader, 357e360
cooler system after assembly, 361
FEA modeling and simulation, 352e353
reliability test and hydraulic leak test,

367e369
shear test and simulation of model,

353e357
silicon microcooler system, 350e352, 369
thermal cycling simulation, 366e367
thermomechanical coupling simulation,

361e366
Microcooler TV, 341e342
Microetch technologies (MEC

technologies), 283, 285e286

Microjet array impinging cooling method,
328

Micropatterns, 336
Microstrip line, 18e19
Miner’s cumulative fatigue damage ratio,

198
Miner’s linear superposition principal, 147
MLG. See Multilayer graphene (MLG)
Modal analysis of flip-chip-on-board

assembly, 200e202
Module parameters, 116e117
Moisture diffusion in plastics IC packages,

245e262
boundary condition during vapor phase

reflow, 251
constitutive relations for water vapor,

249e250
FE analysis, 252
governing equations for, 248
initial and boundary conditions, 250e251
moisture distributions during

preconditioning, 252e255
popcorn cracking of SOJ packages, 247f
solution procedure, 251e252
temperature and moisture distribution

during VPR, 256e257
vapor pressure buildup in delaminated gap

during VPR, 258e262
Moisture preconditioning, 247
Moisture sensitivity levels (MSL), 282
reflow soldering temperature impact on

nongreen PBGA, 283e284
Moisture-induced stress analysis, 263e270
Momentum equation, 90
Monte Carlo method

(MC method), 166
Moore’s law, 1, 228e229
More than Moore technologies (MtM

technologies), 2
Morrow energy-based fatigue model,

147e148
Morrow’s energy-based model, 143
MOS. See Metaleoxideesemiconductor

(MOS)
MOSFETs.

See Metaleoxideesemiconductor
field-effect transistors (MOSFETs)

MSL. See Moisture sensitivity levels (MSL)
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MtM technologies. See More than Moore
technologies (MtM technologies)

MTTF. See Mean time to failure (MTTF)
Multilayer graphene (MLG), 70e71
Multiple chips, 6e7
Multiwalled carbon nanotube (MWCNT),

36e38, 75
Mutual capacitance, 21
Mutual inductance, 21
between adjacent lines, 25
between power lines, 26

MWCNT. See Multiwalled carbon nanotube
(MWCNT)

N
n-channel metaleoxideesemiconductor

(NMOS), 13e14
NA. See Avogadro constant (NA)
Nanoscale effect on heat conduction, 60e62
NASTRAN, 228
Natural convection, 62e63
Necking phenomena, 132e133
Newton’s law of cooling, 63
Nickel (Ni), 307
NMOS. See n-channel

metaleoxideesemiconductor
(NMOS)

Non-TSV Interposer, 370
Nongreen PBGA packages, 283
reflow soldering temperature impact on

MSL of, 283e284
Nonlinear strain hardening, 132e133, 142
Nonuniformity factors, 163e164
Normal stress, 134e135
Norton’s power law model, 316
constitutive model, 140e141

Numerical modeling, 89e96
governing equations, 89e92
package thermal performance, 95e96
and simulation, 229
of 2.5D package, 92e95

O
Octant model, 168
Ohmic heating, 73
Ohm’s law, 24
One-dimensional thermal resistance

network, 114

One-level global-local modeling approach,
181e182

One-level submodeling method for bend
test, 178e181, 180f

Organic solderability preservative (OSP),
170

Organic substrate, 384
OSP. See Organic solderability preservative

(OSP)
Oxide capacitance, 36
Oxide charge, 32

P
p-channel metaleoxideesemiconductor

(PMOS), 13e14
Package assembly process, 283
Package thermal
performance, 95e96
tests, 293
burn-in test of electronic packaging,
299e306

steady-state thermal test, 293e298
thermal performance, 294f
transient thermal test, 298e299

Package warpage, 165e166. See alsoWafer
warpage

analysis and optimization, 378
assembly-induced, 370
diamond heat spreader thickness effect,

357e360, 360f
Package-level cooling, 327e329
Package-level FEA model, 178e180
Package-level TC reliability, 379e380
Package-level thermal analysis and design,

