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FOREWORD

Electronics has become the largest industry, surpassing agriculture,
auto, and heavy metal industries. It has become the industry of choice
for a country to prosper, already having given rise to the phenomenal
prosperity of Japan, Korea, Singapore, Hong Kong, and Ireland among
others. At the current growth rate, total worldwide semiconductor sales
will reach $300B by the year 2000.

The key electronic technologies responsible for the growth of the
industry include semiconductors, the packaging of semiconductors for
systems use in auto, telecom, computer, consumer, aerospace, and medical
industries, displays, magnetic, and optical storage as well as software and
system technologies. There has been a paradigm shift, however, in these
technologies, from mainframe and supercomputer applications at any cost,
to consumer applications at approximately one-tenth the cost and size.
Personal computers are a good example, going from $500/MIP when
products were first introduced in 1981, to a projected $1/MIP within 10
years. Thin, light portable, user friendly and very low-cost are, therefore,
the attributes of tomorrow’s computing and communications systems.

Electronic packaging is defined as interconnection, powering, cool-
ing, and protecting semiconductor chips for reliable systems. It is a key
enabling technology achieving the requirements for reducing the size and
cost at the system and product level.

The recent paradigm shifts in packaging processes such as direct
flip-chip attach to organic board, the ability to increase wiring in the
organic board away from expensive drilled technology by the direct depo-
sition of thin organic and metal films, the achievement of reliability without
hermeticity previously achieved only in ceramic packaging, and the poten-
tial integration of all passive components within the interconnect board are
expected to lead to revolutionary products in all segments of electronics.

To describe the status and future developments in these technologies,
editors Profs. Tummala and Rymaszewski and Mr. Klopfenstein have
assembled an outstanding team of 74 packaging practitioners from across
the globe. Together, they produced in three parts the Microelectronics
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Packaging Handbook, an unmatched book needed by industry and univer-
sities. It is equally appropriate both as an introduction to those just entering
the field, and as an up-to-date reference for those already engaged in
packaging design, first and second level packages and their interconnec-
tions, test, assembly, thermal management, optoelectronics, reliability,
and manufacturing.

I applaud the authors and editors for their great contributions and
hope that this book will help focus the attention of outstanding faculty,
students, and industry researchers on the complex packaging challenges
that they face in the 21st century.

Bertrand Cambou

Motorola Senior Vice-President
Sector Technology
Semiconductor Productor Sector



PREFACE

“This book reflects a need based on an ever-increasing realization
by the microelectronics community that while the semiconductors continue
to be improved upon relentlessly for performance, cost, and reliability,
it is the packaging of these microelectronic devices that may limit the
systems performance. In response to this need, the academic community
began to ask its industrial counterparts what packaging is all about, and
what scientific and technological areas should be pursued in collaboration
with industry. As a result of these discussions, a number of universities
in the United States and throughout the world already have research and/
or teaching programs in various aspects of packaging, ranging from
materials, assembly, electrical, and thermal modeling, thin films, and
many others. The multidisciplinary nature of packaging technology clearly
poses challenges not only to this community, but also to industrial col-
leagues who will have to use scientific fundamentals from a cross section
of disciplines to bring about advanced products.” That’s the way we
began the preface of the Ist edition of the Microelectronics Packaging
Handbook in 1989. The first sentence is true today; however, two addi-
tional factors have become more important: cost and size. This is readily
apparent when one considers consumer electronics. The use of packaged
microelectronics has increased tremendously in a great variety of applica-
tions—television, computers, communications, navigation, automotive,
avionics, medical, and so forth. Perhaps the biggest change is the degree
to which universities have embraced the field of microelectronics and
established major research and teaching programs. Also, the growth in
coverage of microelectronics packaging by technical societies—both in
technical symposia and in tutorial sessions—has been dramatic.

While the book is not intended to be a classic textbook for any
course in packaging, it does attempt to define what microelectronics
packaging is all about, including the current state of the technology across
all engineering and scientific disciplines, and the fundamental areas that
could impact the industrial needs. It also provides a comprehensive source
of information on all aspects of microelectronics packaging.
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Packaging of electronic circuits is the science and art of establishing
interconnections and a suitable operating environment for primarily elec-
tronic circuits to process and store information. Accordingly, microelec-
tronics packaging in this book is assumed to mean those designs and
interconnection technologies necessary to support electrically, optically,
thermally, mechanically, and chemically those semiconductor devices with
micron and submicron dimensions that are often referred to as integrated
circuits. Electronic components and their packaging are the building blocks
for a vast variety of equipment. Customer demand and competition among
equipment suppliers result in continuing enhancements and evolution of
these building blocks, particularly in terms of cost, performance, quality,
and reliability.

Since publishing the first edition of this book, a number of paradigm
shifts have taken place in the electronics industry. For one, the emphasis
on systems has changed from mainframe computers to personal computers
and portable, wireless systems requiring ultra low-cost, thin, light, and
portable packages. Second, the semiconductor technologies have shifted
emphasis from bipolar to CMOS. A number of paradigm shifts have taken
place in packaging as well. Direct chip attach was possible in 1989 only
to such inorganic substrates as alumina and silicon. Today, chips can be
bonded and used directly on printed wiring boards. The board itself is
undergoing major change, allowing very high density wiring by photolitho-
grapic processes in contrast to mechanical drilling, which became expen-
sive and obsolete. The very high reliability that was achieved previously
only with ceramic packages is now beginning to be achieved with organic
packages and boards without hermeticity. This book is written with these
changes in mind and consistent with the needs of the industry.

This collection of books is organized into three parts. Part 1 includes
chapters 1 through 6 and covers the driving forces of microelectronics
packaging—electrical, thermal, and reliability. In addition, Part 1 intro-
duces the technology developer to aspects of manufacturing that must be
considered during product development. Part 2, chapters 7 through 14,
covers the interconnection of the IC chip to the first level of packaging
and all first level packages. Part 2 also includes electrical test as well as
sealing and encapsulation technologies. Part 3, chapters 15 through 20,
covers board level packaging as well as connectors, cables, and optical
packaging. The general overview of packaging is repeated in each part
as chapters 1, 7, and 15.

The main problem of creating a handbook in any field is obvious:
by the time the book is completed, much of the information in it may
require updating. This is particularly true with microelectronics packaging,
which is one of the fastest, if not the fastest, growing of all technologies.
The first edition was a beginning and this 2nd edition is long overdue.
Further development and refinement, based on the comments and sugges-
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tions of the users, can appear in future editions. The book in its present
state reflects what we believe the community wants currently. We are
exploring new ways of providing the information on a more current basis
including electronic publishing and interchange.

The first edition was written entirely by IBMers. We tried to include
as many non-IBM technologists as possible and to minimize the use of
IBM jargon. This 2nd edition includes 74 authors, each an expert in his
or her own field, from many companies, universities, and countries. We
believe that this second edition provides a very representative and compre-
hensive look at the field of microelectronics packaging.

Any handbook requires the dedication of a number of individuals
involved in writing, typing, graphics preparation, manuscript reviewing,
copyediting, and publishing, and managing all these operations in such
a way that the final book is available in a timely manner. Above all, a
free and stimulating attitude on the part of all the participants is necessary.
In addition to the chapter authors, we would like to acknowledge the
work of Debra Kelley in helping to keep us on track and for her efforts
in preparing some of the manuscripts. It should be pointed out that exten-
sive use of the Internet permitted us to work together more easily and
cost effectively. Our thanks to Jim Geronimo and Barbara Tompkins
for the preparation of numerous drafts, extensive copyediting, and their
willingness to be sure that all appropriate authors had timely copies to
review. Also to Kristi Bockting and the staff at WorldComp for the
monumental job of incorporating all author comments into the final “cam-
era-ready” manuscript. Our greatest thanks go to our wives, Anne Tum-
mala and Jean Rymaszewski, and MaryAnn Klopfenstein for their patience
and full support. We thank Bertrand Cambou, Motorola Senior Vice-
President for the insightful Foreword.

Rao R. Tummala
Eugene J. Rymaszewski
Alan G. Klopfenstein
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CONVERSION FACTORS

Length
1m=10°A 14=10"m
I m =10 nm Inm=10"m
Im= 10 um 1 um=10"%m
1 m= 10 mm Imm=103m
Im =10 cm lem=10"2m
1 mm = 0.0394 in. lin. =254 mm
1 cm = 0.394 in. lin. = 2.54 cm
Im=328ft 1ft = 0.3048 m
Area
1 m* = 10* cm? lcm? = 1074 m?
I mm? = 1072 cm?® 1 cm? = 102 mm?
1 m? = 10.76 ft? 1 ft2 = 0.093 m?
1 cm? = 0.1550 in.2 1in.2 = 6.452 cm?
Volume
1 m?=106cm? lem? = 1076 m3
1 mm? = 10"} cm? 1 cm’ = 10° mm3
1 m3 =35.32f 1t} =0.0283 m3
1 cm? = 0.0610 in.? lin.} = 16.39 cm?®
Mass
1 Mg =10 kg 1 kg = 1073 Mg
lkg=10g 1g=10"3kg
1 kg = 2.205 Ib,, 1 lb, = 0.4536 kg
1g=2.205x 1073 Ib, 11lb, =453.6¢
Density
1 kg/m? = 1073 g/cm? 1 g/lem? = 10° kg/m?
1 Mg/m? = 1 g/cm? | glem? = | Mg/m3
1 kg/m? = 0.0624 |b,/ft? 1 Iby/ft* = 16.02 kg/m?
1 g/cm? = 62.4 |b,/ft3 1 by /ft* = 1.602 x 1072 g/cm?

1 g/em® = 0.0361 lby/in.} 1 Iby/in3 = 27.7 g/cm?
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Unit conversion factors begin on previous page.

Force
I N = 10° dynes 1 dyne = 10-5N
1 N = 0.2248 Ib; 11bs = 4.448 N
Stress
1 MPa = 145 psi 1 psi = 6.90 X 1073 MPa
1 MPa = 0.102 kg/mm? 1 kg/mm? = 9.806 MPa
I Pa = 10 dynes/cm? 1 dyne/cm? = 0.10 Pa
1 kg/mm? = 1422 psi 1 psi = 7.03 x 10~ kg/mm?

Fracture Toughness
1 psi Vin. = 1.09 x 10~} MPaVm 1 MPa Vm = 910 psi Vin.

Energy
1J = 10" ergs lerg=10""]
1J =624 x 108eV leV =1.602 x 10-9]J
1J=10.239cal 1cal =4.184]
1J =948 x 107* Btu 1 Btu = 1054 ]
1J = 0.738 ft-lb; 1 ft-lbf = 1.356 §
l1eV =383 x 107 cal I cal = 2.61 x 10" eV
1 cal =397 x 1073 Btu I Btu = 252.0 cal
Power
1 W = 0.239 cal/s 1calls = 4.184 W
1 W = 3,414 Btu/h 1 Btw/h = 0.293 W

1 cal/s = 14.29 Btu/h 1 Btu/h = 0.070 cal/s

Viscosity
1Pa-s =10P 1P =0.1Pa-s

Temperature, T

T(K) = 273 + T(°C) T(°C) = T(K) — 273
T(K) = 3[T(°F) — 32] + 273 T(°F) = §[T(K) - 273] + 32
T(°C) = 3{TC°F) — 32] T(°F) = §[T(°C)] + 32
Specific Heat
1 J/kg-K = 2.39 x 10-* cal/g-K 1 cal/g-°C = 4184 J/kg-K
1 J/kg-K = 2.39 x 1074 Btu/lb,-°F I Btu/lb,-°F = 4184 J/kg-K
1 cal/g-°C = 1.0 Btu/lb,,-°F 1 Btu/lb,-°F = 1.0 cal/g-K

Thermal Conductivity
1 W/m-K = 2.39 x 1073 cal/cm-s-K 1 cal/cm-s-K = 418.4 W/m-K
1 W/m-K = 0.578 Btu/ft-h-°F 1 Btu/ft-h-°F = 1.730 W/m-K
1 cal/cm-s-K = 241.8 Btu/ft-h-°F 1 Btu/ft-h-°F = 4,136 x 103 cal/cm-s-K



CONVERSION FACTORS
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Unit Abbreviations
A = ampere in. = inch N = newton
A = angstrom J = joule nm = nanometer
Btu = British thermal unit K = degrees Kelvin P = poise
C = Coulomb kg = kilogram Pa = pascal
°C = degrees Celsius lbs = pound force s = second
cal = calorie (gram) b, = pound mass T = temperature
c¢m = centimeter m = meter um = micrometer
eV = electron volt Mg = megagram (micron)
°F = degrees Fahrenheit mm = millimeter W = watt
ft = foot mol = mole psi = pounds per square
g = gram MPa = megapascal inch
SI Mulitiple and Submultiple
Prefixes
Factor by Which
Multiplied Prefix Symbol
10° giga G
106 mega M
10° kilo k
102 centi¢ ¢
1073 milli m
10-¢ micro m
1079 nano n
10-12 pico P

¢ Avoided when possible.
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RAO R. TUMMALA—Georgia Tech
TOSHIHIKO WATARI—NEC

7.1 INTRODUCTION

Packaged electronics is the embodiment of all electronic equip-
ment—calculators, personal computers (PCs), mainframe computers, tele-
phones, television, and so forth. It consists of the active components, such
as integrated circuit (IC) chips, flat-panel and cathode-ray-tube displays,
loudspeakers, and so on. The active components are interconnected, sup-
plied with electric power and housed in packaging. Success in a very
competitive marketplace hinges on superior performance and price.

Performance is a broad term which encompasses the ability to per-
form a multitude of functions—word processing with embedded graphics
or spreadsheet calculations, airline reservations, banking transactions, and
s0 on—within a certain time, preferably without imposing an unacceptable
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Figure 7-1. Trends of the System Price-to-Performance Ratio

wait on the users. It is task dependent, so only the general trends will be
discussed throughout this book. In the last several decades, the price (in
$) for performance (measured in millions instructions per second—MIPS)
decreased dramatically as shown in Figure 7-1 which is derived from
Ref. 1.

This gain with PC was in improving the performance at relatively
constant cost and price, thus increasing their value every 2-3 years. These
humble PCs, priced at a (very) few thousand dollars, easily outperform
(with certain tasks) the yesteryear’s mainframes which had been priced
in millions of dollars. And they are much easier to use.

The mainframe improvements now (the second half of 1990s) mainly
result from the cost reductions enabled by higher levels of integration on
the ICs and in the packaging, thus reducing the size and number of parts,
and from simplifying the packaging complexity (e.g., switch from the
water to air cooling).

Figure 7-2 illustrates the interdependency between processor perfor-
mance and its clock frequency. Another strong variable is the number of
cycles per instruction [2] which depends on the computer design in general
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and on the number of its circuits in particular, as is discussed in Section
7.2.11. The high performance (number of operations per unit of time,
usually 1 s) requires processing and storing of data within short time
intervals, on the order of nanoseconds (ns or 10°s). Such high-performance
equipment must be of small physical size because of the finite time
a signal takes to travel through an interconnection—1 ns through an
interconnection 10-30 cm (4-12 in.) long. The evolved, and still evolving,
semiconductor and packaging technologies have enabled this progress to
occur and to continue.

The above scenario is grossly incomplete without highlighting an-
other, perhaps even more significant, paradigm shift—the emergence of
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technologies for the portable systems (Fig. 7-3) with wired (via modem
and telephone lines) and wireless (like cellular telephones) connections
to a rapidly expanding network of interconnected computers, already
providing near-unlimited amounts of information and vast opportunities
for person-to-person as well as group communications. The World Wide
Web name is not an exaggeration.

As already indicated in Figure 7-2 and discussed in more detail in
Section 7.2.11, the communications between the computers, and even
within a powerful single computer, demand very high data rates, on the
order of 10 megabytes (MB) per second (1 byte = 8 bits—binary units)
transmitted in and out of the processor per 1 MIPS; see Figure 7-18. The
past, present, and future mainframes maintain this relationship to balance
their performance and communications capabilities because of the heavy
communications demand of all tasks they perform. The seemingly imbal-
anced ever-increasing performance of PCs without a correspondingly high
communication bandwidth constitutes the differentiating property between
the two. The PC performance is used to continually enhance the user
friendliness and to perform computation-intensive, but not communica-
tion-intensive, tasks such as pattern manipulation (e.g., maps, images,
voice recognition, and so forth).

Customer expectations are also very high indeed in terms of quality
(work perfectly out of the box), reliability (no failures during useful life),
and rapid and inexpensive service in the unlikely event it is needed. Two
other main branches of electronics, consumer and communications, have
almost completed their transitions from analog to digital circuits wherever
practical. Thus, the long-predicted convergence of these three main
branches of electronics (computer, consumer, communications) is well
underway. The packaging continues to provide strong competitive lever-
ages as it has in the past, in the context of totally different IC chips and
much broader and still widening applications.

Thus, the second edition of this book endeavors to preserve and
build on the timeless fundamentals presented in the first edition and to
update its timely content by splicing in the various advances of the state
of the art. It must be noted, however, that designs for various applications
undergo much more rapid changes and suffer obsolescence much sooner
than at the time of work on the first edition. Consequently, the applications
chapters are no longer included. The interested readers are referred to
many good periodicals, conferences, and workshops. The changing world
of electronics required a different approach to this second edition. First, its
chapter authors represent the broad international professional community.
Second, the book is now being divided into three parts to make it more
complete and comprehensive without approaching a cubical form factor
and to enhance its use as a study book.

The three parts are basically the original book, but now they concen-
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trate on technology drivers and technologies. The first part, “Technology
Drivers,” begins with an overview followed by an updated in-depth treat-
ment of the key packaging design aspects—topological, electrical, thermal,
reliability, and manufacturability. The second part, the “Semiconductor
Packaging,” focuses on the extremely important and very diverse technol-
ogy options (materials and processes) to package semiconductor chips
in single-chip (SCM) and multichip (MCM) modules. The third part,
“Subsystem Packaging,” completes the coverage of the technology options
available to the designer to form a system or a major subsystem. New
chapters were added to address manufacturing considerations, electrical
testing, polymers used in packaging, and optical packaging.

Another aspect of packaging is microelectronics versus general elec-
tronics, in which a great deal of components are heavy and/or bulky, such
as power-supply transformers, filter capacitors, cathode-ray-display tubes,
and flat-panel displays. This book, as its title indicates, concerns itself
mainly with packaging of the wide range of microelectronic components.

The next subsection of this chapter, “Packaged Electronics,” high-
lights the two pivotal roles of the electronic packaging—the ability to
support and preserve the on-chip performance, and the main limiting
factors to such an ability. It also raises many questions triggered by
these initial highlights to introduce the subsequent section on packaging
definition, to describe its functions and hierarchy, and to give a brief
overview of these books. The detailed chapter-by-chapter description is
given in Section 7.10, “Book Organization and Scope.”

7.1.1 Packaged Electronics

As already mentioned in Section 7.1, the electronics packaging must
support the original design objective/intent of its IC chips, yet it may fail
to do so to a greater or lesser degree, either by limiting the realization
of the intended IC performance potential or by “diluting” the on-chip
performance, or by both. To illustrate these points for digital applications,
let us consider an assembly (e.g., in a workstation) of 750,000 computing
elements, all of which having the same value of the “speed-power product”
(actually energy), assumed to be 0.1 pJ (0.1 x 102 J).

Let us select three operating points (signal delay at an average power
dissipation) roughly representative of performance (but not the power)
of yesterday’s, today’s, and tomorrow’s technologies: 10 ns at 10 pW, 1
ns at 100 uW, 0.1 ns at 1 mW, respectively. During each system cycle,
the signal being processed has to traverse 20 of these computing elements.
Furthermore, there are three packaging options, each assumed to be a
square with a 1-cm edge typical of an IC chip, 6-cm edge typical of a
multichip module, and a 36-cm edge typical of a printed wiring board
(all these terms will soon be discussed). Insulating material of the signal
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Table 7-1. Attributes of Nine Workstation Implementations

IC Chip Packaged Chips
Multichip Module Printed Wiring Board
Edge dimension 1cm 6 cm 36 cm
Manhattan ¢, 0.13 ns 0.8 ns 4.8 ns
Area 1 cm? 36 cm? 1296 cm?

“Yesterday’s designs,” 10 ns

Wire delay adder ~0% 0.4% 2.5%
10 pW Clock ~5 MHz 4.98 MHz 4.88 MHz
75 W Power density 7.5 Wicm? 0.21 W/em? 0.006 W/cm?
“Today’s designs,” 1 ns

Wire delay adder 0.5% 3.8% 19.3%
100 uyW Clock 49.7 MHz 48.1 MHz 40.3 MHz
5 W Power density 75 Wicm? 2.1 Wiem? 0.057 W/cm?
“Tomorrow’s designs,” 0.1 ns

Wire delay adder 6.1% 28% 67%
1 mW Clock 463 MHz 357 MHz 147 MHz
750 W Power density 750W/cm? 20.8 W/cm? 0.58 W/cm?

interconnections has a dielectric constant of 4, an approximate value of
many actual materials.

In a fairly representative situation, the signal will originate by the
circuits located in one corner of the square package and will have to
travel ultimately to the diagonally opposite corner via paths mostly parallel
to the edges, commonly called “Manhattan delay” (from the streets and
avenues of the borough of Manhattan of New York City). In such an
intentionally oversimplified design, the cycle time is determined by the
sum total of the two signal propagation times:

Through the 20 computing elements, connected in series (on-chip
delay)

Manbhattan (along two packaging edges) wire delay for €, = 4, which
is Y15 ns/cm.

Thus, there are nine technology design options presented in detail
in Table 7-1. The three columns correspond to the designs with each of
the three edge dimensions (a single IC chip and two packaging structures).
The three rows reflect the designs with each of the three performance
levels representative of the three time frames. The individual cells of
Table 7-1 list the resulting clock frequency and power density, and the
% adder of the wire delay. The individual cells of Table 7-1 present a
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more complete picture by listing the total signal delay of the on-chip
computing elements (mostly logic circuits), the cycle path delay (and the
% adder of the wire delay), the corresponding clock frequency, and the
power density.

Contemplating the key system attributes of this table, we note minus-
cule effects of the wire delay on the cycle time for all 10-ns (“yesterday’s”)
designs, regardless of the edge dimension. The added delay is 2.5% or
less of the total, and the power densities are easily managed, as will
become more apparent in Section 7.2.4 (note that this subject is fully
treated in Chapter 4). Section 7.2.3 will show another aspect of minimal
packaging effects.

The 1-ns (“today’s”) designs begin to show noticeable Manhattan
wire delay adder (~20%) for the 36-cm-edge case and a rather challenging
power density (75 W/cm?) for the 1-cm edge. Again, Section 7.2.3 will
show similar situation.

The 0.1-ns (“tomorrow’s”) designs are most severely affected by
the packaging: up to 67% added wire delay (3.4x performance degradation)
on the 36-cm-edge package and, on the I-cm-edge package, a 750-
W/cm? power density—on the order of the power density of a nuclear
blast 1 mile from its center, as shown in Figure 7-12. Such a power
density cannot be supported by any practical packaging design. Either a
circuit power reduction (and correspondingly greater signal delay) or an
increased edge dimension (greater Manhattan delay), or both, are required.
Consequently, they preclude any practical full utilization of the theoreti-
cally possible 2-ns cycle time, or 500-MHz clock, and leave one to hope
that the future ICs will achieve the same 0.1-ns performance at the circuit
power levels lower than 1 mW (i.e., will have a speed—power product
less than 0.1 pJ). The power distribution for these tomorrow’s ICs will
also need significant design innovations.

In these examples, only the power density and wire delay were
considered, which are, in fact, the primary variables. Further considera-
tions raise some additional intriguing questions.

The 1-cm edge is most likely to be that of an IC chip itself. The
larger edges imply a somewhat uniform distribution of the circuits over
the larger area, which is possible only with partitioning of the total circuit
content into several IC chips. How many of them? Just a few or quite a
few (a high number)? What are the consequences of such partitioning in
terms of chip-to-package interface on the number and arrangements of
the signal, ground and power terminals, the on-packaging interconnections
between them, and the thermal interfaces/paths to the equipment exterior?

What are the topological aspects, the physical dimensions, and the
electromagnetic characteristics of the interconnections? How does one
deal with the chip-to-package interface regions? What are the materials,
in what shapes and dimensions, and how to process them during manufac-
turing?
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What are the values of stray electric and magnetic fields, and the
resultant capacitances and inductances, and what impact do they have on
the system performance and/or reliability of its operation (intermittent
failures—the most onerous kind)? How well can it all be manufactured
and what reliability (hard failure rates and lifetimes) to expect?

How to integrate this portion of a larger data processing system with
the rest of it in a competitively advantageous manner? What performance
leverage, or penalty, results from employing either less or more than the
750,000 computing elements exemplified above?

This book endeavors to deal with all of these questions, and raise
and answer a few more. This chapter sets the stage for the entire book
(all three parts) by introducing and highlighting the topics of all subsequent
chapters. This concludes with the packaging functions and structural hier-
archy, and presents the evolving trends of semiconductors and packaging.

The next major section, Section 7.2, deals with the two sets of
driving forces—the design considerations (topological, electrical, thermal,
reliability, manufacturability, and testability) and the applications (memo-
ries, PCs and workstations, portable electronics, mainframes, optical inter-
connects) which optimally integrate the various technologies. Section
7.2.13 concludes the description of driving forces, gives a bird’s-eye view
of evolution of the entire range of digital-electronics-based products, and
sets the stage for the next six sections to deal with the various packaging
technologies (structures, materials, and processing) and their trends and ap-
plications.

Section 7.3 introduces the packaging technology and describes its
trends. Section 7.4 describes the various technologies for chip-to-package
connections. Section 7.5 focuses on the single-chip and multichip mod-
ules—the first-level packages. Section 7.6 covers the package-to-board
interconnections. Section 7.7 deals with the second-level packaging tech-
nologies. The packaging cooling is the subject of Section 7.8. Section 7.9
handles the packaging sealing and encapsulation.

Section 7.10 summarizes this book with a schematic overview and
a detailed chapter-by-chapter description of all three parts. It is followed
by listing of references.

7.1.2 Packaging Functions and Hierarchy

Electronic packages contain many electrical circuit components—
up to several millions or even tens of millions—mainly transistors assem-
bled in integrated circuit (IC) chips, but also resistors, diodes, capacitors,
and other components. To form circuits, these components need intercon-
nections. Individual circuits must also be connected with each other to
form functional entities. Many of the intercircuit connections are steadily
migrating into the IC chips as the levels of integration continue to increase.
Mechanical support and environmental protection are required for the ICs
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and their interconnections. To function, electrical circuits must be supplied
with the electrical energy which is consumed and converted into the
thermal energy (heat). Because all circuits operate best within a limited
temperature range, packaging must provide an adequate means for removal
of heat.

Thus, the packaging has four major functions:

. Signal distribution, involving mainly topological and electromag-
netic consideration

. Power distribution, involving electromagnetic, structural, and materi-
als aspects

»  Heat dissipation (cooling), involving structural and materials consid-
eration

*  Protection (mechanical, chemical, electromagnetic) of components
and interconnections

as illustrated in Figure 7-4. They are discussed throughout this series
of books.

Arguably, the thin-film wires (interconnections) within semiconduc-
tor IC chips are an important packaging component. Increased integration
had migrated onto the IC chip at a steadily increasing percentage of the
wires previously provided by the packaging structures outside the chips.

Packaged components must be manufactured and assembled at af-
fordable costs. Repairs must be few, quick, and inexpensive. In many
applications, it is also desirable/mandatory to enable the addition or re-
arrangement of functional features (e.g., expansion of storage capacity,
addition of a coprocessor or a modem, or even a processor upgrade).

All interconnections on an IC chip (even though some of them might
have been part of packaging in previous—lower level of integration—
technology) or all internal structures of any other component (e.g., a
crystal or those of discrete capacitors and inductors) are not considered
packaging in the common parlance. Thus, the packaging begins at the
interfaces to these ICs and other components: mechanical, to provide
support and, if needed, an enhanced thermal path to facilitate heat transfer;
and electrical, for power and signal connections, whose electromagnetic
properties also play an important, but not always desirable, role.

These interfaces may be the exterior surfaces of an IC chip (die)
itself—the common term being a bare chip—often in the context of a
“direct chip attach.” Or, as it is still often the case, the IC chip has an
enclosure, commonly referred to as a single-chip module (SCM), or a
chip carrier, or a header. In either case, it is considered a first-level
package. This is an extremely important and very diversified level of
packaging which fills the entire Part 2, Semiconductor Packaging. This
book also deals with a direct attach of several unencapsulated (bare) chips
to a substrate of various materials produces a multichip module (MCM)
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Figure 7-4. Four Major Functions of a Package

or multichip packaging (MCP). MCMs are often assembled on PWB along
with SCMs and other discrete components.

The groups of chips (packaged in SCMs), along with other compo-
nents such as capacitors, resistors, inductors, filters, switches, and optical
and RF components, are assembled on a second-level packaging—cov-
ered in Part 3—usually copper-clad sheets of epoxy-glass laminates.
After patterning of the metallic sheet followed by mechanical drilling and
lamination to form interconnections, such structures are commonly called
“printed wiring boards” (PWB) or card. See Figure 7-5.

The next level packaging (3rd or higher) may be the outer shell
of a small piece of equipment (e.g., a hand-held calculator, a portable
phone, or a pluggable unit to supplement or to enhance functions of a
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Figure 7-5. Packaging Levels, Interconnections, and Technologies

larger equipment—a pluggable PC card with a hard disk or with a wireless
modem). In a larger equipment (desktop or floor standing), several cards
are plugged into a PWB. Such cards are sometimes referred to a “daughter
cards” and the PWB as “mother boards.” There may be several boards
within a box/frame of large equipment such as a workstation or, especially,
amainframe. As already mentioned, the continuing increases in the number
of circuits and/or bits per IC chip tend to simplify the packaging hierarchy.
In addition to the relatively small and light IC chips, many electronic
applications require bulkier and heavier components such as power trans-
formers, large electrolytic capacitors, disk drives, display tubes, and so
on. They are mounted separately and are electrically connected to the rest
of the electronics via various cables. Cables also are used to connect
boards either to each other or to the rest of the equipment, including its
external terminals (e.g., a PC to its monitor, keyboard, mouse, printer,
and, via modem, to the house telephone line).

7.1.3 Evolving Trends

7.1.3.1 Product Applications

The main driver is the price for performance shown in Fig. 7-1 for
the digital data processing. The general trends of the attributes of packaged
electronics are shown in Figure 7-6. Note how lower prices enhance
production volume.
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The mainframe improvements were progressing at a slow rate until

emergence of the microprocessors based on the complementary-metal-
on-silicon (CMOS) technology. This technology was initially too slow to
challenge the bipolar-based emitter (driver output) complementary logic
(ECL), as shown in Figure 7-7. The advent of better (smaller dimensions)
photolithography greatly benefited the CMOS-based logic-circuit perfor-
mance, at a better speed—power product. It had also enabled higher circuit
density leading to lower circuit costs. These higher levels of integration
on the ICs lead to higher packaged circuit density, thus reducing the size
and number of parts. Lower power densities have simplified the packaging

complexity, mainly by the switch from water cooling to air cooling.
The clock frequencies of the CMOS-based microprocessors (used
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mainly in PCs) have caught up with the mainframes and are chasing
the supercomputers (in the range of 200-350 MHz). The CMOS-based
mainframes are expected to do so before the year 2000. It must be noted,
however, that it is extremely difficult to compare PC performance (essen-
tially a single-user system) with the mainframes, which have a totally
different instruction set and serve a vast number of users. In Figure 7-1,
1 mainframe MIPS was assumed to equal approximately 10-100 PC
MIPS. The main differences between the two are in the instruction sets
(tasks) and in the communications bandwidth—the number of bits per
second transmitted into and out of the processor for each MIPS, as will
be presented in detail in Figure 7-18 of Section 7.2.11.

The zero power consumption of the CMOS circuits when in the
standby mode (no data processing) contrasts sharply with the near-constant
power consumption of the ECL technology. It has enabled portable, bat-
tery-powered, equipment (e.g., PCs, cellular phones) with reasonably long
operating times. The trend here is toward smaller dimensions, lower
weight, more functionality, and very attractive prices, leading to high
volumes.

Low technology costs and the better understanding and control of
the failure mechanisms resulted in highly reliable products (see, for exam-
ple, Fig. 7-13), with the new applications, such as automotive electronics.

7.1.3.2 Semiconductors

Until the mid-fifties, most of the electronic circuits were produced
from individual discrete components: vacuum tubes, resistors, capacitors,
and, notably, discrete wires. The first step toward integration occurred
with the emergence of the printed wiring board (PWB). An insulating
layer, a fraction of 1 in. thick, was clad with metal layers on one or
both sides. Interconnections were photolithographically patterned. Wire
terminals of the still discrete components were inserted into prepunched
holes in the PWB and soldered, all at once.

It all began to change rapidly in late sixties, with the advent of
integrated circuits (IC) which contained in a little semiconductor (mostly
silicon) “chip” an ever-increasing number of planar devices (mainly,
transistors, field-effect—FET, or bipolars) isolated from each other, with
their terminals on the surface of the chip. These devices were intercon-
nected by “wires” photolithographically formed from one, and later more,
layers of metallic thin film, predominantly aluminum. Enormous density
improvements (Fig. 7-8) resulted from advances in the photolithography,
for instance more than a fourfold increase in storage cells per chip every
3 years or approximately a 100-fold increase every decade. This mass
production of electronic circuits dramatically reduced (and continues to
reduce) their cost. Table 7-2 highlights the evolution of the key IC parame-
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Figure 7-8. Microelectronics Density Trends (Adapted from Ref. 22.)

ters and attributes from 1992 to 2007. Figure 7-9 offers comparisons of
the major ICs—bipolars (emitter-current logic, ECL), complementary
metal on silicon (CMOS), BICMOS, GaAs—in terms of their major attri-
butes.

These semiconductor advancements have put, and are still putting,
an ever-increasing burden on the packaging—in terms of interconnecting,
powering, cooling (Fig. 7-10), and protection—to keep pace with and
provide sufficient support to the ICs as it is highlighted in Table 7-1 and
will be discussed in more detail in Section 7.2. An added demand to
reduce cost is becoming stronger and more pervasive since the shift in
the application thrusts from the large (and still expensive, but getting less
so) mainframes and supercomputers to desktop PCs and workstations
(shown in Fig. 7-1) and portable electronics. Portable electronics also
demand very energy-efficient designs to prolong operating time on one
battery charge.

7.1.3.3 Future Packaged-Electronics Considerations

The quest for the further cost reduction opportunities now focuses
on those attributes/elements of technology whose contributions to the
total cost are becoming disproportionaly large (e.g., pins, individual chip
carriers, individual discrete components, extensive rework to replace faulty
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Table 7-2. Semiconductor Evolution

1992 195 1998 2001 2004 2007
Feature size (um) 0.5 0.35 0.25 0.18 0.12 0.10
Gates/chip 300K 800K 2M M 10M 20M
Bits/chip
DRAM I6M  64M  256M 1G 4G 16G
SRAM 4M I6M  64M 256M 1G 4G

Wafer processing cost ($/cm?) $4.00 $3.90 $3.80 $3.70 $3.60 $3.50
Chip size (mm?)

Logic/unprocessor 250 400 600 800 1000 1250

DRAM 132 200 320 500 700 1000
Wafer diameter (mm) 200 200 200400 200400 200-400 200400
Defect density (defects/cm?) 0.1 0.05 0.03 0.01 0.004 0.002
No. of interconnect levels—logic 3 4-5 5 5-6 6 6-7
Maximum power (W/die)

High performance 10 15 30 40 40-120  40-200

Portable 3 4 4 4 4 4
Power supply voltage (V)

Desktop 5 33 22 2.2 1.5 1.5

Portable 33 22 2.2 1.5 1.5 1.5
No. I/Os 500 750 1500 2000 3500 5000
Performance (MHz)

Off chip 60 100 175 250 350 500

On chip 120 200 350 500 700 1000

components). These cost-reducing efforts may disrupt the continuity of
the technology evolution; they may even traumatize the established tech-
nology-flow and business-flow patterns; for example, the replacement of
the surface-mount technology (SMT) for discrete components (mainly
resistors and capacitors) by embedding them into the substrate to enable
higher density, better performance, and lower costs.

Equally traumatic are transitions from one technological approach
to another which is vastly different. Examples from the past are replace-
ments of the ferrite memory-core arrays with the integrated-circuit (IC)
dynamic and static random-access memories (DRAMs and SRAMs), or
advent of the microprocessors and application-specific integrated circuits
(ASICs). In the examples just cited, the cost and performance improve-
ments went approximately hand in hand.

Introduction of the dense liquid-cooled multichip modules (MCM),
with well over 100 bipolar IC chips directly attached (without benefit of
individual packages—SCMs) to multilayer ceramic substrates, provided
very significant performance leverages, but it was not a low-cost approach.
Yet, it lasted for several generations of IBM mainframes and was emulated
by mainframe and supercomputer producing competitors; see Figures 7-32
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and 7-33. The direct attach of bare chips to MCM substrates is still resisted
by some suppliers of electronics technology, at least in part due to the
business separation between the makers of the ICs, the makers of the
PWBs, and the makers of the end products or subproducts.

The traditional single-chip-module approach, when extended to giga-
scale integration (GSI, with large IC edge dimensions—25 mm and be-
yond) and, especially, combined with decreasing cross-sectional geome-
tries of interconnections (down to 0.1 um wide and thick), is likely to be
competitively inferior to the alternative implementation in MCMs or MCPs
on two most significant counts: cost and performance. The following is
a generalized qualitative examination of both aspects.

Manufacturing costs: Inscribing large chips within a circular wafer
produces a disproportionately smaller number of them than a
smaller chip-size alternative. Given identical defect density on
wafers, a higher percentage of larger chips will be defective.
Consequently, the cost of good chips will suffer disproportion-
ately. The chip yield problems will be further aggravated by the
need for additional metal levels. The cost differential is likely to
be large enough to offset the additional MCM/MCP costs.

Performance: Smaller device geometries necessitate smaller contact
areas and narrower interconnections. To avoid “degenerate” aspect
ratios, interconnections also have to become thinner. These two
factors will reduce the cross-sectional area at a faster rate than
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the device size and interconnection lengths reductions. The smaller
area increases the resistance and, therefore, reduces bandwidth,
unless the interconnection length is also reduced by the same
factor. In fact, the interconnection lengths become greater with
the increasing IC chip size, further aggravating the performance
degradation. An attempt to widen the interconnections will lead
to an even higher number of metal layers to render the chip
wireable—hardly a desired by-product because of the added com-
plexity and increased number of defects.

Note that many GSI chips consist of “functional islands,” and busses:
16-bit or 32-bit (or more) sets of interconnections between them. The
wiring within functional islands is at least partially random. A properly
partitioned GSI chip may be readily subdivided into smaller chips. The
interconnections between the subchips will have increased performance
when their cross-sectional geometries are increased: an easy task, if done
on a physically separate chip carrier (MCM or MCP). The chip-to-carrier
interface must present minimum electromagnetic loading. Indeed, it can
be done with the advanced flip-chip technologies. Performance of such
nets will be vastly superior to those implemented on a single chip of
reasonably complexity—with a limited number of thin-film metal layers.

As most of the web-surfers already know, the wait inflicted by the
interconnection’s bandwidth is usually much longer and, therefore, less
tolerable than that caused by the signal round-trip delay. This bottleneck
is very typical for distributed computing (actually data processing). Ulti-
mately, it is also gated by the affordable price/cost. To continue with this
example, the service provider accepts a regular telephone line with its
severe data-rate limitation, but will be happy to provide a data link of
(much) greater bandwidth at a correspondingly higher price.

In high-speed data processing, both the round-trip delay and the
bandwidth are important. The shorter round-trip delay is achieved by
denser (usually a smaller area for the same electronic content) technology.
Denser interconnections have smaller cross-sectional areas and, conse-
quently, reduced bandwidth simply because the cross-sectional area scales
down with the square of the scaling factor while the distance reduces
linearly. Such a dimensional scaling-down process has been continuing
since the early seventies, as already indicated. The bandwidth reductions
were barely noticeable, if at all, until recently,when detailed design and
performance simulation work on multi-GHz clock systems required ex-
tremely wide busses (on the order of 1000 lines) between the processor
and its temporary (cache) memory sections; see Figure 7-24 and Refs. 3
and 4. For a single processor configuration, a multilayer planar packaging
structure is manufacturable. A multiprocessor configuration will probably
choke on a submarginal data-transfer rate between the processors and
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their caches. Optical connections are coming to the rescue, with their
much greater bandwidths.

As already mentioned in Section 7.1, a great deal of digital data
processing in the mid-nineties is microprocessor based. The microproces-
sors are often contained within a single chip (characteristically, such
was the case in the seventies, eighties, and early nineties) or the higher
performers are partitioned into a small group of chips, typically between
two (Intel Pentium-Pro) to about nine (eight in the newer IBM workstations
[5] and Fig. 7-20).

This represents two competing schools of thought—and ways of
doing business: single-chip design, with chips projected to grow rather
large; and multichip design, with several smaller chips tightly packaged
on an MCM or MCP.

Although the MCM approach had been the technology of choice for
the mainframes, its use in PCs is still emerging (in 1996). A study reported
in Ref. 6 substantiates the above conclusions with a quantitative analysis.
Such studies confirm the general applicability of the insights gained from
R&D of the high-end mainframe and supercomputer packaged electronics,
as discussed in detail in Section 7.2.13.

A multichip approach seems the only practical choice when heteroge-
neous semiconductors are a necessity. The most obvious case is with
wireless communications, with the silicon-based ICs handling the digital
signal processing and the compound semiconductors-based (e.g., gallium
arsenide) devices handling the radio-frequency (RF) transmitting and re-
ceiving tasks [7]. The SCM carriers on a PWB for such ICs are, in fact,
inferior solutions to the MCMs in terms of higher packaging volume
(premium for portable equipment) and poorer performance. Thus, there
is a strong drive for dense, low-cost interconnections capable of providing
high degree of electromagnetic separation between the digital and RF
signal and power interconnections. The detailed packaging technology
trends are given in the introduction to Section 7.3.

Yet another set of challenges stems from distributed computing
(actually data processing) with its need for rapid and faultless transmission
of enormously large data/information volumes. Each challenge involves
several key parameters or characteristics which often counteract each
other—improvements in one often cause deterioration of another. Further-
more, the current technologies are approaching numerous fundamental
limits set by the properties of materials and by the structural geometries
(form factors and dimensions) of packaging.

7.2 TECHNOLOGY DRIVERS

A successful package design will satisfy all given application require-
ments at an acceptable design, manufacturing, and operating expense. As
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a rule, application requirements prescribe the number of logic circuits
and bits of storage (possibly along with other components, such as
switches, lights, displays, etc.) which must be packaged—interconnected,
supplied with appropriate electric power, kept within proper temperature
range, mechanically supported, and protected against the environment.
Ever-increasing integration at the chip level toughens demands on the
number and density of signal terminals and interconnections. The resulting
smaller physical dimensions tax both the properties of materials, and the
production assembly and test techniques. These challenges are further
compounded by the need to preserve or even to enhance the thermal and
electromagnetic characteristics while maintaining or improving the quality
and reliability.

There are two major sets of technology drivers—one governs the
technology selection for a particular application (e.g., mainframe proces-
sor, its main memory, PC), the other set is derived from the key design
considerations: topological (wiring, number of terminals), electrical (sig-
nal and power interconnections), thermal, reliability, manufacturability,
and testing. The technology selection for a particular application integrates
and optimizes these design considerations and specific parameter values—
power density, electrical characteristics, number and density of terminals
and interconnections, and so forth. In this section, the design considerations
are reviewed first, following the subject of Chapters 2—6 (the first part).
Test design consideration are covered in Part 2, Chapter 13 and design
considerations for optical are covered in Part 3, Chapter 20. Sections
7.2.8-7.2.12 highlight the various generic application considerations—
memories, PCs and workstations, portable equipment, mainframes, and
optical interconnects. Section 7.2.13 gives a bird’s-eye view of the evolu-
tion of the entire range of products with regard to several key parameters.

7.2.1 Wireability, Number of Terminals, and Rent’s Rule

The total number of terminals and wires at packaging interfaces
(module pins, card connectors) is a major cost factor. As will be seen
later, the electrical characteristics of the interconnections are also the key
performance determinators, along with the limits in the ability to supply
power and remove heat. They can also pose serious reliability challenges.

Essentially all of the electronic equipment components and subas-
semblies have two distinct sets of terminals (individual electrical connec-
tion)—signals and power. Common to both is usually the “ground” termi-
nal(s), a carryover from the old radios which had to be connected to an
areal (antenna) and to the ground, literally a spike driven into the ground
or other suitable artifact such as a water pipe. House electrical wiring,
telephones, and so forth still have such a connection to prevent an electrical
shock to a person in contact with an electrically conducting part of an
appliance. However, in electronic applications, the “ground” designates
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a neutral reference voltage to be considered with a much greater care
than frequently done (for more details see Section 7.2.3).

Signal interconnections and terminals constitute the majority of con-
ducting elements, especially in low-cost packaging. Other conductors
supply power and provide ground or other reference voltages. Packaging
designed for the high-performance circuits must contain more elaborate
power and ground connections to ensure acceptably low levels of electrical
interference (noise). This significantly complicates the design and, there-
fore, raises the cost.

The number of terminals supporting a group of circuits is strongly
dependent on the function of this group. The smallest number goes with
the memories (storage of binary coded information) because the stream
of information can be as limited as a single bit, requiring only one data
line. The address data depend on the storage capacity. For example, a 4K
bit (4096 = 2'%) random access memory (RAM) will require 12 address
lines (terminals) and 16M RAM bits will be satisfied with 24 address
terminals. Controls (e.g., read, write, clock) require a few more lines.
Thus, the packaging of memories is usually simple and inexpensive.