74e89
analytical solutions for analysis of through-

silicon vias, 74e83
porous media model, 76e77
submodels of through-silicon vias,
77e83

submodels for substrate and redistribution
layer, 83e85

thermal model for 3D integrated circuit
package, 86e89

Package-level thermal enhancement,
97e101

liquid cooling of 3D package, 99e100
with new materials, 100e101
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Package-level thermal enhancement
(Continued)

thermal performance under natural
convection, 97e98

Package-on-package (POP), 86
Packaged microelectronic system reliability,

149e150
Palmgren-Miner rule, 144
Parametric study using FEA simulation,

162e166
Paris law, 149
Partial element equivalent circuit method

(PEEC method), 42
PBGA. See Plastic ball grid array (PBGA)
PCBs. See Printed circuit boards (PCBs)
PCT. See Pressure cooker test (PCT)
PDN. See Power distribution network (PDN)
PECVD process. See Plasma-enhanced

chemical vapor deposition process
(PECVD process)

PEEC method. See Partial element
equivalent circuit method (PEEC
method)

Performance metrics, 293
Permittivity, 23
Pin-grid array (PGA), 69
Plane strain, 136
Plane stress, 136
Plasma-enhanced chemical vapor deposition

process (PECVD process), 335
Plastic ball grid array (PBGA), 148,

151e152, 152f
assemblies, 193
vibration test fatigue data, 198t
Weibull plots of test results for, 197f

packages, 282
characterization and improvement of
moisture sensitivity, 283e288

reliability assessment, 288e289
reliability enhancement, 282e289

Plastic IC packages, 263
heat transfer and moisture diffusion in,

245e262
Plastic model of solder, 223e224
Plastic quad flat package (PQFP), 211
Plastic strain fatigue model, 144e145
Plastic-encapsulated IC package, 263
Plasticity theory, 142
Plated through hole (PTH), 83e84

PMOS. See p-channel
metaleoxideesemiconductor
(PMOS)

Poisson effect, 133e134
Polymer
material test and characterization for,

318e321
materials, 131

POP. See Package-on-package (POP)
“Popcorn” cracking phenomenon, 245e247,

247f
Porous media model, 76e77
Portable electronics devices, 209e210
Power
allocation, 23e27
integrity, 6, 6f
law breakdown creep behavior,

140e141
noise margin, 24
supply noise, 24
supply system, 23e24, 23f

Power distribution network (PDN), 6, 13
impedance, 7, 48e50

PQFP. See Plastic quad flat package (PQFP)
Preconditioning, moisture distributions

during, 252e255
Pressure cooker test (PCT), 286e287
Pressure drop, 109
Printed circuit boards (PCBs), 325, 326f
Prony series, 321
Propagation constant, 18, 34
of lossless TL, 18

Propagation velocity, 18
of microstrip line, 18e19

PTH. See Plated through hole (PTH)

Q
Quality factor, 53
Quarter global FEA model, 156e157
Quarter model, 155
Quasi-static analysis, 193
for vibration fatigue, 202e207
determination of quasi-static load,
202e203

determination of stress amplitude,
203e205

harmonic response analysis, 207e208
vibration fatigue life prediction,
205e207
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R
Rack-level test system, model development

for, 343e344
Radial systems, heat conduction through, 67
Rate-dependent plastic

model, 223
Rate-independent plasticity theory, 142
Receiver circuits, 13e14
Redistribution layer (RDL), 76, 370e371
Reduction of Hazardous Substances

(RoHS), 151e152
Reference temperature, 165e166
Reflection coefficient, 21
Reflow soldering temperature impact on

MSL of nongreen PBGA, 283e284
Reliability
enhancement in PBGA package, 282e289
issues, 9e11
of semiconductor devices and products,

9e10
Reliability tests, 10, 227e228, 367e369
and analysis methods, 149e227

mechanical bending test and analysis,
169e192

thermal cycling test and analysis,
150e168

and analysis methods
drop impact test and analysis, 209e227
vibration test and analysis, 192e209

RLCG parameters, 32e34
RoHS. See Reduction of Hazardous

Substances (RoHS)

S
S-parameter
matrixes of differential TSVs, 47
of TSV pair, 34

SAC solder. See SneAgeCu solder (SAC
solder)

SAM. See Scanning acoustic microscope
(SAM)

Saturated vapor pressure, 261e262
Scanning acoustic microscope (SAM), 10,

264, 265f
Scanning electron microscope (SEM), 149,

152e153
Schubert’s model, 164e165
SDD. See Symbolically defined device

(SDD)

SEM. See Scanning electron microscope
(SEM)