Exactly the opposite is the case with the groups of logical circuits
which result from random partitioning of a computer. Repeated studies
of the relationship between the number of circuits within an enclosure
(module, card, board, gate of Figure 7-10) and the number of terminals
required have reconfirmed findings of Rent [8,9,12], as discussed in depth
in Chapter 2. The relationship is known as Rent’s rule [8] which can be
generally expressed as':

N=K M [7-1]

where N is the number of required input—output terminals, X is the average
number of terminals used for an individual logic circuit, M is the total
number of circuits, and p (0 < p < 1) is a constant, called Rent’s constant.
A detailed discussion is given in Section 2.2.2.

Of main concern here is the number of signal terminals in digital
applications, especially digital data processing as opposed to data storage.
The more circuits (gates) the data processing IC (or other packages) have,
the more terminals will be required at their interface. Although the general
dependency follows the same rule, different classes of applications demand
somewhat smaller or higher number of terminals for the same number

1 This expression stresses the fact that the average number of wired circuits depends on
the pinout provided by the package. Maximum available circuits must exceed the average
by approximately a factor of 2. Other limitations are wiring channels, power supply,
and cooling.
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Figure 7-10. Number of Terminals and Number of Circuits (Adapted from
Ref. 8.)

of circuits (Fig. 7-10). The highest number of terminals with randomly
partitioned logic is needed for the highest-performance applications such
as supercomputers or mainframes.

Generally, the “dictate” of Rent’s rule applies to information being
conveyed to the assembly of circuits, not necessarily to the number of
actual lines or terminals. Information can be coded on several lines,
somewhat analogous to memory address, to trade the total number of
terminals against the need to code—decode and to buffer data, with the
resultant performance penalty. Such a penalty is often small when many
logic (and memory) blocks are encountered by the data between entering
and exiting the enclosure (chip, card, board), as it occurs in a microproces-
sor. Therefore, significant pinout reduction can be utilized with an accept-
able performance degradation. In the case of high-performance logic, only
very few logic blocks are present between the input and output terminals.
Consequently, to utilize most circuits and to avoid severe performance
degradation, Rent’s rule of Equation [7-1] has to be followed.

7.2.2 Electrical Design Considerations

Objectives of the electrical package design are to assure reliable and
predictable signal transmission through the on-chip and off-chip intercon-
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nections. It is accomplished by numerous design considerations, all of
which have to be met as follows.

*  Assure reliable functioning of the interchip signal interconnec-
tions (nets):

By preservation of the transmitted signal (within acceptable toler-
ances): DC levels, length of signal transitions, and distortions
caused by reflections
By containment of the noises (unwanted signals) injected through
various paths, such as interline coupling (controlled by the lines’
cross sections and shared lengths) and the common path imped-
ances

*  Assure reliable on-chip nets performance:
By ascertaining integrity of power distribution
By providing integrity of the chip-to-package interface regions:
self-inductances and mutual inductances and capacitances

*  Optimize the packaging cross-sectional geometries and, if possi-

ble, materials:

By avoiding insufficient/excessive interline separation and line
Cross sections
By providing adequate ground and power planes

*  Devise and verify “wiring rules”:
For the “legal” signal nets configurations—and to grant expections
To facilitate implementation of the noise containment constraints

*  Enable performance prediction, or at least assessment

These objectives were pioneered by the developers of packaged
electronics for the mainframes and supercomputers; now they are becom-
ing increasingly pervasive for the entire range of digital processors, be-
cause their clock frequencies are going well beyond the 100-MHz mark.
As was mentioned in Section 7.1 and will be shown in Section 7.2.11,
the demand for higher performance had been driving down the overall
dimensions of a computer while demanding more circuits and more bits
of storage. The higher level of IC integration enables such size reductions.
In addition to the impact on physical dimensions, two other key considera-
tions need further discussion—the electrical considerations, to be dealt
with in this section, and the thermal considerations, which will be covered
in the Section 7.2.4. The in-depth coverage of these topics will be given
in Chapters 3 and 4, respectively.

7.2.2.1 General

Digital information processing is based on assigning a discrete (bi-
nary) value to a small range of an electrical signal and another value to
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another range. This value can the be transmitted through a wire to another
location, stored, or applied to a logic circuit as its input signal and, as a
rule, combined with the other input signal(s) to form an output signal,
the value of which is governed by the desirable logical function (e.g.,
INVERT, OR, AND, etc.). New information is processed by changing
the input signals and using the output signal as an input to the subse-
quent operation(s).

Changing information then requires a change in the signal level from
one value to the other. The transition to a new signal value cannot occur
instantaneously. The time it takes is called the signal transition time. Short
transmission times facilitate better performances but also cause a variety
of problems.

Unlike the liquid or heat flow, or the propagation of light and other
electromagnetic radiation, transmission of electrical signals requires the
use of two conductors, such as the wires to a light bulb or to a loudspeaker.
In the majority of data-processing applications, the one conductor is well
defined, frequently used terms being a wire, a connection, or a signal
line, whereas the other conductor is shared by many other signal and
power circuits. From the early days of electronics, that second conductor
has been usually provided by the metallic packaging structures, such as
the chassis of an amplifier or a TV set. The presence of the second
conductor is often only implied in the schematic diagrams, based on the
assumption that no special attention is required to its role in conveying
signals.

Similarly, properties of the connecting conductor are also frequently
assumed to be ideal, and of no particular consequence to the task of
connecting two circuit elements or two complete circuits. Again, no further
attention is paid to any of its properties. Such lack of attention may, and
in the case of high-performance electronic circuits definitely will, cause the
appearance of several phenomena that are undesirable and often harmful to
the intended function.

A particularly lucid treatment of this subject—in fact, an excellent
supplement to Chapter 3—is accomplished by Ron K. Poon in Section
8 of his very comprehensive book published in late 1995 [10].

7.2.2.2 Electromagnetic Properties of Signal Wire

Three electrical parameters—resistance, capacitance, inductance—
are always present’ and cause signal delays and many forms of signal
distortions, including the unwanted appearance of signals on supposedly
quiescent (not switched) lines. It is these unwanted noise signals that are

2 Except zero DC resistance in a very special case of superconductivity.
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the biggest troublemakers, because they are hard to eliminate from a
finished design; they must be addressed during the initial design phase.

All signal lines and also the input electrodes of switching devices
(e.g., gate, base) have a certain capacitance; they store an electric charge
when a voltage is applied. To change the voltage, the amount of charge
must be changed by the flow of electric current. This flow causes the
buildup of a magnetic field that induces voltage into the current-carrying
line (self-inductance), resisting the current flow, and into the other lines
in the proximity of the line being switched (mutual inductance), causing
a current flow there. Furthermore, the source resistance of the switching
circuit and the signal line resistance also limit the amount of current flow
and, thus, control the time during which the signal transits from its old
value to the new. The transition time increases with the increase in capaci-
tance.

The design of faster devices and circuits concerns itself, among other
things, with the faster switching speeds of devices, with the reduction of
the device/circuit input capacitance, and with the optimization (reduction)
of the driving (source) impedance. The packaging design (geometries and
materials) can control the signal line capacitance to the reference plane,
the line resistance, its self-inductance, and interline capacitances and
inductances. Consequently, it can control the signal distortions and the
appearance of unwanted interferences. In spite of best efforts, it may even
limit performance of the high-speed computers.

The signal line capacitance is directly proportional to the line length,
whereas the capacitance per unit length is a function of cross-sectional
geometry and the value of the dielectric constant of chosen materials.
Note that the scaling of geometry, preserving all ratios of dimensions,
preserves the capacitance per unit length.

7.2.2.3 Signal Degradation

There are two internal causes of degradation (omitting externally
induced interferences) as the signal propagates through the package—
reflections and the effects of line resistance. Resistance mainly causes
voltage drops and increases in the signal transition time. Reflections, in
addition to causing increases in the transition time, may split the signal
into two or more pulses, with the potential of causing erroneous switching
in the subsequent circuits and, thus, malfunction of the system. As will
be shown in detail in Chapter 3, the reduction in signal level due to the
resistive voltage drop will decrease immunity to the signal noise which
has several causes; mainly cross-coupling noise, switching (Al) noise, and
signal reflections.

7.2.2.4 Cross-Coupling Noise

The cause of cross-coupling noise is illustrated in Figure 7-11, along
with the causes of switching and reflected noises. The structure shown
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Figure 7-11. Causes of Reflected, Coupled, and Switching (A/) Noises

represents two short sections of typical wiring. Each signal line, in addition
to its own resistance, capacitance to the reference (ground) plane, and
self-inductance, has mutual inductance L, and interline capacitance Cj,
to its neighbor.

When driver D1 sends a changing signal voltage and current through
the first signal line toward its terminating resistor T1, line 2 between D2
and T2 is supposed to be in a steady state, not switched. Voltage change
on line 1 induces current /. through C;, which splits and flows toward
both ends of line 2. The current change on line 1 induces a voltage on
line 2, which, in turn, causes the current I; to flow in the direction opposite
to the signal current on line 1.

In many cases, induced currents 1/2 and I;, flowing toward the far
end of line 2, cancel each other. By contrast, the currents flowing toward
D2 (near end) add up, are reflected by the low impedance of D2, propagate
toward T2, and contribute to the signal noise.

7.2.2.5 Switching (Al) Noise

Another serious, and potentially the worst, noise originates by the
driver switching current drawn from the power distribution system P,
through the inductance L.; common to some, many, or all drivers of the
same chip. A voltage spike across L. will usually propagate through all
drivers (even the quiescent D2 in this example) and, because of the additive
effect of simultaneously switching drivers, can cause severe problems.
The remedy may be either in reducing the value of Ly by changing
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packaging geometries or in restricting the total switched current by either
slowing down the driver speed, by limiting the number of drivers allowed
to switch at the same time, or by incorporating decoupling capacitors,
which shunt some of the switching current, effectively reducing Al through
L and the noise generated by it.

7.2.2.6 Signal Reflections

A potentially very serious signal degradation occurs at the junction
between the signal line and the stub of Figure 7-11, providing connection
to the input of a circuit. If the stub delay is less than one-fourth of the
signal transition time, then it acts as a capacitive load, causing a dip in
the signal transition waveform and sending a negative reflection toward the
driver. This by itself is undesirable but unavoidable. It may be intolerable if
the stub capacitance in combination with receiver R1 input capacitance
generates a large reflection that can be magnified by several other closely
spaced (less than one-fourth the transition time) stubs and receivers. The
resultant degradation of the signal transition waveforms may also be
unacceptable.

These problems are further magnified by the long(er) or multiple
stubs. When the signal transition arrives at the stub location, it splits. One
part, with the reduced amplitude, travels along the signal line and the
remainder travels along the stub toward the receiver input. A negative
(reflected) signal is sent on the signal line toward the driver. After charging
the receiver input capacitance, it is reflected back, traveling on the stub
toward the signal line. Upon arrival there, it restores the signal to its
original value. In the meantime, the negative reflection may affect receivers
located between the driver and this location. Other receivers, located
between the stub and the line terminator, may not switch until the restored
signal amplitude arrives at their respective locations.

Shorter signal transition times improve performance. They also cause
increased noise and restrict the maximum stub length and number of stubs.
Their generation usually requires higher power, just as the achievement of
higher circuit performance does.

7.2.3 Electrical Performance—Power Distribution

*  Leverages of a “quiet” power distribution:
Reduced noise due to circuits switching activity
Enables either wider processing tolerances or better performance
Permits lower power and signal voltages < better speed—
power product

*  How to achieve a “quiet” power distribution:
Use high-speed voltage regulator and enough decoupling capac-
itors
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“Hierarchical” decoupling < control of resonance peaks, as shown
in Figures 3-12 and 3-13

Need to contain deleterious effects of interconnection inductances
Employ distributed decoupling with low inductance

7.2.3.1 Rigorous Analysis

Following is the rigorous analysis of the noise generated in any
power distribution system, derived from Ref. 11. Let us designate:

V, = signal voltage, as a function of time

V, = voltage variation at the power terminals of a circuit or a circuit group

L = inductance of the decoupling capacitor and its connections to the cir-
cuit(s)

i, = current drawn by ck#(s) from the power distribution

C, = decoupling (power distribution) capacitance

R, = intrinsic resistance of the decoupling capacitor

V.. = voltage change across the decoupling capacitor caused by the dielec-
tric rolloff

The rigorous equation for V, is

V=L %ﬂ + Ci J i,di + Ri, + V,, [7-2]
14

For unterminated lines, with pure capacitive load C,,

dv;

ip =Ly dt [7'3]
Sustitution yields
v, C, dav,
V(1) = LC, i "¢, V() + RC,— 7 +V, [7-4]
The ratio of noise-to-signal voltage is
V() V. C 1 dv, V.
v "X vmae T R v a vy T

This is a precise but rather complex depiction. Note the significance of
the four terms:
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LC; indicates the importance of keeping small the value of L—the
inductance of the “last” power-distribution link between the
decoupling capacitor and the circuits being decoupled—for
high-performance applications with high values of dV,/dt and
d*V,/def. Tt will be rather crudely illustrated on the following
pages in which &?V,/dP is replaced with (dV,/dr)’.

C,/C, indicates the fraction of the charge the decoupling capacitor(s)
are to lose when supplying current to (re)charge the signal
lines through the driver circuits. Thus, it determines the mini-
mum value of C, for a given C,.

R.C, is the intrinsic time constant of the decoupling capacitor(s),
assuming no dielectric rolloff. It indicates the need for high-
quality capacitors (low R,) for high-performance (high dV,/
dt) applications.

V../V(t) indicates the additional voltage drop caused by the dielectric
constant rolloff at high frequencies, a common occurrence with
the high-dielectric-constant materials which can negate the high
values of €, occurring at low frequencies—typical for very high
values of €,. As a rule, the dielectrics with the higher values
of €, begin to drop it at lower frequencies and rolloff more
than those with the lower values. The breakdown field (V/cm)
is also lower for the dielectric materials with higher values of €,.

7.2.3.2 Very Rough Estimate of Acceptable Lead Inductance L = L,

Note that rigorous calculations involve second-order nonlinear dif-
ferential equations, as shown above.

One circuit is driving a capacitive load Cg, = C, with the signal
amplitude V,. During the signal transition time At, there will be a surge
of current Al through the signal and ground/power leads.

Al = C(V, [ Aty [7-6]

(With more outputs n, simultaneously switching, the total current surge
is Al = nAl,,.). This current surge Al during At, will produce a voltage
spike AV at the corresponding parasitic inductances L of signal, ground,
and power leads.

AV =LAl [ As, [7-7]
Substituting equation [7-6] for Al in equation [7-7]:

AV = VLC|1 [ (AtAt)] [7-8]
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Table 7-3. Values of Maximum Power Lead Inductances L,

For AV/Vga = 0.1
and n = 1 C; = 10 pF Cy=1pF C;=0.1 PF

Ar = 10 ns = 10,000 ps
(At = 10° Lo =1 pH Ly = 10 pH Lo = 100 pH
“Yesterday’s designs”

At =1 ns = 1000 ps
(A? = 10¢ Ly = 10 nH Ly, = 100 nH Lo = 1 pH
“Today’s designs”

At = 0.1 ns = 100 ps
(A = 10¢ Ly = 100 pH Lo, =1nH Lo = 10 nH
“Tomorrow’s designs”

At = 10 ps
(A1 = 100 L.x=1pH Lo = 10 pH Ly = 100 pH
“Future designs”

By rearranging,
AV [ Vg = LC,1 [ (AtAL) = LC(1 | AtY? for At, = At [7-9]

Note that if L is in pH, C; is in pF, and At is in ps, no multiplier is required.

A typical interconnecting wire in a PWB is a transmission line
with the characteristic impedance Z, = 80 Q and €, = 4.5 [12]. Such lines
have L = 550 pH/mm = 5.5 nH/cm and C = 85 fF/mm = 0.085 pF/mm =
0.85 pF/cm.

Contemplating Table 7-3, we notice that the typical PWB wire
lengths of “yesterday’s designs” were on the order of 1-50 cm. The
corresponding C, were then in the 1-50-pF range, roughly represented
in the first two columns of Table 7-3. The long signal rise times permitted
the power interconnectin inductances in the 0.2—-10-uH range, or > 40
cm—an easily manageable length of a signal wire serving as a power-
distribution connection.

By contract, the “today’s designs,” which may well have become
those of yesterday when you read this, have similar wire lengths, but the
signal transition times shrunk to about 1 ns, forcing the power distribution
wires into the several-centimeter range—still an easy to meet requirement.

The today’s (ca. 1996) mainframe designs, with ~0.1 ns signal transi-
tion times, will be almost all designs around the year 2000. The signal
transmission lines become shorter, with capacitances in the 0.1-1* pF.
These designs can tolerate the power-distribution interconnection lengths
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of only a few millimeters as, for example, was done for the IBM ES/
9000 mainframe MCM packaging [11,13].

Very advanced designs, still in the research phase in the late nineties,
aim at clock frequencies of 1 GHz and higher. This drives the signal
transition times into the 10-ps range. The signal-line capacitances are still
in the 0.1-1-pF range. Consequently, the affordable power-connection
inductances must be in the few pH range, requiring the interconnection
lengths of a fraction of Imm! This is a significant paradigm shift, which
amounts to replacement of discrete decoupling capacitors, such as in Refs.
11 and 13, with the low-impedance power-distribution systems, such as
demonstrated with thin high-dielectric films sandwiched between the
power and ground planes [14,15].

7.2.4 Thermal Design Considerations

A somewhat humorous way to describe electronic data processing
might be by saying that its prime purpose is the conversion of the electrical
energy into thermal—generation of heat. Some circuits, notably those
employing bipolar devices, generate most of the heat even if they idle
(i.e., process no information at all). Others, notably CMOS, generate heat
only when they switch and do so in direct proportion to their operating
(clock) frequency. High concentration of circuits within a small area of
an IC, leads to high power density, measured in W/cm® The power
density is actually another term for a heat flux—the number of cal/s (1
W = 0.239 cal/s) to be transported from the location of their generation
to the location of their removal. Such transport is associated with a
temperature difference between the two locations. Thermal resistance
quantifies the temperature rise for a given flux and is expressed in °C/W
or K/'w.

The quest for higher and higher levels of integration drives technolog-
ies to produce ever-smaller devices, interconnections, and terminals. As
already illustrated in Table 7-1, the demands on heat-removal capability
can easily snowball. Consider, for example, Figure 7-12 which relates
the power density, in W/cm?, demands of 10-mm x 10-mm IC chips with
various numbers of circuits and operating at various levels of circuit
power. It also benchmarks temperatures and power densities of a light
bulb and the sun surface. A nuclear blast, a mile away, fits in between.
So will chips with a circuit count range around 1990 (10,000-100,000)
if each were to consume 1-10 mW. But the chip temperature must be
below 100°C to assure proper electrical performance and to contain the
propensity to fail.

Figure 7-12 clearly demonstrates the need to enhance heat removal
and to contain the power hunger of the logic circuits. It also indicates
that the power density, and not the more commonly used power-per-chip
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Figure 7-12. Power Density Requirements

figure, is the measure of the heat-removal capability of a package. This
capability is particularly important when large assemblies of closely spaced
high-density high-performance chips must be employed, as in a power-
ful mainframe.

Figure 7-13 presents an evolution summary of the heat-flux demands
for a wide range of applications, from the hand-held equipment to high-
performance mainframes and supercomputers. It also indicates the pro-
jected increases in the chip (die) dimensions. The conventional package
consisting of single-chip modules and card on board is capable of about
an order-of-magnitude lower power density than the state-of-the-art multi-
layer ceramic technology with liquid cooling. However, significant prog-
ress has been made, and continues to be made, in increasing the manageable
power density, as shown in Figure 7-14.
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Figure 7-13. Evolution of the Thermal-Dissipation Requirements

Thermal expansion caused by heating up the packaging structure is
not uniform—it varies in accordance with the temperature gradient at
any point in time and with the mismatches in the thermal coefficient of
expansion. Mechanical stresses result from these differences and are one
of the contributors to the finite lifetime and the failure rate of any packag-
ing structure.

7.2.5 Reliability

There are two fundamentally opposite approaches to the reliability
aspect of a design. The first one is to build the hardware of a given design
and either just hope for the best or subject it to some sort of stress test(s)
to assess the potential for performing at acceptable failure rates within
the anticipated/specified lifetime and under expected/specified operat-
ing conditions.

When the risk of failing rules out such an approach (e.g., in the case
of nuclear plants, aircraft, or electronics for critical applications), then
the second alternative is the only choice. It involves understanding the
failure mechanisms, systematic elimination of their causes during the
design phase, and, finally, passing a set of qualification tests. Such tests
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Figure 7-14. Evolution of Air/Liquid Cooling Capabilities. (From IEEE Proc.
Dec. 1992.)

(or subsets of them) may also be repeated at prescribed intervals to
ascertain continued stability of the product manufacturing process.

In the case of microelectronics, the failure to function may have
two basically different causes—error signals occurring in the otherwise
fully functional product and a compromise to the product integrity, such
as opens and shorts in the signal lines. Containment of error signals has
already been highlighted in Section 7.2.2 and is covered in great detail
in Chapter 3.

Product integrity disruptions are caused either by the intrinsic wear-
out mechanisms or by hostile environmental factors, such as corroding
agents penetrating the package interior and attacking sensitive parts or
their interfaces. The formation of cracks in the solder joints caused by
mechanical stresses which result from nonuniform thermal expansions
and contractions is an example of the wear-out mechanism. Corrosion of
connector contacts may result either from a process residue not fully
removed or from the environmental contaminants. Chapter 5 deals with
the determination of reliability parameters and Chapter 10 describes tech-
nologies specifically aimed at protection against the environment. Chapters
7-13 include discussions of the reliability aspects.

The failure-rate reductions in leading-edge electronic products were
quite phenomenal—about four orders of magnitude in a quarter of century,
or a twofold reduction every 2 years—as presented in Figure 7-15.
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7.2.6 Manufacturability and Quality

For the majority of the packaged electronic products, the emphasis
has shifted from performance—the major preoccupation at the time of
writing the first edition—to cost. Performance is still very important as,
for example, manifested by the continuing new PC announcements with
improved price per performance ($/MIPS) shown in Figure 7-1. But the
drive for a constant cost—performance factor has been replaced by the
drive to maintain or reduce the cost or raise the performance without
sacrifice in quality or reliability. There are two major enabling factors to
accomplish these goals:

. Establishment and maintenance of manufacturing process tolerance
windows necessary and sufficient for the product to pass its tests,
actually with ever decreasing incidence of fails as illustrated in
Figure 7-16. Elimination of causes of “killer defects,” such as sloppy
handling of parts, is also an essential part of this cost-reduction effort.

. Elimination (or a drastic reduction) of buffer inventories by a bal-
anced manufacturing throughput capability and an uninterrupted flow
of product through various manufacturing steps. Increased through-
put lowers manufacturing costs in proportion.

In recognition of the pivotal role these factors play in product compet-
itiveness and success in the marketplace, a new Chapter 6, “Package
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Manufacturing” has been added in this second edition. It reviews these
five key principles:

. Quality in product and process designs

*  Product qualification

. Manufacturing line modeling and simulation

. Process control

. Worldwide quality standard—ISO-9000—for quality systems certi-
fication and verification procedures. In many cases, it has already
become a necessary element when participating in trade within and
between certain countries.

7.2.7 Testability

Implicit in reliability considerations is the assumption of a flawless
product function after its initial assembly—a zero-defect manufacturing.
Even though feasible in principle, it is rarely practiced because of the
high costs and possible loss of competitive edge due to conservative
dimensions, tolerances, materials, and process choices. The commonly
practiced alternative is to balance the above variables against loss of
defective product, which must be screened out by testing.

At the dawn of electronics, discrete components were individually
tested prior to assembly. Such tests were often simple; for example,
the value of a resistor or capacitor. Completed cards were tested for
functionality. Again, such tests involved a small number of steps necessary
to ascertain freedom of assembly defects. With the introduction of statisti-
cal designs in the late fifties, additional tests were required to weed out
the small percentage of circuits (cards) whose components contained
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extreme values of their parameters and caused at least one important
circuit parameter to fall outside of specified tolerances. Such cards were
commonly reworked by identifying, desoldering, removing, and replacing
the likely culprit—an item still within its own tolerance band but not
blending well with other components on that particular card. Additional
sophistication was required in devising and performing tests and in analyz-
ing the test results. Similar methods were employed in determining a
faulty component, one which either slipped through its testing screen or
was damaged during the card assembly. These techniques also worked
well with cards that failed in the field, which were found, replaced, and
returned for repair and reuse.

Finding a faulty card was facilitated by connector pins protruding
out of the other side of the board and offering convenient test points for
a voltmeter or an oscilloscope. “Swapping” two cards of the same design
(part number) often could cure a problem arising from the statistical design
of the off-card signal nets.

None of these techniques work with the large-scale integration (LSI)
and very large-scale integration (VLSI) chips. Circuit terminals are buried
in the chip wiring, and of course, nothing on the chip can be removed
and replaced. Whereas at lower levels of integration, some external test
points (terminals) would permit access to internal nodes, the higher level
of integration and the resultant pinout demands severely limit such an
option. Two different solutions have evolved, each suitable for different
designs. Ultimately, a combination of these solutions, and other ideas
already on the horizon, will provide an adequate level of testability.

Storage arrays lend themselves to testing through their regular termi-
nals by writing in and reading out patterns that determine the ability of
each individual cell to store ones and zeros and to be immune to the
switching activity of other cells or groups of cells. By contrast, random
logic requires strict design discipline, sophisticated test pattern generation,
and involved analysis to verify proper functionality and to uniquely iden-
tify causes of malfunction {9].

Multichip modules (MCMs) or multichip packages (MCPs) popu-
lated with VLSI chips and/or with specialized microwave transmitter/
receiver chips have become high-value products because of the expensive
chips and because of the relatively complex, high-cost substrates. Avoid-
ance of nonshippable modules is an economic must. It is accomplished by
the use of so-called “known good die” (KGD)—opretested chips, including
burn-in—and thorough pretesting of the substrates. Doing both minimizes
the risk of manufacturing defective MCMs but does not reduce it to zero.
Therefore, testing of populated MCMs is also required. This testing has
two major facets. One is an extension of the design for testability methodol-
ogies and techniques developed for the KGD. The second is akin to
functional testing of subsystems which, in fact, many MCMs are.

The subsystem testing is highly application dependent. It is still
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beyond the scope of this book. Testing of the substrates and KGD-type
testing (functional and diagnostic) of populated MCMs has been added
to this second edition in Chapter 13, “Electrical Testing.” It covers various
techniques (both, currently practiced and still in the R&D phase) for opens
and shorts testing of the wiring nets, contacting the substrates with single-
terminal and multiterminal probes, the boundary-scan and built-in self-
tests of the populated modules/packages.

7.2.8 Memory Packaging

The requirements for the main memory packaging—as opposed to
various buffers and caches which are often integral with logic—were least
affected by the performance race, primarily because the speed of the
dynamic random-access memory (DRAM) chips is improving at a very low
rate. The cost improvements are the main driving force. This improvements
were leveraged by several key factors. One, very consistent of them, is
the steadily increasing number of bits per chip and the bits density on
the chip, a planar—two-dimensional-—density increase of approximately
2 times every 3 years, or 10 times every 10 years due to improvements
in the photolithography. In the past, there had been an approximately
sixfold gain in the on-chip density produced by the circuit inventions
which replaced a six-transistor storage cell with a one-transistor plus
capacitor cell in DRAMs. This maps into a prorated annual density im-
provement of 9.4% (1.094x), or 2.45x in 10 years. Thus, the on-chip
advancements contribute to approximately 25-fold density improvements
every 10 years.

Figure 7-17 shows an interesting long-range trend of memory density
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Figure 7-17. Trend in the Volume Required for 1 MB of Storage (Courtesy of
SRC, reproduced with permission.)
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Figure 7-18. Microprocessor Clock Frequencies (Courtesy of TechSearch Interna-
tional; from Ref. 26.)

improvements over a 60-year span. The continuous trend is approximately
200x every 10 years, even though the ferrite cores of the 1950-1970s
were replaced by the semiconductor chips. With the on-chip improvements
contributing ~25X, the balance of 8x in 10 years must be, and in fact is,
contributed by the packaging advancements such as increased planar and
volumetric silicon efficiency.

Finally, also note that in the first decade of the next century, we
anticipate the volumetric bit density of the electronic memories to match
that of the human brain.

The requirements for memory packaging are somewhat different
from those for the packaging of logic discussed in almost all the chapters.
At the systems level, the demand for memory in terms of numbers of
active elements per chip has outpaced all the other packaging requirements
(Figs. 7-8 and 7-17). Today’s supercomputers, for example, require as
much as 2-10 gigabytes of main memory, which must be packaged in
such a way that the access time to it, as well as retrieval from it, is fast,
often no more than a few cycles of the machine. All of this clearly requires
that the memory package be as dense as possible and either be part of
the logic or be very close to it. Also see Section 7.2.11 and Figure 7-24.
Memory chips generally have very low-power and I/O requirements, as
pointed out earlier in the chapter, and thus lend themselves to the low-
cost, high-density packaging.

The card-on-board technology is the most common technology used
for packaging memory to date. However, a departure from this, particularly
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for high-end mainframes and top-of-the-line supercomputers that can pro-
cess information in a cycle of a few nanoseconds, is expected. In the
early 1970s DIPs with 16 leads were capable of handling 4K dynamic
random access memory (DRAM). Single inline packages (SIPs) and DIPs
handled up to 256K DRAM'’s in the late 1970s. The megabit DRAMs
that were beginning to be available in the mid-1980s were expected to
be packaged in PLCC or quad packs. Each card (250 x 270 mm) is capable
of holding about 160 chips, along with logic support chips, to store 1
megabyte with 64K DRAMs, 4 megabytes with 256K DRAMS, and 16
megabytes with 1-megabyte chips. Both sides mounting with six layers
of interconnecting lines within the card could be used to double the
memory capacity to 32 megabytes. Half a gigabyte can be achieved by
edge connecting 16 of these cards in the width of an 18-layer board.

7.2.9 Personal Computers and Workstations

At first it would seem that personal computers should be among the
easier products to design; that is, with the large systems driving perfor-
mance technology development and the consumer products driving cost,
designing a personal computer should simply mean taking the best from
both disciplines. This would indeed be the case if it were not for the
many contending user and business requirements for entry systems which
include, but are not limited to, the following.

First and foremost, the machine must be cost-competitive and offer
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Figure 7-20. Packaging of a Workstation (IBM RS/6000) (From Ref. 26.)

on the order of a factor of 2 improvement in value in comparison to the
products marketed just 2 or 3 years before. In the short history of personal
computers this has been the compound rate of cost—performance improve-
ment as already indicated in Figure 7-1. Today’s machines must provide
performance in the range of mainframe processors of just 7 years ago.
The reliability of the machine means that it must work right out of the
box just as any other modern electrical appliance, and for a comparable
period of time. Also it should be easily assembled and operated by the
customers who usually do not possess a high level of technical skill.

The personal computer, more than any other data-processing ma-
chine, serves a broad range of applications and therefore must offer “expan-
sion” cards for configuration to the problems of that specific user. As
personal computers are typically customer-operated systems, provisions
for automatic-fault detection and location are required to enable the owner
to make repairs with a reasonable level of confidence. The “footprint” of
the machine should be as small as possible, so that the machine will
consume the minimum of desktop work space and be an unobtrusive part
of the office environment. It should be of reasonable weight for portability,
whether for office rearrangement or for relocation to where the work is
to be done.
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The display capabilities expected by the customers are far more than
the text-quality graphics provided by the TV-like screens of the first-
generation personal computers. Current product generations approach
CAD/CAM-like system’s display capability requiring high speed and
high bandwidth for the manipulation of these data. Video-processing
requirements and the hardware content for this aspect can easily surpass
the complexity of the “central processor” hardware of the machine. The
personal computer must not only be sparing in its power requirements
but also should be tolerant of electrically noisy power environments. Its
electromagnetic radiation must achieve legislated standards which have
been tightened worldwide in the recent past. Finally, the personal computer
must “look good,” be “human engineered,” and also “user friendly.”

The mid-range data-processing systems require a blend of perfor-
mance and low cost optimized for the lowest possible cost for a given
performance. The typical performance range of these is between about
one MIPs (million instructions per second) or less, to almost the bottom
end of mainframes, which in the mid-nineties is around 100 MIPS per
uniprocessor. This range is generally achieved by a single processor,
but sometimes with multiple processors, particularly in the top range
of performance.

The semiconductor technology capable of providing the function
necessary to achieve these performances has been primarily ECL and
TTL, but CMOS is emerging as the leading candidates offering much
higher integration levels with lower power requirements [5,8]. Single-
card central-processing units are marketed with those silicon technologies
and improved system’s performance. BICMOS is a strongly emerging
technology taking the best of bipolar and CMOS transistors on the same
die, providing an alternative to both those technologies in many applica-
tions.

The internal CMOS circuits offer very low-power and low-current
operation sufficient for the short on-chip circuit-to-circuit communications
and the bipolar circuits are used primarily for high-speed off-chip drivers.
In comparison, this technology provides a lower speed-power product
than can be achieved by either of the semiconductor technologies.

7.2.10 Portable and Mixed-Signal Equipment

All portable equipment, from hand-held calculator, to lap-top PCs,
to various communications equipment (e.g., pagers, portable telephones,
geo-positioning systems, etc.) must consume very little power to prolong
the operating time on one battery charge. As a by-product, the thermal
management is simplified. However, the operating environment, especially
automotive and marine, is considerably more hostile than a typical office
environment. The ever-smaller size and mass of the equipment (Fig. 7-21)
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Figure 7-21. Trends in Mass and Size of Cellular Phones (From Ref. 26.)

leads to small dimensions of the components and interconnections and
adds to the challenge of design for ruggedness.

The mixed-signal applications environment has its own set of design
challenges: good electromagnetic isolation between the digital and the
analog, usually radio-frequency (RF), circuits to avoid malfunctions due
to injections (either way) of potentially strong noise signals; and well-
controlled low-loss properties of interconnections which, in fact, may
often constitute various circuits and circuit elements—resonance circuits
and filters, impedance transformers, and even receiving and transmitting
antennas [7]. Once again, the cost-competitiveness is a very important
design and manufacturing parameter.

7.2.11 High-Performance Processors

The general trends and key dependencies were highlighted in Section
7.1. Figure 7-22 quantifies the performance trends as determined by the
two key parameters: the cycle time (reciprocal of the clock frequency)
and the average number of cycles the processor needs to execute an
instructions—cycles per instruction or C/I. The short cycle times require
correspondingly short interconnections—signal propagation time through
the interconnections must be less than the cycle time. The scale on the
right side of Figure 7-22 indicates the propagation times though the
interconnections whose insulating materials have dielectric constants of
1.6—an extremely small number, not yet available—and 10—a number
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Figure 7-22. System Performance Dependency on Cycle Time and Cycles
per Instruction

somewhat higher than present with alumina-based ceramics. These two
numbers, therefore, bracket all practical materials.

Practically all packaging technologies have predominantly planar
interconnections. Thus, the distances of Figure 7-22 apply to the maximum
Manhattan length—the sum of the two packaging edges. All circuits and
associated bits of storage (e.g., buffers and first-level caches) must be
contained within these dimensions. Therefore, the maximum available
power density and the total packaged electronics area determine the total
power available for all circuits. The total number of circuits depends
greatly on the intended number of cycles per instruction as shown in
Figure 7-23. Obviously, the lower number of C/I may lead to reduced
circuit performance because of the lower power per circuit, if the design
calls for higher than available power density.

The mainframes have provisions for high data-rate transmission into
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and out of the processor. This interdependency is quantified in Figure
7-24 and amounts to > 8 MB/MIPS. Note the three data points obtained
by independent researchers (Refs. 3 and 4 and Chapter 20) in their work
on very advanced system applications. They confirm continuation of the
same numerical relationship to at least 1000 MIPS.
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Figure 7-24. Input-Output Data-Rate Dependency on Performance
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Section 7.2.13 offers an in-depth study of the simplistic examples
of Section 7.1.1 and shows the evolution trajectories of various semicon-
ductor technologies in a wide range of applications.

7.2.12 Optical Interconnects

All electrical interconnections have a limited bandwidth—the highest
transmittable number of pulses per unit time, such as megabits per second.
The bandwidth with a given cross-sectional geometry and materials is
reciprocal to the distance (cable length). The interconnection bandwidth
must keep up with the increasing performance, whereas higher densities
and reduced geometries do the opposite—decrease the bandwidth per unit
length. A very practical alternative for higher data rates is modulation
of light, especially coherent light, and its channeling from the point of
origination (transmitter) to the destination (receiver). A description of
such technologies in Chapter 20, “Optical Packaging,” concludes Part 3
of this book.

7.2.13 Summary of Packaging Performance Considerations
and Evolution

In developing digital technologies, various parameters have been
applied to circuit-performance evaluations. The power-time product of
a gate is one of the well-known parameters. The advances in digital
circuits have resulted in remarkable reduction of this equivalent energy.
Energy levels of electromagnetic relays (early logic blocks) were several
millijoules (mJ) and the levels of magnetic switching cores for memories
had approached the microjoule (uJ) level. Silicon transistor gates had
opened the way to the nanojoule (nJ) level, and large-scale integration
(LSI) technology have been developed with picojoule (pJ) and sub-pJ en-
ergies.

This progress indicates that the equivalent energy driven by power
is one of the fundamentals of understanding the characteristics of digital
circuit design. The performance of a digital functional block is quantita-
tively measured by their equivalent energy values and thermal resistance
to the ultimate heat sink. The hardware design concept of processors
(packaged electronics) is described with both chips and packaging techno-
logies. Energy reduction of chips and packaging and appropriate thermal
resistance are essential for appropriate processor performance. The follow-
ing subsection discusses the Power—Time Product Theory proposed by
H. Kanai in 1967 [19].

7.2.13.1 Power-Time Product Theory

Given a digital functional block B, its equivalent energy Uj can be
defined as the product of its average power P, and signal delay time #
of performing the function B:
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UB = PBtB [7'10]

Another important factor in the design of the functional block B is the
thermal characteristic, represented by

R®B=®B/PB [7'11]

where ©; is the temperature rise in the functional block B and Rg; is the
equivalent thermal resistance defined by Equation 7-11. The failure rate
Az of the block B can be represented by

Ag = Ko exp(0©y) [7-12]

where A, and o are given constants.

The major target of digital system design is to provide satisfactory
service to users not only in terms of high-speed data processing but also
in terms of high reliability. The performance (PF) of a digital functional
block B in terms of speed and reliability can be represented as

PF = (1-b);) [ Ty(Logical function of block B) [7-13]

where b is a given constant. By introducting Equations 7-10 through 7-12
into Equation 7-13,

PF = O 1-bAy exp(0©;)]
UsRes [ Logical function

[7-14]

In the case of digital processors, the logical function of generalized
blocks correspond to instructions of a processor and T corresponds to
instruction execution time:

_ Og[1-bA, exp(0O;)]
PF = -
UgRep [ Instruction

[7-15]

The upper part of Equation 7-15, © [1 — bA, exp(0©;)], describes the
reliability of the logic-function block B. This value also indicates the
long-term performance of the system because the long-term performance,
MTBF (mean time between failure) can be represented by a reciprocal
of the failure rate. The lower part of Equation 7-15, UzRg;/ Instruction,
shows the short-term performance—the processing time of a unit instruc-
tion. Thus, this equation summarizes the total system performance, the
circuit speed, and circuit reliability.
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Equation 7-14 or 7-15 gives us ways to maximize the performance
of either generalized function blocks or processors:

1. Reduction of UzRgs/ function (or instruction)
(a) Reduction of energy Up
(b) Reduction of thermal resistance Rgg
(c) Minimization of URez by optimization of packaging structural
dimensions in functional blocks
2. Reduction of constants o, Ay, and b by passivation of devices, reduc-
tion of failure rates, and high-availability design of blocks in system

3.  Optimized O to maximize Oy [1 — bA, exp(0©y)]; design value of
Py given by (Optimized ©3)/ Rgg.

From Equations 7-10 and 7-12, a nominator of Equation 7-14 can be
represented as

Us(Instruction) = #;0; / Logic function [7-16]

As the temperature rise ©j is obtained by maximization of the numerator
of Equation 7-14, UpRg; is directly related to the function time ¢;.

7.2.13.2 Reduction of UzRy by LSI Technology

The progress in LSI technology has had a major effect on increasing
the performance and reducing the cost of digital systems. The design
concept of digital processors represented by Equation 7-15 and items 1-3
enables us to comprehend this effect. The remarkable reduction of logic-
block energy Uj resulted from the highly integrated fine patterns of transis-
tor circuits and their on-chip interconnections. Figure 7-25a shows a
typical model of sequentially connected logic circuits (gates), called
switches. Each circuit is supposed to have the same power supply voltage
V, and resistor R,. It stores energy in its two parts: the switching energy
and the connecting energy. Therefore, to reduce the equivalent stored
energy Uj represented by Equation 7-10, both parts should be reduced.
Even if the stored switching energy could be reduced, the total reduction
is insufficient unless the stored interconnection energy is also reduced.

If the switching energy in Figure 7-25a is proportional to the current
Iy =V, /R, to be switched, then the interdependence between circuit power
and delay time are shown in Figure 7-25b. In this circuit model, the
reduction in interconnection size is effective in decreasing the circuit
energy, and the reduction switch (device) size moves the reduced energy
area into a higher-speed domain.

The LSI technology is one of the best approaches available to achieve
these objectives because of the microscopic dimensions of its devices and
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Figure 7-25. Typical Model of a Sequentially Connected Logic Circuits (a)
and Its Power—Delay-Time Characteristics (b). Reduction of geometrical dimensions of
connections and switches of ICs is effective in reducing energy.

interconnections arranged in a two-dimensional plane. The advances in
silicon LSI technology have enabled a remarkable reduction of the energy
U; of the digital-function blocks and, thus, contributed to increases in
processor performance as indicated in Equation 7-15.

In addition to the LSI advancements, the reduction in equivalent
thermal resistance Rgz of LSI MCMs is pivotal in the minimization of



11-562 MICROELECTRONICS PACKAGING—AN OVERVIEW

IC- CHIP IC- CHIPS

AR
MINIMIZING U, . R,, BY L/ L_/ L/ L/

MULTI - CHIP PACKAGING

[7 /777
[0 = /o777

REDUCTION OF R,, / / / / / / / /

INCREASE OF U,

(a) (b)

Figure 7-26. Comparison Between Single-Chip and Multichip Packages. The
value of UzRep of a processor can be minimized by optimizing design relative to the
number of chips, chip size chip locations, and intrachip connections for multichip structure.
(a) Single-chip package for small processor and (b) multichip package for large processor.

UsRes, essential for high-performance processors. Figure 7-26 shows a
comparison of SCM and MCM structures. A processor is considered for
integration on a single silicon chip in Figure 7-26. The value of UzRg;
of a processor in an SCM is adequate for a low-performance design,
because of the value of PF corresponding to a low Uj associated with
the UpRgp of an LSI chip on an SCM.

However, the small value of URgg required for a high-performance
processor cannot be realized with an SCM. Further chip improvements
may sufficiently reduce Uj, but the effective approach for a small UzRg,
is to use an MCM. The chip of Figure 7-26a can be subdivided into m
chips and packaged using thin-film interchip connections as shown in
Figure 7-26b. With this MCM structure, the equivalent thermal resistance
UgRep can approach the level of UzRgp/m of an SCM structure. On the
other hand, the value of Uj of the processor increases slightly due to the
additional energy of the chip interconnections. Therefore, the value of
UpRep can be minimized in MCM designs by optimization of the number
of chips, chip size, chip location, and interchip connections. Thus, a
sufficiently low level of UzRg; for high-performance processors is achiev-
able with MCMs.

In the case of high-performance processors, large numbers of chips
are to be interconnected not only on MCMs but also on cards and/or
boards which support MCMs. The same design method for minimization
of UpRe; can be employed for optimization of the processor performance.
These processor design concepts based on energy and thermal resistance
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are illustrated in Figure 7-27. This graph has three coordinates: N is the
number of circuits (gates), 1,4 is the average circuit delay time, and U, is
the average energy level per circuit (gate) on a chip. In Figure 7-27, the
thermal resistance of a semiconductor chip is assumed to be constant,
and the maximum power of each chip is supposed to be 1 W to give the
optimized temperature rise ®; for processor performance. If a circuit
(gate) should be designed for a chip containing 100 circuits, each is
allowed to consume 10 mW. Therefore, in the case of t,e = 100 ns, the
average energy level of the circuit U, = 1000 pJ. In the case of £, = 10
ns, U, = 100 pJ. In the case of £y = 1 ns, U, = 10 pJ, and so forth. If the
circuit should be designed for a chip of 1000 circuits, each of them can
have 1 mW. Then, in case where t,a = 100 ns, U, = 100 pJ; £,4 = 10 ns,
U, = 10 pJ, and so forth. Therefore, the coordinate U, can be indicated
diagonally on the 7,—N plane as shown in Figure 7-27.

7.2.13.2 System LSl in Chips and Packages

As is well known, digital processors enabled significant advance-
ments in computer and communication systems consisting of hardware



1I-54 MICROELECTRONICS PACKAGING—AN OVERVIEW

and software. At the dawn of the integrated circuit (IC) development,
small-scale integrated (SSI) chips had limited functionality as basic logic
gates, flip-flops, and so on. The SSI-MSI-LSI-VLSI-ULSI evolution
expanded the LSI functional and performance capabilities due to the
remarkable reduction of the circuit energy U,. Likewise, the semiconductor
and packaging improvements have contributed to significant enhance-
ments of the processor figure of merit UzRgp as illustrated in Figure 7-
28 which has the same coordinates N, t,, and U, as Figure 7-27. The
initial U, is valid only for 1 W maximum chip power. In the case of the
chip power being nW, the value of U, will be 1/n times the value from
Figure 7-28. In both figures, seven various processor domains (very large,
large, medium, small, mini, micro, and calculators) are approximated by
their respective f,4 (circuit delay time) and N (number of gates) plane.

Figure 7-28a shows the integrated structure of processors of early
IC development (SSI) at microjoule energy levels. Each SSI chip had a
small number of MOS, TTL, or ECL gates and was packaged in an SCM.
These SCMs were soldered or socketed on printed wiring boards; and
the processors had many cards plugged into boards assembled in cabinets.
Figure 7-28b shows the technology evolution at its second stage. The
gate energy level had dropped to approximately 100 pJ, with a MSI or
even LSI level of integration. During this stage, low-performance proces-
sors could be implemented within a single MOS LSI chip. Production
and marketing of the calculator LSI and four-bit microprocessors had a
remarkable effect on the growth of the electronic industry. At the high
level of processor hierarchy, large processors had been implemented with
the high-speed bipolar MSI chips in SCMs. Packaging hierarchy of these
high-performance processors was similar to the preceding SSI implemen-
tations of Figure 7-28a.

Figure 7-28c shows the packaging structures of the third-generation
ICs, when the gate energy dropped to the several picojoule level and the
integration levels reached the advanced LSI, the functionality of which
was custom-tailored to a particular system design. For lower-level proces-
sors, the functional capability of a (MOS) LSI chip exceeded that required
for Processor I, as shown in Figure 7-27. This excess capability was
utilized to incorporate software elements onto the chip via inclusion of
memory circuits. Thus, a single-chip (low-level) processor had emerged,
capable of performing various functions such as calculations, conversions,
controls, and so forth. This high functional ability also provided for great
architectural design flexibility of processors on a chip. For medium-class
processors, the number of chips and the total processor size have been
greatly reduced, enabling more compact lower-cost higher-performing
machines than the second stage of Figure 7-28b.

At the high end, large or very large processors were implementable
with the third-generation LSI chips having more than 100 gates of less
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than 1 ns delay each, Figure 7-28c. To maximize performance by minimiz-
ing UpRgp/instruction of Equation 7-15; these large processors require
packaging technology as Processor III of Figure 7-27, with a special
consideration toward dense chip interconnections (linewidths and pitch)
and low thermal resistance between device junctions and cooling air. To
achieve this, one of the best methods is to use MCMs on cards and boards,
as indicated in Figure 7-28c. Without the effort to reduce the energy
stored in the chip interconnections, it is difficult to reduce the equivalent
energy level of large high-speed processors, even if low-energy chips can
be developed with low-energy bipolar CML gates.

Figure 7-28d shows the integration technology for processors at its
fourth step of evolution. The gate energies are in the sub-picojoule range.
The level of integration has reached VLSI. At this stage, the energy
reduction provided by the technology has more effect on the data process-
ing system than during the third stage. For low-class processors, the
utilization of the increased/excess chip functional capabilities due to fur-
ther gate-energy reductions gives more intelligence to the chip by further
expansion of the built-in software. This evolutionary direction will con-
tinue because an almost infinite demand for intelligence improvement
exists in the data-processing market. Other applications are to extend
the processing capability from 16 to 32 bits at high speed or to have
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Figure 7-29. Basic Chain of Logic Blocks Operating in One Clock Cycle

multiprocessors on the chip. (Also consider arguments for smaller chips
made in Section 7.1.3.3).

Medium to large processors can be produced with better performance
and lower cost, in one chip or one-card packaging by application of bipolar
or high-speed MOS VLSI chips with an integration range of more than
several thousand gates per chip. Very large computers will use VLSI
MCM packages, with 100-500-ps gates. These large computers also will
require very fine and highly multilayered PWB technology for interconnec-
tions between MCMs.

7.2.13.3 Media Delay Factor

In digital data processing, the information to be processed is stored
in a register (flip-flop) as shown in Figure 7-29. At the arrival of the first
clock pulse it is sent for processing through a chain of logic gates (circuits)
and has to arrive at the receiving register (flip-flop) ahead of the second
clock pulse to enable its error-free storage and further subsequent process-
ing. Therefore, the clock cycle time f,, is driven by the sum-total delay
of the logic circuits between the registers. It consists of the sum of delays
within chips (on-chip circuits) f4;, and the chip interconnections delay
toega. The values of these two time intervals are similar. Therefore, to
minimize the clock time, the reduction in the interconnections delay 4,
is an effective as the use of higher-speed VLSI chips. Figure 7-30 shows
the relationship between media delay and gate density. In an attempt to
cut the media delay in half, the packaging edge L which contains chips
must become L/2, assuming .4, proportionality with the packaging edge.
Consequently, the gate density in the half-edge package becomes fourfold,
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because the new package area is one-fourth of the original. The media

delay ¢, is, therefore, reciprocal to the square root of the gate density

G/S, where G is the number of gates within the package and S is the area.
The unit signal delay T in a medium of dielectric constant € is

1= 1C@ [7-17]

where ¢ is the speed of light in vacuum. The media delay factor can,
therefore, be expressed as

S
Iedia = T 5 [7'18]

To evaluate the packaging performance in the digital systems, the
t, value is one of the figures of merit; the smaller it is, the better. Figure
7-31 shows ¢, values for various substrates. Earlier substrates, PWBs,
were made from organic materials such as FR-4 and polyimide. Those
PWBs, however, had wiring-density limitations because of plated-through-
holes (PTH) which required mechanical drilling. Even though the dielectric
constant of PWB is small, the packaging density was not high, caused
by limited PTH density. By contrast, the ceramic cofired substrates, such
as alumina, have much denser vias and more closely spaced chips but
have a higher dielectric constant. The ¢, values of the ceramic substrates,
therefore, could not be dramatically improved versus the PWBs. Several
improvements were made by using glass—ceramic substrates, which have
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lower dielectric constants of €, = 5 to 7 and polyimide—ceramic substrates
(g, = 3.5) for the application of high-end computers and supercomputers,
as shown in Figure 7-32. By using those high-speed (t) and high-density
(G/S) substrate techniques, the ¢, value has been dramatically improved,
as shown in Figure 7-31. In order to improve the gate density on the
substrate, chip mounting and its cooling techniques are important as well
as dense wirings. C4 technology (IBM) is the best way for highest chip
mounting when the power dissipation of the LSI chips are optimized to
match cooling methods. In case of up-to-date high-end computers, such
as supercomputers, the LSI chip design is rather optimized for the highest-
speed and high-density integration, and results in a higher power density
by depending on lower-thermal-resistance chip-mounting techniques and
cooling techniques. Flipped TAB carrier (FTC) (NEC, Fujitsu) and com-
pact chip carrier (Hitachi) technologies are widely used as the high-density
chip mountings for high-performance computers, as shown in Figure 7-33.
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Those chip carriers have the excellent features of high pin counts and
lower thermal resistance. As shown in Figure 7-33, I/O pads are arranged
in a pad-grid array on the rear surface of the substrate which includes
many wiring layers inside for the interconnection between the LSI chip
and the pads. The cap of the chip carrier acts as a heat spreader which
can conduct heat generated on the LSI chips to the cooling mechanism ef-
fectively.

7.3 PACKAGING TECHNOLOGIES

As pointed out earlier and throughout the book dramatic changes are
underway in the computer, telecommunication, automotive, and consumer
electronics industries. In computers, the cost per unit of computing has
come down from $4M/MIPS (millions of instructions per second) with
mainframes to less than $10 with PCs and some workstations, as indicated
in Figure 7-1. In addition to increased performance, computing is increas-
ingly being performed in hand-held next-generation computers. The over-
all trend during the last three decades has been from centralized systems
such as mainframe to distributed systems such as PCs to portable, wireless,
and network systems. There is a similar trend in the telecommunication
industry where the user is employing high-performance, multifunctional,
portable units. In the consumer industry, multimedia products with voice,
image, video, text, speech recognition, speech to text, and other functions
as illustrated in Figure 7-3 in wireless applications are expected to be
commonplace within the next decade. Major changes in the automotive
industry, both in the amount of electronics in automobiles and the functions
needed to support the intelligent vehicle highway systems (IVHS) are
occurring in this decade. The common and pervasive requirements in all
of these electronics are (1) ultra-low-cost, (2) thin, light, and portable,
(3) very high performance, (4) diverse functions involving a variety of
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semiconductor chips, and (5) user friendliness. Figure 7-6 reflects this
trend not only for consumer products but most of the electronics of the
next century.

7.3.1 Packaging Evolution

Tables 7-4A through 7-4B project the packaging trend in consumer,
automotive, and high-performance systems in I/Os, /O density, power,
and acceptable cost for board and wiring dimensions. The packaging
technologies summarized in this chapter as well as the details of the rest
of the technologies required to meet these needs is what the book is all
about. All these technologies from chip-level connections to the first-level
package and to the printed wiring board is referred to as the packaging
hierarchy, as illustrated in Figure 7-5. The evolution of this hierarchy is

Table 7-4A. Packaging Trends in Consumer Products

1996 2000 2004
/O per chip 100 200 375
/O density/in.2 100 200 375
Area array pitch (mm) 04 0.25 0.20
Board lines/spaces (mil) 5 4 2
Power/chip (W/chip) 1 1 1
Board cost ($/in.2) 1.0 0.6 0.4

Source: Courtesy of NEML

Table 7-4B. Packaging Trend in Automotive Electronics

1996 2000 2004
170 per chip 150 200 500
1/O density/in.? 30 100 150
Area array pitch (mm) 04 0.25 0.20
Board lines/spaces (mil) 6 3 2
Power/chip (W/chip) 6 12 15
Max. board temp. (°C) 125 155 170
Board cost ($/in.?) 1.0 0.70 0.40

(6 layers)

Source: Courtesy of NEML
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Table 7-4C. Packaging Trend in High-Performance Systems

1996 2000 2004
/O per chip 600 1,500 3,000
1/0 per MCM 3,000 6,000 10,000
1/O density/in.? 150 300 400
Board lines/spaces 3 2 1
Power/chip (W/chip) 40 60 80
Board cost ($/in.%) 10 5 2.5

(30 layer)

Source: Courtesy of NEMI.

depicted in Figures 7-34 and 7-35 from dual-in-line packaging (DIPS) in
the 1970s to quad flat package (QFP) in the 1980s to ball-grid arrays in
the 1990s and to a single-level integrated module referred to as SLIM in
the next century. In contrast to all the current and previous packages
which not only have a complex hierarchy involving two or more levels
and the interconnections between them, but also 5-10 components such
as resistors, capacitors, inductors, filters, switches, RF and optoelectronic
and so forth, the SLIM package under development at the Georgia Institute
of Technology is a single hierarchy-level and single component system-
level package. Table 7-5 illustrates this trend in packaging hierarchy,
number of levels required to complete a high-performance system, and
the ultimate measure of packaging referred to as silicon efficiency, defined
as the total area of all silicon chips divided by the area of the board. The
silicon efficiency of 2% achieved in the 1970s is both due to the large
size of the package as well as the area occupied by discrete components.
The BGAs and chip-scale packages currently in development will increase

Figure 7-34. Packaging Evolution
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Figure 7-35. Single-Chip Package Evolution Leading to Multichip Packaging

Table 7-5. Packaging Evolution

Past Current Future
1970s 1980s 1990s 2000 2005
Chip connection Wire bond Wire bond Wire bond  Flip chip Low-cost flip chip
Package DIP PQFP P/C-BGA None
Package assembly PTH SMT BGA-SMT None
Passives C-discretes  C-discretes C-discretes  C-discretes Integrated
Board Organic Organic Organic DCA to board SLIM
No. of levels 3 3 3 1 1
No. of types of
components 5-10 5-10 5-10 5-10 1
Si efficiency (%) 2 7 10 25 >75

Source: Courtesy of Georgia Tech.
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Figure 7-36. Single-Level Integrated Module (SLIM) (Courtesy of Georgia Tech.)

the efficiency to about 25% because discretes are still on the board. The
SLIM package illustrated in Figure 7-36 integrates all or most of the
discretes as well as RF and optical components into a single-level board
to which the chip is attached in area-array fashion. This package, conse-
quently, provides packaging efficiency in excess of 75%, perhaps close
to 90%, thus maintaining almost the on-chip transistor density. This is
referred to as “Moore’s Law of Packaging” as illustrated in Figure 7-8
in both Si efficiency or in transistor density on board.

Table 7-6 illustrates a more detailed evolution for each of the major
packaging hierarchy technologies. Interconnections at the chip level were
and are being achieved by wire bonding to plastic or ceramic single-chip
packages which are then bonded to printed wiring boards using surface-
mount technology (SMT). The trend is toward flip chip and ball-grid array
(BGA) in the short term, and to direct-chip attach to the board in the long
run. The board will be fabricated using fine-line photolith via as contrast
to drilled via in laminates and to photolith wiring on greensheets in
ceramic boards.

There appears to be a paradigm shift from inorganic to organic
packaging; however:

*  Move to nonhermatic packaging

e Direct-chip attach to organic board

*  BGA-SMT reliability of ceramic packages in contrast to plastic
BGAs

e Cost and size requirements driving to a large organic board with
thin film fabrication



7.3 PACKAGING TECHNOLOGIES 11-67

Table 7-6. Packaging Technology Evolution

Chip interconnection
Wire bond =mmie TAB === Flip chip
Packaging interconnection
PTH sy SMT s Fine-Pitch SMT smmipy- BGA SMT smape- CSP SMT
Single chip
DIP wmappy- QFP wempp- TTQFP mumipe BGA mumip- CSP
Multichip
Ceramic s Thin film == Thin film on PWB/Ceramic = SLIM

Source: Courtesy of Georgia Tech.

7.3.1.1 Packaging in the Past

The packaging technologies that span the microelectronics industry
from consumer electronics to low-end systems to high-performance sys-
tems are very diverse, as illustrated in Table 7-7. Several important obser-
vations can be made from this table. The number of chips needed to form
a system in the past increased from a few, in consumer electronics, to
several thousands, in supercomputers. Given this, the packaging hierarchi-
cal technologies necessary to interconnect all these chips became complex;
consumer electronics typically required a card or flexible-circuit carrier,
and supercomputers required several boards, each containing several cards
or multichip modules. In addition, these boards needed to be intercon-
nected by high-speed cables and connectors. NEC systems, for example,
used as many as four levels of packaging hierarchy to complete the system.
They are, referring to Table 7-7, and Figs. 7-32 and 7-33, flip-TAB carrier
(FTC, first level) bonded to 100-mm multilayer ceramic substrate (MLC-
MCM, second level) plugged into polyimide-glass board (third level)
interconnected by cables and connectors (fourth level) [20], as illustrated
in Figs. 7-32 and 7-33.

The power and cooling capabilities of these systems range from no
special provisions for cooling in consumer electronics to very complex
cooling technologies in mainframes and supercomputers. The driving
forces for the latter stem from the fact that the chips need to be placed
and bonded very close to each other in order to minimize signal delay in
addition to the use of high-speed high-power chips.

The main emphasis in consumer electronics is cost. Given the need
for smaller functions to be packaged, chips that are wire-bonded or tape-
automated-bonded (TAB) to such low-cost plastic carriers as plastic leaded
chip carriers (PLCC) and plastic dual-in-line (DIPs) packages on cards
with minimum internal planes generally suffice. Space limitations in these
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Table 7-7. Packaging Technologies in Some Previous Electronic Products

Ist Istto2nd 2nd 2ndto3rd 3rd Max.
Chip Level Level Level Level Level Chip  Chips/
Conn. Package Conn. Package Conn. Package Cooling Systems

Sony CD WB PSCM  SMT/ Card — — — <10
PTH
TFTV WB/TAB PSCM  SMT/ Card — — —_ <10
PTH
Apple PC WB PSCM  SMT/ Card Conn. Board — 10’s
PTH
HP Work- Wire- P-SCM  SMT Board  Conn. Air 10’s
station bond
IBM 390 C4 C-MCM PGA FR-4  Conn. Cable Water 1000’s
Mainframe
NEC SX-4 TAB FTC SMT LCM PTH P-G Water  1000’s
Supercomputer Board
Key:
C-MCM: Ceramic multichip module PSCM: Plastic single-chip module
Conn.: Connector PTH: Pin-through-hole
FR-4 Board: Epoxy-glass board SMT: Surface mount technology
PC: Personal computer TAB: Tape automated bonding
PGA: Pin-grid array TFTV: Thin-film television
P-G Board: Polyimide-glass board WB: Wirebond

systems have brought about the need to package these components with
surface-mount technology with lead spacing as low as 0.4 mm. In some
circumstances, a flexible-circuit carrier is used that utilizes fully the three-
dimensional space available in small systems, such as the computer termi-
nal illustrated in Figure 7-37.

The low-end systems, such as personal computers and printers, need
additional functions, thus requiring increased sophistication in package
technologies. Surface-mounted as well as pinned components containing
wire-bonded or TAB chips are assembled on cards which are then plugged
into back panels or boards. Power requirements are generally low, not
requiring special provisions for cooling of components, in addition to
heat dissipation by convection and by conduction through the structural
members. In applications that require higher-power dissipation, as in
power supplies or motors to drive typewriter hammers, chips can either
be backbonded with adhesives or metal eutectics to a thermally enhanced
epoxy—glass or metal core substrates or, alternatively, to TAB chips with
heat sinks on the back of the chips. As in consumer electronics, the use
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Figure 7-37. Flexible Circuit Carrier (After R.K. Hayes, IBM Raleigh.)

of a flexible-circuit carrier to provide design freedom and to minimize
cables and connectors is being explored (Figure 7-37).

Midrange systems and workstations that contain a few dozen chips
required single-chip or small multichip packages with I/Os in excess
of 200. Surface-mounted chip carriers or pinned modules are generally
mounted on cards which are then plugged into boards. The use of single-
chip packages, particularly single-chip ceramic packages, with closely
spaced I/O connections is often extended to high-performance systems
such as mainframes and supercomputers. The large computers of Fujitsu
and Hitachi, for example, use single-chip ceramic modules surface moun-
ted to very sophisticated boards. In contrast, IBM and NEC computers
use very sophisticated multichip pin-grid modules that are plugged into
large multilayer boards. The single-chip and small-number multichip-
modules approach generally allows air cooling to achieve the desired
power dissipation (except the Fujitsu M780 which uses water), whereas
the large-number multichip-module approach, with its very close chip-
to-chip spacing, demands power densities beyond the capabilities provided
by air cooling. The closer chip pitch, as in IBM’s Thermal Conduction
Technology with a center-to-center chip spacing of about 9 mm, accounts



11-70

MICROELECTRONICS PACKAGING—AN OVERVIEW

Table 7-8. Packaging Technologies and Processes

Typical
Technology Technology Typical Typical Process
Function Options Materials Process Temp. (°C)
Connection to chip ~ Wirebond Gold, aluminum Wirebond 225
Solder bond (C4) Pb-Sn Reflow 360
TAB Copper, gold, Thermo- 550
aluminum, compression
polyimide
First-level package  High temperature AlLO;, SiC, BeO Sintering 15002000
Low-Temp. Ceramic  Glass—ceramic Sintering 900
Plastic Epoxy Molding 200
TAB Cu on Kapton* Adhesive- 200
Bond
Molding
First-to-second- Surface mount Pb-Sn Reflow 220
level Connection Solder Kovar, Pb/Sn Reflow 220
Pin-in-hole solder Kovar, Au/Sn Braze 400
pin-braze
Second-level Card Epoxy-glass Cure 200
package Metal carrier Glass on steel, Invar ~ Fuse 1000
Flex Cu on Kapton Adhesive- 200
Inj. mold. card Resin Bond 200
Molding
Third-level Board Epoxy-glass Cure 175
package Polyimide, glass Cure 200
Second-to-third Connector Polymer, BeCu Cure 200
level connection Cable Polymer, copper Cure 200

*Kapton is a trademark of Dupont Company.

for its very high performance while handling high-power densities. Thus,
power densities and performance generally go hand in hand.

The packaging technologies required to form a logic function or
gate described earlier, involving three levels of package as well as an
interconnection between these and the chip, are illustrated in Table 7-8.
These technologies, together with thermal technology for cooling the chip,
and sealing and encapsulation technologies required to protect the package
and device circuitry, form the basis of packaging-materials science and
technology. The basic requirements, the status of, and the future direction
for each of these technologies are summarized in this section. Detailed
discussions and additional references can be found for each technology
in the appropriate chapter.

Because each packaging level is manufactured independently of the
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other, the selection of materials and processes, including the process
temperatures for fabrication of the package, is determined for that level.
However, the packaging hierarchy does impose thermal-hierarchy consid-
eration in the assembly of the total package system. For example, if the
first level requires a brazed pin in forming a pin-grid array module, the
maximum temperature at which the chip attachment (to the first-level
package) can take place is the lowest temperature at which the braze is
dimensionally stable. Assuming the chip joining is done by the use of
conventional Pb-Sn solders, thermal-assembly-hierarchy considerations
require that the connection between the first and second levels is done at
yet a lower temperature than the temperature at which the chip solder is
stable. If a third level exists in the function, further thermal hierarchy is
extended. Rework of each of the packages and chips requires similar
considerations as well. Although in principle the thermal-assembly hierar-
chy could be set up in either direction of the packaging hierarchy, it is
determined by the maximum temperature a particular level of packages
can withstand. Because most conventional second- and third-level pack-
ages are made of organic cards and boards that are limited to about a
250°C joining temperature, the assembly of the package system involving
these is done as the last and lowest temperature operation.

7.3.1.2 Packaging in the Future

As indicated above, the future systems for the most part are either
portable, wireless, network or other systems with the same packaging
attributes as these. The system-level attributes include weight, cost, and
system functions as indicated in Figure 7-6.

The second important change driving packaging technology is the
type of semiconductor used to form the systems of the future. In the past,
bipolar was the primary engine of high-performance systems, and CMOS
met all other requirements. As illustrated in Figures 7-7 and 7-9, CMOS
provides the lowest cost and highest integration while it approaches the
performance of a bipolar but at much lower cost at the system level [22].
As a result, CMOS becomes the most perversive technology from PCs
to workstations to mainframes. The packaging in the future, therefore,
must be consistent with this evolution.

7.4 CHIP-LEVEL INTERCONNECTIONS

Connections between chip and package are commonly performed
by one of three technologies: wirebond, solder, or controlled collapse
chip connection (C4), also called “flip chip (FC)”, or “solder bump,” and
tape automated bonding (TAB), depending on the number and spacing
of I/O connections on the chip and the substrate as well as permissible
cost. The possible number of connections per chip with each of the
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Figure 7-38. Chip-Connection Technology Status

technologies is illustrated in Figure 7-38, where the arrow indicates the
current technology in manufacturing (1995) and the higher number indi-
cates the technology feasibility.

7.4.1 Wirebond

Wirebonding is the most common chip-bonding technology, span-
ning the needs from consumer electronics to mainframes. Its widespread
use is primarily based on the fact that the maximum number of chip
connections in products in use can be accomplished with this technology
in addition to providing the lowest cost per connection. It should be
pointed out that wirebonding concurrently provides for thermal dissipation
by backbonding or diebonding the chip to the substrate. The semiconductor
trend for the next decade as indicated in Table 7-2 illustrates the leading-
ledge 1/Os, lithographic dimensions, chip and wafer size, and power
requirements for portable and high-performance semiconductor chips.
The maximum number of I/Os in the leading-edge high-performance
semiconductors in Table 7-2 calls for as many as 5000 I/Os on a single
chip, which is best accomplished by area-array connections such as flip
chip using solder or conductive adhesives. There are several reasons for
this. First, referring to Table 7-1, the connection density (I/O/chip size
in mm) increases by a factor of 2 (from 750/400) to 4 (5000/1250). Thus,
if leading-edge wirebonding is to meet today’s requirement, it needs to
be enhanced by a factor of 4 in pitch—a major challenge. Second, the
peripheral pad connections on the edge of the chip, particularly in large



7.4 CHIP-LEVEL INTERCONNECTIONS 1-73

Table 7-9. Materials for Chip Connections

Flip Chip TAB Wirebond
Metal Solder, conductive adhesive Copper on polymide Gold, Al-Si
Process Melt/reflow Thermo and Compression Thermo/ultrasonic
Chip metallurgy Cr/Cu/Au Ti/W/Au Al, T/W/Au
Substrate metallurgy Ni/Au Pb-Sn/Au Ni/Au

Source: From Ref. 23.

chips, do not provide optimal power distribution to all the transistors on
that chip. Perhaps, the most important limitation of wirebond has to do
with the economics of chip usage itself. Because wirebonding cannot be
performed easily in manufacturing over the active area of chip compared
to area-array solder flip-chip connections, the size of the chip [21] is
larger by about one-third with the wirebonded chip. This difference will
account for tens to hundreds of dollars, as it directly relates to the number
of chips per wafer. In addition to the above reasons, the reliability of flip
chip in Table 7-10 has been shown to be three orders of magnitude
better than wirebond. Because the leading-edge products constitute a
small fraction of all semiconductors, all three chip-level interconnection
technologies will be used and enhanced. The basic materials and processes
that are currently in use in these technologies are indicated in Table 7-9
{23], whereas the electrical and other parameters, including reliability,
are illustrated in Table 7-10 [23].

Table 7-10. Chip-Level Connection Parameters

Wirebonding TAB Flip Chip
Conn. Metallurgy Al Au Cu Pb/Sn
Resistance (Q) 0.035 0.03 0.02 0.002
Inductance (nH) 0.65 0.65 2.10 0.200
Capacitance (pF) 0.006 0.006 0.04 0.001
/O density (cm™) 400 400 400 1600
Rework Poor Poor Poor Good
Failure rate (%/1000 h) 1x107° 1x107 N/A <1x10?

Source: From Ref. 23.
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Table 7-11. Chip-Level Interconnection Development Trend for Wirebond
(WB), TAB, and Flip Chip (FC).

199 1995 2000 2005
WB LSI chip I5x15/700 20x20/1000 20x20/1200 25x25
size (mm) I/O count
Wire pitch 105 70 60 50
ball bond (um) (line) (staggered) (staggered)
Wedge bond (um) 100 65 55 50
TAB  LSI chip 15x15/500 20 x20/ 1000 —
size (mm) /O count
Inner lead pitch (m) 100 75 50 30
Outer pitch bond (um) (wire bump) (Plating bump)
100 75 50 30
FC LSI chip 15x15/900 15x 15/ 1000 20 x 20 25 x 25
size (mm) I/O count
Bump pitch (um) 250 250 200 150
Bump diameter (im) 130 125 100 75

Table 7-11 demonstrates the chip-level developments underway in
all three technologies—wirebond (WB), tape automated bonding (TAB),
and flip chip (FC). The development goals for wire bond by ball-bond
and wedge-bond technologies at a pitch of 50 pum and for TAB at a pitch
of 75 um are capable of providing 1200 I/Os on a 20 x 20-mm chip using
a staggered pin configuration.

In addition to the thermal-hierarchy considerations discussed pre-
viously, an important factor in deciding the chip-connection technology
is the lead inductance, resistance, chip rework, and failure rate as indicated
in Table 7-10 that a particular technology provides; wirebond having the
highest value and C4 the lowest. Detailed discussions on this and other
aspects of chip-level interconnections can be found in Chapter 8, “Chip-
Level Interconnections.”

7.4.2 TAB

The progress and trend in TAB listed in Table 7-12 show two or
more layers with an inner lead bonding pitch of 60 pm and an outer lead
bonding pitch of 90 pm. On a 28 mm size chip, these leads provide in
excess of 1100 I/Os. TAB has been a major accomplishment in Japan
but not in the United States. Various advancements in TAB technology
are being pursued by such Japanese companies as Shinko-Denshi, NEC,
Fujimitso, Mitsui-Kinzoku, Oki, and Nitto Denko. One particular enhance-
ment of TAB being pursued by Nitto Denko is illustrated in Figure
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Table 7-12. TAB Trend
1990 1995 2000
TAB Tape Signal layer 1 layer 2 layer 2 layer
Max. tape width 35 mm 70 mm 70 mm
Cu thickness min. plating 35 pm 18 pm 18 pm
Min. pattern Inner lead pitch 100 pm 60 um 60 um
Outer lead pitch 200 pm 90 pm 90 pm
Pattern pitch 100 pm 60 pm 60 pm
Max. height 1.0 mm 0.7 mm 0.6 mm
28 mm Max. Pin count 520 pins 1152 pins 1152 pins

Source: From Ref. 24; courtesy of Oki.

7-39a, comparing the new two-layer direct copper bonding process with
a conventional three-layer process. The new process coats polyimide onto
copper, the opposite of the 3M process in the United States that coats
copper on Kapton or other polyimides by electroplating. The advantages
claimed for this new process, shown in Table 7-13, include high heat

Table 7-13. Advantages of the Nitto Process

o High Heat Resistance — No Adhesive Layer

e No Curling — CTE = 16 ppm (0-300°C)
Nitto Kapton-H Upilex-S Copper
CTE (ppm) 16 20 16
. . 24 hours water
¢ Low Moisture Absorption — 1% immersion at 23°C
Nitto Kapton-V Kapton-E Upilex-S
(%) 1.0 3.1 1.3

e Strong Peel Strength — 6.7 Ibs/in (1.2 kg/cm)

Nitto M
Peel Strength 6.7 4.0 (lbs/in)
Minimum Value 1.2 0.7 (kg/cm)
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Unique features:

¢ 2 layer substrate = no adhesive layer
¢ Polyimide=—ssynthesized by Nitto

¢ Polyimide onto Cu by coating (Nitto)
¢ Cu onto polyimide by electroplating (US)

E 1. Polyimide coating onto Cu foil
2. Cu pattern making by etching

H 3. Fine hole making into polyimide layer

H 4. Metal filling into hole on Cu pattern
H 5. Bump making: Ni, Au, Solder, Cu, etc.

Copper lead

Figure 7-39. Nitto Process (a) TAB and (b) Bump (Courtesy of JTEC.)

resistance, low moisture absorption by proper selection of polyimide, and
better adhesion. There are other advantages to using this new process (1)
a very high aspect ratio—25-um-diameter holes in a 50-pum-thick film;
(2) large area processing (300 x 300 mm); and (3) complete wiring patterns
(both vias and lines). Nitto is also applying this technology for burn-in
and electrical testing, as illustrated in Figure 7-39b.

7.4.3 Flip Chip

Flip-chip technology is being extensively studied by almost all major

companies and is already used in products by Hitachi, IBM, and Delco.
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Figure 7-40. Microprocessor Carrier (BGA) for LSI (Courtesy of Hitachi.)

The Hitachi flip chip, together with microcarrier BGA assembly to next-
level (mullite glass—ceramic) package, is illustrated in Figure 7-40 [25].
The microcarrier, which is only larger than the chip itself by about 2 mm,
and henced can be called a chip scale package, is a single-chip carrier
fabricated with seven layers of mullite ceramic and first levels of polyim-
ide—aluminum thin-film technology. Flip-chip enhancements being pur-
sued in the industry generally consist of one of two approaches—solder
bonding (including Pb-Sn, Pb-In) and conductive adhesive bonding. Bump
technology itself, like Fujitsu’s bump integration technology (BIT), is
generating considerable interest. One example is illustrated in Figure 7-
41 using thin-film and electroplating processes. In contrast, the Germans
are pursuing electroless-plate bumping, and the British are trying gold-
ball bumping by wire-bonding tools. Bumping, because of its high
cost has received considerable attention leading to various processes
as illustrated in Figure 7-42. These include IBM’s original process
based on high lead solder, followed by high lead solder on chip and
eutectic on board, elimination of high lead with the substitution of
eutectic on chip and conductive adhesives on substrate. Low cost
bumping processes, as illustrated in Figure 7-43 are also being pursued.

The biggest breakthrough in flip-chip bonding is the technology IBM
(Japan) pioneered as an extension of IBM (U.S.) flip-chip technology
developed three decades ago [25]. It involves direct bonding of a bumped
chip to a PWB by the use of low-temperature solder that is hot-injection
deposited onto PWB through a mask. The challenge here is to develop
a thermally compatible encapsulant to reduce the strain on the solder joint
arising from the great mismatch in thermal expansions between the PWB
(17 ppm) and the chip (3 ppm). This invention together with fine-line
thin-film technology is capable of revolutionizing packaging technology
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Figure 7-41. Bump-Fabrication Process (Sharp)

for minimizing the number of package levels and reducing size, weight,
and cost.

Figure 7-44 illustrates a tenfold strain reduction when the encapsulant
is used between the PWB and the chip. This discovery has major implica-
tions for the Japanese packaging industry, particularly for consumer elec-
tronics, as it allows Japan to continue to use its existing infrastructure
for PWB. Figure 7-45 shows the eutectic solder to be more effective than
high-Pb solder (95/5) in achieving the desired fatigue life.

7.5 FIRST-LEVEL PACKAGES
7.5.1 Single-Chip Packages

A summary of all first-level packages, both plastic (including TAB)
and ceramic, is given in Table 7-14, wherein each package and its accepted
abbreviation is described in terms of the insulator material it is made of
and the maximum number of I/O connections and spacings that were
available in 1995 as well as year 2000 projections. These packages as
illustrated in Figure 7-46 and as illustrated in Table 7-14 fall into six
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Figure 7-43. Low-Cost Bumping (Courtesy of Fujitsu.)

types: (1) those with pins often referred to as pin-grid array (PGA) for
pin-through-hole or butt surface mounting, (2) those with lead-frame leads
that are meant for surface mounting, (3) those with pads or balls on area-
array pads that are called ball-grid arrays (BGA), (4) solder or other
columns on an area array called solder column packages, (5) TAB bonded
to the board typically with solder, and (6) chip-scale packages that are
bonded to the board by one of the above connection technologies. The
substrate materials these are made of can be plastic, ceramic, printed
wiring board, or thin film. The development of all of these first-level
packages over the last three decades was aimed at two categories: those
that contain one chip, namely single-chip modules (SCM), and those that
can support more than one, called multichip module (MCM). Multichip
modules sometimes support up to and in excess of 100 chips, as discussed
in Chapter 9, “Ceramic Packaging,” and in Chapter 12, “Thin-Film Packag-
ing.” These latter ones are referred to as thermal-conduction modules
(TCM) or liquid-cooled modules (LCM) in this book. The chronological
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Table 7-14. First-Level Single-Chip Packages and Their Characteristics

Minimum No.
of Interconnections
Available Future 1/0 Spacing

Package Package Materials 1995 2000 (mm)
Dual-in-line (DIP) Alumina ceramic, 64 2.54
plastic 64 2.54
Shrink DIP Plastic 64 1.77
Skinny DIP Plastic 64 2.54
Single-in-line (SIP) Plastic 21 2.54
Leadless chip carrier (LLCC) Ceramic 132 1.27
300 400 0.63
Plastic 180 1.00
Small outline package (SOP) Plastic 40 1.27
Leaded chip carrier (LCC) Plastic 84 1.27
144 0.63
Quad flat pack (QFP) Plastic 130 1.00
160 500 0.65
Ceramic 180 0.40
200 0.63
Very small periphery array Plastic 300 600 0.40
500 0.40
Pin-grid array (PGA) Alumina (single 312 2.54
chip)
>1000 1.27
Ceramic 2177 >5000 2.54
(multichip)
Plastic 240 2.54
>500 2.54
Tape automated bonding Plastic 300 0.50
(TAB) >1000 0.25
Ball grid array Plastic 300 >500 0.50
Ceramic 604 >1000 0.40
Chip scale packages Thin film 300-1000 >1000 0.5
Ceramic 300-1000 >1000 0.5
SLIM Thin film — >5000 0.25

development of those packages as a function of single and multichip
I/Os is illustrated in Figure 7-47.

7.5.2 Chip-Scale or Chip-Size Packages

An improvement in packaging efficiency beyond BGAs is being
achieved by so-called chip-scale or chip-size packages (CSP) which are
hardly bigger than the chip itself. Similar to QFP and BGA, CSP offers
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Figure 7-46. Types of First-Level Packages

burn-in and testability of ICs prior to joining to the printed-wiring board.
There are a number of types of these packages (Fig. 7-48) that include
such rigid substrates as ceramics with straight-through vias, flex or TAB-
like connections with bumps or balls on either end and wafer-level assem-
bly such as redistribution of peripheral I/Os to area array I/Os on chip
and lead-on-chip (LOC). Two of the most popular of these packages are
by Tessera and by Hitachi. The heat transfer characteristics of these
packages range from 0.5 to 10°C/watt.

First-level packages, in addition to providing the required number
of contacts for power and signal transmission, need to have the desired
number of wiring layers discussed previously, provide thermal expansion
compatibility with the chip, provide a thermal path for heat removal from
the chip, and keep signal transmission delay and electrical noise to a
minimum. Package sealing, to provide protection of both the package
metallurgy and chip metallurgy, is yet another important function of the
first-level package. Minimum electrical delay requires a low dielectric
constant. Low electrical noise requires low self-inductances and low inter-
line capacitances and inductances. Maximum heat removal requires high
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Table 7-15. Properties of Package Insulator Materials.

Thermal Approximate
Dielectric Expansion Thermal Processing
Constant Coefficient Conductivity Temperature
107/°C W/mK °C
Non-organics
92% Alumina 9.2 60 18 1500
86% Alumina 9.4 66 20 1600
SisN, 7 23 30 1600
SiC 42 37 270 2000
AIN 8.8 33 230 1900
BeO 6.8 68 240 2000
BN 6.5 37 600 >2000
Diamond
High pressure 5.7 23 2000 >2000
Plasma CVD 35 23 400 =1000
Glass-Ceramics 4-8 30-50 5.0 1000
Copper Clad Invar — 30 100 800
(10% Copper)/
(Glass Coated)
Glass Coated Steel 6 100 50 1000
Organics
Epoxy-Kevlar (x-y) 3.6 60 02 200
(60%)
Polyimide-Quartz 4.0 118 0.35 200
(x-axis)
Fr-4(x-y plane) 4.7 158 0.2 175
Polyimide 35 500 02 350
Benzocyclobutene 2.6 300-600 0.2 240
Teflon®* 22 200 0.1 400

*Teflon is a trademark of Dupont Company.

thermal conductivity. Maximum power distribution requires high electrical
conductivity of package metallization, and high reliability requires a close
thermal-expansion match between the chip and substrate. The thermal
and electrical properties of substrate materials in use in 1995 are shown
in Table 7-15 for insulating materials and in Table 7-16 for conductors.
The trend in the 1990s is toward glasstceramic and organic materials
with low dielectric constants. Thin-film multilevel wiring embedded in
thin-film dielectrics of these materials and other low-dielectric-constant
materials are important in the minimization of transmission delays that
will be required in the 21st century.
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Table 7-16. Properties of Package Conductor Materials

Thermal
Electrical Expansion Thermal
Metal Melting Point Resistivity Coefficient Conductivity
°C 10*Q-cm 1077/°C W /mK
Copper 1083 1.7 170 393
Silver 960 1.6 197 418
Gold 1063 22 142 297
Tungsten 3415 55 45 200
Molybdenum 2625 5.2 50 146
Platinum 1774 10.6 90 71
Palladium 1552 10.8 110 70
Nickel 1455 6.8 133 92
Chromium 1900 20 63 66
Invar 1500 46 15 11
Kovar 1450 50 53 17
Silver-palladium 1145 20 140 150
Gold-platinum 1350 30 100 130
Aluminum 660 4.3 230 240
Au-20% Sn 280 16 159 57
Pb-5% Sn 310 19 290 63
CU-W[20%Cu) 1083 2.5 70 248
Cu-Mo(20%Cu) 1083 24 72 197

7.5.3 Single-Chip Package Markets

The worldwide package demand for the single chip packages dis-
cussed above is indicated in Table 7-17, which includes the application
for diodes, transistors, optoelectronics, and discretes, both for memory
and logic. Ceramic PGAs are used primarily for military and for high-
reliability commercial applications (PCs to mainframes) that require either
hermeticity or pluggability. Of the total ceramic PGA usage of about 150
million units, Intel alone uses about 50 million units for its 486, Pentium,
P6 and others, and IBM uses about 30 million units for PC, workstation,
midrange, and mainframe computers.

Plastic quad flat package is the most common package in use today,
exceeding 10 billion units worldwide in 1995 and doubling by the year
2000. A variation of this package as indicated in Figure 7-46 is used in
much smaller size with less pins [hence, on only two sides called small
outline package (SOP) or small outline J-lead package (SOJ)], is actually
manufactured in higher volume, almost by a factor of 3, than PQFP.
Because Japan produces most of these packages, Figure 7-49 that lists
the Japanese production of these packages is of great use. It should be
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Table 7-17. Worldwide Package Demand by Package Type

(in Millions of Units)

Package/Year 1994 1995 1996 1997 1998
CPGA* 151 166 168 181 203
PPGA 10 10 15 15 15
CQFP* 7.8 1.7 7.8 8.1 8.7
PQFP* 10,122 10,875 12,721 15,214 18,897
PBGA 14 17 32 41 80
CBGA <1 2 4-10 4-10 4-10
TBGA <1 1 2-8 2-8 4-10
TCP 0.5 1 1.5-2 2-4 24

Source: TechSearch International, Inc.
*VLSI Research, Inc.

noted that a number of these packages, particularly PGA, QFP, DIP as well
as BGA, are available in ceramics from Kyocera, NTK, Sumitomo, IBM.

Ball-grid arrays (BGA) are the natural outgrowth of flip-chip technol-
ogy and pin-grid-array connections, providing area-array connections on
a smaller grid. The need for this type of package arose for mainframe
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Figure 7-49. Japanese Packaging Production (Percent) (From Ref. 27.)
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Table 7-18. BGA Market Trends (Packages in Millions)

BGA Type/Year 1995 1998 2000
PBGA 17 100 200
CBGA 2 4-10 10-15
TBGA 1 4-10 10-15

Source: TechSearch International, Inc.

and supercomputer applications by IBM, Hitachi, and NEC. NEC applied
a modification of this package called flip TAB carrier (FTC) with solder
ball connections in 1985 and Hitachi has been using, since 1990, a mi-
crochip carrier (MCC) with 7 layers of thin film, and resistor wiring,
providing in excess of 600 balls or I/Os. As discussed in the trade-off
section (Section 7.5.8) and as indicated in the chip-level interconnections,
the BGA strategy is clearly the current wave in single-chip packages,
providing cost-effective packaging solution at almost one-fourth in size
from current ceramic PGAs for microprocessor PC applications. Of the
dozens of companies currently evaluating the plastic or ceramic BGAs,
IBM, Motorola, Sun Microsystems, COMPAQ, Ericsson, and BULL,
among others, are using these in their products. Table 7-18 lists the market
trend that is expected of these packages.

7.5.4 Plastic Packages

Plastic package developments currently underway include the fol-
lowing

New molding materials and processes

Process controls and quality assurance

Fine-pitch interconnections

New lead frame materials

Multilayer plastic PGA packages up to 2000 1/Os

AN

Table 7-19 lists the historical and projected development in molding
compounds by Nitto. Future developments are aimed at improving pro-
cesses for moldability into thinner packages, antidelamination, higher-
temperature solder resistance, and low stress.

In addition, the molding compound developments include composi-
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Table 7-19. Molding Compound Development in Japan

Discrete MP-2000 Modability
1970s Small DIP MP-3000 Moisture resistance, moldability
Middle DIP HC-10-2 Moisture resistance, moldability
Large DIP, SOP MP 150SG Low stress
1980s PLCC MP-180 Low stress
QFP MP-190 Low stress, processability
SSOP, TSOP MP-7000 Soldering resistance
SQFP, TQFP MP-7000 Soldering resistance
1990s SOP, DIP MP-80 Antidelamination, processability
PLCC, QFP MP-8000 Floor life for soldering, low stress, high adhesion
Large package Target 1 Soldering resistance, low stress, moldability
Ultrathin package Target 2 Moldability, soldering resistance
Specific package Target 3 Adaptability to components

Source: Nitto Denko

tion and formulation, moldability, and temperature and humidity bias
reliability. These developments are summarized in Figure 7-50.

7.5.4.1 Process Controls

The increasing use of analytical techniques and microsensors to fine-
tune materials and control process-induced defects falls into the category
of enhanced process control and quality assurance. X-ray radiography
and C-mode scanning acoustic microscopy—tomography are finding in-
creased use as nondestructive techniques for evaluating a number of
processes—plastic delamination; die metal, die attach, and bonding wire
deformation; die metal and wire-bond voiding; lead frame, die passivation,
die match, wire, wire bond, and case brittle fracture; and dendritic growth
under bias. Mercury porosimetry has also been used successfully to find the
number and size of epoxy and epoxy—metal pores in epoxy-encapsulated
packages. Epoxy pores are less than 0.2 um in diameter, epoxy-lead
frame voids are about 1 um in diameter, and surface pores range from 5
to 500 um in diameter. Piezoresistive strain gauges integrated into test
chips will continue to be used to directly measure the mechanical stress
in a plastic encapsulated module (PEM)—caused by encapsulation, die
bonding, and other factors, either during fabrication or under environmen-
tal stress testing. Solid-state moisture microsensors will also be used to
measure the moisture content at any specific location inside a PEM.
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Epoxy Molding Compound
Research and Development
I I -
Reliability Composition Moldability
(temperature, humidity bias) and formulation (viscosity control)
L J
Low stress, humidity resistance Resin flexibilation, hardener,
(megabit memories) coupling agent, etc.
Thermal conductivity for
moldability and reliability Filler type and composition
(high heat dissipation devices)
Non post-cure type with high glass
ition temp ¢ (integrated Catalyst
circuit, large scale integration)
Non cleaning type for demoldability
and reliability (integrated circuit, Basic resin release agent
large scale integration)

Molding compound for multiplier use
with high fluidity and optimized cure
(integrated circuit, large scale integration)

Low viscosity compound,
curing agent, additives

Figure 7-50. Development Trends of Epoxy-Molded Compounds (From Ref. 24.)

7.5.5 Plastic PGA Technology

Even though plastic PGA is not used as extensively as QFP or SOP,
it is clearly the leading-edge technology providing very high I/Os with
multilayer structures. As shown in Table 7-20, Ibiden’s plan for future
plastic PGA technology is expected to increase the pin count from the
current 500-600 pins to 2000 pins by the year 2000. This increase in pin
count is possible with multilayer plastic packaging technology that in-
cludes new materials with lower dielectric constant and high glass-transi-
tion temperature, finer-line wiring, down to 25 um lines to 100 pm pitch,
and layer counts up to 15. Ibiden expects land-grid arrays (LGAs) and
ball-grid arrays (BGAs) to approach 600 pins before the end of the decade.