Semiconductor packages, 3
Shear stress, 134e135, 134f
Shear test
simulation, 369
and simulation of model, 353e357

SHPB tester. See Split Hopkinson pressure
bar tester (SHPB tester)

SIF. See Stress intensity factor (SIF)
Signal
distribution, 13e23
integrity, 6, 6f
voltage, 18

Silicon capacitance and conductance, 33e34
Silicon capacitance between signal/ground

TSVs, 35, 36f
Silicon microchannel cooler (SMC), 349
Silicon microcooler system, 350e352, 369
Silicon-based microcooler for chip cooling,

332e335
Simultaneous switching noise (SSN), 13
Single-walled CNT (SWCNT), 36e38
Sinusoidal stress, 139
SiP technology. See System-in-package

technology (SiP technology)
Skin effect, 23, 28
SLID system. See Solid-liquid interdiffusion

system (SLID system)
Slotline, effective permittivity of, 19e20
SLT. See System-level testing (SLT)
Small-outline J-leaded packages (SOJ

packages), 247, 247f
SMC. See Silicon microchannel cooler

(SMC)
SneAgeCu solder (SAC solder), 307
lead-free solder, 140e141

SOJ packages. See Small-outline J-leaded
packages (SOJ packages)

Solder, viscoplastic Anand model of,
137e138

Solder alloys, material test and
characterization for, 306e318

creep test and analysis, 312e318
tensile test and analysis, 307e312

Solder constitutive models, 168
Solder creep behavior, 154
Solder fatigue life models, 142e149
strain-based fatigue models, 144e147

Index 413



Solder fatigue life models (Continued)
stress-based fatigue models, 143e144

Solder joint, 10
failures, 210, 217e218
criterion, 152e153

Solder life prediction model, 148
Solder mask materials, mechanical

properties of, 284e287
Solid-liquid interdiffusion system (SLID

system), 349
SOLIDWORKS software, 344, 345f
Solomon’s low cycle fatigue model, 145
Specific contact resistance, 79
Specific thermal resistance, 67e68
Split Hopkinson pressure bar tester (SHPB

tester), 217e218
Spreading thermal resistance, 108e109
SS. See Stainless steel (SS)
SSN. See Simultaneous switching noise

(SSN)
Stainless steel (SS), 336
Steady-state creep, 140e141
Steady-state thermal test, 293e298

four-wire test of package and board
electrical resistance, 295f

thermal test of 2. 5D package, 295f
Stiffness, 132
Strain energy density, 190
Strain hardening phenomenon, 132e133
Strain-based fatigue models, 144e147

creep strain fatigue model, 145e146
energy-based fatigue models,

147e149
fracture mechanics approach, 149
plastic strain fatigue model, 144e145
total strain fatigue model, 146e147

Strain-hardening law, 141e142
Stress

amplitude, 203e205
analysis, 10
factors, 9e10
issues, 9e11
stress-based drop life model, 224
stress-based fatigue models, 143e144

Stress intensity factor (SIF), 270e271
Stressestrain

behavior of solder joints, 202
relationship, 131e137
3D stress components, 135f

comparison between engineering and
true stressestrain curves, 134f

curve for ductile material, 133f
typical shear test illustration, 134f

Structure-material-assembly-reliability-
thermal codesign methodology
(SMART codesign methodology),
370, 372f

Submodeling method for bend test,
178e181

Substrate copper layer, 94
Substrate loss, 28
Substrate vias, 91
Substrate-integrated waveguide, 51
Supply voltage, 24, 24f
Surface mounted components, 151e152
SWCNT. See Single-walled CNT (SWCNT)
Sweep vibration reliability test, 196e198
Syed’s model, 164e165
Symbolically defined device (SDD), 36, 36f
System-in-package technology (SiP

technology), 228e229
System-level testing (SLT), 69
System-level thermal modeling, 325. See

also Thermal modeling, analysis,
and design

burn-in rack system modeling with multiple
trays, 343e348

chip-level cooling, 325e327
codesign modeling and analysis for

advanced packages, 370e388
board-level solder joint reliability
analysis, 385e387