7.5.6 Lead-Frame Fabrication

Trends in lead-frame technology have important implications for the
future of molded plastic packaging. Japanese companies are replacing
copper alloys with 42Fe/58Ni (Alloy 42) as the lead-frame material,
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Table 7-20. Plastic PGA Technology Trends (Ibiden) (From Ref. 24)

1992 1995 1998
Pin count 300400 pin 1000 pin 2000 pin
Pin pitch 2.54 mm 1.5 mm (LGA) 1.27 mm
1.27 mm (PGA)
B’g pitch 180 um ~120 pum ~100 pm
Linewidth 100 pm ~50 pum ~25 pum
Trace thickness 18 um ~10 um ~10 um
Multilayer 6 layers 10 layers 15 layers
Via hole size (diam.) 0.3 mm 0.1 mm 0.1 mm
Insulation-layer thickness 0.1 mm 0.06 mm 0.06 mm
Dielectric constant 44 35 35
Impedance control +15% +10% +5%
TCE. (ppm) 14 10 10
Tg Point 180°C 200°C up 200°C up
Material BT New BT New BT

Source: Courtesy of Ibiden.

especially for moderate to high heat-dissipating devices such as processors.
For thin (£0.15 mm) lead frames with close lead tips for very high lead-
count packages, chemical etching has replaced mechanical punching.

7.5.7 Logic and Memory Applications

The technology developments discussed above are expected to lead to
enhancing both memory and logic chips. A typical representative roadmap
from Oki for both these are included in Tables 7-21 and 7-22. The memory
roadmap indicates reduction in mounting and wire loop heights, leadframe
thickness and reliability improvements as a result of new materials. The
logic roadmap, in addition to indicating the role of plastic QFP, also
indicates high I/O achievability with ceramic PGAs and thin-film
packages.

7.5.8 Ceramic Packaging Technologies

The chronological development in ceramic packaging is indicated
in Figure 7-51, which illustrates the recent materials development from
alumina to AIN, mullite and glass—ceramic and future developments in
composite ceramics. The properties of the substrate materials currently
in use are indicated in Table 7-23. The process advances in cofiring in
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Table 7-21. Logic LSI Package Roadmap

Year (CY) 199 193 199% 1999 2002
LSI chip Gate density 200K 300K 500K M M
trend Max. chip size 155 mm 15 mm 17.5 mm 20 mm 25 mm
Max. power 1.5W 2W 3w SW 10W
Max. speed 50 MHz 150 MHz 300 MHz 500 MHz 500 MHz
Max. pin count 250 350 500 750 1000
Package QFP size (mm) 40 40 28 40 —
technology QFP pitch (mm) 0.65 0.5 0.4 0.3 —
C-PGA I/O — 401 526 750 1000
Size (mm) — 40 32 36 40
Pitch (mm) — 1.778 1.27 1.27 1.27
Thin package
/o — 1.44 216 344 2966
Size (mm) — 20 24 28 24
Height (mm) 1.2 0.5 0.4 0.3 0.3
Cooling Cu lead- QFP with QFP with  QFP with
frame Fn heat cool

spreader module

Source: Courtesy of Oki.

terms of line and via dimensions and the number of layers that are cofired
are indicated in Figure 7-51. The state of the art in ceramic packaging
involves 50100 um lines and vias placed on 225-450 um apart and the
substrate cofired with dimensional control better than +0.1% in 63 layers
of metal and ceramic. It appears that these dimensions, dimensional con-
trols, and the number of layers can be improved technically by about a
factor of 2 within the next decade. Whereas ceramic packaging was used
primarily for either high performance or higher-reliability applications in
the past, Panasonic, Kyocera, and others have begun to apply to con-
sumer products.

Table 7-23 shows the variety of materials being used as ceramic
substrates. These materials include Al,O;, AIN, mullite, and a variety of
glass—ceramics that include both glass added to alumina and crystalizable
glasses. Whereas most of these low-temperature ceramics are metalized
with Ag, Ag-Pd, or Au as fired in air, a few firms are beginning to cofire
with copper using special binders, or special atmosphere cycles, to remove
organics from greensheets. Table 7-23 also illustrates the properties of
some of the glass—ceramics being pursued by Kyocera, Panasonic, Oki,
Fujitsu, NEC, and NTK.
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Table 7-22. Memory Package (TSOP) Technology Roadmap

1990 1995 2001
Device Configuration Density 4M 64M 1G
Die size (mm) 90 190 400
Package mounting height (mm) 1.2 1.2 0.8
Customer usage condition Storage 1 day usage
Reflow IR (220°C) IR (240°C)
Condition
Ratio of die size and package size (%) 64 79 80
Spacing between package edge and die 1.0 04
edge (mm)
Packaging technology Minimization ~ Conventional LOC
Low profile 200 pm max. 120 pm max
wire loop
height
Lead-frame 0.15 pm 0.15 pm
thickness
Reliability (reflow resistance) Conventional Biphenyl Imid modified
molding epoxy resin (EOCN) epoxy (high Tg)

Source: Courtesy of Oki.

7.5.9 BGA Packages

There are several BGAs including micro-BGAs (u-BGA) that are
in the horizon, as illustrated in Figure 7-52. These are packages with
reduced I/O pitches but still compatible with the leading-edge printed
wiring board technologies. These technologies and their I/O spacings are

_400f \400 140
3
3 . o
E 3001 Line pitch 130 o
8 2
§ 200 200 20 3
s
2100} 100 |, o
i 0 Vicll hole ‘ 50

1980 1990 2000

Year

Figure 7-51. Ceramic Packaging Trends (Courtesy of Kyocera.)
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Table 7-23. Ceramic Substrate Materials

Glass-Ceramic
AIN SiO, +
Alumina Mullite (Ibiden) Kyocera Pansonic IBM Fujittu NEC B0,

Thermal 18 5 180 2 2 2 2 2 2
conductivity
(W/mk, RT)
TCE. (10°%/ 7.0 4.4 4.5 4.0 — 30 45 3.5 2.5
oC)
40-400°C
Dielectric 10.0 6.8 8.9 5.0 74 5 5.6 4.4 4.0
constant (1
MHz, RT)
Tan 3 24 10 1 20 — — — —
(1 x 10 —
Conductor W, Mo W, Mo W Cu Ag,Cu Cu Cu Au  Ag-Pd
metal
Sheet 10 10 15 3 2-5 2 3 3 2-5
resistance
(mCYsq)
PBGA CPBGA
Plastic Ball Grid Array Cavity Plastic Ball Grid Array
TBGA
Flip Chip

—

Tape Ball Grid Array

CBGA Wire Bond CBGA
[ ] Flip Chip - Cap
e e N
(D-OO"OOOOOUOOU;UUUUUU ‘ﬁ;;‘
OOOUCUUUUUOGUUUUUUU
Ceramic Ball Grid Array Ceramic Ball Grid Array

Figure 7-52. Various Types of BGA Packages
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Table 7-24. BGA Packages

Technology (Company) /O Configuration /O Pitch (um)
Micro SMT (Mplus Microwave) Peripheral 100-150
m-BGA (Sandia) Part area array 500-750
UBGA (Tessera) Peripheral 500-1000
DCAM (IBM) Part area array 200-500
Slicc (Motorola) Area array 825-1500
MC2M (Valtronic USA) Peripheral 1000-1500

indicated in Table 7-24. Some of these packages are also referred to as
chip scale packages, particularly in harsh environments. While the BGA
trend continues, there are certain reliability issues to which BGAs are
prone. Quad flat pack, although low in cost, is too large in size and too
low in thermal performance. VSPA (very small peripheral array) illustrated
in Figure 7-53 seems to offer the best of both worlds of QFP and BGA [28].

The trend in the past has been from pin-through-hole to SMT as
electronic products shifted from mainframes to desktop. The most recent
trend, however, is from SMT to BGA, consistent with the product trend
from desktop to laptop to notebooks.

QFP 304 leads

BGA 313 leads VSPA™ 320 leads
i:l:“ﬁ’c"g;" mm 35 mm X 35 mm 27 X 27 mm (including leads)
. Peripheral BGA Cavity Down VSPA
0.5 mm pitch 1.2 mm pitch .5 mm/.8 mm pitch (50/50%)
Easily Reworkable Reworkabl Reworkable
ired in PCB eworkable o
3:uzy;::;:::::‘é;‘ 6-8 layers required in PCB 4:6 layers required in PCB
Normal SMT No Visual Inspection Visual Inspection OK
Not "normal” SMT Normal SMT
. Thermal via arrar
Back SIde. card OK Back side NOT (;K Back side card OK
$0.011/pin $0.02/pin $0.01/pin

Figure 7-53. QFP, BGA, and VSPA™ Package Comparison (From Ref. 28.)
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The advantages of BGA are as follows:

*  Assembled with same SMT equipment as QFP

. Smaller area board and yet, larger I/O Pitch

. Self alignment during soldering process as with flip chip
*  Low assembly cost

*  Repairable

e Component cost reduction

*  Inspection unnecessary compared to QFP

7.5.10 Package Trade-offs

Figure 7-54 plots the cost of various single-chip packages as a
function of I/Os. Given the cost-sensitive nature of electronic packaging,
plastic quad flat pack and single-layer TAB are the leading candidates,
compared to ceramic and plastic PGAs. This is already reflected in the
huge volume of these packages as described in Section 7.5.1, “Single-
Chip Packages.” As pointed out earlier, the QFP is being improved upon
for both increased I/Os by improving on lead-frame pitch from the current
0.4 mm to 0.15 mm and for thinness by reduction of molded or ground
thickness. In spite of these improvements, the problems with QFP are its
huge size and poor thermal and electrical performance. The popularity
of BGAs and their exponential growth discussed above can be attributed
to this deficiency. In addition, a new revolutionary, simple, and elegant
package known as very small peripheral array (VSPA) is beginning to
emerge as the best overall medium I/O package from the Panda Project

Figure 7-54. Single-Chip Packaging Cost (Courtesy of Otsuka.)
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Figure 7-55. Package Weight Versus Pin Count (Courtesy of JTEC.)

[18]. As compared in Figure 7-53, this package is smaller in size than
QFP and BGA and yet provides far superior thermal performance, due
to its metallic heat sink to which the die is bonded. Because the heat sink
can be copper, thermal conductivity improvement of the order of 20 over
ceramic and 500—1000 over plastic packages can be achieved. The cost
per 1/O is expected to be the same as QFP. Because of these advantages
and better electrical performance, this package may emerge as the most
competitive package to QFP.

Figure 7-55 and 7-56 compare the package weight and mounting
height on PWB for a number of single-chip packages as a function of
pin count. Only TAB and TSOP, besides QFP, BGA and VSPA, can meet
future competitive requirements for thinness and lightweight in packages.

As shown in Figure 7-57, a number of companies such as Hitachi
has selected QFP and TAB, as their front up packages for low to medium
I/Os. The only exception seems to be for very high I/Os, where PGA and
BGA will be their strategic packages. There is general agreement that the
best alternative to QFP in low-pin-count consumer products and high-
pin-count computer products will be BGA or surface-mount PGA, the
new VSPA package. BGA is seen as a high-speed, high-pin-count package
that also provides a compact solution. Figure 7-58 shows how BGA
provides a smaller footprint at a 1-mm pitch than the ultimate 0.15-mm-
pitch QFP beyond 600 I/Os. This is one of the primary reasons for the
emergence of BGA.
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Figure 7-56. Lead Pitch and Mounting Height

In contrast to the inspection needs of fine-pitch QFP, manufacturers
like Hitachi and IBM, do not believe there is a need to inspect the BGA
joint, even though X-ray inspection may be possible. This is so because
of the large pitch that BGA provides. Hitachi also claims great flexibility
in circuit design using BGAs, allowing V,. and V,, connection everywhere,
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Figure 7-57. High-Pin-Count Packages (Courtesy of Hitachi.)
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Figure 7-58. Relative Package Areas: BGA Versus QFP, Illustrating Superior-
ity of BGA

in addition to providing power and ground for each group of output
buffers, reducing the simultaneous switching noise. The QFP approach
does not provide this flexibility.

In parallel to surface-mount options, the electronics industry is pursu-
ing PGA options in limited fashion both in ceramics and plastics. Toshiba,
for example, is already pursuing an 820-pin ceramic PGA on a 60-mm
square ceramic substrate. Kyocera supplies a 1000-pin surface-mount
PGA in ceramics with its improved PGA that compares favorably with
QFP, as illustrated in Figure 7-59. The pin-grid pitch in these packages
is 1.27 mm (50 mils). Toshiba chose TAB connection to the 20-mm chip
using gang inner lead bonding and single-point outer lead bonding. The
plastic PGA trend providing in excess of 1000 I/Os was discussed earlier
(Section 7.5.3).

7.5.11 First-Level Multichip Packaging

Multichip packaging is one of the fastest growing segments of all
the packaging technologies. It came into existence for mainframes and
supercomputer applications that required the most number of circuits to
be packaged in the least amount of space. These attributes are now expected
to be expanded into workstations, consumer electronics, medical, aero-
space, automotive and telecommunication technology. This subject is
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discussed in more detail in Part 2, Chapter 9, Ceramic Packaging, Part
2, Chapter 12, Thin Film Packaging, and elsewhere [29].

7.5.11.1 Definition

Multichip packaging requires the definitions of multichip and pack-
aging. Packaging has been defined elsewhere as interconnecting, power-
ing, cooling, and protecting the semiconductor chips. Because single-chip
package is defined as interconnecting bare chips onto a single plastic,
ceramic, or some other carrier, the multichip package has been defined
as providing the same function with more than one bare chip on to a
single carrier or substrate. With this definition, however, there are very
few current manufacturers, such as IBM, that qualify as the multichip
fabricators, as there are very few companies that bond the bare chips
directly to the multichip substrate.

The benefits of multichip packaging, however, can be realized, al-
though not as fully as in direct bare-chip attachment, by bonding prepack-
aged chips in their single-chip carriers to the multichip substrate. This is
the most common multichip packaging that is currently in use. Both of
the above types are illustrated in Figure 7-60. The multichip carrier on
which the chips are bonded can be ceramic, printed wiring board, or thin
films deposited on any substrate, including metals like silicon, copper,
and aluminum, and ceramics like AIN, diamond, and alumina, and organics
like polyimide-glass, composite organics—inorganics.

7.5.11.2 Functions of Multichip Package

Consistent with the above definitions of multichip and package, the
multichip package must perform the following functions:
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Figure 7-60. Multichip Module Defined as > 40% Silicon Efficiency

1. Remove heat effectively from the chips

2. Provide interconnections between all the chips with as many circuits
and as high a circuit performance as available to the multichip sub-
strate

3. Provide wiring density with high-conductivity metal to interconnect
all the chips with minimum chip-to-chip spacing

4.  Provide multichip substrate connections for signal and power distri-
butions

5. Provide protection to all the chips and the multichip substrate itself.
The schematic in Figure 7-61 illustrates these functions.

7.5.11.3 Packaging Efficiency

High packaging efficiency results as a result of placing a large
number of chips closely spaced on an individual multichip package to
meet a certain function (e.g., processor on a module).

eat

Removal High Chip 1/0
Close Chip Pitch

I l High Wiring Density
Low Dielectric Const. High Wire Conductivity

AR AARARRAARAAAREA)

High Module 1/O —

Figure 7-61. Functions of Multichip Packages
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Figure 7-62. Packaging Efficiency of Various Packages

Packaging efficiency (P.) is defined by

Total active silicon area
Total active multichip packaging area

Py = [7-19]

Figure 7-62 illustrates packaging efficiency of various packages including
multichip with various line widths that are available in various packages,
illustrating clearly the leverage of multichip module in packing more
chips in least space than any other packaging including wafer scale integra-
tion (WSI). This advantage of multichip is expected to provide a wide
array of applications in aerospace, medical, consumer, telecommunication,
and computer industries.

7.5.11.4 Electrical Performance

Electrical performance is the primary reason for the use of multichip
packages in computers. There are two parameters that contribute to the
system-level performance, which is often quoted by a throughput parame-
ter, MIPS (millions of instructions per second). These are cycle time and
cycles per instruction and are related to the MIPS by the following equa-
tion, as discussed earlier in this chapter:

10°
{Cycle time)(Cycles per instruction)

Number of MIPS = [7-20]
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Figure 7-63. Reliability of Semiconductors and Multichip Packages

Leading-edge computer performance in MIPS requires leading-edge cycle
time and leading-edge cycle per instruction. The latter parameter is often
ignored, and as can be calculated from Equation 7-20, it will have a great
effect on the MIPS. The multichip package influences both of these
parameters, as both of these are influenced by packaging efficiency of cir-
cuits,

7.5.11.5 Reliability

Reliability enhancement is an essential function of any multichip
package, particularly when it carries so many leading-edge and expensive
chips, making it prohibitively expensive to discard due to any field failure.
Any multichip package must inherently be more reliable than the semicon-
ductors it packages, the reliability of which continues to be improved
upon according to Figure 7-63, which plots both the infant mortality and
long-term failure rate in parts per million as a function of time [30].

Fortunately, multichip packaging provides the fundamental basis for
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improvement of reliability, as illustrated in Figure 7-45, wherein the total
number of interconnections and wiring lengths in forming an equivalent
processor involving chips and various packaging levels is illustrated.
Reliability of multichip packages must be treated at three different levels
to ensure its success:

1.  Design for reliability upfront
2. Build-in reliability by process controls during manufacturing

3. Accelerate test of final product to guarantee the design and the
process

7.5.11.6 Leverages

There are four major leverages of multichip packaging:

1. Packaging efficiency
2.  Electrical performance
3. Reliability

4.  Cost

7.5.11.7 Types of Multichips

Consistent with the definition of multichip packaging technology in
this chapter, one can visualize three different multichip technologies (Fig.
7-64): (1) those formed with laminated, organic boardlike technology
referred to as MCM-L, to which chips can be bonded by TAB or wire
bond, (2) those formed with screen-printed ceramic thick film, either
sequentially formed by print and fire process, or parallel formed by lamina-
tion of screened greensheets and subsequently cosintered, referred to as
MCM-C, to which chips are attached directly by flip-chip or indirectly
in prepackaged carriers, and (3) those formed with deposited thin-film
technology using thin films of polymers and metals, referred to as MCM-D,
to which the chips are attached. Variations of these can also be considered
multichips. For example, a variation of laminated MCM using plastic
packages, involving molding compounds and lead frames, so-called multi-
chip plastic quad packs (MCM-P), containing four chips became available.

7.5.11.8 Cost

The cost of multichip modules varies with the type of multichip and
wiring density it provides.

Within various multichip options, it is controversial as to which type
is cheaper. Figure 7-65 illustrates the relative costs of various multichip
technologies as a function of wiring density. It is generally agreed that
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the laminated technology, although it is cheapest at low wiring densities,
becomes very expensive at medium to high wiring densities. The contro-
versy is mainly in the multilayer ceramic versus thin-film multichip pack-
ages. Whereas the former is based on a parallel process involving screened
greensheets and a final high-yield cosintering process that assembles all
the layers, the latter is a sequential and an expensive ultraclean-room
process. Thus, even if all operations have better than 95% yield in the
sequential thin-film process, the final yield can be significantly lower than
desired. IBM’s experience with multilayer ceramic during the parallel
process approach has given yields in excess of 90%. Because of these
and other reasons, the cost of multichip technologies, as illustrated in
Figure 7-65 has been determined [29].

There is a need yet to have another category, based on deposition
of thin films (MCM-D) on ceramic multichip modules. The wiring in this
type of multichip is shared in cofired ceramic thick film and polymer-metal



1I-106 MICROELECTRONICS PACKAGING—AN OVERVIEW

25.00} MCM-L MCM-C

20.00¢
&
£ 15.00} MCM-D
4 (projected)
$10.00 |

5.00} Next Generation
MCM-D/L

L Il i A

200 400 600 800 1000
Interconnect Density (in./sq. in.)

Ref. NEPCON, "Multichip Module Fundamentals”
R. Wayne Johnson, Auburn University

Figure 7-65. Interconnect Density Versus Cost for Various MCMs

thin film, offering the best of both technologies in cost and function. This
type of multichip is expected to be the most predominant of all multichips
and has already formed the basis of two multichips at two major companies,
NEC [31] and IBM [32].

The multichip package that is expected to be dominant, however,
in the next decade is thin film on laminate MCM-D on MCM-L. A good
example of this is the IBM SLC surface laminar circuitry discussed in
Section 7.7, “Second-Level Packages.”

Table 7-25 illustrates typical package parameters for each of the
three multichip types. The materials and their properties are illustrated in
Table 7-26 and in Figure 7-66.

7.5.11.9 Applications

Because of high electrical performance, reduced space and weight,
and improved reliability over single-chip modules, as discussed above,
to form the required system-level function, multichip packaging is ex-
pected to have a broad spectrum of applications. Some of these are shown
in Table 7-27.

7.6 PACKAGE-TO-BOARD INTERCONNECTIONS

As pointed out earlier, the system needs such as cellular phones or
disk drives, as illustrated in Figure 7-67, drives the technologies toward
small sizes and low weight but with high functionality and at low consumer
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Table 7-25. Typical Package Parameters of the Three Multichip
Module Types

Characteristic MCM-L MCM-C MCM-D
Description High-density Cofired low- Thin film on
laminated dielectric- silicon
printed circuit constant ceramic
board substrate
Max. wiring density 300 800 250-750
(cm/cm?)
Min. linewidth 60-100 75-100 8-25
(km)
Line space (um) 625-2250 125-450 25-75
Max. substrate size (mm) 700 245 50-225
Dielectric constant 3745 5-59 35
Pinout grid (mm) Array 2.54 Array 2.54 Peripheral
(staggered) 0.63 mm
Max. No. of 46 63 4
wiring layers
Via grid (um) 1250 225-450 25-175
Via diameter (pim) 300-500 100 8-25

prices. These requirements translate directly into component density—
number of components per unit area of board. The components include
active plastic or ceramic packages containing logic and memory chips as
well as nonactive components like capacitors, resistors, inductors, and so
forth. Figure 7-68 illustrates the trend in component density which is
currently at about 20-25/cm? and which is expected to be 50/cm? by the
years 2000-2005. This figure also illustrates, to some extent, how this
component density will be achieved by reducing the size of each compo-
nent, both active and passive while providing more pins or connections.
The active component reduction is achieved for most part by reducing
the 1/0O pitch or by area-array connections or both. The passive component
improvements are made by reducing the sizes, as also illustrated in Figure
7-68 from 3.2 X 1.6 mm to 0.8 x 0.4 mm.

There are three basic types of connections between the first- and
second-level packages: those with pins, requiring pin-through-holes
(PTH), and others with lead frames meant for surface-mounting the device
(SMD) by the use of surface-mounting technology (SMT). The third
category is BGA, using balls in area-array fashion in contrast to peripheral
lead frames. Package assembly includes, in addition to, an active plastic
or ceramic components containing logic and memory chips, nonactive
components like capacitors, resistors, and inductors. All the available
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Table 7-26. Properties of Multichip Substrate Materials

Thermal Reuse/
Dielectric Expansion Fabr./ Thermal
MCM Constant Coefficient Temp. Conductivity
Material (1 MHz) (107/°C) [&9) (W/mk)
Alumina 9.4 66 1600 20
Aluminum

nitride 8.8 35 1600 20
Mullite + glass 59 35 1200 6
Borosilicate +

alumina 5.6 40 900 6
Lead borosilicate

+ alumina 7.8 42 900 5
Glass—ceramic 5.0 30 950 7
Composite SiO,

+ glass 39 19 900 4
Epoxy Resin 4.7 1400 200 0.1
Polyimide resin 4.7 750 300 0.1
MS resin 3.7 680 250 0.1
Polyimide

PMDA-ODA 35 250-400 400 0.2

BPDA-ODA 3.0 20-60 400 0.2
Benzocyclobutene 27 650 350 0.2
Polypheny!

quinoxaline 27 350 450 0.2

packages were previously classified in Figure 7-64 into one of these cate-
gories.

The surface-mount technology was the fastest growing technology
in small systems and consumer electronics during the 1980s. It presents
a number of advantages. The packages for SMT can be developed with
pads or connections out of the package at the tightest spacings, thus
allowing more I/Os per unit area of the package. Second, the technology
can be used to increase the packaging density by requiring less board
area and, thus, lowering the cost of packaging the total system. As a
result, surface mounting, which accounted for roughly 20% of all consumer
and low-end packages in the late 1980s, is already at about 80%. This
technology will, however, pave the way for BGAs in the late 1990s.

The overall trend in package-to-board assembly is illustrated in
Figure 7-69 showing the expected trend to fine-pitch quad flat pack (from
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Table 7-27. Potential Multichip Package Applications and

Their Characteristics

Application

Computers

Military
Telecommunications
Consumers electronics
Medical

Automotive

Characteristics

High electrical performance
Less space, high reliability
Less space and weight

High bandwidth performance
Less space and weight

Less space

Less space

0.4 mm pitch in 1995 to 0.15 mm in 2000) as well as to ball-grid array,
chip scale package, and direct flip-chip attach to organic board. The QFP
to BGA change appears in Figure 7-70 around 400 I/Os, but as pointed
out earlier, a number of companies, particularly Japanese with massive
investments in peripheral SMT, will continue to push beyond 400 I/Os.
The lead-pitch improvement consistent with this trend is indicated in
Figure 7-71 for a number of actual Japanese packages.

Consumer products require thin and lightweight packaging. Plastic
packages such as QFP that are surface-mounted onto PWB have effectively
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Figure 7-67. Portable Need Drives Size Reduction
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Figure 7-68. Portable Component Density (Courtesy of JTEC.)
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Figure 7-71. QFP Lead Pitch Versus Lead Count

met consumer product requirements. The industry vision of next-genera-
tion products requires packages that are smaller and cheaper than in the
past, roughly 50% smaller for each new generation. Given industry’s past
investments in PWB and SMT technologies, and given increased global
cost-competitive pressures, the industry is expected to pursue the use of
plastic packages to the ultimate limit. The ultimate limit accepted by
Japan currently is 0.15 mm lead-frame pitch, giving rise to 800 pins in
30-mm sizes and 1000 pins in 38-mm sizes. The United States seems to
follow the path of BGA.

It should be noted that while the QFP and BGA improvements as
discussed above are taking place, the pin-grid-array technology is also
capable of being enhanced for those limited applications that require
insertable components for upgradeability, for example. Both ceramic and
plastic PGAs are capable of being enhanced to 1000 I/Os at a pin pitch
of 1.27 mm, or 50 mils. It should also be noted that these enhanced
PGAs can be surface-mountable as well using standard or modified SMT
equipment. Figure 7-59 illustrated the advantage of this approach—that
the size of this new PGA is no bigger than the current QFP at 0.4 mm
and that a 1000 I/O PGA is readily available.

The continued use of P-QFP beyond the current 0.4-mm pitch toward
the 0.15-mm pitch, however, requires major enhancements in SMT pick
and placement tools, solder deposition technologies, reflow tools and
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technologies, inspection, solder repair for opens and shorts, and electromi-
gration resistance of both the plastic package and the printed wiring board.
Contrary to what one might expect, the industry will incrementally enhance
each of these to a level that will guarantee high yield and high reliability.
This conclusion is supported by (1) Sony’s advancements in factory auto-
mation and (2) Oki’s single-ppm-defect soldering systems. These systems
and processes have lowered assembly defects to less than 20 ppm, as
shown in Figure 7-72. Sony’s precision robots have improved placement
repeatability to 0.01 mm from 0.05 mm during the last 6 years. Matsushi-
ta’s new SMT machine has 11 placement heads with 0.01 mm repeatability.
Toshiba’s advanced TAB equipment can place 0.2-mm-pitch parts using
CCD vision, because pitch size has reached the limits of human vision.

With increased miniaturization, soldering technologies continue to
evolve. For example, Oki’s single-ppm-defect technology includes devel-
opments in the following:

*  New wave soldering machine for zero defects

*  Nitrogen flow soldering process technology

*  Rheology and printability of solder paste

*  Inspection technique for solder paste printability and printing param-
eter optimization

*  Development of an automatic solder-joint inspection system

Figure 7-73 illustrates the general trend in soldering techniques that the
Japanese microelectronics industry is expected to follow, shifting from
reflow to local soldering techniques in order to meet ultrafine pitch assem-
bly requirements.

Table 7-28 summarizes the overall packaging that can be expected
in terms of chip and package connections, board substrate wiring, chip

Failure rate per 1 5
PWB(%)

LOF  Geax

Solder bridge

0.5}  os7 0.02%
Soldering atmosphere Air (1992.7) N (1992.9)
Total PWBs 18,506 PWBs 21,002 PWBs
Defect PWBs 117 PWBs 4 PWBs

Figure 7-72. Soldering Defects Improvement Achieved at OKki (From Ref. 24.)
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placement accuracy and cost for leading-edge consumer products. Similar
parameters were reviewed earlier in Tables 7-4A, 7-4B, and 7-4C for
consumer, automotive, and high-performance systems, respectively.

7.7 SECOND-LEVEL PACKAGES

Four technologies capable of meeting the requirements of the second-
level package are as follows:

Table 7-28. Package Assembly Trend for Consumer Electronics

1995 1998 2000
Cost

Component assembly (Conversion) cost (¢ per /O) 2 1 0.4

Substrate cost (6-layer H.D.— 4 layer) ($ per in.2) 1 0.5 0.25

IC package cost (¢ per I/O) 1.5 0.4 0.2
Package connections

Component I/O density (I/O per in. ) 100 400 600

Component I/O package pitch—peripheral (mm) 0.4 0.25 0.15

Component 1/0 Package pitch—area array (mm) 04 0.25 0.25
Chip connections

Component I/O perimeter flip-chip pitch (mm) 0.15 0.05 0.05

Component I/O area chip pitch (mm) 0.30 0.20 0.15
Substrate wiring

Substrate lines and spaces (mils) 5 2 1

Substrate pad diameter (mils) 20 2 1
Equipment

Chip placement accuracy (mils) 2 0.5 0.25

Source: Courtesy of NEML
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Organic cards and boards

Polymer- or glass-coated metal carrier
Flex film carrier

Injection-molded card

hAEESEE

Ceramic boards

These are schematically illustrated in Figure 7-74 and their characteristics
described in Table 7-29. Additional details can be found in Chapter
17, “Printed-Circuit Board Packaging,” and Chapter 18, “Coated-Metal
Packaging.” Additionally, ceramic boards, described in Chapter 9, “Ce-
ramic Packaging,” can be considered second level as well.

Card and board technologies based on epoxy-glass, and enhance-
ments in these by the use of such materials as polyimide, Telflon, benzo-
cyclobutene organics, and quartz glass to provide better electrical charac-
teristics and packaging densities, form the most common second-level
package. The technology development is summarized in Figure 7-75 in
terms of such package parameters as linewidths, intervia diameter, plated-
through-hole diameter, aspect ratio, and number of layers. Printed-circuit
boards with up to 42 layers capable of supporting as many as 336 chips
on an individual board of 600 x 700 mm have been reported [33]. Very
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Figure 7-74. Second-Level Packaging Technologies



-116 MICROELECTRONICS PACKAGING—AN OVERVIEW

Table 7-29. Second-Level Package Characteristics

Organic  Inorganic  Inorganic Coated Flexible  Inj.-Molded
Card Board Board Metal Carrier Card
Insulator material Epoxy-  Glass- alumina Glass or Polyimide Resin
glass ceramic polyimide
Conductor Cu Cu MoorW Ag-Pd or Cu Cu
materials Cu
Number of layers 8 63 >33 4 2 2
Coefficient of 150 30 66 30-70 200 300
thermal
expansion
(RT*-100°C)
x 107/°C
Dielectric 4.0 5.0 9.5 3.5-6.0 3.5 4
constant
Thermal 0.2 4 20 150 5 0.1
conductivity
(W/m K)

*Room temperature.

high-performance boards with materials of dielectric constant around 2.2
with five or more lines per channel are under development for potential
applications in the next decade. Injection-molded cards (IMC), as the
name implies, involve molding plastics into two- and three-dimensional
shapes, and subsequently metallizing with seeding and plating technolog-
ies. Only surface wiring, with no internal planes (NIP), has been accom-
plished to date. A 50% cost savings, primarily associated with the reduced
number of wet process steps, compared with the epoxy—glass card process,
have been reported by a number of companies. Accordingly, injection-
molding card technology may find widespread use in low-end systems.

The flexible carrier, which consists of two surface layers of thin-
film copper wiring on each side of polyimide or other polymeric film on
which protective epoxy could be masked and screened to form terminals
for bonding the first-level package is a growing second-level package.
This kind of second level, which is most commonly used in consumer
electronics, can eliminate the need for a number of cables and connectors
that are otherwise required to interconnect packages and can thus provide
significant cost savings. Additionally, this type of package can be consid-
ered a three-dimensional package, as the flex film with mounted compo-
nents could be bent in any dimension, as conceptually illustrated earlier
in Figure 7-37 for display applications.
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The coated metal (sometimes referred to as metal carrier or metal
substrate), with a coating of glass, glass-ceramic, or polymer on such
metal carriers as low-carbon steel (as in porcelain enamels for dishwashers,
sinks, and so forth, or aluminum, stainless steel, or copper—invar—copper)
can form excellent second-level packages with a built-in ground plane,
mechanical stiffness, and thermal-expansion tailorability. This technology,
discussed in Chapter 18, “Coated-Metal Packaging,” can be applied for
removal of heat without heat sinks on the back of the chip by the direct
attachment of the chip backside to the metal carrier. Alternatively, solder
bonding of chips (C4) can be accomplished with copper—invar—copper
substrates, the thermal expansion of which can be made to approximate
that of silicon.

A revolutionary approach to organic board enhancements has been
advanced by IBM Japan [26] that preserve low-cost attributes, such as
large-area processing, low-cost wet processing, but enhance the wiring
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Figure 7-76. Additive Process Enhancement (Courtesy of IBM Japan, Ibiden.)

density by photolithographic via and line processes in contrast to drilled
via and laminate technologies. This is referred to as thin film on printed
wiring laminates and also as surface laminar circuitry (SLC). A typical
structure is illustrated in Figure 7-76. These enhancements fall into sev-
eral categories:

Thin-line and fine-line conventional subtractive etching process.

Low-cost, fine-line, thin-film additive process. Shown in Figure 7-77
is a new sequential process involving deposition of a photosensitive
polymer or epoxy, formation of via holes by large-area photo expo-
sure, and subsequent chemical etching and metalization by catalytic
chemical seeding and electroless plating. The advantages of this
process are many, including pattern shape, pattern thickness control,
pattern width control, mounting reliability, and, most importantly,
small via size. Ibiden compares this additive process with subtractive
processes in Figure 7-78 [24].

Minimization of solder bridge by using dry film.

New materials. Examples include aramid-based laminates with low
thermal expansion, good electromigration resistance, high glass-
transition temperature, and excellent processability. Another material
is ceracom, a combination of porous ceramic laminated with glass
and epoxy resin to form very low-TCE boards suitable for direct
chip bonding. Chapter 9, “Ceramic Packaging.”

Direct bonding of chip. This may be by COB (wire bonding), tape
on board (TAB), and flip chip on board to the printed wiring board
with appropriate low-stress encapsulants.

Japan has invested in a variety of PWB materials that include FR-

4, polyimide—glass, maleimide styryl, BT resin, and a new aramid-based
laminate consisting of aramid-based paper as a reinforcement in a matrix
of a new epoxy resin by Teijin Limited. The superior properties of this
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Figure 7-77. Low-Cost, Fine-Line, Thin-Film Process (Courtesy of IBM Japan,
Ibiden.)

aramid-based board for potential MCM applications include low TCE
(6-16 ppm/°C), very high electrical resistance, very low impurities in the
aramid fiber, and processability with fine via holes.

The shape and accuracy of conductor patterns, as well as the mount-
ing reliability of solder bridging, as illustrated in Figure 7-78, compares
with the standard substractive process. Table 7-30 indicates the dielectric
and metal ground rules, as well as the drilled and photolith dimensions
resulting in fine-line, thin-film structures on both sides of a PWB. The
structure of the additive process as practiced by IBM (Japan) and Ibiden
is illustrated in Figure 7-76, using two layers on each side of the PWB.

7.8 PACKAGING COOLING

Removal of heat from today’s highly integrated ICs remains a major
bottleneck. The dissipative needs of microprocessors are in the range of
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Table 7-30. Characteristics of Additive-Plated PWB

Number of layers
Thickness

Insular thickness
Conductor thickness

Minimum wiring width/space/pitch

Minimum via ¢

1. Inner via (drill) (mm)
2. Blind TH (photo) (mm)
3. Through hole (drill) (mm)

Source: From Ref. 14.

6

0.8 mm

50 um

15 pm

50 um/50 pum/10 pm
100 um

Drill ¢

002
603
005

Land ¢

6 0.4
$ 0.5
$0.7
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5-20 W/chip, whereas those in leading-edge ECL and CMOS technologies
are about 20-100 W/chip.

Even though the power per circuit has been steadily decreasing with
time because of improvements in the device and circuit technologies, the
growing total number of circuits per chip and the growing total number
of circuits per system are continually increasing the power and power
density requirements of logic functions. Figure 7-13 illustrated the package
power cooling requirements in watts per chip area.

The low-end systems have used and will continue to use forced-air
cooling of single-chip modules, surface mounted onto cards or boards.
The future use of chips with very high integration levels is still expected
to use this kind of cooling technology enhanced by heat sinks mounted
on the backside of chips or, alternatively, chips back-bonded to either
thermal cards based on coated-metal substrates or to high-conductivity
ceramics (AIN) or metallic sinks (Cu-W) joined to the ceramic packages
by solder glasses or braze alloys, as discussed in Chapter 9, “Ceramic Pack-
aging.”

Cooling technologies used to provide these capabilities generally
fall into three categories, as shown in Figure 7-79, and are further discussed
in Chapter 4, “Heat Transfer in Electronic Packages.”
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Figure 7-80. Cooling Regimes by Air, Liquid, and Boiling Liguid

1.  Those that take advantage of the higher thermal conductivity of the
substrate, such as aluminum nitride ceramics, with thermal conduc-
tivity approximately 10 times better than alumina

2. Those that do not require the high thermal conductivity of the first-
level package, and thus depend on external cooling by means of
heat sinks bonded on the backside of the chip or package

3. Those that involve direct immersion of the chip or package in inert
liquids such as fluorocarbons

Figure 7-80 illustrates the cooling capabilities provided by air, water,
and boiling liquids as a function of both chip temperature and power
dissipation density. This figure clearly indicates the cooling challenges
being faced by PCs and workstations that require high heat flux removal,
which must be accomplished by air cooling.

In most of the systems shipped in the eighties and early nineties, a
combination of conduction, convection, and sometimes radiation has been
used with liquid or air. In the future, air cooling is the predominant choice,
and only if it cannot be achieved, liquid cooling will be pursued. A major
breakthrough in air cooling as indicated in Figure 7-80 appears to be the
microjet technology being pursued by the Packaging Research Center at
Georgia Tech [34] that has the potential to enhance the air-cooling regime
to in excess of 10 W/cm? from about 3 W/cm? currently. It involves
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Figure 7-81. Permeability of Water Through Organic and Inorganic Mate-
rials

microjet air cooling. It focuses on the development of zero net mass flux
synthetic jet technology for integrated cooling of single-chip and multichip
modules in open and closed flow systems. An experimental technology
capability of about 800 W/cm? has been demonstrated [35] by direct liquid
cooling of silicon with fine groves directly etched in silicon as discussed
in Chapter 4, “Heat Transfer in Electronic Packages.”

7.9 PACKAGE SEALING AND ENCAPSULATION

Package sealing is performed to protect the device and package
metallization from corroding environments and from mechanical damage
due to handling. Moisture is one of the major sources of corrosion of
the semiconductor devices. Electro-oxidation and metal migration are
associated with the presence of moisture. The diffusion rate of moisture
also depends on the encapsulant material, as shown in Figure 7-81, which
compares the permeability of water for various organic and inorganic
materials. In spite of the poor permeability of organic materials in the
figure, a number of encapsulants, particularly silicones, certain epoxies,
polyimides, and imide-siloxanes, have been shown to have great promise
[36]. The characteristics of these materials are listed in Table 7-31. In
plastic packages for consumer electronics and low-end systems, as dis-
cussed in greater detail in Chapter 8, “Plastic Packaging,” a variety of
plastic encapsulants have been developed to minimize the diffusion of



1-124

MICROELECTRONICS PACKAGING—AN OVERVIEW

Table 7-31. Characteristics of Potential Encapsulants

Materials

(1) Epoxies

(2) Polyimides

(3) Polyxylylene
(Parylene® Trademark
from Union Carbide)

(4) Silicone-polyimides

(5) Silicons
(RTV, Gel)

Source: After Ref. 38.

Application

o Normal dispensing
or molding

* Normal dispensing
(spin-coat)

e Thermal deposition
(reactor)

e Normal dispensing

¢ Normal dispensing

Advantages

® Good solvent
resistance

e Excellent
mechanical strength

® Good solvent
resistance (~500°C)

* Good solvent
resistance
e Conformal coating

@ Less stress vs.
polyimide

e Better solvent
resistance vs.
polyimide resistance
vs. silicone

¢ Good temperature
cycling

¢ Good electrical
properties

¢ Very low modulus

Disadvantages

o Nonrepairable

¢ High stress

* Marginal
electrical
performance

o High-
temperature cure
¢ High stress

o Thin film only

o Higher thermal
expansion
o Thin-film only

e Weak solvent
resistance

o Low mechanical
strength

water. This results in significant improvements in reliability of plastic-
encapsulated packages. The diffusion coefficients of these materials range
from 1 x 10® cm?¥s for epoxy resins, 12 x 10® cm?/s for typical silicone
305, to 0.1 X 108 cm?%s for NYSOL transfer molding material. The develop-
ments with silicone rubber have recently led to further improvements with
silicone gel [37], which is soft and can be deposited to thinner dimensions
with minimal stress problems.

High-performance systems, however, have depended on hermetic
packages. Hermeticity of the package requires a He leak rate of better than
1x 10® cm¥s. The usual methods used in hermetic sealing are as follows:

¢ Welding
*  Brazing
. Soldering

. Glass sealing
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Three basic welding techniques are used: resistance welding, seam weld-
ing, and cold welding. Brazing is performed by melting metal or an alloy
to join package metals of higher melting points. The common brazes are
gold-tin eutectic with a melting point of 280°C, In-Cu-Sil with a melting
point of 680°C, and Cu-Sil with a melting point of 750°C. Solder sealing
is accomplished in the same way, except by the use of solders, the most
common being Pb-Sn eutectic at 163°C. Both soldering and brazing require
that the packages and lids (covers) to be sealed be metallized by thick-
film, thin-film, or plating technologies. Glass sealing, which requires an
excellent thermal expansion match between the composite package to be
sealed and the glass used for sealing, requires glass of a slightly lower
thermal expansion coefficient so as to put the seal in slight compression.
A number of solder glasses have been developed in the PbO-ZnO-Al,O:-
B,0;-Si0, systems to meet a variety of sealing requirements [29].

7.10 BOOK ORGANIZATION AND SCOPE

For the readers convenience, an extensive glossary of terms and
symbols are included at the end of each part and are available at our
publishers—Chapman and Hall—internet address: ftp://ftp.thomson.com/
chapmané&hall/tummala/glossary. As mentioned in early sections of this
chapter, this second edition is partitioned into three parts. Figure 7-82
depicts how the 20 chapters are organized. The introductory chapters of
each part—1, 7, 15—are identical. This was done intentionally for those
that do not have access to the complete set.

Part 1, “Technology Drivers”, deals with several driving forces,
design considerations and technology options available. Chapter 2, “Pack-
aging Wiring and Terminals,” appropriately begins this part by addressing
the topological (layout, placements, and wiring) considerations. The elec-
tromagnetic design considerations are followed in Chapter 3, “Package
Electrical Design.” The thermal design considerations, driven to a great
degree by the electrical design, are presented in Chapter 4, “Heat Transfer
in Electronic Packages.” The reliability considerations are in Chapter 5,
“Package Reliability.” A new Chapter 6, “Package Manufacturing,” has
been added in this edition for the competitively pivotal manufacturability
considerations.

Previously, it was noted that all interconnections on an IC chip or
all internal structures of any other component (e.g., a crystal or those of
discrete capacitors and inductors) are not considered packaging in the
common parlance. Thus, the packaging begins at the interfaces to intercon-
nect, power, cool, and protect all ICs.

Parts 2 and 3 deal with packaging technologies; Part 2 relating to
so-called semiconductor packaging and Part 3 relating to subsystem or
board-level packaging. Semiconductor packaging relates all technologies
involved in the packaging of semiconductors ready to be assembled onto
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Figure 7-82. Book Organization. Numbers refer to chapter numbers in this three part
book. Chapter One is repeated in each part as Chapters 7 and 15.

board. Accordingly, it includes all chip-to-package connections such as
TAB, flip chip, and wire bond in Chapter 8 and all first-level packages
such as ceramic and plastic as in Chapters 9 and 10. Because some of
these packages, particularly the most advanced ones, contain thin-films
of polymers and metals, they are covered in Chapters 11 and 12. All those
packages can be single-chip or multichip and these chapters therefore
review both of these. Some of these are very complex and involve I/Os
in excess of 1000 per IC and wiring density in excess of 500 cm/cm?.
To assure “known-good substrate” before assembled onto board, electrical
testing is performed. This technology is covered in Chapter 13. The
semiconductor packages is ready to be shipped for assembly provided it
is sealed or encapsulated to guarantee reliability with or without hermetic-
ity. This final technology operation is covered in Chapter 14.

Part 3 deals with all technologies required to assemble into subsys-
tems or total systems depending on the need for systems from consumer
electronics to mainframes. The first-level packages described in Part 2
are typically assembled as pin-through-hole (PTH) in the board, surface-
mount (SMT) onto the board and more recently ball-grid array or chip-
scale package connection to the board. These package-to-board connec-
tions are reviewed in Chapter 16. The board technology itself is undergoing
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major changes to accommodate the high I/O IC demand. Some of these
changes include alternatives to drilling, alternatives to epoxy—glass dielec-
tric and photolithography. All these printed wiring board technologies are
covered in Chapter 17. There are alternative technologies to printed wiring
board that include metal or ceramic boards. The ceramic boards are covered
in the chapter “Ceramic Packaging” in Part 2 and, therefore, it is not
repeated here. The metal board, however, referred to as coated-metal that
involves polymer, glass and ceramic coatings is covered in Chapter 18.
For very high performance applications such as mainframe and supercom-
puters, several boards are required to meet their semiconductor needs.
The interconnections between these are referred as connector and cable
packaging. Optoelectronic packaging is a fast-moving technology because
of its advantages both for long-distance communications replacing copper
and for short interconnections because of its bandwidth and data rate.
This technology is covered in Chapter 20.
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8.1 INTRODUCTION

Integration of circuits to semiconductor devices, driving the need
for improvements in packaging, has been discussed in Chapter 7, “Micro-
electronics Packaging—An Overview.” This is further illustrated in Figure
8-1, wherein the cost of interconnecting on silicon is compared with
interconnecting on ceramic substrates and on organic boards, clearly show-
ing the lower cost of interconnecting on silicon [1]. Although the trend
is toward total integration on Si there is, however, a practical, growing
limit to the number of circuits which can be made on a single piece of
silicon, which is currently at about 1.6 million circuits for CMOS logic,
40,000 circuits for bipolar logic, and 64 megabits for memory. The highest
integrated transistor counts are approximately 5 million on advanced
microprocessors. Therefore, because most current information systems
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Figure 8-1. Cost of Interconnections. The relative cost of interconnection for DSR
(double-sided rigid printed wiring board), MLB (multilayer printed wiring board), ceramic
hybrids, gate array, and custom silicon. The curves nearly show the advantage of silicon
integration in decreasing interconnection costs. (From Ref. 1.)

require a greater number of circuits and interconnections, a number of
chips still need to be interconnected on organic or ceramic first-level
packages. The electrical connections between the chip and the package,
referred to here as chip-level interconnections, are the subject matter of
this chapter. Because, for the systems considered here, no first-level pack-
age can usually accommodate all the required chips, a second-level pack-
age interconnecting the first levels is often required. These interconnec-
tions, referred to as package-to-board interconnections, are reviewed in
Chapter 16. A recent deviation from this packaging pattern, also to be
discussed, is the direct surface mounting of flip chips on FR4 cards or
flexible circuits which is referred to as direct chip attach (DCA) or chip-
on-board (COB).

An abstract of the SIA national roadmap for semiconductors and
packages for various applications is presented in Table 8-1 [2]. Very
clearly the trend for input—output (I/O) on chips is upward with advanced
application-specific integrated circuits (ASICs) requiring in excess of 1000
I/O by the turn of the century. For other applications, the growth of I/O
is not as rapid, with automotive and commodity applications requiring
only modest increases.

There are three principal chip-level interconnection technologies
currently in use:
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Table 8-1. SIA Roadmap for chip interconnections. Extraction of estimated I/O
Requirements on chips in different applications for each step in feature size reduction.

1995 1988 2001 2004 2007 2010
Years 1998 2000 2003 2006 2009 2012
Smallest Feature 0.35 um 0.25 um 0.18 um 0.13 um 0.10 pm 0.07 um

Chip Pad Count: (chip-to-package)

Commodity 208 256 324 420 550 700
Hand held 300 450 675 880 1140 1500
Cost/performance 540 810 1200 1600 2000 2600
High-performance 900 1350 2000 2600 3600 4800
Automotive 132 200 300 400 500 700

Pad/pin-count ratios: mem, comm, port, and auto = 1 : 1; performance classes = 1: 1.2
Source: From Ref. 2.

. Wirebonding (WB)
*  Tape automated bonding (TAB)
. Flip-chip solder connection (C4)

Less common, but also important, are some chip-to-package inter-
connections such as conductive adhesives, elastomeric connections, and
combinations of these. The latter connections dominate the flat panel,
liquid crystal display applications.

This chapter reviews primarily WB, TAB, and C4, indicating the
advances made over the last two to three decades in materials, design
factors, fabrication processes, tools, assembly, rework, and reliability.
Future trends in this very important area are also discussed.

The most basic function of the chip-level interconnections is to
provide electrical paths to and from the substrate for power and signal
distribution. Electrical parameters such as resistance, inductance, and
capacitance need to be quantified for each interconnection design, as each
of these will affect the total system’s performance. In addition to the
electrical functions, the C4 and TAB designs provide mechanical support
for the chip, which is augmented by the encapsulants used to seal the
chip metallization or to modify strain in the interconnections. Because
almost any electrical conductor is also a good thermal conductor, some
interconnections together with package materials are designed for removal
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of heat from the chip. Thus, each interconnection provides electrical,
mechanical, and thermal functions which are discussed in the chapter.

8.2 CHIP-LEVEL INTERCONNECTION EVOLUTION

The silicon integrated-circuit chip was invented in the late 1950s
and was in manufacturing by the mid-1960s. Prior to its existence, chips
or die of silicon or germanium were single, discrete transistors or diodes
for a number of years. These devices were initially packaged in hermeti-
cally sealed metal cans and interconnected with passive components such
as resistors and capacitors on printed-circuit boards. The first transistorized
generation of computers and entertainment systems were built this way.

During the early, discrete transistor era (1955-1960) there was only
one kind of chip-level interconnection, the thermocompression wirebond.
This technology came from Bell Laboratories simultaneously with the
germanium and silicon semiconductor technology [3]. The implementation
of thermocompression (TC) wirebonding at that time led to many problems
with reliability, manufacturability, and cost. Simple TC bonding of gold
wires on aluminum chip metallization was a hot process, typically in the
350-400°C region, which resulted in excessive intermetallic formation
between Au and Al (observed as “purple plague”) and caused bonding
weakness and field-failure problems. The manual nature of the bonding
also resulted in great bond variability and operator dependence. The cost
was therefore very high and the supply of transistors limited. For all these
reasons there was a quest in industry for a better way.

At Bell Laboratories and at 1BM, the chip was taken out of its
hermetic enclosure and made into a smaller, less vulnerable component.
The approach at Bell Laboratories was to use a combination of silicon
nitride on the chip to protect junctions, and surface gold wiring with
“beam leads” to keep the interconnections free of corrosion [4]. At IBM,
a thin layer of glass passivation sealed the chip surface and its aluminum-
based wiring [5,6]. Solder-bump interconnections joined the chip to its
package [7,8]. Both the Bell and the IBM chips were usually mounted
face down in the “flip-chip” configuration on ceramic substrates that had
thin-film or thick-film wiring and passive components. The chips were then
encapsulated in silicone gel, which prevented the formation of continuous
water films and electrolytic metal migration between exposed electrodes.
Thus began the nonhermetic, hybrid packaging era, which was to accom-
pany second-generation transistors in computer and telecommunications
applications.

The first integrated circuits became available in manufacturing quan-
tities in the mid-1960s. As with their hybrid module predecessors, there
were few circuits on each chip of silicon. Aluminum-based or gold-based
thin-film wires were used to “integrate” the active and passive devices
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embedded in the silicon. The exponential growth of the circuit count per
die during the following decades has been phenomenal and was faster
than expected. At the start there were only one to five bipolar logic circuits
on a chip, and the first bipolar memory chips had a modest 16 bits in a
scratch pad memory application. In the early 1970s, the bipolar logic
count grew to about 100 circuits and monolithic memory to 128 bits for
the first commercial, bipolar main memory replacing ferrite cores, as, for
example, in the IBM 370 system. Today, the number of logic circuits has
grown to about 40,000 per chip (bipolar) or 1.6 million circuits (CMOS)
and up to 64-megabit memory arrays with single FET (field-effect transis-
tor) cells totally replacing multi-transistor main memory bits. Microproces-
sors, essentially computers-on-a-chip, are commonplace in personal com-
puters, workstations, and highly parallel supercomputers. Very-large-scale
integration (VLSI) has turned into ultralarge-scale integration (ULSI).
The integration and densification process in integrated circuits has
caused the continuous migration of intercircuit wiring and connections
from boards, cards, and modules to the chip itself. The surface of the
chip, with its multilayer wiring, has become a microcosm of the conductor
and insulator configurations that were common on previous multilayer
printed-circuit boards and on multilayer ceramic packages (Figs. 8-2 and
8-3). As many as four to six levels of wiring have been created on the
chip. Advances in interlevel vias (etched, tapered holes) to vertical wires
or studs and significant planarization of wiring layers has led to the ability
to have 1.6 million circuits on a 15-20-mm chip with five levels of wiring.
Even with this progress, the wiring capability on the chip continues to
lag the potential density of silicon devices. Therefore, wiring pitches are
rapidly dropping into the low-submicron dimensions. It is anticipated that
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Figure 8-2. Chip Multilayer Wiring. Contrast of conventional etched via, three-layer
wiring with excessive topography (left) with studded, planarized wiring for four-level
structures (right). (From Refs. 9 and 10.)
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Figure 8-3. Metallographic Cross Section of Four-Level Wiring on IBM Bipo-
lar Hip, Illustrating Damascene Studs and Chem-mech Polishing Planariza-
tion. (From Ref. 10.)

0.25 um wiring will be commonplace by the end of the decade and chip
sizes up to 30 mm are envisioned for the logic circuits or microprocessors
of the future.

The technology of chip surface wiring is truly a part of the packaging
technology, but it is too complex and different from typical board and
substrate technology to be treated adequately in this chapter. It is a fact,
however, that all the physics and engineering of high-speed transmission
line theory applies in the chip-level wiring as well. The role of multilevel
wiring in reducing on-chip delay is shown in Figure 8-4. Compared are
the distributions and magnitudes of on-chip delays attributable to wiring
versus Si for three generations of IBM logic chips for mainframe comput-
ers. The importance of effective wiring is illustrated. In the oldest, first
family shown, only 10% of the delay was attributed to the three-level
chip wiring. This grew to 27% of the delay in the third family with four-
level wiring and would have been 45% if the progress from three- to
four-level wiring had not been made. The gains in circuit performance for
five and six levels are not illustrated but might be anticipated by projection.

The progress in integrated circuits has led not only to enormous
densification of circuits on a chip but also to the total integration of a
computer on a chip. Modern microprocessor chips in hand-held calculators
have the computing power of second-generation large-scale computers of
the mid-sixties. Powerful personal computers or workstations in parallel
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Figure 8-4. Relative Contributions of Wiring and Silicon to the On-Chip
Propagation Delays in Three Generations of Bipolar Switched Computers.
The third bar contrasts difference in delays between the three and four wiring levels for
the same chip. (From Ref. 10.)

are so capable that they are beginning to consume some of the market
share that was the domain of supercomputers and mainframes.

The advanced VLSI era has put great demands on the functionality
and reliability of ever-increasing numbers of input—output (I/O) connec-
tions. An empirical relationship between I/O and the number of circuits
to be wired (Rent’s Rule) appears to be holding well for mid-to-large
systems. This means that the logic I/O demand will expand from about
500 today to 5000 I/Os by the year 2010 [2].

Heretofore, serial wirebonding of one or two rows of I/Os around
the perimeter of the chip has satisfied the needs of ceramic or plastic
packages for logic packaging. Automated wirebonding today is very fast,
efficient, and reliable compared to the manual bonding of the early sixties.
Wirebonding has been displaced with TAB bonding in instances where
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the perimeter pitch must be finer to keep the chip size smaller, yet accom-
modate 500—600 connections. On the other hand, the solder—bump periph-
eral counterpart evolved differently into an area-array C4 configuration
in which the entire surface of the chip is covered with C4s for the highest
possible I/O counts, as high as 2000-3000 pads. Unlike wirebonding, C4
and usually TAB demand bump formation on the surface of the chip
when the chip is in wafer form. Bumping the chip has been and is a
constraint to the widespread adoption of C4 or TAB in commercial devices.
It is an added expense and a commitment to fixed bonding patterns, but,
in the VLSI era, perhaps a necessary one. Typically, for bumping a wafer,
a layer of silicon oxide, silicon nitride, or polyimide passivation must be
used on the final wiring level of the chip. But this has become a common-
place precaution anyway to protect the fine chip wiring from corrosion
and mechanical damage, even in advanced wirebonded chips. The details
of the required bump fabrication will be discussed later in this chapter.
The die then has evolved to become a total “minipackage” of its
own. In a sense, it is the world’s smallest electronic package. The role
of future packaging will be that of protecting the chip, getting power in
and heat and signal out, which will, of course, become more challenging
as microprocessors grow larger and more powerful. The chip-level connec-
tions toward achieving this will be discussed in the following sections.

8.3 FLIP-CHIP SOLDER-BUMP CONNECTIONS

The solder-bump flip-chip interconnection was initiated in the early
1960s to eliminate the expense, unreliability, and low productivity of
manual wirebonding. Whereas the initial, low-complexity chips typically
had peripheral contacts similar to wirebonded chips, this technology has
allowed considerable extendibility in I/O density as it progressed to full-
population area arrays. The so-called controlled-collapse-chip connection
(C* or C4) utilizes solder bumps deposited on wettable metal terminals
on the chip and joined to a matching footprint of solder wettable terminals
on the substrate [11]. The upside-down chip (flip chip) is aligned to the
substrate, and all joints are made simultaneously by reflowing the solder
(Fig. 8-5).

The C4 joining process has been described in the literature with
numerous acronyms. In the industry, it has also been called CCB—
controlled-collapse bonding—and flip-chip joining, recognizing the fact
that it is opposite to the traditional backside-down method of bonding,
in which the active side of the chip, facing up, is wirebonded. The terms
C4 or flip chip are used interchangeably in this book.

Two other acronyms are also used in this section: BLM and TSM.
These refer to the terminal-connecting metallurgies at the chip and sub-
strate, respectively. BLM stands for ball-limiting metallurgy and refers
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Figure 8-5. Controlled Collapse Chip Connection (C4). The upside-down chip
(flip chip) is aligned to the substrate and all joints are made simultaneously by reflowing
the solder. (From Refs 9 and 12.)

to the region of terminal metallurgy on the top surface of the chip that
1s wettable by the solder. Alternate references to BLM are PLM (pad-
limiting metallurgy) and UBM (under-bump metallurgy). TSM stands for
top-surface metallurgy and refers to the terminal metallurgy on the sub-
strate to which the chip and its associated solder balls are joined.

8.3.1 C4 History

The solder-bump interconnection of flip chips, the face-down solder-
ing of silicon devices to alumina substrates, has been practiced for approxi-
mately 30 years. First introduced in 1964 with the solid logic technology
(SLT) hybrid modules of IBM’s System/360, it was part of a design to
eliminate the expense, unreliability, and low productivity of the early
manual wirebonding [S]. The solder bump was also an integral part of a
chip-level hermetic sealing system created by the glass passivation film
on the wafer [6]. Most semiconductor devices of that era were, in contrast,
protected by expensive, hermetically sealed can enclosures. The terminal
bump design was created to hermetically reseal the access or “via” hole
through the glass protection layer as well as to provide a means for testing
and joining the chip (Fig. 8-6).

Initially, for the discrete transistors or diodes of the hybrid SLT,
copper ball, positive standoffs, embedded in the solder bumps, were used
to keep the unpassivated silicon edges of the chips from electrically
shorting to solder-coated thick-film lands [7]. Later, in the early integrated-
circuit era, the controlled collapse chip connection was devised. In this
technique, a pure solder bump was restrained (controlled) from collapsing
or flowing out over the electrode land by using thick-film glass dams, or
stop-offs [11], which limited device solder-bump flow to the tip of the
substrate metallization (Fig. 8-7).
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Figure 8-6. Terminal Metallurgy Design. The original SLT flip chip (0.69 mm
square) with glass passivation, BLM sealing of via holes, and Cu ball solder bumps.
(From Ref. 7.)

As with SLT, the solder flow on the chip surface is limited by a
ball-limiting metallurgy (BLM) pad, which is a circular pad of sequentially
evaporated thin-film metals. Chromium, copper, and gold, in that order,
provide the sealing of the via as well as a solderable, conductive base
for the solder bump. A very thick deposit (100-125 um) of evaporated
97 Pb/3 Sn solder acts as the primary conduction and joining material
between chip and substrate [7,8].

The earliest integrated-circuit chips typically had peripheral C4 1/0
pads like their wirebonded counterparts. The pads were 125-150 um in
diameter, on 300-375-um centers. The spacing (pitch) of connections
was compatible with the screening resolution and pitch capability of thick-
film—AuPt or AgPd—electrodes on the ceramic substrates.

Occasionally it was convenient to have an “in-board” power pad or
two in the thick-film technology, but larger numbers of inside I/O pads
could not be used until thin film metallized ceramic (MC) technology
became available in the mid-1970s, as discussed in Chapter 9, “Ceramic
Packaging,” and Chapter 12, “Thin-Film Packaging.” The narrower lines
and spaces made possible with etched thin-film Cr—Cu-Cr on ceramic,
as fine as 20-um lines with 60-um pitches, allowed wiring escape for
double rows of I/O pads and many internal connections [13]. Later, a
“depopulated” grid of bumps allowed the interconnection of 700 circuit
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Figure 8-7. Controlled Collapse Chip Connection. (a) Side view of a device or
chip; (b) Side view of a device or chip on a substrate (dam method). (From Ref. 11.)

logic chips. The fully populated area-grid array, in which every grid point
is occupied by a solder bump, required the complexity of multilayered,
cofired ceramic packages. In these packages, the distribution of I/O wiring
could be accommodated by via “microsockets” and multiple buried redis-
tribution layers of wiring as opposed to single-level wiring, where the
“escape” of wires is geometrically restricted by the maximum number of
lines per channel between I/O connections [14]. The progression of C4
“footprint” geometry on chips is shown in Figure 8-8.

An example of an early full area-array C4 configuration is shown
in Figure 8-9. The I/O count was only 120 in an efficient square grid
array, which is 11 C4 pads long by 11 pads wide on 250-um (10-mil)
centers. A 125-um (5-mil) solder bump is located at every intersection
in the grid except one, which is displaced for orientation purposes [16].
Some packages, such as the cofired alumina multilayer ceramic (MLC)
(Figure 8-10) used 9-133 area-array chip sites per package to attain high
bipolar circuit densities in IBM’s 4300 and 3081 series computers. Logic



1-140 CHIP-TO-PACKAGE INTERCONNECTIONS

Figure 8-8. Progression of C4 area array from (a) essentially peripheral I/O to (b) staggered
double row to (c) depopulated array to (d) full-area arrays. (From Ref. 15; reprinted with
permission of Solid State Technology.)
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Figure 8-9. Area Array C4 Configuration. (a) An 11 x 11 full area array of solder
bumps on a 700-circuit logic chip for use with multilayered ceramic. (b) SEM view
of solder bumps. After Goldmann, Ref. [6], 1983, reprinted with permission of Solid
State Technology.

and memory chips were mixed as required. As many as 25,000 logic
circuits or 300,000 memory bits were packaged on a single TCM substrate
in this technology [14,17-20]. By adding thin films to a glass ceramic
MLC base, IBM was able to achieve 70,000 C4’s on a single module for
its 9000 series computers [21]. These modules hold 121 integrated-circuit
(IC) chips with 648 pads each, and 144 special low-inductance C4 MLC
capacitors with 16 pads each (Fig. 8-11). A highly populated logic flip
chip of earlier times was a “computer-on-a-chip” which had 762 C4 solder
bumps in a 29 x 29 area array (Fig. 8-12) [24]. Four levels of metal wiring
in this chip were used, compared to the two or three levels used previously.

More recently, the tremendous improvement in lithography with
minimum dimensions in fabs at 0.5 pm (0.35 just starting) and advanced
chip wiring rapidly advancing with chemical vapor deposition stud forma-
tion and chemical-mechanical polishing to planarize wiring (five and six
levels), great strides have occurred in device density, chip size, and I/O
count. Leading-edge ASICs have 40,000 bipolar circuits (Hitachi Skyline
machine) with approximately 2250 I/Os which is well ahead of the SIA
roadmap. Power PC microprocessor flip chips from IBM and Motorola
have area arrays of approximately 650 1/O.
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Figure 8-10. Cofired Ceramic Modules. Multilayered ceramic packages: The 9-chip
multichip module (MCM) in alumina/molybdenum technology (a), and the 121-chip
thermal-conduction module (TCM) in glass—ceramic/Cu technology (b).

Over time, the C4 technology has been extended to other applications.
C4s are used on thin-film resistor and capacitor chips in hybrid module
applications [25]. Solder pads for some applications can be very large—
750 um in diameter. At the other extreme, Schmid and Melchoir [26]
used C4’s for precision registration and alignment in the joining of a
GaAs waveguide. The C4’s in this case were only 25 pm wide and high.
The most dense area-array application reported has been a 128 x 128
array of 25-pm bumps on 60-um centers, resulting in 16,000 pads [27].
The photolith process for forming these is discussed later. C4’s or solder
connections on substrates similar to C4’s and referred to as ball-grid
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Figure 8-11. Flip-Chip Decoupling Capacitor Made with Pt Metallized
BaTiO; Platelets Terminated with 16 C4’s. (From Ref. 22.)

Figure 8-12. Computer-on-a-Chip. An 11,000-circuit “computer-on-a-chip” with 762
solder bumps in a 29 x 29 area array. (From Ref. 23.)
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arrays (BGA’s) are used for attaching chip carriers to boards and have
become part of the surface-mount revolution discussed in Chapter 7,
“Microelectronics Packaging—An Overview.” New applications of this
technology are being explored continually.

8.3.2 Materials

Melting point has been a prime consideration in the choice of solder
alloys for C4’s. High-lead solders, especially 95 Pb/S Sn and 97 Pb 3 Sn,
have been most widely used with alumina ceramic substrates because of
their high melting point, approximately 315°C. Their use for the chip
connection allows other, lower-melting-point solders to be used at the
module-to-card or card-to-board packaging level without remelting the
chip C4’s.

A reverse order of assembly (e.g., modules-to-board, then chips-
to-module) would require a reverse order of melting point. Josephson
superconducting devices have been joined in such a fashion, using an
alloy of 51 In/32.5 Bi/16.5 Sn (having a melting point of 60°C) for the
chip C4’s, whereas a higher-melting-point eutectic alloy, 52 In/48 Sn
(having a melting point of 117°C), was used for pins and for orthogonal
connections to the chip carrier [28-30].

Joining to advanced organic carriers such as polyimide—Kevlar®'
[16] or ordinary FR-4 printed-circuit boards [31-33] also requires lower
processing temperatures. Here, intermediate-melting-point solders, such
as eutectic 63 Sn/37 Pb (melting point 183°C), and Pbln alloys, such as
50 Pb/50 In (melting point of approximately 220°C), have been used.
Joining with mixed solders has also been demonstrated. IBM has joined
chips with high-melting-point (315°C) PbSn solder balls to printed-circuit
boards with low-melting-point (183°C) eutectic PbSn solder [34]. In this
case, the processing temperature is intermediate (250°C) and the high-
lead solder ball does not melt but is wetted by the low-melt solder on
the board. A listing of solder alloy compositions and melting points is
shown in Table 8-2. Some phase diagrams relevant to C4 solder joints
are shown in Figure 8-13.

The choice of terminal metals, which is described in detail later,
will depend on the choice of solder. For example, silver and gold are
poor terminal metals to be used with the SnPb alloy. In only a few seconds,
gold completely dissolves into the liquid solder. In these cases, another
solder alloy could be used, such as indium, which has a much lower
solubility for gold; or one of the other lower-solubility metals could be
used for the terminal. Thus, Cu, Pd, Pt, and Ni are very commonly used

1 Trademark of Dupont Corp.
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Table 8-2. Selection of Low-Melting Solder Alloys.

Melting Point Composition in Mass Percent Other
¢C) Sn Pb Bi In Cd Elements
16 24 76 Ga
20 8 92 Ga

25 95 Ga; S Zn
29.8 100 Ga
46.5 10.8 224 40.6 18 8.2
47.2 8.3 226 447 19.1 53

58 12 18 49 21

61 16 33 51

70 13.1 273 49.5 10.1

70-74 12.5 25 50 12.5
724 34 66

79 17 57 26
91.5 40.2 51.7 8.1

93 42 44 14

95 18.7 313 50

96 16 32 52

96-98 25 25 50
103.0 26 535 20.5
96-110 22 28 50

117 48 52
125 435 56.5
127.7 75 25
139 43 57

144 62 38

145 49.8 32 18.2
156.4 100

170 57 43T1
176 67 33

178 62.5 36 1.5 Ag

180 63 34 3

183 61.9 38.1

183 62 38

198 91 9Zn
215 85 15 Au
221 96.5 3.5 Ag
232 100
248 82.6 17.4
251 89 11 Sb
266 82.6 17.4 Zn
271 100
280 20 80 Au
288 97.2 2.8 As
304 97.5 2.5 Ag

304-312 5 95

318 99.5 0.5 Zn
321 100
327 100
356 88 Au; 12 Ge
370 97 Au; 3 Si
420 100 Zn

Source: From Ref. 35; reprinted with permission of Electrochemical Publications Ltd., Ayr,

Scotland.
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Figure 8-13. Some Phase Diagrams Relevant to Soldering. Temperature, along
the vertical axes, is given in °C; concentration, along the horizontal axes, is given in mass
percent (Hansen and Smithells give concentrations in atomic percentages). (From Ref.
35; reprinted with permission of Electrochemical Publications Ltd., Ayr, Scotland.)

for both BLM and TSM. All of these metals form intermetallics with Sn,
which limits the reaction rates with PbSn solders. On the chip side, this
terminal metal is normally sandwiched between an adhesion metal layer
of Cr or Ti, and a passivation metal layer, usually of thin gold. The copper,
palladium, or nickel thin films on the substrate are typically protected
with gold [17-20] or are tinned with solder. In the latter case, some of
the solder for the C4 joint is supplied by the substrate [13,36]. MLC
substrates usually use a flash of gold on nickel [17-20,25,37-39]. Thick-
film substrates have the palladium or platinum alloyed with gold or silver
and are dip-soldered prior to the joining operation. AuPt, AgPd, AgPdAu,
and AgPt have been reported [8,11,40-44] as thick-film TSM pads.

8.3.3 Design Factors

Some of the factors affecting the material choices for the terminal
and solder have already been discussed, but other variables must also be
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considered in C4 design. The joints must be high enough to compensate
for substrate nonplanarity, especially for the older version of thick-film
substrates. Because solder surface tension “holds up the chip,” a sufficient
number of pads must be provided to support the weight of the chip.
Typically, this only becomes a cause for concern with very low I/O
devices, such as memory chips or chip carriers, which are very bulky.
Numerous studies have been published showing the interrelationship be-
tween BLM and TSM size, solder volume, chip weight, and C4 height.
Figure 8-14 shows these relationships over a very wide range [25].

Extra “dummy” pads, added to supplement those needed for simple
electrical connection, have often been used to enhance the mechanical
behavior, reliability, or thermal performance of the assembly [45]. Pad
location is important from the standpoints of both electrical design and
reliability. The effect of distance to neutral point (dnp) is discussed later
in this chapter as it relates to thermal-cycle fatigue.

The original solder bumps were placed over inactive Si in SLT, or
even over diode-isolated regions in early integrated circuits, just as wire-
bond or TAB pads are placed over inactive Si today. But it was soon
discovered in the early 1970s that C4 solder bumps could be safely placed
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Figure 8-14. Interrelationship Between BLM and TSM Size. Height of the joint
(h)) vs. solder volume of the joint (V)) as a function of chip weight (W in grams); r; is
radius of joint. (From Ref. 25.)
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over active silicon devices and multilayer wiring. This unique capability
has made area-array bumping a very powerful packaging attribute and
has provided the designer with much freedom in wiring complex ULSI
devices. Automatically, area-array flip chips are smaller than their periph-
eral counterparts, meaning more chips per wafer and lower chip cost.

As VLSI logic chips become more and more dense, higher 1/0 counts
will drive full area arrays of terminals. In this case, the pad size and
location are fixed by the chip size and available real estate per pad allocated
by a fully populated area array.

The number of C4 pads as a function of chip size and pad geometries
is shown in Table 8-3 wherein the opportunity for 155,000 pads on a 20-
mm chip is indicated. Figure 8-15 shows the pronounced density advantage
of area array versus a single-perimeter row, as pad sizes and spacings de-
crease.

8.3.4 Bump Fabrication Processes and Tools

Evaporation through a metal stencil mask [7,8,15,25,29,41,42,46,47]
is still the most widely used technology for C4 terminal fabrication. BLM
and solder are both evaporated through holes in the metal mask and
deposited as an array of pads onto the wafer surface. This has proven to
be a practical and reliable batch process, simultaneously processing many
chips per wafer and many wafers per evaporation. However, it is not the
lowest-cost process nor will it accommodate finer bumps and pitches,
larger wafers, more precise overlays, or low-melting solders rich in Sn
which has a lower vapor pressure than Pb. Therefore, a number of innova-
tive and alternative fabrication technologies for bumping wafers have
begun to appear. Photolithographic mask fabrication with thin or thick
polymer films, screening of solder creams, electroplating of solders
through a photomask where the seed layer for plating becomes the BLM,
deposition of blanket sputtered BLM films followed by subtractive etching,
or combinations of these process designs are all beginning to appear to
bump wafers for various applications.

8.3.4.1 Metal Mask Evaporation Technology

IBM’s C4 evaporated bump technology has been practiced for about
30 years and would be typical of this methodology. A passivated wafer
with via holes opened is aligned and assembled under a thin Mo stencil
mask (Fig. 8-16). The spring-loaded mask assembly is clamped tightly
against the wafer to avoid shifting during handling and deposition.

Argon ion sputter cleaning or etching of the via hole and the passiv-
ation surface around it is routinely used to remove aluminum oxide from
the last metal film on the chip and to remove any photoresist residues
from the passivation. This guarantees low contact resistance (typically
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Table 8-3. Pad Density Comparisons.

Chip Size Pad Diam. Pad Pitch # Pads # Pads
(mm) (um) (wm) Perimeter Array
5 762 1524 8 9
635 1270 12 16

508 1016 16 25

381 762 24 49

305 610 28 64

254 508 36 100

203 406 44 144

152 305 60 256

127 254 76 400

102 203 96 625

76 152 128 1,089

51 102 192 2,401

25 51 388 9,604

10 762 1524 24 49
635 1270 28 64

508 1016 36 100

381 762 48 169

305 610 60 256

254 508 76 400

203 406 96 625

152 305 128 1,089

127 254 152 1,521

102 203 192 2,401

76 152 260 4,356

51 102 388 9,604

25 51 784 38,809

20 762 1524 48 169
635 1270 60 256

508 1016 76 400

381 762 100 676
305 610 128 1,089

254 508 152 1,521

203 406 192 2,401
152 305 260 4,356

127 254 312 6,241
102 203 388 9,604

76 152 520 17,161
51 102 784 38,809
25 51 1,572 155,236

Source: H. Nye, personal communication, 1986.




11-150 CHIP-TO-PACKAGE INTERCONNECTIONS

1000000y
20
100000 AREA TERMINALS
5
b
< 100004 5
= 20
E 10004
. 5
CHIP SIZE ( Wi )
1004
PERIMETER TERMINALS
1 .
1 10

TERMINAL SPACING ( MILS )

Figure 8-15. Number of Pads Versus Pad Separation for Different Chip Sizes.
Input/output terminal trends. (Courtesy of H. Nye, 1986.)

less than 10 m€2) and good adhesion to the SiO, or polyimide at this
interface. Originally, the plasma was created by a high DC voltage but has
migrated to an RF/AC process due to charge accumulations at unconnected
mechanical or thermal pads and because FET devices are more sensitive
to damage or parameter shifts.

The multilayered metals of the BLM are then deposited in the follow-
ing way. A typical evaporator would have numerous metal sources with
thermal energy supplied by either resistance, induction, or electron beam
(e-gun). Cr is sublimated first to provide adhesion to the passivation layer,
as well as to form a solder reaction barrier to the aluminum. A “phased”
or gradually mixed layer of Cr and Cu is coevaporated next, to provide
resistance to separation during multiple reflows. This is followed by a
pure Cu layer to form the basic solderable metallurgy. Finally, a flash of
gold is provided as an antioxidation protection layer and to promote
wettability. This is desirable because the wafers are normally exposed to
air before going on to the next step which is the solder evaporation. Solder
deposition requires a “thick” (on the order of 100 wm) stencil mask.
Although lead and tin are usually in the same charge (single alloy, molten
pool), the higher vapor pressure component, Pb, evaporates and deposits
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Figure 8-16. Metal Mask Technology. (a) Tooling for alignment of mask to wafer;
(b) masking and evaporation of chromium/copper/gold; (c) masking and evaporation of
lead/tin; (d) reflowed solder bump. (From Ref. 42; reprinted with permission of ISHM.)

first, followed by tin on top of the lead. Reflow in a subsequent hydrogen
ambient furnace at about 350°C melts and homogenizes the two-layer
solder pad and brings it to a spherical shape. In addition, H, promotes

some reduction of oxides of the Pb and avoids excessive oxidation of
the Sn.
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Photolithographic processes and combinations of photolith and metal
mask are becoming more and more popular for fabricating terminals.
Most common is a sequence of blanket deposition of the BLM, application
of photoresist, development of a pattern in the resist followed by electro-
deposition of the solder; then removal of the resist and subetching of the
BLM, using the plated solder bumps as a “mask” [37,48-51]. An alterna-
tive sequence is to blanket-deposit BLM by sputtering, apply photoresist,
subetch the BLM through the resist, then deposit solder by a variety of
techniques including solder dip [52], solder ball placement [53], or stencil
mask evaporation [54]. The single-masking processes (“unimask”) are
significantly simpler and cheaper than multiple-mask techniques, although
they are not as flexible in providing varying amounts of solder. In some
applications, higher volumes of solder are able to decrease strain, as
discussed in Section 8.3.6, “C4 Reliability.”

8.3.4.2 Electroplated Bumps

It has been pointed out that extendability issues may place restrictions
on metal mask evaporation. As semiconductor wafers have increased in
size, it is becoming more and more difficult to hold height and volume
uniformity of the bumps across a wafer. Very small bumps, typically
desired for optoelectronic applications, are difficult to make with thick
metal masks, and alignment tolerances limit extendability for high-density
arrays. In addition, the drive to direct chip attach (DCA) on organic boards
is driving more users to demand lower-melting-point solders to be used
for the bump, especially SnPb eutectic with 63% Sn. These very high tin
contents are extremely difficult to evaporate because the tin vapor pressure
is so low as to require hard driving of the sources which can result in
meltback of the evaporated solder on the wafers during the evaporation. For
these reasons, photolithographic patterning, coupled with electroplating, is
gradually displacing the metal mask evaporation.

Photolithographic processes use photoresist layers directly on the
wafer for the terminal or solder bump definition and do not have the
problems of extendability that metal masks have. Smaller bumps are in
fact easier to make with resist. Electroplating various compositions can
be accomplished by adjusting the plating bath composition or by the
sequential plating of the individual components. Various combinations
of these methodologies have been reported [51,55,56]. Most common is
a sequence of blanket deposition of the “seed layer” (to be the BLM),
application of photoresist, development of a pattern in the resist, followed
by electrodeposition of the solder, then removal of the resist and subetching
of the BLM using the plated solder bumps as a “mask.” A typical flowsheet
for the MCNC electroplating process is shown in Figure 8-17.

Hitachi {48] and Honeywell-Bull {57] have also created solder bumps



8.3 FLIP-CHIP SOLDER-BUMP CONNECTIONS 11-153

Figure 8-17. Flow Sheet of a Regular Plating Process for Low-Cost Solder
Bumps at Microelectronic Center of North Carolina (MCNC). (From Ref. 51.)

in the past by electroplating solder on a seed layer. Hitachi used its bumped
chips for early hybrid circuits [25]. Honeywell-Bull replaced conventional
TAB Au bumps with solder bumps to gang bond inner lead bonds by
soldering instead of using AuSn eutectic attachment. The similar Hitachi
and Honeywell-Bull structures are shown in Figure 8-18.

A unique extension of the single-mask concept has been demon-
strated at Microelectronic Center of North Carolina (MCNC), where not
only the solder and terminal are patterned simultaneously but also the
redistribution layer {B]. When a wafer has been designed for wirebonding
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Figure 8-18. Electroplated Bump Structures from Hitachi and Honeywell-
Bull (Left and Right). (From Refs. 48 and 57.)

and one wishes to convert it to solder-bump flip-chip without extensive
redesign of chip surface wiring, this system combines inward redistribution
of the wiring simultaneous with bump formation to have a cost-effective,
dual solution. The process is referred to as single-mask redistribution
(SMR). The uniformly plated solder flows during wafer reflow to distribute
the solder primarily to the bump region as shown in Figure 8-19. The
resultant structure contains a very high-conductivity redistribution line
lightly coated with solder, connected to a larger-volume solder bump, all
fabricated from the same metallization/patterning steps.

Examples of MCNC electroplated bumps are shown in Figure 8-20.
A high-density array of as-plated bumps is shown in Figure 8-20(a). The
uniformity of solder deposit on this chip with 1679 bumps is evident.
After reflow, the bumps appear spherical as shown in Figure 8-20(b). The
process has been exercised on bumps as small as 40 um and as large as
600 pum in diameter.

The final operation before dicing of the wafer into individual chips
is the electrical testing of each chip. Mechanical probes are used to contact
the soft solder bumps fabricated earlier. Area-array bumps are tested with
special buckling beam assemblies of wires [58].

8.3.5 Assembly/Rework

The formation of wettable-surface contacts on the substrate (provid-
ing a mirror image or “footprint” to the chip contacts) is achieved by
thick- or thin-film technologies. Thin-film contact technology is similar
to the BLM described previously, but thick-film technology involves the
development of wettable surfaces by plating nickel and gold over generally
nonwettable surfaces such as Mo or W (conductors usually used within
the ceramic substrate). Solder flow may be restricted by the use of glass
or chromium dams where necessary. Various thin- and thick-film processes
which are typically used are illustrated in Figure 8-21.
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Figure 8-19. Flow Diagram for SMR Template Formation [B]; (b) Plated
SMR Template [B]; (c) Completed SMR Structure, Including the Redistribu-
tion Trace and Solder Bump [B]. (From Ref. 56.)
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Figure 8-20. Electroplated C4 Bumps in the as Deposited (a) and Reflowed
Conditions (b). (From Ref. 56.)

8.3.5.1 Self-Alignment

One of the finest attributes of the C4 process is its self-alignment
capability arising from the high-surface-tension forces of solders [47].
Chip pads and their counterparts on the substrate may be separated by as
much as three times the average bump radius, but if the mating surfaces
touch and are reasonably wettable, self-alignment will occur (Fig. 8-22).
Optoelectronic package assemblies use this phenomenon extensively [60—
64] and allows precision + 1 um self-alignment of optical devices to
waveguides and optical fibers. The productivity of the reflow joining
process when done in an oven is extremely high. As many as a million
C4 bonds can be made in 1 h using automated tools.

The self-alignment dynamics have been modeled as in Ref. 65.
Figure 8-23a shows the restoring force versus misalignment for a chip
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Figure 8-23. Self-Alignment Restoring Forces and Oscillations During Dy-
namics of Solder Wetting. (From Ref. 65.)

with 49 bumps 100-pum in diameter. During joining, a dynamic oscillation
is predicted which decreases in amplitude due to the viscous damping
forces of the liquid solder. This is illustrated in Figure 8-23(b). The
oscillation frequency is very high, about 10 times per second. The viscous
damping gradually reduces the amplitude of the oscillation, and reaches
the 1-um range after 3 s. Another chip with only 12 bumps has restoring
and damping forces only one-fourth of those in the first case. These levels
are small compared to the chip inertia and result in the damping being
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not as effective, reaching 10 pm amplitude after 3 s. Thus, a minimum
time is required for the solder to be in the liquid state to allow the full
damping to occur before the solder freezes. Bache (Fig. 8-24) has used
two solder bump sizes on the same chip to allow the self-alignment to
occur in stages. The larger bumps “catch” first and in self-aligning allow
the smaller bumps to “catch” and finish the precision alignment. A better
than 1-wm accuracy is attained with the process.

Inspection of the joined chips to assess the degree of self-alignment
is difficult due to the joint being “hidden.” Optical techniques can be used
only if the devices are transparent to the optical wavelengths—such as
infrared for silicon devices. Bache [62] has used a vernier made of high-
density solder bars on both chip and substrate coupled with x-ray-
radiography to measure the degree of alignment as shown in Figure 8-
25. The vernier structures consist of a series of aligned bars on each of
the two components. These bars have slightly different spacings on the
two components such that any misalignment will result in the bars of the
two halves of the vernier coinciding away from the central bar. The actual
misalignment of the assembly can then be measured by counting the
number of bars between the central bar and that bar where the registration
occurs, and multiplying this by the difference in spacing of the two sets
of bars. The z dimension (chip—substrate gap) is also extremely important
for certain optical applications. This has been measured [66] by using
Fourier transform infrared spectroscopy (FTIR) and measuring the spacing

' I
| : I P!f.;‘

T ) bt < 2
Hg=hp

Figure 8-24. Alignment of Fine Bumps with the Use of Coarser Bumps. (From
Ref. 62.)
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Vernier. (From Ref. 62.)

between the interference peaks (Fig. 8-26). Bond heights to + 0.5 um
was achieved with nominal 16-pum-high joints.

8.3.5.2 Conventional Flux-Assisted Joining

Once the BLM, TSM, and solder are in place, as described previously,
the joining of chips to the substrate using C4 technology is straightforward.
The chip needs to be aligned and placed upside-down on the substrate.
Commercial tools are available to give + 2-um placement accuracy in
the laboratory, and £ 8-um in manufacturing [67]. Flux, either water-white
rosin [50,68—70] for high-lead solders or water-soluble flux [28,29,71] for
low-lead and other low-melting solders, is normally placed on the substrate
as a temporary adhesive to hold the chips in place. Fluxless and no-
clean processes are being explored as well and will be described in the
next section.

Once the chip-joining operation is complete, cleaning of flux residues
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Figure 8-26. Interference Fringes Obtained by FTIR Spectroscopy for the
Measurement of Solder Bond Height. The height in this example in 15.5 £ 0.2 pim.
(From Ref. 66.)

is accomplished with such solvents as chlorinated solvents or xylene
for rosin flux and water for water-soluble flux. The assembly is then
electrically tested.

8.3.5.3 Fluxless Joining with Plasma-Assisted Dry Soldering

For fluxless plasma-assisted dry soldering (PADS) processing, flux
is replaced with a dry pretreatment performed using a commercial plasma
pretreatment tool (see Fig. 8-27). During this pretreatment, the oxide
which inhibits joining is converted to oxyfluoride. This conversion film
passivates the solder and has the unique property of breaking up when
the solder melts, exposing a free solder surface and allowing reflow and
joining to occur in the absence of a liquid flux or reducing gas.

The chip-joining task involves first flipping the chip over and placing
it precisely on the matching pads of the substrate or carrier. Both manual
[73] and automated tools [67] are available. Manual tools use an optical
head incorporating a microscope and vertical illumination system that
enables the operator to view both the chip and substrate simultaneously.
Coupled with a joy-stick-controlled sample motion with 6 degrees of
freedom, the chip and substrate can be aligned within 2 um [73]. For
rough surfaces, the optical probe have been modified by adding two
illuminators and fiber-optic light pipes which introduce the light to the
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Figure 8-27. Fluxless Pretreatment PADS Tool. (From Ref. 72.)

substrate at an angle. This arrangement allows any type of substrate to
be used. An example is shown in Figure 8-28, where silicon chips with
high-lead (95 Pb Sn) solder bumps were fluxlessly joined to a eutectic
solder-dipped FR-4 organic substrate made from printed circuit board
stock. The rough surface of the FR-4 is visible in the bottom part of the
lower cross section (Fig. 8-28b). It is also visible on the virgin surfaces
before joining in Figure 8-28c. Automated tools use pattern recognition to
place chips very rapidly on the substrate with accuracies in the £ 5-8-pm.

In flux joining, flux acts as an adhesive to hold the chip in place
during the transfer and handling involved in mass reflow operations in
belt furnaces. For fluxless joining there is no “glue.” Instead, a tacking
regimen has been employed which utilizes various combinations of pres-
sure, time, and/or temperature to temporarily bond the chip to the substrate
in the aligner bonder during the chip placement operation [73]. Both upper
and lower chucks could be heated, and the chip placement control computer
set to apply the required loads/times/temperatures needed for the applica-
tion. Once tacked, the assemblies are transported to the nitrogen reflow
oven where the permanent chip joining is accomplished and self-align-
ment occurs.

The accuracy of the chip placement is most important for small
bumps. In addition, the position of the chip relative to the substrate in the
final assembly is critical for optoelectronic applications [62-64,66,74—76].
Self-alignment takes place when the solder reflows [47] and allows the
final chip to be located + 1-pm with precision [73]. The relative positions
of the chip and substrate after placement or after reflow can be observed
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Figure 8-28. Fluxless Joining of 95 Pb 5 Sn C4’s to Eutectic Tinned FR4
Terminations by PADS Fluxless Joining. (a) Cross section of chip-on-board; (b)
cross section showing 95 Pb 5 Sn bump soldered to card with 63 Sn 37 Pb eutectic, and
(c) eutectic tinned FR4 terminals and rough FR4 surface. (From Ref. 72.)
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and measured optically with white light for glass substrates, or with
infrared (IR) for silicon which is IR transparent. Separate infrared micro-
scopes are available which, when used in conjunction with thin-film orien-
tation patterns and verniers built into the components, allow the relative
chip-to-substrate positions to be measured very accurately. Several thin-
film patterns are shown in Figure 8-29a, whereas Figure 8-29b shows the
vernier patterns imaged with IR [18]. The images are slightly out of
focus because both the chip and substrate surfaces are being viewed
simultaneously with the focal plane halfway between the two surfaces.
They are sufficiently clear to be able to demonstrate better than 1-um
self-alignment accuracy using photolithographically defined solder-bump
structures with 40-um diameters.