C4 solder joint thermal cycling
reliability, 379e384

methodology, 372e373
package warpage analysis and
optimization, 378

test vehicle and experimental procedure,
370e371

thermal performance evaluation,
387e388

wafer warpage analysis and optimization,
377e378

wafer warpage simulation and validation,
373e377, 376f

and design of electronic system, 326f
mechanical modeling and design for

microcooler system, 348e369
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modeling and design of cooling system
with cooler and heat exchanger,
330e342

package-level cooling, 327e329
at tray, rack, and room levels, 329e330

System-on-single chip, 86

T
TC. See Thermal cycling (TC)
TC test. See Thermal cycling test (TC test)
TCB process. See Thermocompression

bonding process (TCB process)
TCOB. See Board-level temperature cycling

(TCOB)
TDI test. See Transient dual interface test

(TDI test)
TDP. See Thermal design power (TDP)
TECs. See Thermoelectric cooling (TECs)
Telegrapher equations, 17
Temperature dependence of thermal

conductivity of selected materials,
60, 62f

Temperature-sensitive sensor, 293
Tensile test and analysis, 307e312
Test vehicle (TV), 341e342
TFI. See TSV-Free Interposer (TFI)
Thermal adhesive, 69
Thermal conductivity, 60, 61f
Thermal cycling (TC), 10
fatigue life analysis

FEA modeling and life prediction,
155e168

material property model, 154e155
loading, 150
loads, 10
reliability test model, 352
simulation, 366e367

Thermal cycling test (TC test), 143
and analysis, 150e168

thermal cycling fatigue life analysis,
154e168

thermal cycling test and failure analysis,
152e153

thermal environments for electronic
products, 151t

Thermal design power (TDP), 7, 8f
Thermal gel material, 68e69
Thermal grease, 68e69

Thermal interface materials (TIMs), 59,
68, 297

Thermal interfacial resistance, 67e71, 68f
Thermal mechanical stresseinduced

package failures, 245
Thermal metrics of die stack, 87e88
Thermal model for 3D integrated circuit

package, 86e89
Thermal modeling, analysis, and design. See

also System-level thermal modeling
air cooling for electronic devices with vapor

chamber configurations, 101e105
liquid cooling for electronic devices,

106e112
numerical modeling, 89e96
package-level thermal analysis and design,

74e89
package-level thermal enhancement,

97e101
principles, 59e74
heat conduction, 59e60
heat conduction through radial
systems, 67

heat convection, 62e63
heat generation in electronics systems,
73e74

heat transfer from extended fin surfaces,
71e73

micro-and nanoscale effect on heat
conduction, 60e62

thermal interfacial resistance, 67e71
thermal radiation, 63
thermal resistance, 63e67

TECs, 112e126
Thermal performance
and design methodology, 7e9
evaluation, 387e388
under natural convection, 97e98

Thermal radiation, 63
effect, 95

Thermal resistance, 7, 63e68, 118
elements, 112
network, 107

Thermal runaway, 7, 8f
Thermal shock (TS), 10, 149e150
Thermal strain, 137
Thermal stress, 137
Thermal-induced stress analysis, 263e270
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Thermal-induced stress analysis (Continued)
case study for hygrothermal stress analysis,

264e270
development of thermal stress, 263
hygrostress development, 263e264

Thermal-related package tests, 293
Thermocompression bonding process (TCB

process), 349e352
Thermoelectric cooling (TECs), 91,

112e126, 117t, 119f. See also
Cooling system modeling and design

analytical solution
at module level, 115e118
at pellet level, 113e115

optimization, 118e123
comparison with previous studies,
119e121

thermal resistances, 124e126
through Tj minimization, 121e123

Thermomechanical coupling simulation,
352e353, 361e366

3-die stacked package, 230, 230f
3-die stacking process, 236, 237f
Three-dimension (3D)

half model, 382
IC packaging, 4
integration, 228e229
microelectronics system, 86
package, 97e98
under direct cooling condition, 99f
liquid cooling, 99e100

quarter model, 168
simulation model, 387e388
thermal model for 3D integrated circuit

package, 86e89
Three-point bend test, 169, 231, 231f, 272,

272f
correlation between four-point bend test

and, 172e173
loading curve, 232f

Three-point cyclic bend test, 173e174
correlation between four-point bend test

and, 184e185
FE model modeling for, 181e184

Through-plane thermal conductivity, 85, 95
Through-silicon interposer (TSI), 370
Through-silicon vias (TSVs), 28, 30f, 74

analytical solutions for analysis, 74e83
circuit modeling, 29e34

metaleoxideesemiconductor effect,
29e32

RLCG parameters, 32e34
equivalent circuit model, 7
etch, 91
fabricated copper, 78f
floating substrate effect, 34e36
minimum TSV capacitance, 36
modeling, 28e36
MOS capacitance vs. applied voltage, 31f
optimization, 36e43
CNT/Cu-CNT TSVs, 36e41
coaxial through-silicon vias, 41e43, 41f

pair of, 29f
signal/power integrity, 43e50
structure, 28, 78f
submodels, 77e83
technology, 3, 6e7, 370
TSV-based solenoid inductors, 51, 51fe52f
TSV/IPD interposer, 50e53

TIM1. See Type 1 thermal interface material
(TIM1)

Time constant, 14
Time delay, 15
Time-independent plastic strain, 137e138
Time-temperature superposition principle

(TTSP), 320
TIMs. See Thermal interface materials

(TIMs)
TLs. See Transmission lines (TLs)
Total inelastic strain, 141e142
Total strain fatigue model, 146e147
Transient dual interface test (TDI test), 293
Transient thermal test, 298e299
Transient voltage waveform, 21, 22f
Transmission coefficient, 21
Transmission lines (TLs), 13
model, 17f
theory, 16e17

Trapezoidal microvia, 84
Tray-level model, 325, 344
TS. See Thermal shock (TS)
TSI. See Through-silicon interposer (TSI);

TSV interposer (TSI)
TSV interposer (TSI), 4
TSV-Free Interposer (TFI), 370
TSVs. See Through-silicon vias (TSVs)
TTSP. See Time-temperature superposition

principle (TTSP)
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TV. See Test vehicle (TV)
2.5D
integration, 228e229
numerical modeling of package, 92e95
packaging, 4

Two-dimension (2D)
axisymmetric FEA model, 232e233
FE simulations, 247

Two-level submodeling method for bend
test, 178e180, 179f

Type 1 thermal interface material
(TIM1), 68

U
UBM. See Under bump metallization

(UBM)
Ultimate tensile stress (UTS), 308
Under bump metallization (UBM), 245,

370e371

V
Vapor chamber heat sink (VCHS), 101e102
Vapor phase reflow (VPR), 247, 251f
boundary condition during, 251
temperature and moisture distribution

during, 256e257
vapor pressure buildup in delaminated gap

during, 258e262
VCHS. See Vapor chamber heat sink

(VCHS)
Vertically integrated 3D circuits, 86
Very-thin quad-flat-no-lead package (VQFN

package), 169e170, 173e174
Vibration
fatigue

failure of solder joints, 193
life prediction, 205e207

loading, 10, 150
test and analysis, 192e209

cumulative damage index fatigue
analysis, 198e200

finite element analysis for vibration test,
200e208

frequency-scanning test, 195e196
sweep vibration reliability test, 196e198
test vehicle and setup, 193e195

Virtuoso, 94
Viscoelastic properties, 139e140
Viscoelasticity, 139
Viscoplastic Anand model of solder,

137e138, 180
Voltage
drop, 24
of load capacitance, 14
voltage-controlled TSV capacitance, 36

Voltage regulating modules (VRMs), 325
Volume
fraction, 80
ratio of copper and silicon, 77
volume-averaged method, 366e367
volume-averaged strain energy density, 192
volume-averaging technique, 162e164
volume-weight method, 203
volumetric heat removal techniques, 86

Von Mises stresses, 203
Von Mises yield criterion, 142
VPR. See Vapor phase reflow (VPR)
VQFN package. See Very-thin quad-flat-no-

lead package (VQFN package)
VRMs. See Voltage regulating modules

(VRMs)

W
Wafer process simulation, 372e373
Wafer warpage. See also Package warpage
analysis and optimization, 377e378
simulation and validation, 373e377, 376f

Wafer-level packages (WLPs), 3e4
Waste electrical and electronic equipment

(WEEE), 151e152
Water vapor, constitutive relations for,

249e250
Wavelength, 15e16
WEEE. See Waste electrical and electronic

equipment (WEEE)
Weibull plots of cycle, 176
WilliamseLandeleFerry Equation (WLF

Equation), 321
shift function, 139e140

WLF Equation.
See WilliamseLandeleFerry
Equation (WLF Equation)
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WLPs. See Wafer-level packages (WLPs)
Work hardening. See Nonlinear strain

hardening

Y
Yield criterion, 142
Yield stress, 308

Young’s modulus. See Elastic modulus

Z
Z factor, 118
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