The final chip joining is usually performed in a belt furnace with
inert nitrogen. The same furnace can be used with either flux or fluxless
joining. Belt furnaces have extremely high productivities—as many as a
million flip-chip solder bonds can be made in 1 h. For laboratory use,
local heat sources have been employed to bond one chip at a time [51].
An infrared belt furnace was used to produce the fluxlessly joined and

Figure 8-29. (a) Positional Test Patterns (Thin Film); (b) IR Images.
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self-aligned eutectic solder bump shown in cross section in Figure 8-30.
The substrate used had bare copper terminals. No post-join-cleaning is
required for the fluxless process. However, cleaning of the flux residues
is normally required for flux-based processes. Chlorinated solvents had
been widely used for many years but have been banned due to their
propensity to deplete the ozone layer. Other solvents such as xylene are
now used for rosin fluxes, and water-based formulations are used for water-
soluble fluxes. Once the chip-join operation is complete, the assembly is
electrically tested.

8.3.5.4 Rework of Multichip Assemblies

One of the most important issues in high-end multichip module
products is that of rework. Whereas the chip-join process is an extremely
high-yield process, and defective joints are rarely found in manufacturing,
defective chips are occasionally encountered which require replacement.
Even when “known good die” are used, it is sometimes necessary to
replace a die in a multichip assembly for engineering changes. The rework
process for a flip chip usually requires three steps: (1) chip removal, (2)
site dress, and (3) placement and joining of a new chip.

The chip removal is accomplished mechanically by ultrasonic torqu-
ing of the chip (Fig. 8-31) or (Fig. 8-32). This minimizes any damage
that can occur on the substrate or chip (as can happen, for example, when
a cold mechanical pull, shear, or torque is used). Local heat can be supplied
by IR [69,77] or by conduction through upper and lower chuck heaters
in an aligner/bonder [55]. In order not to melt all the solder joints on
passenger chips—those chips on the assembly not being reworked—the

Figure 8-30. Self-Aligned Fluxless Joint to Copper.
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Figure 8-31. Excess Solder. SEM photograph of residual solder left on a typical
substrate microsocket after mechanical removal of the device. (From Ref. 69; reprinted
with permission from Journal of Electronic Materials.)

chuck holding the substrate is heated to a temperature slightly below the
melting point of the solder while the upper chuck is heated to a temperature
above the melting point of the solder. The pedestal is aligned to the die
and the lower chuck raised until the chip is secured to the upper chuck
by means of the vacuum contact on the pedestal. The chip stays on the
pedestal when the bottom chuck is lowered.

An example of a substrate surface after hot chip removal is shown
in Figure 8-32. The solder is 95/5 Pb/Sn in a 41 x 41 array of 125-mm-
diameter bumps on 250-mm centers. This was performed in air without
flux. To accommodate the solder melting temperature of approximately
315°C, the upper chuck was heated to 350°C while the lower chuck was
heated to 300°C.

After chip removal, the site usually needs to be dressed. This entails
removing most of the solder so the residual is very uniform and does not
interfere with the joining yield of the new device or the reliability goals
of the assembly. Hot-gas tools [69] have been used in the past (Fig. 8-33),
but currently the most common practice is to use a solder wick made out
of a powder metallurgy block of copper [78] (a proprietary development
of IBM corporation). The block is placed on the substrate site either
manually (alignment is not critical) or with the aligner bonder as if it
were a chip to be joined. The assembly is then given a reflow during
which the excess solder is absorbed into the copper block by surface
tension. It can be picked off the site which is now ready for the new chip
to be attached. A dressed site is shown in Figure §-34.
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Figure 8-32. Substrate Site After Hot Pull

The new chip is joined to the substrate in exactly the same fashion
as the original chips, using a chip placement tool in its normal fashion
to align and place the new chip. Joining reflow (and clean if necessary)
is accomplished also in the normal fashion as with the original chips.

Besides the electrical testing, numerous techniques are available to
characterize the joints. The concern for quality of the joints is often raised
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Figure 8-33. Hot-Gas Tool. Side-view sketch showing the direction of gas flow within
the probe tip of the hot-gas dress tool. (From Ref. 69; reprinted with permission from
Journal of Electronic Materials.).
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Figure 8-34. Substrate Site After Copper Block Dress

as an issue for new users or developing processes because the joints are
hidden and not visible with standard inspection tools. X-radiography
[75,79-81] has been used to supplement the optical techniques described
earlier. The x-rays can detect misshaped joints, voiding, and low-volume
solder pad defects. Acoustic imaging has also been used to detect interfa-
cial debonding of solder bumps to pads [80].

The solder-joint height, usually the chip-to-substrate gap, is also an
important factor for thermal-cycle fatigue reliability and optoelectronic
device alignment (z axis). This has been measured by Fourier transform
infrared spectroscopy [75]. Reflections at the chip and substrate give
rise to interference peaks whose separation is a function of the chip-to-
substrate spacing.

Several application examples of solder flip-chip assemblies are
shown below to illustrate the technology. Chips joined in flip-chip fashion
to FR4 are shown in Figure 8-35.

A cross section of these joints was shown earlier in Figure 8-28.
The chips used in this demonstration were fabricated test vehicles with
1679 C4 bumps. Each chip contains many unique structures, such as
temperature-sensing diodes, Kelvin connections for four-point contact
resistance measurements, daisy chains for yield determinations, piezoresis-
tive strain gauges, and reliability test patterns. These structures allow one
to fully characterize the joining and rework processes as well as the chip
and substrate fabrication processes. A MEMS device (microelectromecha-
nical structure) device assembly is shown in Figure 8-36. The fine movable
structures of the thin films are not disturbed by joining process because
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Figure 8-35. Chips Joined to FR4

Figure 8-36. Fluxless Flip-Chip Joined MEMS Device
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no flux was used in the assembly. A cross section of one of the joints
was shown in Figure 8-30 and illustrated the compatibility of the fluxless
process with bare copper metallurgy.

An application of flip chip to flexible circuit attachment is shown
in Figure 8-37. Here, as well as in the case with FR4 organic substrates,
low process temperatures are required to be compatible with the organic
materials involved and low-melting eutectic lead tin alloys are preferred.

The joints in Figure 8-37 are under the flex circuit copper leads,
therefore not visible. However, they are stronger than the leads which
tore from the flex circuit in a pull test evaluation.

The fluxless joining of high-lead alloys in the range 90/10 PbSn to
97/3 PbSn is done at higher temperatures, typically 350°C. An example
of a 97/3 PbSn flip chip joined to MoNiAu microsockets on a multilayer
ceramic substrate is shown in Figure 8-38. These are fracture surfaces
after pull testing indicating ductile taffy pulls which indicate excellent
wetting to the MLC microsockets occurred.

8.3.6 C4 Reliability

This subject is covered in detail in Chapter 5, “Package Reliability,”
but because one of the major limitations of this technology is how large
a chip area can be bonded and still remain reliable, a brief discussion is
included here.

A question often raised regarding flip-chip bonding is the ability of
the joint to maintain structural integrity and electrical continuity over a
lifetime of module thermal cycling. A thermal expansivity mismatch
between chip and substrate will cause a shear displacement to be applied
on each terminal. Over the lifetime of a module, this may lead to an
accumulated plastic deformation exceeding 1000% [83]. A quasi-empirical

Figure 8-37. Flip Chip on Flex
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Figure 8-38. 97/3 PbSn Fluxless Flip-Chip Joined to MLC. (From Ref. 82.)

model was developed by Norris and Landzberg [40] that relates the cyclic
lifetime to cyclic deformation parameters. The modified Coffin-Manson

19
relationship after Norris and Landzberg is N; = (8—) £03 e 12/ Klmax) T¢
P

is based on the Coffin—Manson relationship [84] between fatigue life and
plastic strain amplitude but with two terms added to account for time-
dependent behavior: a frequency term, where lifetime increases with fre-
quency to a lower power, and a maximum-temperature term, where lifetime
decreases with maximum temperature. With the assumption of a lognormal
failure distribution, a product sample may be tested in an accelerated
thermal cycle; then, based on the statistical lifetime to electrical failure,
the projected field lifetime may be extrapolated. Using this technique, an
interconnection failure rate projection was made for logic chips in System/
370 [40] of no more than 107%/1000 h per bond at the end of life.
By the end of 1975, 540 billion MST interconnection hours had been
accumulated with no wear-out failures reported [85], yielding a 50%
confidence-level-estimated failure rate of 1.3 x 107%/1000 h, in good
agreement with the earlier projection. In 1991, IBM reported that there
had been zero failures due to thermal-cycle fatigue wear-out on the MLC
C4 technology over a 12-year period since its introduction in 1980 [86].
This is more than 10'> Power-on-Hours.

These results demonstrate the inherent capability of solder intercon-
nections to withstand high-strain accumulations; the results also demon-
strate the approximate validity of the projected failure rate. However, the
early MST chip was only about 1 X 1 mm in size and had only 12
peripheral bumps. As discussed in Chapter 5, “Package Reliability,” the
mismatch shear deformation is proportional to the distance between a
given pad and the neutral point referred to as dnp (the point on the chip
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that remains stationary relative to the substrate during a thermal excursion).
Because the neutral point is near the chip center, the maximum value of
dnp is roughly proportional to chip size. Moreover, the Norris—Landzberg
model and most subsequent experiments show that lifetime is inversely
proportional to shear deformation raised to a power that approaches 2.
Thus, with the evolution from MST to much larger and denser C4 foot-
prints, thermal wear-out was considered with renewed interest.

The wear-out model subsequently has come under close scrutiny. It
has been suggested, for instance, that a dwell time factor be added [87].
Also recommended is a complete reformulation starting with the constitu-
tive equation for solder that incorporates crack growth and creep deforma-
tion [86]. It has been further suggested that several competing mechanisms
come into play in thermal wear-out, including cavitation. Recent experi-
mentation [88] also suggests that wear-out is much more complex than
implied by the simple equation discussed above. Scanning electron micros-
copy (SEM) of joints at various stages of thermal cycling show that
mismatch between the solder and chip plays a role in the damage. Also,
low and high volumes of solder joints fail by different mechanisms, thus
emphasizing the effect of C4 shape.

A further complicating factor in modeling wear-out is that thermally
induced strains are not uniform within the joint. An initial attempt [89]
was made to incorporate joint shape into failure-rate projections. Despite
the simplicity of the model, reasonable agreement has been obtained in
experiments where joining geometry has been intentionally varied and
the joints mechanically tested by single-cycle or cyclic torquing of the
chip [25,89]. More sophisticated techniques, taking into account time-
dependent and temperature-dependent solder properties, will be required
to understand geometric effects fully. Chip bending also must be included
in a complete analysis [90,91].

In summary, simple models that accompanied the introduction of
C4 joining have, until now, proven adequate to estimate field behavior
and as an aid in product design. This can be attributed not only to their
simplicity and their qualitative rationality but also primarily to the fact
that existing products have experienced wear-out failure rates too low to
be of concern. As chips grow larger and pad counts in the hundreds
become common, new or revised models will be required that reflect a
greater understanding of the wear-out mechanism and better precision in
failure projection.

8.3.7 Thermal Mismatch Reliability: Extensions

Together with a greater understanding must come an extension of
the C4 in its ability to accommodate larger and denser chips without
affecting system reliability. Existing modeling and testing techniques,
however imperfect, have been used to evaluate various extension schemes,
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several of which show promise. They may be subdivided into strain
reduction, geometry or shape improvement, alternate solders, and underfill
encapsulant effects.

8.3.7.1 Design and Geometry

The thermal mismatch displacement across the pad can be kept to
a minimum by arranging the footprint to minimize the dnp: for example, by
deleting corner pads or, in an extreme case, by a quasi-circular array [15].

Joint geometry is dictated by the wetting areas on chip and substrate,
solder volume, and the weight of the chip. Unless the chip is very heavy,
the joint has the shape of a “truncated” sphere [25,89,92], and its height
is uniquely determined by interface radii and volume. The previously
mentioned geometric model [89] claims that wear-out depends on shape
and that a joint can be geometrically optimized to extend lifetime. Although
verifications have been primarily by mechanical testing, with its inherent
limitations, the following optimization philosophy and sequence are proba-
bly valid:

1. Consistent with other design and process constraints, the interface
areas should generally be as large as possible.

2. There is an optimum ratio of substrate-wetting area to chip-wetting
area, which must be determined experimentally for each particular
material set. For thin-film copper lands on ceramic (discussed in
Chapter 9, “Ceramic Packaging”), the ratio is about 1.2, with the
substrate pad larger. The optimum ratio is characterized by a roughly
even distribution of thermal-cycle fails between chip and substrate
(solder crack near BLM or TSM intermetallics).

3. For fixed interface radii, there is an optimum solder volume. A
model exists, but because verification has been by mechanical testing
only [25], thermal-cycle testing for the optimum is recommended.

The preceding discussion pertains to joints whose shapes are domi-
nated by solder surface tension. Under these conditions, the joint takes
the shape of a doubly “truncated” sphere, truncated at each end by the
contact metallurgies. Normally, optimization of the spherical segment
joint is of limited extendibility value, improving lifetime by less than
50%. Enforced changes in shape away from a spherical segment, on the
other hand, can produce very large effects. Heavy chips that depress
the joint, causing deep notches [25], severely reduce lifetime, whereas
stretched or elongated joints substantially extend lifetime. Mechanical
testing has shown an order-of-magnitude difference in fatigue life between
an hourglass and a barrel-shaped joint, with the fracture location of the
hourglass joint shifted to the center of the joint [93]. Stretched pads have
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been fabricated by a number of techniques including using two different
solders on the same chip [93]. Called SST (self-stretching soldering tech-
nology), this technique makes use of the surface-tension forces of larger
bumps of one solder to stretch the lower-volume functional bumps (Fig.
8-39). Two additional concepts being pursued in Japan are illustrated in
Figure 8-40, wherein solder columns are being stacked to achieve im-
proved fatigue life.

In addition, solder has been cast into helical copper coils to form very-
high-aspect-ratio solder columns. It has been applied to joining leadless
ceramic chip carriers (LCCC) to glass—epoxy printed-circuit boards (Fig.
8-41). This structure has not been scaled down to sufficiently fine dimen-
sions to be applicable to integrated-circuit chip interconnections. Free-
standing cast-solder pillars (without the copper helix) have been developed
for package-to-board interconnections [33]. See Chapter 16, “Package-
to-Board Interconnections.”

8.3.7.2 Solder Composition

Among solders, which have been evaluated as alternatives to 95
Pb/5 Sn, the Pb/In system has shown the most fatigue enhancement.
Thermal-cycle lifetime has been shown to be quite sensitive to composition
with a minimum at 15-20% In [68,97]. There is a 2 times improvement
over 95 Pb/5 Sn at 5% In, 3 times at 50%, and 20 times at 100% In [97].
Pure In is being used for optoelectronic device joining [26,27]. Early
work on integrated circuits emphasized 50 Pb/50 In as a compromise
between ultrahigh thermal-cycle reliability and processing constraints.
Implementation of this alloy was limited by two factors: increased corro-
sion susceptibility in nonhermetic packages [68,97,98], and a substantially
accelerated thermomigration rate over Pb/Sn alloy [99]. By the latter
mechanism, the thermal gradient between chip and substrate causes a
condensation of vacancies at the chip BLM region, leading to premature
high resistance or mechanical wear-out. Later work emphasized low (3—
5%) In alloys [68], which provided less fatigue enhancement but were
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Figure 8-39. Self-Stretching Soldering Technology. (From Ref. 93.)
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Figure 8-40. Some Methods Being Pursued to Extend C4 Life. (a) Stacked solder
bumps using polymide (from Ref. 94); (b) stacked solder bumps using multiple solders
(from Ref. 95).

not as susceptible to the corrosion and thermomigration difficulties of 50
Pb/50 In. Testing 95 Pb/5 In at several thermal-cycle frequencies showed
a similar relationship to that found by Norris and Landzberg for 95 Pb/
5 Sn.

Subsequent optimization of the 95 Pb/5 Sn system showed that a

Figure 8-41. Solder Columns. Closeup view of the solder columns connecting a LCCC
to a glass—epoxy printed-circuit board. (From Ref. 96.)
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97 Pb/3 Sn composition also brought nearly a 2x improvement in fatigue
life over 95 Pb/5 Sn without the thermomigration and corrosion concerns
of the Pb/In alloy. Therefore, when IBM System 3080 was introduced,
the solder composition was altered to realize the increased reliability
limits. At about the same time, it was appreciated that tinning metallized
ceramic Cr—Cu—Cr C4 pad tips was deleterious to fatigue life because
the solder used had 10% Sn—the wrong Sn direction for long fatigue
life. A process was therefore invented for putting solder balls on pin heads
only, leaving the C4 sites bare [79]. All the C4 solder then came from
the chip only, and both fatigue life and chip joining yields were simultane-
ously improved.

8.3.7.3 Substrate Materials

By far, the largest effort to reduce the strain drastically has been by
matching the substrate thermal expansion to that of silicon, as demon-
strated in Figure 8-42.
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Figure 8-42. Effect of Thermal Expansion Coefficient of Substrate on C4
Fatigue Life. (Modification of Figure from Ref. 16.)
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Figure 8-43. Silicon Flip-Chip Joined to Silicon Carrier with Thin-Film Inter-

connections. (From Ref. 100.)

Pure Si substrates with multilayer Al and polyimide or SiO, insulators
have been fabricated and demonstrated. Figure 8-43 illustrates a typical
Si carrier system [100]. An application of such a system is shown in
Figure 8-44 which is essentially the core of an IBM RISC 6000 workstation
on a single piece of silicon. There are two weaknesses in such a system:
(1) The lack of vias through the silicon means that all wiring must lead
to the perimeter for wirebonding or TAB bonding, and (2) thin-film Al

Figure 8-44. Workstation (IBM RS 6000) on Silicon Carrier. (Courtesy of IBM).
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wires are more resistive and longer than multilevel Cu wiring on ball-
grid-array-type substrates. Therefore, this approach typically falls short
in optimum performance.

Glass—ceramic substrates in which crystallizable glass, cordeirite-like
ceramic has been used as the carrier also matches silicon CTE near perfectly.
The multilayer structure with punched and filled vias and Cu wiring allows
short paths in good conductors to reach a pin-grid-array configuration on
the bottom [21]. This approach works well but is probably too costly for
many applications. Also, the mismatch in the TCE problem is now trans-
ferred to the package-to-board interface and would have to be solved to
avoid premature failure of those joints (e.g. soldered BGA joints).

An early effort using a polyimide—Kevlar® organic substrate [16]
with near-matching TCE has been followed by a number of packaging
efforts that take advantage of the improvement in thermal fatigue lifetime
of the C4 connections. The use of AIN and SiC as first-level packages
(as discussed in Chapter 18, “Coated-Metal Packaging”) were actively
pursued for direct chip-attach applications. Gallium arsenide has also been
matched using sapphire [26] or Al,O;, which matches TCE’s well.

Power cycling is complementing thermal cycling to evaluate these
material combinations [91,101,102] because it is more realistic in simulat-
ing temperature differences between the chip and substrate. Process con-
straints, wireability, dielectric constant, and heat dissipation must, of
course, be among other factors considered in selecting an alternative
substrate material.

8.3.7.3.1 Direct Chip Attach (DCA) to PWB with Underfill

Perhaps one of the most innovative developments recently has been
the discovery that certain polymers such as epoxies heavily filled with
particles of SiO,, to match the solder TCE and bond chip to substrate,
will increase the fatigue life of the solder by a factor of 10—100 [31,103].
Nakano (Fig. 8-45) showed this in 1987 [103], and the work was applied
by Tsukada [34] in attaching silicon chips directly to thin films on FR4
in a product called surface laminar circuitry (SLC). For the first time, Si
chips with low expansivity could be made reliable in direct flip-chip
attachment to high-expansivity FR4 PWB. Some of the first products to
use such technology commercially are IBM PCMCIA modules for portable
computers (Fig. 8-46) and Motorola pen-sized pagers (Fig. 8-47).

The technology appears to work well because the encapsulant shares
and reduces the all-important solder strain level to 0.10-0.25 of the strain
in joints which are not encapsulated. This has been shown by finite element
analysis calculation (Fig. 8-48) [34] and by Micro-Moire experimental
analysis (Fig. 8-49) [104]. The latter shows the strain to be 10% relative
to the solder of the unencapsulated solder and indistinguishable in solder
or filler. Both ceramic and polymeric flip-chip substrates benefit from this
underfill enhancement.
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Figure 8-45. C4 Life Extension by the Use of Thermal Expansion Matched
(to Solder) Resins. Resin II is assumed to include filler to match solder CTE of 27
ppm. (From Ref. 103.)

Perhaps the only negatives with the underfill process are the difficulty
with reworkability and the slowness of fill and cure. All of these things
are being investigated and developed. Cleavable epoxides have been dem-
onstrated. Thermal degradable encapsulants show promise. Until these
materials become qualified, the option remains practical to apply the
encapsulant only at the end of processing, after test, when it is most
probable that the chip is good.

8.3.7.4 Other Reliability Issues

Among other reliability concerns that have been reported in the
literature, thermomigration has been shown to be a major concern for
applications where high-temperature gradients are coupled with high-
diffusivity, low-melting-point solders [99]. Corrosion has been encoun-
tered in high-humidity testing of PbIn [98]. Solder void defects are ad-
dressed in Ref. 85. Palladium depletion of AgPd thick films by PbSn can
allow Ag corrosion and prompted a change to AgPdAu ternary alloy for
the substrate electrode [105,106].

8.3.7.5 Alpha-Particle Emission

A more fundamental problem receiving increased attention is that
of soft errors in devices caused by alpha-particle emission of trace quanti-
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Figure 8-46. (a) SLC Cross Section Showing Thin-Film Surface Layer Wiring
on FR4 Base and Underfilled Flip Chip. (b) SLC Token Ring Adapter Card
Compared to Regular Surface Mount Technology. (From Ref. 34.)
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Figure 8-47. Motorola Pen-Sized Pager

ties of radioactive materials in the packaged assembly [36,107,108]. In
the case of C4, high-lead alloys are mostly used for computer applications,
and lead almost invariably brings with it trace amounts of uranium and
thorium. This problem will demand more attention as VLSI devices be-
come more dense and as the critical charge levels in the device become
smaller. U and Th contaminants have been successfully removed from
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Figure 8-48. Finite Element Analysis of Strain on Chip C4’s for SLC. (From
Ref. 34.)
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Figure 8-49. Micro-Moire Interferometry of Underfilled Chip’s Showing
Stain Reduction and Distribution. (From Ref. 104.)

Pb. There is even less of a problem with Sn. However, there are isotopes
of Pb, Pb and *'°Pb which are a part of the ?*U radioactive decay chain
which themselves decay to Bi and Po on the way to **Pb, the ultimate,
stable form of Pb. It has been discovered that some naturally occurring
deposits of Pb are very low in the alpha-producing isotopes and therefore
have several orders of magnitude lower alpha radiation [109]. Isotope
separation of other deposits or secondary Pb were thought to be prohibi-
tively expensive, but are still under active consideration [110].

8.3.7.6 Burn-In/Known Good Die for Flip Chip

C4 chips can be given a burn-in cycle on a temporary substrate to
improve chip defect-related reliability [111]. To facilitate the removal of
the chip from the temporary substrate after the burn-in, IBM has used a
reduced radius removal (R3) process. As shown in Figure 8-50, the sub-
strate pad is reduced in size to approximately one-fifth of the area of a
functional terminal. After joining and burn-in, the chip is mechanically
torqued off the temporary substrate, with the fracture being in the solder
adjacent to the small-sized terminal. Because most of the solder remains
with the chip, there is no need to dress or rework the chip except for a
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Figure 8-50. R3 Burn-In Methodology for C4 Flip Chips Featuring Solder
Attach to Greatly Reduced Substrate Pads for Burn-In. (From Ref. 111.)

reballing in a dry H, reflow furnace. The process has been verified on
10,000 CMOS memory chips in the field, with early life-defect reliability
being improved by more than a factor of 30. It should be understood that
the defects referred to are not C4 defects, but internal defects in the IC
chip induced to fail during the burn-in cycle instead of being allowed to
fail in the field application. The temporary substrate is reusable—a sample
substrate was used repeatedly for over 20 cycles.

8.3.7.7 Heat Dissipation with C4

Heat dissipation is covered in great detail in Chapter 4, “Heat Transfer
in Electronic Packages,” and only a brief discussion is included here. Due
to the very short length and large area of contact of a C4 joint, the thermal
path through the interconnection itself is very low and far superior than
for TAB or wirebond. Typical dimensions are a 125-um diameter and a
60-pm “length” for C4 as compared to a 25-pum diameter and a 2500-
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pum length for wirebond, and a 50-pum square and a 1750-um length for
TAB. The chip-to-substrate resistance is so low for C4’s that for many
years it was not necessary to supplement it at all. Early chips with 10-20
peripheral C4 bumps bonded to an alumina substrate could dissipate
approximately 0.5 W [112]. An air-cooled module with six 4.5-mm chips,
each having an 11 X 11 array of solder joints, can dissipate approximately
1.5 W per chip [8]. Somewhat higher power levels have been achieved
with new, high-thermal-conductivity ceramics such as AIN [113] and SiC
[91]. Numerical analysis techniques are required for reasonable perfor-
mance projections because the thermal path for flip chips depends on
device location, size, metallization, number of terminals, and the thermal
resistance of the substrate [112,114].

Today’s high-power-level devices, however, require a supplemental
heat path through the back of the chip. Die bonding accomplishes this
for wire or TAB-bonded chips. In the C4 case, because the back of the
chip is free of mechanically or electrically delicate surface features, it is
amenable to direct contact by a wide variety of heat sinks, thermal greases,
or solders, whose thermal conductivity is often better than the plastic or
ceramic package to which they are backbonded. An example is the IBM
multichip module [114,115] where spring-loaded pistons transfer heat
from the back of each chip to a water-cooled plate, augmenting the
traditional solder-joint thermal path. Four watts per chip or 300—400 W
for a 100-chip module can be dissipated. This has been enhanced in the
S/390/ES9000 series computers to a 16.7-W/cm? capability [115].

Full bonding to the back of the chip entails more risk for C4 mounted
chips because the solder joints, being very short, are not as compliant as
wires and the designer must be concerned with possible solder-joint fa-
tigue. Bonding to the back of a C4 mounted chip may impose additional
forces on the C4’s and lower the fatigue life (see Chapter 5). Designs
have been proposed which combine a solder backside die bond with C4’s
to give extremely low thermal resistances—on the order of 0.4°C/W for
chips joined directly to a water-cooled plate in a MCM [41,42,44]. This
would give a power capability of over 100 W per chip. Such power levels
have been projected for the year 2000 [41]. Hitachi has implemented a
slightly less efficient single-chip module version of this design (Fig. 8-51)
in their M880 Processor Group computers [116]. Chip to water thermal
resistance is 2°C/W, not quite as good as the multichip design because
more interfaces and layers are between the chip and the flowing water.
Various conduction cooling designs for high-power C4 mounted chips
have been compared (see review by Darveau [117]).

Finally, liquid immersion cooling [117] and cryogenic applications
[28,29] have also been demonstrated for C4 interconnected structures.
The latter application, for Josephson devices that operate at 4.2 K, was
especially noteworthy, because all of the materials were subjected to a
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Figure 8-51. Micro Chip Carrier in Hitachi M880 Mainframe; Enhanced
Heat Dissipation Through Back-Side Soldering and High-Density C4 Area
Arrays on Chip and Package. (From Ref. 116.)

very large AT between room temperature and operating temperature and
because the materials’ intrinsic properties, such as resistance to cracking,
are quite degraded at low temperatures. Orthogonal solder connections
are also used to join silicon slices at right angles to each other. For such
a joint, matched expansion materials are required [28—30]. Compatibility
of standard 95/5 Pb/Sn C4’s in liquid-nitrogen environments for CMOS
applications has been demonstrated on alumina ceramic packages [118].
Parylene coatings have been shown to be effective in lowering the thermal
shock during transfer into and out of the liquid nitrogen [119].

8.3.8 C4—Future Trends

As VLSI proceeds to denser chips, C4 densification will follow.
Area-array structures will dominate over traditional peripheral devices.
Bumps of 25 pm, resulting in over 10,000 pads per chip in experimental
devices, have already been fabricated [27], ahead of the predictions of
the SIA roadmap. Photolithographic processing will be preferred for such
devices, and with that, area arrays will become more and more common.
Significant activity in matched-expansion substrates, or alternatives that
alleviate the fatigue limitations such as under chip fillers are being actively
applied. High-thermal-conductivity packaging materials and innovative
configurations to improve heat dissipation of the devices are also being
used and extended. More attention will be given to defects, for both yield
and reliability needs. Efforts to purify all packaging materials for low alpha
emission or substitute new ones which are inherently better will continue.

The range of applications for C4-like structures is becoming much
wider, given the more diverse materials used in new electronic devices
and substrates (for example, In C4’s on GaAs chips on sapphire substrates
for optoelectronics) [26], chips C4 bonded to flexible circuits [120] and
printed-circuit boards [121]. The latter developments suggest a future,
strong presence in the commodity world as well as high-end computers.
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8.4 WIREBONDING

Wirebonding has totally redeemed itself in reliability, manufactura-
bility, and cost from where it was in the earliest era of semiconductor
devices. It is still the dominant chip-connection technology in the semicon-
ductor industry. Virtually all dynamic random access memory (DRAM)
chips and most commodity chips are still in plastic packages with wire-
bonds. Therefore, because the vast majority of all integrated-circuit (IC)
packages are assembled by wirebonding [122], it is important to understand
this technology. This section explains the basic wirebonding process,
emphasizing the metallurgy, materials, and typical applications. Guide-
lines are provided for selecting the appropriate methods for various pack-
age types and optimizing these methods.

Wirebonding differs from C4 and TAB techniques in that electrical
package connections are created at this assembly stage by attaching a fine
wire between each device I/O and its associated package pin (one at a
time), as opposed to attaching prefabricated patterns of interconnecting
materials. This may not seem advantageous for wirebonding, but it is
actually the basis for one of its biggest strengths: flexibility.

Wiring changes are easily accomplished without the need for expen-
sive tooling and material changes. A new “bond program” can be taught/
saved in a matter of minutes, followed by immediate production of the
new devices, saving time and money.

The speed and cost-effectiveness of changes also applies to the initial
package design. Chip preparation cost is significantly lower than C4 and
TAB devices because the wirebond welds are made directly to the chip
(wafer) metallization, saving substantial tooling and production costs in-
volved in the bumping process. Further tooling savings can be realized
through the use of a common package or substrate which can be used for
a number of devices using various wire configurations/lengths. Therefore,
flexibility and cost are two of the primary reasons for selecting wire-
bonding.

A third reason for the prominence of the wirebonding process is
much improved reliability. In the early 1990s, 1.2—1.4 trillion wire inter-
connections were produced annually (roughly 2.6 trillion welds). Manufac-
turing losses and test failures are extremely low (40-1000 ppm) and
trending downward each year. High yields and reliability rates continue
to be achieved around the world in a large variety of facilities, from
completely automated, mass production factories making millions of pack-
ages per week, to single-room facilities producing low-volume, custom
parts.

Today, a global network of manufacturing people, vendors/suppliers
of equipment, and materials comprise a large wirebonding knowledge
base. The infrastructure is vast and tends to keep its user base unless
there are extremely strong reasons to deviate to a different technology.



8.4 WIREBONDING 1187

Wirebonding is popular as a result of continuous process improve-
ment achieved through the development of sophisticated, automated equip-
ment. Today’s production lines can assemble the latest generation of
packages with the evolutionary derivative of the welding technique used
to manufacture the first transistor. It is the fundamental Au to Al intercon-
nection technology that has continued to grow with the semiconductor
industry. Wirebonding appears to be the method for connecting the major-
ity of packages in the near future, with C4 and TAB providing the tech-
niques needed for specialty packages and high-end, high-pin-count de-
vices.

Today, hundreds of diverse plastic and ceramic packages utilize
wirebonding. Despite this diversity, commonalities do exist. First, the
chip is normally mounted with the back side attached to a metal frame
or substrate, although there is at least one noteworthy exception where
the metal frame/leads are attached to the top side of the chip, called lead-
on-chip (LOC) [123]. This mounting process, called die bonding or die
attach, is achieved by a variety of conductive epoxies or solders. The
chip and substrate assembly are then presented to the wirebonder. The
wires are attached to the chip and package substrate, one at a time, using
either a thermosonic or ultrasonic welding process. (A third method,
thermocompression welding, may also be used, but it is not commonly
used.) State-of-the-art bonding technology produces two welds and a
precisely shaped/routed wire loop in 100-125 ms, depending on the pro-
cess used.

In factories throughout the world, thousands of automatic machines
produce wirebonded packages with little, or no human intervention. In
each machine, die attached parts are delicately transported and presented
to the bonding area. Key features of the chip and package carrier are located
by a video camera and recognition system using artificial intelligence
to identify individual targets for the intended wires. As the welds and
interconnecting loops are made, the machine uses closed-loop servo sys-
tems to ensure that each step of the process is being performed as intended.
After all the connections are made, devices are then transported to an
output station where they are staged for the next operation (usually plastic
encapsulation or application of a lid to the hermetic devices).

8.4.1 Joining Technology

Most wirebonding processes combine either thermosonic (T/S) or
ultrasonic (U/S) welding methods, with two different bonding methods
for applying the wire to the chip and to the package surfaces. The two
basic wirebonding techniques are ball bonding and wedge bonding. Ap-
proximately 93% of all semiconductor packages are manufactured using
ball bonding method, while wedge bonding is used to produce about 5%
of all assembled packages. Both ball bonding and wedge bonding were
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once pure thermocompression (T/C) bonding, but because of the high
bonding temperatures required (approximately 350°C) have changed to
lower-temperature (150-200°C) T/S Au ball bonding and room-tempera-
ture Al wedge bonding.

Ball bonding. In this technique (Fig. 8-52), wire is fed vertically
through a tool called a capillary. The wire is heated to a liquid state with
an electronic spark discharge called an electronic flame-off (EFO). The
surface tension of the molten metal forms a spherical shape, or ball, as
the wire material solidifies, hence the process name “ball bonding.”

The capillary descends and positions the ball on a bond pad of the
chip using the bonder’s video and servo systems. Thermosonic welding
is then performed. Once a weld is completed, the capillary rises and
follows a prescribed trajectory calculated for each wire. A precisely shaped
wire connection called a wire loop is created as the capillary descends
to a target position for the second bond. A second weld, a crescent bond,
is now formed, with the wire extending through the center of the capillary,
under its face, and out to the newly formed loop. The finished weld has
a crescent or fishtail shape made by the imprint of the capillary’s outer
geometry. The capillary ascends once again, breaking the wire at its
thinnest point near the bond and, simultaneously, feeding an exact wire
length needed for the EFO to form a new ball to begin bonding the
next wire. Figure 8-53 shows typical ball and crescent bonds, as well as
loop shapes.

Wedge bonding. Named for the shape of the bonding tool used in
the process, this technique feeds wire through a hole in the back of a
bonding wedge at an angle usually 30°-60° from the horizontal chip
surface (Fig. 8-54). As the wedge descends onto the IC bond pad, it pins
the wire against the surface and performs either an U/S or T/S weld. Next,
the wedge rises and executes a series of calculated motions, creating a
desired loop shape.

In addition to vertical and horizontal motions needed for ball bonding,
a rotational axis (called 0) is required to align the package so that the
wire about to be bonded is on the same axis as the bonding wedge feed
hole. This allows the wire to feed freely through the hole in the wedge
during the loop formation. At the second bond location, the wedge de-
scends to make the second weld. A mechanical clamp is closed behind
the wedge and the clamp is moved to the rear to tear the wire. As the
wedge ascends, the clamped wire is fed under it to begin bonding the
next wire. Figure 8-55 shows examples of first and second wedge bonds.

8.4.2 Wirebonding Joining Mechanism

Like other technologies that join together two materials, some of
the exact metallurgical mechanisms of joining in wirebonding are still
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Figure 8-52. Ball-Bonding Steps to Complete One Cycle. 1. Ball is formed below
capillary (note that it should not contact the capillary during the formation process). 2.
Capillary descends, capturing/centering the ball so that it is seated in the capillary’s inner
chamfer. 3. High velocity is reduced to contact velocity at a programmed distance above
the chip. The point where this velocity transition occurs is called the tool inflection point
(TIP). 4. Bond force and ultrasonic energy is applied to form the ball bond. 5. The capillary
ascends vertically to pay out sufficient wire to form the loop of wire between bonds. The
wire clamps are typically closed at the highest point, prior to movements toward second
bond. 6. High-velocity motions form the wire shape as the tool moves over the second
bond site. 7. Vertical motions are slowed to contact velocity at the TIP above the lead.
8. The crescent bond is formed through the application of force and ultrasonic energy.
9. The capillary ascends a prescribed distance to the pay-out wire (called a tail). The
material contained in this wire length will be used to form the correct ball size. The wire
clamps are closed again when this motion is completed. 10. The capillary moves vertically
to break the bottom of the tail (tack welded to the lead). 11. The capillary and the EFO
wand/electrode are brought in close proximity while a spark discharge provides heat to
form a molten ball.
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Figure 8-53. Ball and Crescent Bond Examples. Lefi: A typical ball bond without
fine pitch restrictions (25-pum wire with 80-um bond squash). Note the small amount of
material around the wire that was extruded into the capillary bore. Examination of the
top surface reveals the shape of the tool’s inner chamfer and face. Surface roughness is
typical of “secondary bonding” that causes the ball to adhere to the capillary tip while
the primary bond is being formed between the ball and chip. Righs: A typical crescent
bond with the familiar fishtail shape. Small irregularities at the bottom edge of the bond
are remnants of the tack weld that temporarily attached the wire tail before it was pulled
away. (Courtesy of K&S.)

subject to discussion. Methods for attaching metals include a range of
processes from adhesive metal to metal bonds to metallurgical mechanisms
(diffusion bonds with intermetallic compound formation) and liquid metal
brazing. Often there is a combination of mechanisms which results in
“bonding.” The following section will summarize the most accepted views
about U/S and T/S wirebonding which have emerged.

8.4.2.1 Ultrasonic Welding

This method of welding is most commonly used to join aluminum
wire to a variety of package materials, including the aluminum metalliza-
tion found on the chip, as well as thick- and thin-film package metals
consisting of gold, silver, nickel, or palladium. The bond is made at
room temperature without an applied heat source. It is accomplished
by combining two primary elements: downward force and horizontal
oscillatory motions.

The frequency of these oscillations range from 60 to 120 kHz,
hence the name “ultrasonic.” The downward clamping force is continually
applied to the bonding wedge to assure that the ultrasonic motion of the
tool remains in contact with the wire as it plastically deforms/yields to
the applied energy. A weld results from this intimate contact between the
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Figure 8-54. Wedge-Bonding Steps to Complete One Cycle. 1. The wedge de-
scends at high velocity (not shown) and makes transition to contact velocity at TIP. The
wire clamps are closed to assure the wire does not move under the tool. 2. The first bond
is formed by application of bond force and ultrasonic energy. 3. The clamps are opened
and the wedge ascends vertically, then it moves horizontally to a position over the second
bond site. 4. The clamps are closed again and high-speed motions move the wedge
downward until it reaches the TIP distance above the package. 5. The second bond is
formed. 6. Articulated clamps move away from the wedge to break the wire at the back
radius of the tool. 7. The wedge ascends from second bond (not shown) while the clamps
push the wire through the wedge feed hole to provide the wire for the next bond cycle.

wire and the surface in less than 25 ms. The ultrasonic energy aids in the
wire deformation and the breakup of the hard aluminum oxide on the
surface of the bond pad.

Although other wires can be used, aluminum appears best suited for
the U/S technique due to the thin, naturally occurring aluminum oxide
layer on its surface. The ultrasonic movement of this abrasive material
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Figure 8-55. Aluminum Wedge Bonds. Left: Typical first bond with tail; right:
Typical second bond.

removes surface contaminants/oxides on the mating surfaces to expose
pure metal for the joining process.

In 1978, Winchell and Berg published their findings on ultrasonic
bond development [124] that is still a definitive paper for ultrasonic
wirebonding. Briefly summarized, they conclude that an ultrasonic bond
occurs from the material flow associated with several static and dynamic
forces applied by the wedge-bonding machine.

First, the aluminum wire is softened and plastic deformation occurs
when ultrasonic energy is applied horizontally by the bonding wedge. It
is interesting to note that ultrasonic energy needed for the elongation of
aluminum is about 100 times less than the heat energy required for the
same result [125]. In fact, no external heat is required, nor is a large
amount generated internally by the movement of plane dislocations.

Experimental studies show that the temperature at the bond interface
only reaches 70—-80°C, which is too low for the bond to support a thermal-
diffusion process. The softened wire is then deformed by the downward
force of the bonding wedge. Although some surface oxides may be re-
moved by this initial plastic flow of the wire over the substrate surface,
intimate contact (and the resultant bonding) do not occur. The amount of
deformation, or bond squash, is a result of this first stage.

As the bonder’s vertical force and stress is distributed over the
expanding wire surface, it decreases with time and distance from the
center of the wire (Fig. 8-56). The vertical stress in the center is higher
than the horizontal stress applied by the ultrasonic energy. Therefore, no
wave formation is seen in this region.

Near the periphery of the wire, the horizontal stress applied by the
wedge is greater than the downward stress, so wave motions are observed
in this area (Fig. 8-57). This explanation coincides with the actual ultra-
sonic bond region observed as an ellipse with a central, unbonded area
(Fig. 8-58) and refutes the theory of bonding by friction or a sliding
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Figure 8-56. Vertical Stresses During Wedge Bond Formation. (a) For constant
machine load; vertical stress decreases with time because of increased contact area; (b)
magnitude of vertical stress also decreases with distance from bond center. (From Ref. 124.)

model. (Both of these cases predict preferential bonding at the center of
the wire.)

The peripheral material that is subjected to the wave motion generates
a strong cleansing action and pressure at the substrate. If aluminum wire
is bonded directly onto a hard material like silicon, the wave motion is
great enough to permanently deform the surface into ridges and troughs
that are perpendicular to the direction of the applied energy of the wedge.
The depth and distance between these features is directly related to the
amount of power applied to the wedge. Along the sides of these valleys,
two atomically clean surfaces are brought into intimate contact. Both the
wire and substrate have surface atoms that are free to interact. Therefore,
high-strength atomic bonding takes place to satisfy the atoms of both
surfaces. The result is a continuous, metal lattice structure in these areas,
which is equivalent to a single homogeneous material.

8.4.2.2 Thermosonic Welding

This method of welding is most often used with gold or copper wire.
Although the technique uses the same ultrasonic energy application, there
are two notable differences between this process and the U/S process—
the need for an external heat source, and wire material without an abrasive
oxide surface layer. Because gold and copper will not form an acceptable
weld at room temperature in a reasonable amount of time, heat is applied
to provide the activation energy levels to the materials so there is an
effective joining and intermetallic diffusion. Typical bonding temperatures
range from 150 to 200°C, with bonding times from 5 to 20 ms.
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Figure 8-57. Vertical/Horizontal Stresses Causing Peripheral Bonding. Hori-
zontal stress, Sy which produces wave form deformation is imposed upon Sy. Bonding
occurs from X, to X with obvious grooving between X and X,. With time, bond zone
moves toward center, and previously bonded material is destroyed. Note that the Sg curve
is drawn to conceptually illustrate points of model. (a) Greater machine load results in
larger undeformed central area; (b) increasing power widens wave affected region. (From
Ref. 124.)

Downward programmed forces for ball bonds are well under 100 g.
This low force means that the capillary tool’s vertical motion will “stall”
and the bond squash will reach an equilibrium state before it is totally
flattened. The partially deformed ball is now ready for the welding process,
because it is physically wetted to the aluminum bond pad.

Several variables control the actual diffusion of two metals into each
other. The diffusion rate is affected by the amount of energy applied
through heat, ultrasonic energy, and time. It is also affected by the purity
(concentration) of the two materials being welded. Therefore, the bond
strength/depth is the sum of the combined energies applied for a given
time. This means that a large number of parameter combinations can
create an equally strong bond. Ultrasonic energy is most critical because
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Figure 8-58. Peripheral Wedge Bonding Pattern. (a) Bond configuration for applied
two-force model; ultrasonic energy applied to the wedge produces horizontal (vibrational)
stress along the wire while the machine load acts vertically. (b) Bond pattern on substrate
is characterized by rough peripheral region at distance X from the bond center. (From

Ref. 124.)

it reduces the gold’s yield strength [126] by increasing the mobility and
density of lattice dislocations. This plastic flow begins when ultrasonic
energy is applied to sweep away the brittle oxide layer on the aluminum
bond pad to expose a clean metal surface (Fig. 8-59).

With incomplete lattice structures at the newly exposed surface of
each metal, a migration of atoms begins from one material to the other.
These diffused atoms form bonds with their neighbors’ shared outer shells.
As temperature and ultrasonic energy are applied over time, additional
interdiffusion results.

8.4.2.3 Thermocompression Welding

Although this technique was one of the original methods for the
manufacture of semiconductor packages, it is only used for a few specialty

Slip lines
Gold ball Gold ball
Surface':.: DO
. - 'contaminants i S Clean surface
Alummum bondmg pad Alumlnum bondmg pad
Before bonding After bondmg

Figure 8-59. Gold Ball Slip Planes Form Clean Surfaces. Ultrasonic energy
applied to the gold material causes slip-plane mobility which exposes clean Au and Al
material that are in intimate contact with each other. (From Ref. 127.)
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applications today. It utilizes only two energy sources: heat and a high
downward force (compression) to form the weld. Today the process gener-
ally requires temperatures ranging from 280° to 380°C and is much slower
than T/S bonding. The time required to make a T/C bond can approach
1 s. In most cases, the extremes of heat and time for this process make
it less attractive to manufacturing engineers.

8.4.3 Wirebonding History

Wirebonding was the earliest technique for device assembly. Bell
Laboratories published their first wirebonding results in 1957 on a tech-
nique called “thermocompression bonding” and began contacting equip-
ment manufacturers to provide production machines. After developing
several types of laboratory apparatus, Kulicke and Soffa Industries pro-
duced the first commercial bonding machines in 1963 for the infant semi-
conductor industry. With machine availability, the wirebonding technique
became generally applied. By 1970, U/S bonding and T/S bonding tech-
niques were introduced which reduced bonding temperatures.

The early machines were extremely labor-intensive, with all the
positioning and motions applied manually. The machine operator con-
trolled the entire process by moving levers that scaled down gross hand
motions through micromanipulators. This made bond placement on the
small bond pads a learned skill that varied greatly among operators. Loop
shapes were also completely dependent on the dexterity of the operator.

The T/C bonding process became the preferred method for assem-
bling commercial-grade parts. Aluminum wedge bonding provided a
“monometal” connection on the bond pads of military-grade devices. As
cam-driven, semiautomatic equipment was introduced to the marketplace,
the T/C gold-ball bonder became the favored machine for two reasons:
(1) the process was faster, as it did not require device rotation like the
wedge bonder and (2) the gold wire could be encapsulated in nonhermetic,
plastic encapsulants and not be susceptible to moisture corrosion like its
aluminum counterpart.

However, the early bonding process was not without problems. Prior
to the invention of the electronic flame-off, ball formation was accom-
plished by heat application with a hydrogen torch. This method did not
provide sufficient ball size consistency and often caused damage to the
wire just above the ball. In fact, a partial melting of the area above the
ball was considered normal. It was called the “necked down” or simply
“neck” area (a term used by many assembly engineers today, even though
the “neck” phenomenon has long since disappeared from the normal
process). Using today’s highly controlled EFOs (electronic flame-off) it
is possible to form consistent balls without visibly distorting this region.

The most serious problem associated with the early bonding process
was metallurgical weld failure that led to device reliability problems. In
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the early 1960s, it was common practice to wirebond at 350°C because
the high temperature provided the activation energy for interdiffusion
gold wire and aluminum bond pads. When this occurs, five intermetallic
alloys form between the pure gold and aluminum areas [126]. Some of
them are quite brittle and prone to failure during temperature cycling.
One of these brittle compounds, Au—Al, is purple in color. Its distinctive
presence at failed bond locations soon led to the term “purple plague.”

If the formation of the purple Au—Al, was not bad enough, a second
failure mechanism was found to be associated with these compounds. At
the high temperatures used for epoxy curing, ceramic lid sealing, and
stabilization baking, the Au continues to rapidly diffuse into the Au-rich
compounds like AusAl,, leaving voids at the boundary between these two
regions, known as Kirkendall voids [126]. The same condition occurs
where the Al rapidly diffuses into the Al-rich AuAl,, leaving Kirkendall
voids at their shared boundary. In extreme cases, the voids grew/coalesced
into planes of weakness which could easily fracture, resulting in open
circuits or lifted ball bonds.

These reliability problems were so serious that minor process changes
could not be considered. To solve these problems, engineers considered
alternative connection methods such as flip-chip solder bumps, beam
leads, and TAB, and a new wirebonding process. In 1970, U/S energy
was introduced, which reduced the heat input to 200°C. This enabled
interdiffusion without a high rate of brittle phase formations. Since the
advent of T/S bonding equipment, the earlier problems are easily avoided.
In fact, most packaging engineers have never actually seen purple interme-
tallic or Kirkendall voiding outside of a historical reference. It is perhaps
ironic that the wirebonding process began with such basic problems and
has evolved to such excellent yield and reliability levels.

Today, most reliability problems are eliminated with properly con-
trolled and much improved tools and processes. Several generations of
servo controllers have long since replaced hand-manipulated mechanisms
to apply the bonding force. Free-running oscillators for the ultrasonic
energy changed to phase-locked-loop circuitry and, later, microprocessor-
controlled frequency, voltage, current, and time.

As mentioned previously, EFO circuitry now produces a completely
repeatable ball formation process. This precise control of the bonding
parameters has also been matched by the purity of materials for wirebond-
ing. Wire and plating alloys are now specified accurately. Wire mechanical
properties are now highly reproducible between lots through automated
manufacturing and tight process control of the wire chemistry and heat
treatment/annealing. The same servo control technology utilized in the
wirebonding equipment is also used in the final grinding/polishing opera-
tions for the manufacturing of bonding tools (capillaries and wedges),
which were manually produced in the past.

Today’s packaging engineers can select application-specific tools
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and wire to meet the requirements unique to their package design. These
products can be repeatably manufactured as a result of three decades of
controlling and understanding each manufacturing process.

8.4.4 Wire-Bond Applications

It is beyond the scope of this section to list all current wirebonded
packages. An acronym dictionary, with annual updates, is required to
keep abreast of the package explosion.

Since the mid-eighties, the “end of wirebonded packages” has been
predicted to be imminent. Each new package type has presented challenges
that initially appeared too difficult for the current wirebonding capabilities.
Yet equipment advances meet these challenges and provide the required
capabilities. The semiconductor industry is strongly motivated to continue
investing time and energy into an ever-evolving wirebonding technology
because of its much improved reliability and historically successful
track record.

One such application challenge was reducing package thickness.
Portable, hand-held electronics require packages less than 1 mm thick.
This translates to loop heights less than 150 um above the chip (Fig.
8-60). Low, consistent loops (Fig. 8-61) with less than a 40-um, 6-sigma

Figure 8-60. Low-Loop Process. Example of very low loops without evidence of
stress damage to the wire above the ball bonds. Loop heights shown are 96 pm (top of
wire to the chip surface). (Courtesy of K&S.)
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Figure 8-61. Low-Loop Process Consistency. These low loops are 114 um above
the chip surface and illustrate 5-mm lengths. (Courtesy of K&S.)

range, are achieved using high-resolution, coordinated servo systems that
control the capillary’s three-dimensional trajectory from first to second
bond. Because an error of a few microns in the actual tool path could
either buckle or break wires (Fig. 8-62), real-time microprocessor control
for each servo loop is critical.

In addition to reducing thickness, the market demanded smaller
package lengths and widths, made possible by advances in wafer process-
ing, through continuous shrinking of device features and lead-frame etch-
ing improvements. The term “fine pitch” has become an ever-decreasing,
moving target. Even with machine accuracy/repeatability made possible
by new vision systems and advanced servo systems that deliver the wire
to its intended position, two other factors needed improvement: process
control and bonding tool design. Each step of the bond formation process
that was responsible for the finished bond size needed to be improved.
These included optimizing tail length, EFO voltage, current, time, U/S
power, and bonding force for more consistent bond squash.

However, the largest factor in achieving fine-pitch goals was the
accurate manufacturing of reduced-diameter bonding tools. Bottleneck
capillaries and side-relieved wedges were needed to ensure bonding that
did not touch the previous wire loop (Fig. 8-63). To illustrate the progress
of fine-pitch bonding from 1990 to 1995, the possible bonding pitch
(measured from center to center) moved from 150 um to 90 um for
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Figure 8-62. Prescribed Tool Trajectory for Loop Consistency. Looping incon-
sistencies may be caused by small servo lead/lag errors which are translated into irregular
wire shapes. Simultaneous coordination of three axes with real-time feedback is critical.

ball bonding and 75 um for wedge bonding. Several chip manufacturers
designed staggered bond pads in two rows with staggered lead-frame
fingers or two-tier ceramic packages, which produced effective pitches
of 45 and 37 um microns for ball and wedge bonds, respectively (Fig.
8-64). Both process development and refined tool designs continue to
provide engineering solutions for fine-pitch applications (Fig. 8-65).

Figure 8-63. Bottleneck Capillary and Side Relief Wedge. Examples of fine-pitch
tools that allow close proximity bonding to a previously bonded wire without interference.
The capillary shown is called a bottleneck. It has 360 degrees of relief because ball
bonding may be omnidirectional. Only the sides of the wedge are cut away for its
unidirectional process. (Courtesy of Micro-Swiss.)
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Figure 8-64. Staggered Bonds to Reduce Effective Pitch. Shown is a test chip
with staggered ball bonds and two levels of loops to maintain a safe distance around each
wire. The effective pitch is one-half the pitch bonded on each row. (Courtesy of K&S.)

Although wirebonded packages traditionally have bond pads located
at the chip periphery, there are some applications that fall outside this
design guideline. Some loops are needed to traverse the die surface,
remaining parallel, then forming a bend and descending to the lead frame/
substrate. This bend near the die edge is particularly needed in thin
packages to avoid clearance problems between the edge of the die and

Figure 8-65. Fine-Pitch Ball and Wedge Bonding. Left: Shown is an example of
70-pum ball bonding (1998 SIA benchmark). Note the amount of bond squash compared
to the example shown in Figure 8-53 without pitch constraints. Right: This is an example
of 60-um wedge bonding. High-frequency ultrasonics produces these bonds with minimal
squash out. An added benefit is the increased thickness which contributes to a larger
cross-sectional area of material at the heel of the bonds. (Courtesy of K&S.)
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the wire. Special tool trajectories have been developed to place a calculated
angle bend into the wire and lower the preformed wire to its final position
without distortion (Fig. 8-66).

Although extra motions require additional time to form this type of
loop shape, the benefits of bonding interior bond pads and providing a
stiff wire that resists mold sweep (wire movement when viscous liquid
plastic encapsulant flows over it) far outweigh the extra time penalty of
a few milliseconds per wire.

Another application for the wire loop with a second bend at the die
edge is close proximity “down bonding” (Fig. 8-67). This connection is
used by MCM package designs as well as ICs with connections from the
die to the ground plane to which it is mounted. Once again, this application
requires proper clearance between the wire and die edge to eliminate the
possibility of an electrical short circuit.

Most ball-bonded applications place the second bond at (or below)
the first bond level for the best loop shape. Normally, second bonds
located in a plane higher than the first bond are reserved for wedge
bonding. However, there is one notable exception called lead-on-chip
(LOC). In this application, the lead frame is mounted to the top of the

Figure 8-66. Low Loops Preformed Before Attachment. Low loops shown in this
photo are 150 pm (from the top of the wire to the chip surface). The bends above the
ball and beyond the die edge provide proper wire clearance and the second bend adds
stiffness to resist wire movement during encapsulation. Bend angles are calculated for
each wire and preformed before attachment of the crescent bond.
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Figure 8-67. Ground Bonds: Close Proximity. Using wire preform techniques simi-
lar to loops shown in Figure 8-66, these wires have second bonds placed 330 um from
the base of the chip. (Courtesy of K&S.)

die using double-sided adhesive polyimide tape to electrically isolate the
metal frame from the die. In addition to a unique looping situation, the
U/S energy can be attenuated/absorbed by the tape, forming a challenge
to achieve a reliable second bond. This application could be accomplished
by understanding the previously discussed bonding dynamics and the
variables responsible for a reliable weld. Therefore, U/S power was de-
emphasized while providing activation energy in the form of kinetic force.

8.4.5 Materials
8.4.5.1 Bonding Wires

Wirebonding materials have been reviewed by Gehman [128]. It is
customary to specify the mechanical properties of bonding wire by setting
acceptable ranges for the break strength (BS) and elongation (EL). Tensile
properties are determined from a standard stress-strain curve (Fig. 8-68).

8.4.5.2 Aluminum Wire with 1% Silicon

During the early attempts to manufacture fine aluminum wire (less
than 50 wm) it was seen that pure aluminum was difficult to draw through
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the decreasing die sets that produced the wire. It was equally difficult to
handle the wire in a bonding machine, so alloying was required to produce
a tougher wire material. Combining aluminum with silicon was a “safe”
choice because it would not introduce foreign elements into the package,
and the AlSi alloy was well established in commercial practice. Today’s
wire alloy (AlSi 1%) became the standard composition in the early sixties
and remains today.

In retrospect, from a metallurgical standpoint, 1% Si as a solute in
Al for U/S bonding wire was an unfortunate choice. The equilibrium
solid-state solubility of Si in Al at 20° is of the order of 0.02% by weight.
Only at temperatures above 500°C is Si at 1% in equilibrium solid solution.
Thus, at ordinary bonding temperatures, there is always a tendency for
Si to precipitate, forming a silicon second phase. When uncontrolled,
excessive Si segregation may degrade wirebondability or bond integrity.

8.4.5.3 Aluminum-Magnesium Wire

Aluminum-magnesium alloyed with 0.5% to 1% Mg can also be
drawn into fine wire. The finished product exhibits breaking strength and
elongation similar to that obtained in AlSi 1%. This alloy wirebonds
satisfactorily and is superior to AlSi 1% in resistance to fatigue failure
at first-bond heels and to break-strength degradation after exposure to
elevated temperatures. An early hypothesis that device field failures were
due to the presence of Mg in the wire alloy has been conclusively dis-
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proven. In comparable production volumes, AIMg wire should be no more
expensive than AlSi 1%.

The advantage of Mg over Si as a solute in Al wire alloys is that
the equilibrium solid solubility of Mg in Al is about 2% by weight. This
compares, as noted previously, with about 0.02% Si equilibrium solid
solubility in Al at 20°C. At 0.5% to 1.0% Mg concentration, there is no
tendency toward second-phase segregation, as is the case with AlSi 1%.

8.4.5.4 Gold Bonding Wire

There are several parameters that must be precisely controlled to
provide acceptable gold wire for high-speed wirebonding. First, the surface
cleanliness must be highly controlled. This is a difficult task, as the entire
surface must be well lubricated during the drawing operation in order to
maintain a good surface finish and draw through the final (25-pm-diameter)
diamond die set. If the lubricant is not removed, it contaminates the
capillary tip during the EFO firing by deposition of the ionized material
and it can also clog the feed hole as it is fed through at high velocity.
Second, it reduces the area of exposed clean metal during bonding, as
this thin film prohibits the joining of the two clean materials from join-
ing/welding.

Once the wire manufacturer has produced clean wire, it must be
wound on a spool with precise tension: too little causes bunching/overlap-
ping and despooling problems, and too much results in the gold bonding
to itself, making despooling difficult.

Mechanical wire properties are determined by two parameters: wire
chemistry and heat treatment. Like aluminum, very pure gold (99.99%,
called four 9°s) is very soft and difficult to draw into fine diameters. Small
concentrations of impurity atoms (dopants) make the gold workable.

Several foreign elements may be added to the pure gold to toughen
it; Be and Ca are commonly used, with the latter used exclusively by
Japan. The levels of the dopants varies from one manufacturer to another,
but typical levels of Be are 5-10 ppm by weight.

Other dopants are used in the manufacture of specialty wires for
certain applications. For example, Pd is often used in “bumping wire,”
which forms a gold ball on the chip pad (Fig. 8-69). The wire is then
intentionally broken above the ball to provide a gold bump for the bonding
of a TAB lead. The Pd dopant raises the recrystallization temperature of
the material so that the fully annealed area above the ball resulting from
the EFO heat applied to that area, called the heat-affected zone (HAZ),
is extremely short (Fig. 8-70). Conversely, other dopants, such as La,
lower the recrystallization temperature, creating a very long HAZ. This
wire can be used for specific loop-height applications by providing a
naturally bending area without wirebonder motions creating kinks in the
wire to achieve the required loop height/shape.
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Figure 8-69. Wire-Bonded Wafer Bumps. Righs: Ball bonds exhibiting short tail
broken within the small HAZ created with Pd dopant. Left: Bonds that are coined, using
a secondary operation to flatten the tail feature. (Courtesy of K&S.)
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Figure 8-70. Heat-Affected Zone. Heat energy from the ball formation process is
conducted along the wire length which recrystallizes/anneals the affected region. The
recrystallization temperature of the material is controlled by the type of dopants added,
which determines the length of this “zone.”
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Finally, heat treatment of the cold-worked wire is necessary to adjust
the temper because the as-drawn properties are too stiff/brittle to withstand
the movements of an automatic wirebonder and the rigors of the molding/
encapsulation process. Annealing the material, combined with the proper
dopants, produces fine gold bonding wire that is soft enough to be shaped
into loops, yet stiff enough to hold its shape after forming.

8.4.5.5 Gold Wire Substitutes

Reducing packaging costs has often led designers to investigate
replacing expensive gold material with less expensive ones. Many materi-
als were able to be drawn into fine wire diameters and balls were success-
fully produced but only two (aluminum and copper) generated real interest
over the last two decades. While both materials required changes to the
flame retardant contents of the plastic encapsulant, aluminum was soon
discarded because of ball porosity. The amount of this porosity could not
be reliably predicted. Copper remains the major viable alternative to gold
for certain applications such as power devices, but it has been slow to
gain popularity due to reliability fears associated with oxides trapped at
second bond and corrosion issues in a non-hermetic package, (even though
its electrical/thermal conductivity, tensile strength, and price are superior
to gold).

8.4.5.6 Die Attach Materials

Shukla [129] has reviewed die-bonding materials. The die-bonding
process includes a large choice of materials, which may be broadly classi-
fied into the three categories described below.

8.4.5.6.1 Solders

These include single, binary, and ternary metallic compositions and
may be further classified into two subgroups: hard and soft solders. Hard
solders have rather high flow stresses (onset of plastic flow), offering
excellent fatigue and creep resistance. The disadvantage of using hard
solders stems primarily from their lack of plastic flow, which leads to
high stresses in the silicon chip because of the thermal-expansion mismatch
between the die and the substrate. Soft solders, on the other hand, are
low-melting binaries and ternaries which have a high degree of plastic
strain capability.

8.4.5.6.2 Organic Adhesives

Epoxies and polyimides filled with precious metals have found wide-
spread acceptance as die bond materials in low-cost packaging (plastic
packages). They offer the advantage of lowest processing temperatures
and lower cost compared to the gold-based hard solders.
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Numerous articles have claimed that organic adhesives lower thermal
stresses in silicon. These adhesives are typically filled with a metal to
provide the thermal and electrical conductivity required in most applica-
tions (silver being the most common filler). However, the use of organic
adhesives in high-reliability packages (hermetically sealed) has been slow
in acceptance because of their poor thermal stability, especially when
filled with silver. Poor thermal stability, coupled with the outgassing of
entrapped solvents and other gaseous species, remains a challenge in the
application of these materials to high-reliability VLSI applications.

Curing epoxy requires oven baking for several hours, adding signifi-
cant processing time to the assembly cycle rate. If copper leadframes are
used, the oven must be filled with oxygen-free gas and coverage must
continue until the oven is cooled to ambient temperature, lengthing the
process even further. A considerable amount of research in epoxy chemis-
try resulted in fast-cure or snap-cure epoxies, capable of curing in a few
minutes or less. Curing may be performed in a flow-through oven con-
nected to the wirebonder, greatly reducing total product cycle time.

8.4.5.6.3 Glass Adhesives

Silver-filled specialty glass materials have emerged in the past few
years as an alternative for VLSI die bond applications. These materials
offer the possibility of a void-free, die bond interface with excellent
thermal stability. However, the currently available materials require high
processing temperatures (400°C) and oxidizing ambients for optimum
adhesion, creating some special processing concerns. In addition, the glass
die bond materials also need solvents and binders for processing purposes,
leading to the problem of complete solvent removal (similar to the case
of organic adhesives).

8.4.5.7 Bonding Tools: Capillaries and Wedges

The microscopic features of these replaceable tools are responsible
for a significant part of the bonding process. The final shape of the ball/
crescent and wedge bonds are a direct imprint of the tool itself. Consistent
loop shapes cannot be attained without correct feed hole dimensions,
leading-edge funnel shape, surface finish, and cleanliness.

A tool expert should always be consulted to select the correct combi-
nation of features for a particular application. Even then, it may be neces-
sary to create a designed experiment to select a final choice from sev-
eral candidates.

When tools were made using manual grinding techniques, there was
a significant variation between tools. A bonding process could run out of
its control limits simply by exchanging a worn tool for a fresh one. The
advent of computer-controlled, micromachining centers now produces



8.4 WIREBONDING 11-209

tools that can be assumed to have dimensions without variance from one
to another.

The most common materials for capillaries and wedges are alumina
ceramic and tungsten carbide, respectively, with both materials originating
as a sintered powder. Alternative materials such as glass, ruby, and titanium
carbide are sometimes used for unique applications. Research continues
to find better material for fine-pitch requirements.

Defining tool life is usually at the discretion of each semiconductor
manufacturer. Depending on the number of wires bonded, some high-
production facilities change tools at the end of every shift, whereas others
are able to last four to five working shifts using slower bonding equipment.
All facilities generally agree that the tool is considered a consumable and
should be replaced on a regularly scheduled basis before marginal bonds
are created, or the tool breaks.

8.4.6 Process Automation

Since the mid-seventies, process engineers and production manage-
ment for packaging have continually demanded higher levels of automation
and process control for wirebonding. It is desirable to remove human
handling of packages to improve both quality and throughput. Observa-
tions of factory production activities reveal that wirebonding defects are
not randomly distributed throughout the production shift but occur most
often in “clusters” surrounding operator intervention that interrupts the
machine’s automatic operation. This machine assist is typically required
when defective/contaminated material prevents formation of a proper bond
or causes the transfer handling system to jam.

Although wirebonder operators have always been restrained from
changing bonding parameters beyond specified limits, some parameter
adjustment has always been tolerated to adapt bonding energy to slight
material differences from lot to lot. Machine designers have continually
upgraded hardware and software in the areas of bonding ultrasonics and
force application, as well as the wire feed system to reduce/eliminate the
amount of human adjustment by closing system control loops to create
self-monitoring and adjusting systems.

Host computer control for the entire wirebond manufacturing cell
has been possible for a number of years, but it was not feasible until the
mid-nineties because there was too much variation between machines.
This prohibited downloading of a common parameter set and achieving
identical bonding results. Individual machine calibration techniques and
closed-loop systems now make downloading of host parameters and
uploading of system states a reality that actually provides new levels of
bonding/looping quality.

Further process automation includes the linking of pre/postwirebond-
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ing processes to eliminate human handling between assembly steps and to
further reduce assembly cycle time. This has been achieved by physically
linking epoxy cure ovens and die bonders (Fig. 8-71) to the wirebonder
for some chip manufacturers, whereas others have provided a variety of
robots to shuttle material on—off machine docking stations.

8.4.7 Process Choice Decisions/Guidelines

This section will provide basic guidelines for selecting a wirebonding
process for various packages. There are many devices that do not fit into
standard categories, so packaging engineers/designers should consult with
a wirebonder manufacturer to avoid designing a package that does not
allow a robust assembly process to be used.

8.4.7.1 Wire Type

The advantages of aluminum wire are that it provides the highest
reliability bond to the aluminum metallization on the chip, and it forms
a monometallic bond at room temperature. It has two disadvantages: low
resistance to corrosion in the presence of moisture and it does not form
consistent, nonporous balls when melted. This means aluminum wire is
only suitable for wedge bonding (normally in high-end hermetic packages).
It cannot be used in molded plastic packages because of its susceptibility
to corrosion, which will cause reliability problems.

Figure 8-71. Flex-Line System. Die attach (not shown), cure oven, and wirebonders
linked in-line reduce floorspace, work-in-process, and handling induced yield issues.
(Courtesy of K&S.)
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Although gold wire is more expensive than aluminum, it remains
unharmed by moisture, making it the best choice for a plastic package.
Its two biggest disadvantages are cost and 200°C bonding temperature.
Gold is equally suited for ball- or wedge-bonding processes.

8.4.7.2 Ball-Bonding Guidelines

Because bonding equipment, capillaries, wire, devices, die attach,
and lead frames are all changing constantly, it is impossible to set down
exact guidelines for any process. However, a few basics about ball bonding
are worth noting.

Bond pad size on the chip is dictated by the area needed for the
bond itself. The smallest bond size is a function of the unbonded ball
size, the diameter of the wire, and the bore size of the capillary. A ball
must be formed by the EFO that is large enough so that it is not extruded
up the bore as bonding pressure is applied. Therefore, these three factors
must be optimized before a minimum bond size can be defined. The
amount of pad real estate surrounding the bond allotted to accuracy/
repeatability of the bonder will continue to shrink as new generations of
machines are developed. The equipment supplier should be contacted for
the latest performance specifications.

The main factor dictating bond pad pitch is the outside dimensions
of the capillary, with the system accuracy/repeatability being statistical
error terms that must be considered when calculating the minimum space
between adjacent pads. This space is required to prevent a collision be-
tween the capillary and the wires previously bonded. Actual minimum
pitches that can be achieved change annually and generally follow the
SIA roadmap. Detailed models are available to perform the actual calcula-
tions if in doubt about a particular application.

It is somewhat ironic that silicon shrinkage and fine pitch at the first
bond has significantly increased the wire lengths within the package. The
reason is lead-frame pitch. The technology for stamping and etching lead
frames cannot match the fine geometry possible on the chip. An increasing
number of package I/Os means a larger radius around the die. Wire lengths
have increased from 1 mm to 5 mm with foreseeable need for 7-mm
lengths. Figure 8-72 shows the wire lengths that result from various pad
and lead-frame pitches.

Wire lengths greater than 4 mm present a number of assembly
challenges. The bonder must suspend the length of wire between the die
and lead frame without vertical sagging or horizontal swaying. This is
particularly important as device signal speeds are increased and electrical
performance of the device is dependent on the shape of the loop and
distance between wires.

The lead frame should be designed so that the wire loop is routed
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Figure 8-72. Package Wire Lengths. Example of resultant wire lengths for a radially
wired package with a 4.5-mil bond pad pitch and various second-bond pitches. (From
Ref. 130.)

over the tip of each lead finger. If the wire path is over the side of the
finger, it will have a tendency to “roll” further to the side, inducing sway
in the loop. This is more likely to happen if the angle between the wire
and the finger is greater than 20 degrees.

The top surface of the lead finger is often wider than the bottom
side. If the capillary must be targeted off the exact center of the finger,
to keep the loop within its correct path/corridor, the delicate finger can
often twist or roll. If this happens, neither the bond force or ultrasonic
power will be transmitted correctly and a substandard weld can result.

The size and shape of the crescent bond are directly related to the
diameter of the wire and the geometry of the capillary. This is a very
important consideration when reducing capillary dimensions for fine-pitch
considerations. Although it may be tempting to use a small capillary for
first-bond pitch, adequate face dimensions must be provided in order to
produce a crescent bond with minimum welded area.

8.4.7.3 Wedge-Bonding Guidelines

Advances in ultrasonic systems have made it possible to produce a
high-strength wedge bond that is only 2—-3 pm wider than the wire diame-
ter. Therefore, the minimum width of the chip bond pads is largely dictated
by the wire diameter (plus the necessary pad real estate for system inaccu-
racies). However, the pad layout is not nearly as straightforward as ball
bonding. First, the pad length must support the long dimension of the
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bond (usually two to three times the wire diameter) as well as the tail
protruding from the first bond. Next, the pad’s long axis should be oriented
along the intended wire path.

Generally, packages can be designed with either orthogonal wires
or radial wires. Pad pitch for orthogonal wires is mainly governed by the
wedge’s outer geometry, with consideration given to the bonding system’s
statistical error. Radial wiring will have the same pitch as orthogonal
wiring at the center of each side of the chip. As the pad locations approach
the corners of the chip, the bond pads must be rotated at an angle so that
it is aligned with the wire path. Furthermore, the pitch must be increased
to maintain consistent distances between wires.

Up-bonding, where the second-bond location is located above the
chip plane, is easily achieved with the wedge bonder while it is more
difficult with ball bonding. The bonding tool movement through three-
dimensional space will actually contact and “curl” the bottom side of the
wire to provide extremely consistent loop heights with this process, even
at wire lengths of 4 mm.

Second bonds are typically located on a ceramic substrate with either
embedded lead-frame fingers or printed/fired metal paste. Bonds can be
easily located in the center of these locations, but specialized vision/
lighting systems must be developed to accommodate certain low-contrast
packages. The most important application issue with second-bond location
is the position of the bonder’s wire clamps to the rear of the wedge. Many
packages have a lip or wall surrounding the second-bond locations for
the attachment of the hermetic lid. Horizontal and vertical clearance must
be provided to prevent interference with the wire clamps’ operation during
second-bond formation. Consult the equipment specifications for the mini-
mum distances required for various machine/wire path configurations.

8.4.8 Evaluating/Optimizing the Process

This section divides wirebonding evaluation into two groups: engi-
neering methods and production tools. Some engineering methods are
sometimes used for production purposes, depending on a need/situation
that may arise from previous experiences with a particular package or
device. Additionally, each group may be further divided into visual and
mechanical techniques for wirebond evaluation.

8.4.8.1 Engineering Evaluation Methods (Visual)

1. A toolmaker’s microscope equipped with 0.1-um resolution mi-
crometers is used to accurately measure two-dimensional (X and Y) bond
features while a third micrometer mounted to the focus adjustment is used
for height (Z) measurements. When this instrument is connected to a data-
collection PC, it allows the engineer to measure statistically significant
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sample sizes quickly and is considered the standard visual tool for measur-
ing bond squash, height, concentricity, loop heights, and straightness. It
is also valuable for evaluating qualitative attributes such as cracks,
scratches, or surface finish while setting up or troubleshooting a wire-
bonder.

2. A scanning electron microscope (SEM) may also be used for
optimizing a process because it provides an infinite depth of field to the
observer so that features are seen clearly throughout the field-of-view.
Optional features include measurement at very high magnification, provid-
ing indisputable data for optimization experiments. Auger and beta-back-
scatter probes may be added to the SEM to answer questions about
contamination or elemental analysis.

3. The SEM also provides qualitative results for bond peel testing.
Tweezers are used to gently peel a crescent bond or wedge bond away
from the substrate to reveal the amount of wire material still bonded to
the surface (Fig. 8-73).

4. Bonds may also be chemically removed from the chip to gain
visual access to the underlying layers to look for cracks caused by the
bonding process. A toolmaker’s microscope fitted with Nomarski filters
is ideal for finding slip-plane dislocations or cracks. Chemicals such as
sodium hydroxide and aqua-regia are used to etch away the aluminum
and gold, respectively. Both reagents can be harmful and should be used
by an experienced technician.

Figure 8-73. Engineering Peel Test: Crescent Bond. Crescent bond shown partially
peeled away from the lead-frame finger. The beta-backscatter mode on the SEM may be
used to evaluate location of Au material still bonded to a Ag substrate.
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5. Perhaps the most tedious visual method is a cross-section inspec-
tion. The device is first encapsulated and placed on grinding/polishing
wheels to remove one half of the bond. A light etch following the polishing
reveals the amount of thickness of intermetallic between the bond and pad.

8.4.8.2 Engineering Evaluation Methods (Mechanical)

1. Mid-span pull testing is a traditional test for bond evaluation.
Unfortunately, the results are more dependent on the wire length and
height than on the strength of the bonding. Normally, the wire breaks
near first bond, leaving both first and second bonds intact. However,
spreadsheet calculations using the traditional formulas, with some refine-
ments can now be used to select unique pull test target strengths for
each application [131]. This makes pull testing much more valuable than
previous specifications, where one target was used for all packages. Al-
though the test is relatively easy to perform, it provides the least amount
of usable data for the process engineer.

2. Shear testing ball and wedge bonds provides a very reasonable
approximation of the weld area between the wire and substrate. Harman
describes [132] this correlation as well as analyzing failure modes associ-
ated with the shear test, which is extremely important, yet rarely used.

3. A variation of the standard pull test involves placing the hook
as close to second bond as practical, for a particular device. This second-
bond pull test is quite useful to optimize bonding parameters for second
bonds. In both ball and wedge processes, the wire above the second bond
is not weakened, so pull strengths give an indication of second-bond weld
strength because the bonds often lift before the wire breaks. (Note: In
ball bonding, the EFO/ball formation recrystallizes and weakens the wire
above first bond. In wedge bonding, the heel of the first bond is weakened
by the smaller, back radius of the wedge, which is used to promote
consistent tail lengths when the wire is pulled/severed at second bond.)

8.4.8.3 Production Evaluation Methods

1. The 30-60x optical visual inspection method is the most common
technique used around the world. It is either performed on the wirebonder
itself, or after bonding at an station called “Third Op.” Although an
inspector can scan an entire package quickly, looking for missing bonds/
wires, bond placement, wire straightness, chip defects, and contamination,
it becomes tedious and inefficient, like all visual inspection methods. It
is also performed too late to provide real-time feedback to the wirebonder.

2. Wirebonder machine vision systems can now replace this manual
technique, performing the inspection while the device is still located in
the bonder itself, so real process feedback is possible. Using a pattern
recognition system and high-resolution camera/optics, this technique can
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perform sampling inspection of most visual attributes for the bonds and
wire loop, including actual variables measurements that are not part of a
typical third op visual.

3. The pull test has remained a mainstay of production testing, even
with the shortcomings listed above. Its value to the production line is to
highlight an out-of-control situation that may not be detected by the visual
inspection. Because of the destructive nature of the test, it is only performed
on a daily sampling basis for each machine.

4. Although shear testing is also destructive, it has a much higher
value for production. This test can provide meaningful trend data for each
bonder’s true weld strength.

S. Open/short and electrical testing after encapsulation provide the
final test method for wirebond yield, although traceability to the wire-
bonder must be maintained to make the data completely meaningful.

8.4.9 Wirebonding 2000: The Future

The Semiconductor Industry Association (SIA) has produced a na-
tional technology roadmap, updated every 2 years. Although it avoids
specifying any preferred technology solutions or specific agendas, it does
provide an accurate description of semiconductor advancements in the
technology requirements and performance of ICs. It is the marketing and
R&D departments of the equipment and consumables suppliers that must
keep their products aligned with this roadmap.

Bond pitch will continue to be driven smaller, with the goal stated
at 50 pwm for the years 2000-2010. This will be partially achieved through
continued capillary development, enhanced wire alloys, and “no wire
sweep” molding compounds. In addition, machine developments that elim-
inate operator “teach” error, inspection systems with high magnification
and positional feedback, and high-resolution servo systems will meet/
exceed the fine-pitch goals.

Ball-grid-array (BGA) packages will have continued growth and the
roadmap itemizes several wirebonding technology needs. The bond pad
pitch is somewhat less aggressive than other package types, but wire
interconnects will be greater than 600 per package. Faster bonding cycle
times and low-temperature gold wedge bonding (<170°C) must be devel-
oped for this package. If a strip format for BGAs is adopted for wirebond-
ing, a machine with a rotating head will be required. Otherwise, singulated
packages can still be handled by rotating the individual part and placing
into a boat/carrier.

Although many of the packaging needs listed for the future of wire-
bonding are difficult to achieve, perhaps the greatest challenge is the sheer
number of bonds that will need to be produced per square meter of
production floor space. The chip pad count (chip to package) increases
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more than any other package feature in the roadmap (Table 8-1). Com-
puter-aided design/bond parameter files will need to be downloaded into
the bonder to completely eliminate the huge programming functions asso-
ciated with teaching more than 300 wires (600 bond sites). Servo computer
systems in the bonder will have to execute calculations and drive each
electromechanical axis without interrupts/delays. Low-mass bond heads
are certainly required to achieve higher-velocity, accurate movements to
create the bonding and looping motions associated with large numbers
of wires per minute. It will ultimately be the top end speed of the bonder
of the future that will determine the life of this interconnect technology.

8.5 TAPE AUTOMATED BONDING
8.5.1 Introduction

The tape automated bonding (TAB) concept originated in the 1960s
as the “miniMod” project at General Electric Research Laboratories in
New York. The name is derived from the French term “Transfert Automa-
tique sur Bande” coined in 1971 by Gerard Dehaine at Bull-General
Electric in France (later known as CII Honeywell-Bull, and now as Bull
S.A.). In Japan, TAB is known as tape carrier packaging and a TAB
package is called a tape carrier package (TCP).

TAB was originally developed as a labor-saving, highly automatable
reel-to-reel “gang bonding” technique for packaging high-volume, low-
I/O devices at a much lower cost than wirebonding [133]. It is worth
repeating that in the 1960s and early 1970s, wirebonding equipment was
slow and operator dependent. The process itself was beset by reliability
problems, mostly related to operator inconsistencies, and metallurgical
failures due to brittle gold—aluminum intermetallics and corrosion from
ionic impurities in the molding compounds. So some companies looked
for better alternatives. The result was that IBM developed the “flip-chip”
process, Bell Telephone Laboratories (now known as Lucent Technolo-
gies) developed the “beam lead” process, and General Electric developed
the “miniMod” process. All three processes allowed the electrodes (bond
pads) on the chip to be connected simultaneously in one operation to the
next interconnection level. The beam lead process featured chips with
cantilevered gold beams plated onto the bonding pads at the wafer level
[4]. After chip separation from the wafer, all the beams on the chip were
gang bonded simultaneously to gold pads on the package or substrate
using heat and pressure. The miniMod process used a three-layer, etched,
35-mm tin-plated copper tape laminated to a sprocketed polyimide film
(similar to movie film). The inner bond “fingers” were simultaneously
gang bonded to gold bumps on the semiconductor chip using a reel-to-
reel assembly machine called the “inner lead bonder” (ILB). After inner
lead bonding, the chip was tested. Good chips were then excised (cut)
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from the tape, and the outer tips were “outer lead bonded” (OLB) to
electrodes on second-level substrates or cards.

Japan was quick to recognize the high-productivity potential of this
new technology and adopted the GE process in the 1970s for low-cost
consumer devices such as calculators and watches. Sharp Corporation
and Shindo Company Ltd. were the pioneers. Today, Sharp is the largest
user of TAB in Japan, and Shindo Company is the largest maker of TAB
tape. In Europe, Bull was the first to adopt the miniMod process for
computers in the seventies [134]. In the United States, most of the TAB
activities in the 1970s and early 1980s were focused on assembling bipolar
transistor—transistor logic (TTL) devices using single-layer or two-layer
tape by leading semiconductor makers such as Fairchild Semiconductor
(which merged with National Semiconductor in 1987), Motorola, National
Semiconductor, RCA, and Texas Instruments. 3M became the leading
supplier of two-layer tape in the seventies and eighties and still holds that
position today. Over the years, TAB activities in the United States have
been sporadic. At one time in the eighties, National Semiconductor was
the largest producer of TTL TAB devices in the world, with an annual
run rate of more than 400 million units. However, National and others
abandoned TTL TAB assembly in the late 1980s in favor of wirebonding
for cost reasons. Hewlett-Packard (HP) built calculators with TAB for a
few years in the eighties before switching to wirebonded packages. HP
also began using TAB for its inkjet printers in the eighties and is now
the largest volume user of TAB in the United States. ETA, a subsidiary
of Control Data Corporation used a unique TAB process with plated
solder bumps in its “all-TAB” supercomputer in the eighties. The TAB
parts were made by Honeywell. Around 1986, National developed a TAB
package called the “TapePak®” which used a single-layer bumped tape
and a unique molded ring with test pads and licensed it to Delco Electronics
which continues to make TapePaks today for automotive applications.
Digital Equipment Corporation (DEC) started a large TAB project for its
VAX® 9000 computer line in the eighties which led to a flurry of activity
by 3M, Olin Mesa, Rogers Corporation, and others to develop a two-
conductor tape. At about the same time, IBM licensed the 3M two-layer
tape process and set up a production line in Endicott, New York. After
DEC stopped using TAB in its VAX 9000 line a few years later, both
Olin Mesa and Rogers abandoned the TAB tape business. In the equipment
arena, Jade Corporation of the United States was an early leader of ILB
and OLB gang bonding equipment in the seventies and eighties but is
not active today. The same is true of Farco, a Swiss equipment company
which was prominent in the late seventies and eighties but left the business
in the early nineties.

As the I/O, speed, and performance requirements of ICs increased
in the eighties and nineties, TAB became more suited to applications in
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liquid crystal displays (LCDs), printheads, very-high-speed integrated
circuits (VHSIC), workstations, and high-end computers (see Fig. 8-74)
[135-137]. The users included Bull, Casio, Cray Research, Digital Equip-
ment Corporation (DEC), Fujitsu, Hitachi, HP, Matsushita, NEC, IBM-
Japan, Seiko-Epson, Siemens, Sharp, Sun Microsystems, TI-Japan, and
Toshiba.

Figure 8-75 shows a typical TAB process using bumped chips and
planar tape. After wafer bumping, the wafer is mounted on a dicing tape
and diced. The next step is inner lead bonding (ILB) in which the metallized
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Figure 8-74. TAB Technology Evolution. Tape, inner lead bonding (ILB), and outer
lead bonding (OLB).
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Figure 8-75. Typical TAB Fabrication Process

tape fingers are bonded to the bumps on the chip pads (see Fig. 8-76).
After ILB, the chip can be tested and/or encapsulated on one or both
sides. Figure 8-77 shows a schematic of the encapsulation step. Next, the
device can be singulated and placed in a “slide carrier” for testing and/
or burn-in prior to outer lead bonding (OLB), or it can be processed in
strips or reel. Prior to OLB, each device is excised from the tape, the
leads are “formed” if necessary, and aligned with the bonding pads on
the substrate or card. The OLB is usually a solder bond (see Fig. 8-78).
Board-mounting options include chip-up or chip-down (called “flip TAB”)
configurations.

There are many variations of TAB—both as a first-level interconnect
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Figure 8-76. TAB Inner Lead Bonding
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Figure 8-77. TAB Encapsulation. A single-orifice nozzle dispenses encapsulant on
the bonded chip.

and as a second-level package. These include: bumped tape (BTAB),
transferred bump tape (TBTAB), demountable TAB (DTAB), TapePak®,
Tape Quad Flat Pack, Mikropack, and Tape Ball-Grid Array (TBGA).
Sections 8.5.2 through 8.5.7 cover the various tape structures, bump-
ing methods, ILB and OLB processes, package options, and applications.
Electrical design, thermal design and reliability issues are covered in
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Figure 8-78. TAB Outer Lead Bonding. After the TAB package is excised from the
tape and placed on the substrate or board, it is normally solder bonded.
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Chapters 3, 4, and 5, respectively, and are not discussed separately in
this section.

8.5.2 TAB Tape

The TAB tape (also called “tape carrier” or “film carrier”) comes
in a variety of shapes, sizes, base materials, and surface finishes [138-147],
as shown in Table 8-4. It has three basic formats: one layer, two layer,
and three layer (see Fig. 8-79). Table 8-5 shows the process steps for the
fabrication of the three basic tape formats.

8.5.2.1 One-Layer Tape

One-layer tape is made of metal, typically copper, 35-70 um thick.
It can be etched or stamped and has flat (planar) lead tips or “bumped”
lead tips. Both plated and unplated single-layer tapes have been used in
the past. In addition to copper, aluminum, steel, alloy 42, and other
conductive materials can be used for the base metal.

In general, a device bonded to single-layer tape is not testable on
tape because all the leads are shorted together (except in the case of the
TapePak® design which has a special test ring). One-layer etched tape
does not need special punching tools for punching the sprocket holes and
personality window (also called “device hole”) because these are etched
at the same time as the leads. This makes one-layer tape the least expensive
of the three formats. It is therefore widely used in cost-sensitive, low-
lead-count applications such as watches, security tags, IC cards, blood
pressure monitors, and car radios.

8.5.2.2 Two-Layer Tape

Two-layer tape typically consists of a copper layer directly bonded
to polyimide dielectric film without an organic adhesive. The fabrication

Table 8-4. TAB Tape Options

1. Format One, two, or three layers

2. Conductors One, two, or more

3. Copper foil Rolled (as rolled or annealed); electrodeposited

4. Dielectric Polyimide, epoxy—glass, polyester, BT

5. Adhesive Modified epoxy, phenolic butyral, polyester, polyimide

6. Width (mm) Super 8, 8, 11, 16, 19, 24, 35, super 35, wide 35, 48, super 48, wide
48, 70, super 70, wide 70, 120, 140, 158

7. Surface structure Planar; bumped

oo

. Surface finish Tin, gold, nickel-gold, solder (tin~lead); selective plating
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Figure 8-79. Generic Types of TAB Tape

Table 8-5. TAB Tape Fabrication Steps

1-Layer 2-Layer
All Metal Additive Process

1. Slit metal foil 1. Deposit metal adhesion
layer/common electrode

2. Apply photoresist 2. Apply photoresist (2
sides)

3. Expose 3. Expose (2 sides)

4. Develop 4. Develop

5. Etch metal pattern 5. Pattern plate

6. Strip photoresist 6. Etch polymer

7. Clean 7. Strip photoresist

8. Surface plate 8. Etch common electrode

9. Clean
10. Surface plate

3-Layer
Subtractive Process

. Punch adhesive-coated

polymer

. Laminate metal foil

. Cure adhesive

. Apply photoresist

. Expose

. Develop

. Coat back side for lead

protection

. Etch metal

. Strip photoresist
. Clean

. Surface plate
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process can be either subtractive (called “two-layer thin” by 3M, the
leading two-layer TAB tape supplier in the world) or additive (called
“two-layer thick” by 3M). In the subtractive process, a thin (typically 12
pum) liquid polyimide film is cast (coated) on 35-um-thick copper, and
the circuit pattern is obtained by etching the copper and polyimide. The
process has two inherent disadvantages: The polyimide shrinks after cure,
causing dimensional and adhesion problems, and second, the polyimide
cure process anneals the copper foil. The subtractive process is not used
much today.

In the additive fabrication process for two-layer thick tape, thin layers
of chromium and copper are sequentially sputtered onto the polyimide film
which is typically 50-75 pm thick. Chromium promotes adhesion between
the polyimide and the copper, the latter acting as the seed layer for the
final pattern plating through a photoresist.

Two-layer tape allows testing and burn-in because of the electrical
isolation between leads provided by the polyimide. Also, it offers better
handling and lead stability than one-layer tape. Two-layer tape does not
require hard tooling and has a faster turnaround time than three-layer tape.

8.5.2.3 Three-Layer Tape

Three-layer tape consists of a metal foil, usually copper, laminated
with an organic adhesive to a base film such as polyimide. The polyimide
film, typically 75~125 pm thick, and the adhesive layer are mechanically
punched with steel dies to form sprocket holes and inner lead and outer
lead windows. The copper foil is either electrodeposited (ED) or rolled
(wrought). Each has advantages and disadvantages depending on the
application. ED foil is more popular in Japan and Europe. Rolled foil is
more common in the United States. Copper foil thickness is usually
specified in “ounces per square foot” (“ounces”). “One-ounce” copper is
35 wm thick and weighs 1 oz/ft> or 305 g/m%. A two-ounce copper foil
is 70 um thick, and a half-ounce foil is 18 wm thick. Copper foil properties
such as crystal structure, grain size, hardness, tensile strength, surface
roughness, yield strength, ductility, adhesion to dielectrics, and so forth
are controlled by a variety of proprietary processes and treatments. ED
foil has a columnar grain structure which can be modified by annealing
to produce equiaxial grains. Because of the fabrication process, one side
of the ED foil is much smoother than the other side. Rolled foil has a
laminar crystal structure, with the grains aligned along the length of the
material due to the rolling process. This results in anisotropy—the material
behaves differently in the longitudinal direction (also called “machine
direction”) than in the transverse direction. Like ED foil, as-rolled (AR)
foil can be annealed and treated to improve its properties for a particu-
lar application.
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The most common dielectric film materials used in three-layer tape
are polyimide, polyester, glass—epoxy, and bismaleimide triazine (BT).
Polyimides such as Kapton® and Upilex®, are preferred in high-perfor-
mance applications. Lower-cost glass—epoxy and polyester base materials
are used in consumer products such as calculators and smart cards. BT
is used in applications requiring a higher glass-transition temperature than
glass—epoxy or polyester.

The adhesives used in three-layer tape are mostly proprietary formu-
lations. The formulations include modified epoxy, polyimide, phenolic
butyrals, polyesters, and acrylics. Adhesive characteristics are extremely
important for high-1/O, high-performance applications where high thermal
stability, high adhesion, low moisture absorption, and low ionic impurities
are critical.

Figure 8-80 shows a three-layer TAB tape layout and cross section
listing the terms used to describe the tape parameters. Figures 8-81 and
8-82 show two tape designs: a 200-pin EIAJ 35-mm design, and a “super
slim TAB” (SST) LCD driver design, respectively. Figures 8-83 and 8-
84 show photographs of low- and high-pin-count tapes, respectively.
Figure 8-85 shows a variety of tape formats.

Because the three-layer process uses subtractive methods to etch
copper foil, the thickness of the copper foil determines the lead pitch
(width and spacing) that can be etched. Finer lead pitches therefore require
thinner copper foils [148].

Plating plays a key role in the success of inner lead bonding (ILB)
and outer lead bonding (OLB). It also affects other parameters such as
storage life, burn-in capabilities, long-term reliability, and cost. Plating
options include tin plating, gold plating, solder (tin—lead) plating, and
“selective plating” where inner leads and outer leads have different materi-
als or thicknesses.

The most common selective plating is tin for ILB and solder for
OLB. Other choices include gold for ILB and solder for OLB, tin for
ILB and gold for OLB, and thin solder for ILB and thick solder for OLB.

The plating thickness depends on the application. Typical ranges
are 0.3-0.6 pm for tin and solder, 0.3-4.0 um for gold, and 0.3-1.0 pm
for a nickel underlayer for gold plating [149].

Tin plating has not been popular in the United States because of
tin’s tendency to form “whiskers”—single crystals of tin which grow
under certain conditions after tin plating [150—-152]. They can be as
long as a few millimeters and cause electrical shorts. Whisker growth is
associated with built-in stresses during plating. It can be minimized or
suppressed by heat treatment (annealing), alloying the tin with lead, nickel,
or other materials, reflowing the tin after plating, or using a solder mask
to cover unbonded areas. Tin also has a tendency to oxidize and has to
be stored and shipped in a nitrogen ambient.
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Figure 8-80. Tape Layout (a) and Cross Section (b) of Three-Layer Tape.
(Courtesy of Shindo Co. Ltd.)

8.5.2.4 Bumped Tape

Most TAB applications use bumped chips and planar (unbumped)
tape. However, there have been some applications over the years where
bumped tape has been preferred. One of these is the TapePak which is
described later in the chapter. Figure 8-86 shows the basic structure of
(a) a bumped chip and (b) a bumped tape. A big advantage of bumped
tape is that it can be used with standard wafers (chips) just as in wirebond-
ing. Single-layer bumped tape is the easiest to manufacture and has been
used in watches, sensors, and car radios [153]. An example of a single-
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Figure 8-83. Low-I/O Tab. (a) A 28-lead three-layer tape (courtesy of Shindo Denshi
Ltd.); (b) a 16-lead one-layer tape (courtesy of 3M Electronic Products Division); (c) a
40-lead three-layer tape (courtesy of Mesa Technology).
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Figure 8-84. High-1/0O TAB. (a) A 308-lead three-layer tape (courtesy of Shindo
Denshi, Ltd.); (b) a 328-lead two-layer tape (courtesy of 3M Electronic Products Division);
(c) a 204-lead three-layer tape (courtesy of Mesa Technology).
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Figure 8-85. Examples of TAB Tape Formats. (Courtesy of 3M Electronic Products
Division and Shindo Denshi, Ltd.)

layer bumped tape is shown in Figure 8-87. Attempts to use three-layer
bumped tapes have not generally been commercially successful except
for Matsushita’s “transferred bumped tape” process which is discussed
in the next section. One reason was that it was difficult to manufacture
a three-layer BTAB polyimide-up configuration, which severely limited
surface-mount options. Masuda et al. have solved this problem and devel-
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Figure 8-86. Basic Structure of (a) Bumped Chip and (b) Bumped Tape

oped a quad tape carrier package (QTCP) for a CPU card [154]. The
various mounting options with the new BTAB tape with polyimide-up or
polyimide-down configurations are shown in Figure §-88.

8.5.2.5 Transferred Bump TAB

A novel approach to making bumped tape was developed by Matsu-
shita Electric in the mid-eighties [155,156]. Instead of etching the bump

Figure 8-87. Bumped One-Layer TAB Tape. (Courtesy of Mesa Technology.)
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SEETE, e R

Figure 8-88. Surface Mount Structure of TCP. (a,b) Polyimide up; (c,d) polyimide
down. (From Ref. 154.)

using double-sided photolithography, the bumps are first formed on a
glass substrate by selective masking and gold plating over a conductive
layer. The bumps are then transferred to the tape ILB fingers using heat
and pressure. This is called “first bonding.” Next, the bumped tape is
aligned over the die pads and inner lead bonded to the die. This is called
“second bonding” (See Fig. 8-89).

This process was well suited for consumer products such as hearing
aids and LCD TVs. For high-I/O, high-performance application-specific
integrated-circuit (ASIC) devices which require a finer pad pitch and
smaller volumes, Matsushita then developed an improved process [157]
using a 127-mm square substrate with 250,000-500,000 bumps, and a
single-point bonding process for both the first bond (bump transfer to the
leads) and the second bond (ILB to the chip). Figure 8-90 shows the new
bonding technique. Toray, a Matsushita licensee, further improved the
process by developing a straight-wall bumping technique for 80-pm-pitch
bumps, and a method to transfer them to either the “film side” or “copper
side” of the bonding fingers [158].

Tatsumi et al. have developed a variation of the transferred bump
process by using a wirebonder to make gold balls which are then transferred
to TAB tape [159]. The technology is said to be capable of bonding to
lead pitches of 80 um or less.

8.5.2.6 Two-Conductor Tape

The electrical performance of a TAB device is closely tied to the
tape design. For high-lead-count, high-performance applications, a second
metal layer can be added to be used as a ground plane or to distribute
both power and ground to the chip [160]. This type of tape is called
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Figure 8-89. Tape Bumping Using Bump-Transfer Process. In this process, planar
tape is modified by transferring gold bumps to the tape. (From Ref. 155.)

% <

“ground-plane TAB tape” (GTAB), “two-metal-layer tape,” “two-conduc-
tor tape,” ‘“double-level metal tape,” or “double-metal-layer tape”
[148,161-165]. It reduces the inductance of the power and ground lines,
provides better impedance matching, and also reduces cross-talk. Figure
8-91 compares the noise performance of a single-level metal TAB, a
double-level metai TAB, and a double-level metal area-array TAB for a
given set of constant conditions. The area-array tape had the best noise
reduction. The standard two-metal-layer tape offered at least a 50% noise
reduction compared to the single-metal tape [166].

Motorola was the first volume producer of two-metal-layer 360-lead
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(b) bumps bonded to chip pads

Figure 8-90. Principle of New TBTAB Bonding Technique. (From Ref. 156.)

emitter coupled logic (ECL) TAB gate arrays for DEC’s VAX 9000
computer [167]. Other companies in the United States and Japan are also
using two-conductor tape for special applications.

The starting material for two-conductor tape can be either the three-
layer tape with an additional copper foil laminated to the polyimide with
an adhesive (making it a five-layer starting material) or it can be a two-layer
adhesiveless process starting material with an additional copper plane.

For the five-layer starting material, a typical manufacturing process
would be to punch the sprocket holes, device holes, alignment holes,
debuss holes, and so forth, chemically etch the copper circuit pattern,
form the vias with a laser, interconnect the vias by an electroless prime
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Figure 8-91. Noise Versus Simultaneous Switch for Three TAB Configura-
tions. (From Ref. 166.)

followed by electroplated copper, and, finally, cover plate with gold or
tin. Figure 8-92 shows a cross section of a two-conductor tape.

A significant benefit of two-conductor tape is that it allows “area-
array” TAB (ATAB) design (see Fig. 8-93). ATAB improves I/O density
by overcoming the limitations of peripheral-only interconnections. The
IBM tape ball-grid array, discussed in Section 8.5.6, uses this approach.

8.5.2.7 Electrostatic Discharge Protection

In reel-to-reel high-volume production of TAB devices, the tape
may be 20-100 m long. The devices are shipped to the customer in

SIGNAL-PLANE
36-um COPPER CIRCUIT TRACES

SIGNAL PLANE

POLYIMIDE \\\ \\\‘
BLIND VIA

36-pm GROUND- ED-COPPER

PLANE COPPER INTERCONNECT

Figure 8-92. Cross-Section of Two Conductor Tape (After Hoffman, Ref. SK27,
© STC, 1990)
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Figure 8-93. Area TAB. A 180-lead tape format is shown arranged for area bonding
to the chip. (Courtesy of 3M Electronic Products Division.)

reel form after inner lead bonding with a “separator” (typically made of
polyester film) which is taken up along with the tape as each device is
processed on the production line. Researchers at Sharp Corporation [168]
found this process capable of generating electrostatic discharge (ESD)
failures due to (1) the tape producing exfoliative static charges when
separated from the separator on the supply reel, (2) very large device
surface areas contributing to the generation of frictional charges, and (3)
high probability that the tape will be subjected to discharge from operators
or equipment. Typical failures included dielectric breakdown of field-
effect transistor (FET) gate-oxide layer, molten diffusion resistance in the
vicinity of I/O pins, and field-oxide layer breakdown.

In spite of taking the normal anti-ESD measures, Sharp researchers
found that one device mode ESD damage persisted at a low but constant
rate. This was the “charged device model” (CDM), where ESD damage
occurs when static charges built up in a device discharge through the
equipment or human body. There were two solutions: (1) increase the
material’s relative dielectric constant and (2) optimize patterning. The
first approach is not desirable for high-speed devices because a higher
dielectric constant means reduced speed. So Sharp used the second ap-
proach to solve the ESD problem. Figure 8-94a shows four TAB patterns:
pattern A has no guard ring; pattern B has the devices surrounded by a
common guard ring; pattern C has each device surrounded with a separate
guard ring which is connected to the chip substrate; and pattern D is a
version of pattern B in which the guard ring is connected to the chip
substrate. Figure 8-94b shows the potential distributions of patterns A
and D. Pattern A had 23% failures; pattern B had 13.5% failures; pattern
C had 19.5% failures; and pattern D had 3.9% failures.
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Figure 8-94. (a) TAB Patterns for ESD Experiment; (b) Potential Distribution
of Patterns A and D. (After Tajima et al, Ref. SK37, © STC 1990)

8.5.3 Wafer Bumping

Wafer bumping is the process of forming “bumps” over the bonding
pads at the wafer level or at the chip level. Typical bump materials
include gold, copper, and solder (Sn/Pb) singly or in combination. Other
conductive metals such as aluminum, indium, nickel, and silver, and
various alloys have also been used in different applications. The bumps
serve several purposes: They provide the right metallurgy for a variety
of chip-joining processes; they provide “standoffs” which prevent shorting
of the lead fingers to the chip edge; they protect the bond pad metallization
[usually Al or Al-alloy (Si/Cu)] from corrosion and contamination (see
Fig. 8-95); and they act as a deformable (ductile) buffer during gang inner
lead bonding.
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Figure 8-95. Improved Chip Hermeticity with TAB Bump Structure. A poten-
tial corrosion-resistance advantage may accompany the full coverage of the aluminum
bonding pad.

Gold bumps are the most common. A typical gold bumping process
(see Fig. 8-96) [169] starts with sputter-cleaning of the Al-alloy bond
pads on a passivated silicon wafer in a vacuum system. A thin layer
(about 200 nm) of Ti—W alloy is sputtered over the wafer. Alternately,
Tior Cris used as the bottom “adhesive” layer, and W is used as a “barrier”
layer to prevent interdiffusion between Au and Al. Other diffusion barrier
metals include Cu, Mo, Ni, Pd, and Pt. Next, a thin layer of Au is sputtered
on top of the barrier layer. It protects the barrier layer from oxidation
and also serves as the plating base for the electroplated bump. Prior to
electroplating, a liquid or dry film photoresist is applied to the wafer and
serves as the plating mask for the selective gold plating of the bonding
pads. The photoresist is baked, exposed, and developed. Plasma cleaning
is used to remove any organic residues prior to electroplating to the desired
gold thickness (typically 20-25 um). The final step is to “anneal” the
bumps in a nitrogen atmosphere to reduce the as-plated hardness to a
level suitable for inner lead bonding.

For low-cost TAB applications, a modified wirebonder can be used to
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Figure 8-96. Gold-Bump Processing. (From Ref. 169; reprinted with permission of
Solid State Technology.)

put down gold balls directly over the aluminum pads using a conventional
thermosonic or thermocompression ball bonder [170]. A separate coining
operation with a flat tool may be used to flatten the tail above the ball
and provide a planar surface for ILB (see Fig. 8-69). NEC has implemented
an ILB method using this technology for volume production of application-
specific packages [171].

Solder bumps are becoming more important because they can be
used both for TAB and flip-chip bonding. They are formed by evaporation
of Sn/Pb through a metal mask over a suitable under bump metallurgy
(UBM) such as Cr—Cu-—Au, or by electroplating [172,173]. Researchers
at Toshiba Corporation have developed a method of forming solder bumps
by electroless plating and ultrasonic soldering [174]. Tanaka Denshi Ko-
gyo Co. has demonstrated a method of forming solder balls over Al pads
(with Cr—Cu—Au metallization) at the chip level using a wirebonder and
a specially formulated 2 Sn/98 Pb solder wire [175].

8.5.4 Inner Lead Bonding

TAB inner lead bonding (ILB) was originally conceived as a gang
bonding step in which all the TAB leads are simultaneously bonded to
the chip electrodes using heat and pressure [thermocompression (T/C)
bonding]. The objective is to provide a strong metallurgical bond with
high strength. Another ILB method used predominantly by U.S. companies
is called single-point bonding, where each connection between the chip
pad and the tape finger is made sequentially, one at a time. In addition
to thermocompression and thermosonic bonding, other options include
the following:
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*  Eutectic/solder/hot gas
. Laser
*  Laser sonic

8.5.4.1 Thermocompression Bonding

For T/C bonding, the main bonding parameters are temperature,
pressure, and bonding (dwell) time. They are selected on the basis of
bond reliability and manufacturing throughput trade-offs [176]. T/C gang
bonding is usually done with a constant heat thermode or a pulse heat
thermode. The thermode can be a solid tool or a bladed tool (Fig. 8-97).
Constant heat thermode shanks are typically made of low-thermal-expan-
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Figure 8-97. TAB Thermodes



11-242 CHIP-TO-PACKAGE INTERCONNECTIONS

sion alloys such as iron—nickel—cobalt (“Inconel”), or stainless steel/
tungsten alloy with tips of natural or synthetic diamond (single crystal or
polycrystalline), or cubic boron nitride [177]. Pulse bonding thermodes
are usually made of molybdenum or titanium blades. Chemically vapor
deposited (CVD) diamond is finding increasing use in TAB gang bonding
because of its thermal and wear characteristics. It is a binderless polycrys-
talline material deposited on a special ceramic base [178].

The thermode has to be carefully selected for a particular application
based on cost, bonding materials, processing temperature, leadcount, die
size, and so forth. The key attributes should include excellent thermal
conductivity, stability and wear resistance, a smooth surface (0.1-0.2
um), excellent adhesion resistance to metal oxides, no bending at high
temperature, and ease of cleaning by lapping with an alumina plate.

8.5.4.2 Gang Bonding Process Flow

A typical reel-to-reel gang bonding process flow is as follows [179]:

1. The TAB tape from the input reel is separated from the spacer tape
and indexed to the bonding station.

2. The sawed (diced) wafer from the wafer cassette (magazine) is
automatically fed to the wafer holder for die pickup.

The wafer is positioned and expanded.

The pattern recognition system locates the good die on the wafer.
Each good die is plunged up and transferred to the bonding stage.
The die is aligned in X, Y, and ¢.

The bonding stage with the die moves to the bonding station.

The tape inner leads are inspected by the lead locator and aligned
in X, Y, and ¢. If the site is defective, it is skipped.

9. The bonding head makes the bond with a preprogrammed bond
force, dwell time, and impact force.

10. The bonded site is taken up on the output reel with a protective
spacer tape.

11. The bonding cycle is repeated with the next good die and the next
good tape site.

12. After a certain number of bonds (typically 100), the thermode is
automatically lapped (cleaned) according to preprogrammed instruc-
tions (for x—y motion, lapping interval, and duration).

® NN kW

8.5.4.3 Tape and Die Presentation Options

Depending on the equipment design, there are a number of options
available for presenting the TAB tape and the chips to the inner lead
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bonder. For high-yield, high-volume runs, the chips are usually presented
in wafer form on a sawed film frame as described earlier. In some cases,
the good chips are presorted from the sawed frame and put in “waffie
packs.” Most bonders are designed to accept chips in waffle packs at the
input stage. Each chip is then picked up and transferred to the bonding
station. A third option is to sort the good chips and put them in an
“embossed tape” (also called “pocket tape”) similar to that used for surface-
mount components such as capacitors, resistors, and molded semiconduc-
tor devices.

In addition to the reel-to-reel option described earlier, the TAB tape
can be supplied to the inner lead bonder in strips (similar to conventional
lead frames) or as individual sites in “slide carriers.” The carrier, which
allows testing and burn-in, is typically made of an antistatic material and
has a high-temperature burn-in capability up to 180°C. The slide carriers
are usually handled in magazines (coin-stack tubes).

8.5.4.4 Single-Point Bonding

Single-point bonding is the process of bonding one lead at a time
just like wirebonding (wirebonding is discussed in Section 8.4). It can be
used for both inner lead bonding and outer lead bonding. Single-point
bonding offers many advantages over gang bonding [175,180-185].

1. The bond force is much lower—passivation cracking, silicon crater-
ing and other problems are reduced or eliminated.

2. There are more process choices: thermocompression, thermosonic,
ultrasonic, laser, or laser ultrasonic.

3. Because only one lead is bonded at a time, the height of each bond
is sensed and the bond force is controlled individually, eliminating
planarity problems associated with the bonding thermode, tape,
bumps, and substrates. This becomes more critical with larger die
size and higher I/Os.

4. The bonding tool is easier to install and change, and costs much
less than a gang bond thermode.

5. The process is more flexible for small lots. The same bonding tool
can be used for bonding different devices. Setup and changeover
times are much less.

6. Defective leads can be repaired one at a time.
7. The same bonder can be used for ILB, OLB and repair.

8. Thermosonic and ultrasonic single-point TAB bonding is similar to
wirebonding with a mature infrastructure and an extensive reliabil-
ity database.
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9. Most bonders are programmable and allow individual bond parame-
ter control. Programs can be ported from one machine to another,
assuring repeatability.

10. Single-point bonding is more effective with substrates which are not
flat, such as ceramic and printed-circuit boards.

The bonding tools (thermodes) are usually made of ceramic, tungsten
carbide, titanium carbide, and diamond-tipped ceramic. The thermode
selection is based on cost, throughput, yield requirements, and assembly
process compatibility. The thermode should have high thermal conductiv-
ity, high resistance to wear (hardness, density, and compressive strength),
and good acoustic properties for transmitting ultrasonic energy (for ther-
mosonic or ultrasonic bonding).

8.5.4.5 Laser Bonding

Laser bonding overcomes the two most serious limitations of thermo-
compression bonding, namely the need for high temperature and high
pressure, which are known to cause damage to the device and affect its
long-term reliability [186]. Because laser bonding is a noncontact method
of providing heat energy through a finely focused beam, it can be used
both on the periphery as well as in an area-array design over the surface
of the chip. Laser bonding works well with materials which have high ab-
sorptivity.

Hayward [187] studied the ILB process using a (-switched
Nd : YAG laser operating at 1.064 um developed by the Microelectronics
and Computer Technology Corporation (MCC) and built by Electro Scien-
tific Industries (ESI). Figure 8-98 shows the cross section of the fixture
holding the device and tape during bonding. The device and tape are held
in place by vacuum. The device had 152 gold bumps, 100 pm square and
25 um high on a 150-200-pm pitch. The tape was a three-layer, tin plated
tape with 0.6 um of tin which had been reflowed after plating. The inner

Figure 8-98. Laser Bonder ILB Tape/Die Fixture
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leads were 76 um wide and 35 pum thick. The three principal parameters
studied were laser power, pulse time, and bond height (distance the die
pedestal was driven above the point of first contact between the bump
and tape). The baseline parameters were set at 37 W (power), 5 ms (pulse
time), and 25 um (height). A comparison with T/C gang bonding was
made using an identical lot of 300 devices bonded with a Shinkawa IL-20
bonder set at an anvil temperature of 250°C, a thermode temperature of
500°C, and a force of 16 kgf. Ten units from each lot were pull tested
in the as-bonded condition. The remaining were split between temperature-
cycle testing (condition C, 1000 cycles) and high-temperature storage
(150°C, 1000 h). Table 8-6 shows the results. The laser bonded units
have lower average bond strength but a tighter distribution than the T/C
bonded units and show a slower rate of degradation over time. Figure 8-
99 shows SEM photographs of laser bonded leads.

Spletter [188] studied Au-to-Au laser ILB with a 328-lead, 3-layer
TAB tape with 45-um-wide, 35-um-thick Cu leads on a 100-pm pitch.
The leads were plated with 50 pum of gold and were bonded to a 0.63-
cm? Si chip with 50-um? gold bumps, 22 um high. A frequency-doubled
pulsed Nd : YAG laser was used to increase the absorptivity from 2-5%
at 1.064 um to 25-50% at 0.533 um. The ILB setup was similar to that
shown in Figure 8-98. Thirty devices were bonded and subjected to high-
temperature storage (150°C) for 1000 h, temperature cycling (—65°C to
150°C) for 1000 cycles, and liquid-to-liquid thermal shock (—55°C to
125°C) for 1000 cycles. The average pull strength was 35 g with a
standard deviation of 2.5 g. There was no degradation of good bonds
after environmental testing.

Zakel et al. studied laser ILB of Sn, Ni-Sn, and Au tape metalliz-

Table 8-6. Comparison of Laser- and Thermocompression (T/C)-Bonding
Test Results

Mean Standard Lift
Bond Value Deviation Failure
Type &) ® @)
As-bonded
Laser 33.6 39 0.0
T/C 50.3 73 0.9
1000 Temperature Cycles
Laser 25.8 38 1.6
T/C 38.8 9.2 8.9
1000 h Temperature Storage
Laser 20.1 34 1.9

T/C 39.8 7.0 10.9
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Figure 8-99. Laser Bonded Inner Leads

ations to gold and gold—tin bumps [189]. Laser soldering metallurgy was
found to be different and more critical to long-term reliability than that
of T/C gang ILB even if identical tape and bump materials are used.
Accumulation of eutectic Au—-Sn (80%/20%) in the bonded interface
results in strong degradation due to Kirkendall pore formation in the
ternary Cu—Sn—Au system. The Ni barrier inhibits this effect. However,
thermal aging formed brittle intermetallics of Ni, Sn, and Au. Laser ILB
of gold plated tape to Au—Sn solder bumps showed minimal degradation
after thermal aging due to the formation of an intermetallic compound
with high stability.

Azdasht et al. [190] have developed a laser bonder with a glass fiber
for making a windowless flip—~TAB connection on a flexible substrate.
The tip of the fiber serves to press down on the part.

8.5.4.6 Factors Affecting ILB

There are many variables which can affect ILB bond quality:

*  Tape material hardness

*  Tape plating thickness and uniformity

. Tape surface cleanliness, roughness, and oxidation level
*  Bump hardness

*  Bump flatness

*  Bump design (size with respect to pad structure)

. Under bump metallurgy

*  Bump adhesion and barrier layer integrity

*  Thermode design

. Thermode mass
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*  Thermode flatness at room temperature and bond temperature
*  Thermode thermal conductivity and temperature uniformity

»  Thermode wear resistance and oxidation resistance

*  Thermode adhesion to plating materials (especially tin)

*  Tape and die alignment

*  Bond interface planarity

. Interface temperature, pressure, ultrasonic/laser energy (if used), and
dwell time control

. Stage temperature

*  Descent velocity and profile

Thermocompression bonding is a complex process that requires an under-
standing of a wide variety of mechanical and thermal interactions [191].
Several studies have been made to understand these interactions [151,192—
195]. Figures 8-100 and 8-101 show the dependence of ILB bond strength
on temperature and dwell time based on experimental work by Kawanobe
et al. [151] and Spenser [194], respectively. Surface contaminants also

100 T T T T T T

L 60 g/Bump Bond Force
Time 1 Sec

8
1
z
¢
il

Bond Strength (g)

]

0 1 1 1 1 ] 1
200 300 400 500
Bonding Temperature (°C)

Figure 8-100. Dependency of Bond Strength on IL.B Temperature. Bond strength
versus bond temperature for several metaliurgies. (From Ref. 151.)
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Figure 8-101. Interdependence of Dwell Time, Temperature, and Deformation
on Bond Strength. Arhenius relationship between the dwell time of the bond and the
interface temperature at several deformation levels. Data from plots of bond strength
versus dwell time, at constant strain as shown in (a), were used to study the thermally
activated process responsible for the bonding process (b). Specimens of gold plated copper
were tested in shear. (From Ref. 194.)

play a large part in Au-to-Au T/C bonding as shown in Figure 8-102
from the work of Jellison [196].

The success of the ILB process also depends on the proper choice
of interface metallurgy (IFM). A wide variety of IFM structures have
been used in the past, as shown in Table 8-7. Today, Ti-W-Au is widely
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Figure 8-102. Effect of Contamination on Thermocompression Bonding. Effect
of organic contamination on gold-to-gold bond strength. (From Ref. 196.)

used as the under bump metallization (UBM), along with gold—solder

bumps and tin—gold plated tape.

It is well known that gang T/C bonding of high-lead-count devices
at high temperatures (>400°C) and pressures can cause mechanical and
thermal stresses to the UBM and affect the long-term reliability of the
device [151,192,197-199].

Table 8-7. Metallurgies Used for TAB-ILB

Company

GE

CII Honeywell-Bull
Sharp

Honeywell
Fairchild

Signetics

Nippon Electric
National Semiconductor
BTL

Philips

Siemens

RCA

Motorola

TI

Source: From Ref. 151.

Adhesion
Metal

Cr
Cr
Ti
Ti
Ti
Cr
Ti
Al
Ti

Bump Structure

Barrier
Metal

Cu
Cu
Pd
Pt
Pt
Cu
Pt
Ni
Pt

Bump
Metal

Au

Au

Au

Au

Au

Au

Au
Au-Cu
Au
Solder-Cu
Au

Au

Au

Au

Tape Structure

Plating
Metal

Sn

Sn

Sn

Sn

Sn

Sn

Au

Au (Thin)
Au
Au-Ni
Sn

Au

Sn

Sn

Lead

Cu
Cu
Cu
Cu
Cu
Cu
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8.5.4.7 ILB Evaluation

As in wirebonding, bond evaluation methods for ILB can be classified
as destructive or nondestructive. The two most common are visual inspec-
tion (optical/SEM) and the pull test. For bumped-chip bonding, the destruc-
tive pull test is preferred for evaluating bond strength and quality. The
die is held down by vacuum; a wire hook is placed under the inner lead
(to be tested) midway between the die edge and the polyimide opening
[200]. The hook is raised at a controlled rate and the force necessary to
break the bond or the inner lead is recorded. The bump is then removed
and each bond is inspected for passivation or barrier layer cracks and
other damage such as silicon cratering [196]. Typical failure modes for
Au-to-Au T/C bonding are as follows:

*  Lead break—at the bump or in mid-span
*  Lead lift

*  Bump lift

. Bump fracture

*  Silicon cratering

In addition to optical/SEM microscopy, other nondestructive methods
commonly used to check the quality of bonded parts include scanning
acoustic microscopy, scanning beam x-ray laminography, conventional

x-ray inspection, acoustic emission detection, and laser/infrared inspec-
tion [201,202].

8.5.5 Outer Lead Bonding

Outer lead bonding (OLB) is the process of connecting the outer
leads of the tape to the package, lead frame, substrate, or card. Like ILB,
OLB can be a gang or a single-point process. There are many OLB
processes available. The choice depends on the application and includes
the following:

*  Thermocompression

. Thermosonic

. Hot bar

. Laser

. Ultrasonic

. Lasersonic

. Infrared

. Hot gas

*  Vapor Phase

*  Anisotropic conductive film
. Mechanical (DTAB, connector, socket, elastomeric clamp, etc.)
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After ILB, the chips on tape usually undergo additional processing
such as encapsulation, test, and burn-in. These steps can be performed in
reel form, strips, or individual sites mounted in slide carriers
[201,203,204]. The encapsulation process depends on the end-use applica-
tion and can include chip-size coating, potting, or transfer molding [205-
207] (see Fig. 8-103). For transfer molding, the ILB device is usually
bonded to a lead frame prior to molding (Fig. 8-103c). Current encapsula-
tion processes and materials are covered in Chapter 10, “Plastic Packag-
ing,” Chapter 14, “Package Sealing and Encapsulation,” and Chapter 17,
“Printed-Circuit Board Packaging.”

Much of the previous discussion regarding ILB processes (Section
8.5.4) is also applicable to OLB processes with some modifications. Chap-
ter 16 (“Package-to-Board Interconnections”) includes details of surface-
mount joining processes such as vapor phase, infrared reflow, laser reflow,
and pressure connections. This section provides a brief overview of hot
bar OLB, anisotropic conductive film OLB, demountable TAB, and some
recent experimental results on T/C-Laser OLB.

Chip J

a Face-Coating

//-‘\\ RN //// _

4

b Full Encapsulation

Leadframe Chip

7

Transfer Molding

c

Figure 8-103. TAB Encapsulation. (a) face coating; (b) full encapsulation; (c) trans-
fer molding.



11-252 CHIP-TO-PACKAGE INTERCONNECTIONS

8.5.5.1 Hot Bar OLB

Pulsed hot bar soldering has been in use for over 20 years [208].
In the OLB process, the hot bar, or thermode, mechanically presses the
leads onto the bonding pads. The thermode blades are resistively heated
to provide a preprogrammed temperature profile optimized for a specific
application (see Fig. 8-104) [209]. The thermal cycle begins with the
blades in contact with the leads. The programmable parameters include
thermode idle temperature, ramp rates, flux activation time, flux activation
temperature, bonding time, bonding temperature, tool-up temperature, and
spindle-up time.

The hot bar process sequence depends on the application but can
include the following five steps [210]:

Excise and form
Die attach
Fluxing

Placement and alignment

M .

Solder reflow

Temp. 3 5

4 7 10 12
t, time

User programmable parameters for the bonding cycle:

1. ldie temperature 9. Third temperature level
2. First temperature slope (optional)
3. First temperature level 10. Third temperature time
4, First temperature time _Pp(lonal)
5. Second temperature hermode lift

temperature
6. %;c?nd temperature 12. Spindle lift time
el

7. Second temperature time
8. Third temperature siope
(optional)

Figure 8-104. Bonding Profile and Parameters for Hot Bar OLB. (From Ref.
209.)
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Figure 8-105. Sample Lead Form Configuration. (Courtesy of Intel Corporation.)

The excise and form operation includes cutting the leads from the tape
support and forming them into a gullwing or modified gullwing shape
according to specifications. Excising (cutting out) the component occurs
just before fluxing and placement. A “keeper bar” helps in maintaining
lead coplanarity and spacing during subsequent operations. (The keeper
bar is a narrow strip of polyimide which remains in place on each row
of leads after excise). Figure 8-105 shows a recommended lead form
configuration for Intel’s Pentium®© processor, and Table 8-8 lists the
important lead form dimensions.

Kleiner [211] has studied the effects of various parameters such as

Table 8-8. Key Lead Form Dimensions

Controlled Dimension Recommended Range
“Standoff” or “set back” of die above die pad 0.025-0.095 mm
Lead foot length minimum 0.90 £ 0.05 mm
Lead foot angle 0°

Keeper bar toe angle (minimum) 20°-35°

Keeper bar width 0.5+ 0.1 mm

Toe radius 0.2 mm (min)

Heel radius 0.2 mm (min)

Lead shoulder length 0.3 £ 0.05 mm

Lead shoulder radius 0.2 mm (min)

Source: From Intel Corporation.
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bend radius, material type and thickness, plating type and thickness, draft
angle, punch angle, force and speed on various lead form geometries, and
developed tooling principles and requirements for formed leads which
are parallel to the chip surface, coplanar and free of cracks at the bend radii.
If a die attach is needed, the lead form design should allow sufficient
clearance between the bottom of the silicon die (chip) and the die attach
pad. The typical die attach material is a silver-filled thermoset polymer.
The choice of flux and its method of application depend on the
interface materials. For the Pentium TCP, Intel recommends immersing
the leads in a rosin, mildly activated, halide-free, no-residue flux. The
entire surface of the foot, top and bottom, up to the top of the heel radius
should be immersed. The specific gravity of the flux, its solids content,
and the surface insulation resistance between adjacent leads should be
closely controlled to 0.80-0.81, 1-3%, and >10° Q, respectively. Solder
reflow should be completed within 30 min of fluxing. A maximum ther-
mode temperature of 275°C + 2°C with a dwell time of 5 s was shown
to yield acceptable fillets. Force should be kept at <1.36 kg (3 1b) per blade.
The placement accuracy requirements for TAB components are much
more stringent than for conventional surface-mount devices. The factors
which affect accuracy are locational tolerances of the leads, the lands,
and fiducials on the substrates [209]. A good pick and place system with
a pattern recognition system (PRS) should be capable of = 0.01 mm
repeatability (lead to land) in x and y and 3° of rotation [210].
The reflow process can be affected by a number of parameters such as

. Blade design

. Thermode compliancy

*  Nonuniform temperature and flatness along the length of the blades
*  Thermode expansion

. Substrate warpage

. Substrate support

*  Bonding force

. Dwell time

. Thermode temperature

Equipment manufacturers are meeting the new challenges of sub-0.3-mm
pitch TAB by developing “self-planarizing” thermodes with spherically
compliant suspensions and better alignment and vision capabilities
[209,212-215]. Figure 8-106 shows a schematic of a self-planarizing
thermode, a thermode assembly, a titanium thermode blade, and a cleaning
station [216].



8.5 TAPE AUTOMATED BONDING 1l-255

Center of Spherical Rotation

Ceramic Tile

.Splash Guard
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Figure 8-106. Hot Bar Process Components. (a) Self-planarizing thermode; (b)
thermode assembly; (c) titanium blade, and (d) cleaning station. (Courtesy of Universal
Instruments Corp.)

8.5.5.2 Anisotropic Conductive Film

In some applications such as LCDs, soldering is difficult due to the
temperature limitations of piece parts to be bonded. Anisotropic conductive
film (ACF) is an alternate method used in LCDs to connect the TAB
outer leads and the ITO (indium-tin—oxide) electrodes on the glass sub-
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strate. The ACF consists of fine conductive particles uniformly scattered
in an epoxy binder. ACFs can also be made of plastic cores plated with
conductive materials. They conduct only in the vertical direction under
pressure. ACFs are also known as “Z-axis conductive adhesives.” Typical
ACF conductors include nickel, gold, and carbon. Particle size and distri-
bution in the film are critical to prevent shorting between particles in a
horizontal direction. For TAB OLB of LCDs, heat and pressure are used
to bond the outer leads to the ITO electrodes.

Casio Computer Company has developed a “microconnector” (MC)
using ACF which allows OLB of 80-pum-pitch LCDs [217]. Conductive
particles with plastic cores are plated with Ni~Au, and smaller particles
coated with very thin (1000 A or less) insulating film are applied to the
conductive particles. The latter are then combined with an epoxy binder
and T/C bonded in the same way as conventional ACF. During bonding,
the insulating film in the direction of pressure is broken to achieve conduc-
tivity. The binder can be either thermoplastic (for rework) or thermoset.
Figure 8-107 shows a schematic of the conductive particles and the micro-
connector OLB method for 80-pum pitch.

8.5.5.3 ILB and OLB Pitch and Lead-Count Trends

Figures 8-108 and 8-109 show the decreasing trend in ILB and OLB
pitches for the last 5 years, and the increase in lead count since 1986,

Figure 8-107. (a) MC Conductive Particles; (b) 80-pm-pitch OLB
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Figure 8-108. Decreasing Trends of TAB Lead Pitch

respectively [136,142]. The minimum ILB pitch declined from 80 um in
1990-1991 to 70 um in 1992-1993 and 60 pm in 1994-1995. It is
expected to reach 50 wm in 1996. The minimum OLB pitch has dropped
from 400 pm in 1990 to 300 um in 1991-1992 and 250 pm in 1993-1995.
It is expected to reach 200 um in 1996. The maximum lead count has
increased from about 250 leads in 1986 to over 700 leads in 1995.

8.5.5.4 Effect of High I/O and Pitch on ILB and OLB

When designing a TAB package, the outer lead pitch affects the
package size and ease of assembly. The smaller the OLB pitch, the more
difficult it is to assemble the device to the next level. The standard JEDEC
OLB pitches are 0.65, 0.5, 0.4, and 0.3 mm [166].

For tin plated tape, as the pitch becomes smaller and smaller, it is
important to reduce the tin thickness to ensure that excess tin does not
produce shorts between adjacent leads. At the same time, tin thickness
plays a major role in OLB. If there is not enough tin, the wettability of
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the outer leads will be degraded. This will lead to weaker outer lead
bonds [218].

Saito [149] studied the relationship between the solder plating thick-
ness and bondability of outer leads using pulsed hot bar OLB. The accept-
able thickness range for 0.3-mm OLB pitch was 3—10 um of solder, with
5-10 um giving the best results. For smaller pitches (0.25 and 0.15 mm),
the acceptable range was 3—7 pum with 5-7 pm being the optimum.

8.5.6 TAB Package Applications
8.5.6.1 Tape Ball-Grid Array

The tape ball-grid array (TBGA) is a ball-grid array TAB package
developed by IBM which overcomes the OLB limitations of conventional
peripheral TAB packages [219]. Figure 8-110 shows the TBGA schematic.
It uses area-array TAB (ATAB) with a standard ground plane and has
the following performance advantages over conventional TAB and pin-
in-hole packages at the card level:

. Lower lead inductance
¢ Lower power-supply inductance
*  Lower line-to-line capacitance

*  Lower average signal delay
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Figure 8-110. TBGA Cross Section. (From Ref. 219.)

The TBGA is constructed using an adhesiveless two-metal-layer
tape. One side is used for signals and the other for power and ground
interconnections. Solder balls joined to the tape interconnect the completed
package to the next assembly level (PCB/card). A “stiffener plate” main-
tains planarity of both the solder bumps and the tape and serves to minimize
thermal stresses during temperature cycling because its TCE matches that
of the carrier/card.

The ILB process can be a conventional peripheral one or a modified
C4 flip-chip process known as solder attach tape technology (SATT).
SATT allows bonding over active circuitry and uses less bond pad area
than T/C ILB and wirebonding, thus reducing the die size and improving
the wafer productivity.

After ILB, an epoxy encapsulant is used to provide mechanical
protection and enhance the fatigue life performance of the inner lead bonds.

A standard infrared reflow process using 63/37 Sn/Pb solder paste
can be used for card assembly. The TBGA height is 1.4 mm. It weighs
less than 5 g. The TBGA is registered as a JEDEC standard S-XXGA-
N/TBGA. Figure 8-111 shows a photograph of the TBGA.

8.5.6.2 TapePak®

The TapePak (Fig. 8-112) was developed by National Semiconductor
around 1986. It is a testable, plastic molded quad surface mount package
with an OLB pitch of 0.51 mm for a lead-count range of 20-124, and
0.38 mm for higher lead counts. It uses a single-layer bumped copper tape,
70 pm thick. The bond pads are “capped” with a thin-film metallization at
the wafer level. Thermocompression bonding is used for ILB. After ILB,
the tape is cut into strips and the devices are molded with epoxy novolac.
Next, the dam bars are removed, the devices are singulated and solder
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Figure 8-111. A 736-Lead TBGA. (Courtesy of IBM Microelectronics.)

plated. The package is designed with molded-in test pads to allow test
and burn-in. A trim-and-form operation is done at the pick-and-place
station prior to board assembly.

Because of its compact size, the TapePak offers significant improve-
ment in electrical characteristics. For example, a 40-lead, 7.6-mm square
TapePak has a worst-case lead length of 2.54 mm, a lead resistance of
2.4 mQ, inductance of 1.2 nH, and lead-to-lead capacitance of 0.2 pF [220].

8.5.6.3 Pentium® TCP

The increasing importance of “small form-factor” packages for what
is called the “mobile revolution” has led to TAB’s resurgence in the
United States. The world’s largest semiconductor company, Intel, has
developed a TCP version of the Pentium® for mobile applications such
as laptop, notebook and palm top computers, and related products [210].
Figure 8-113 shows the topside and bottomside of the Pentium in a slide
carrier. The chip is inner lead bonded to a JEDEC-style UO-018, 48-mm
three-layer one-ounce copper (35.56-pum-thick) tape. The inner lead and
outer lead bonding areas are gold plated over a nickel flash. The inner
lead bonding (ILB) is performed with a thermosonic single point bonder.
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Figure 8-112. TapePak®. (Courtesy of National Semiconductor.)

After ILB, the chip and ILB area is encapsulated with a high-temperature
thermoset polymer coating. It covers the top surface of the device, the
sides, and the ILB area to the polyimide carrier ring (see Fig. 8-114).
The backside of the chip is left bare for backside bias to the printed-
circuit board (PCB).

The outer lead pitch is either 0.25 mm or 0.2 mm, depending on
the device. The OLB lead width is 0.10 mm. The test pads are 0.5 mm
square on 0.40-mm pitch outboard of the OLB window. The devices are
shipped in individual plastic slide carriers packed in coin-stack tubes.
Each component is 0.615 mm thick. After excising, lead forming, and
mounting to the PCB, the total height of the component above the PCB
is less than 0.75 mm. The package body is either 24 mm or 20 mm
square after excise, depending on the component. The 320-lead 0.25-mm
component in a 24-mm body size weighs a maximum of 0.5 g. In compari-
son, a 296-lead multilayer PQFP weighs 9.45 g.

For board mounting, Intel recommends either a hot bar, hot gas, or
laser reflow process after all other board components have been mounted
and cleaned. Figure 8-115 shows the recommended land pattern design.

The Pentium requires backside electrical and thermal contact. So it
is necessary to provide a 3.75 mm * 0.025 mm die attach pad. Intel
recommends a silver-filled thermoset polymer with a cure profile of 6
min above 130°C.

The thermal resistance of the TCP package (©,) is 0.8°C/W to
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2°C/W, depending on the product. PCB enhancements such as thermal
vias with or without low-profile heat sinks brings the thermal performance
in line with mobile computing requirements which do not have forced
convection cooling. Figure 8-116 shows a schematic of heat transfer
through the PCB.

8.5.6.4 ETA Supercomputer

It is instructive to review ETA’s use of TAB for its supercomputer.
ETA Systems, Inc. (which is no longer in business) was a subsidiary of
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Figure 8-116. Heat Transfer Through the PCB. (Courtesy of Intel Corporation.)



11-264 CHIP-TO-PACKAGE INTERCONNECTIONS

Control Data Corporation in the 1980s. Its mission was to build “the
world’s fastest supercomputer” [221].

ETA chose to go with TAB devices mounted on a single central
processing board. Each device was a 284-pin TAB ceramic quad flat pack,
with 20,000 CMOS gate arrays. The TAB devices were supplied by
Honeywell. The chips were solder bumped with 95% Pb-5% Sn. Each
solder bump was 100 pum in diameter. The underbump metallurgy (UBM)
was TiW-Cu-Ni. The bond pads were at a 254-um pitch, arranged in
two rows, at an effective 127-um ILB pitch (see Fig. 8-117). A polyimide
“through-hole” design allowed each finger to be suspended over a hole
in the polyimide base corresponding to each individual solder bump. After
melting, the solder was constricted within the hole and reflowed to the
precise area on the lead [57].

Honeywell’s solder bump reflow TAB outperformed its gold bump
thermocompression bonding process in three areas: (1) lower bonding
force (less than 1 kg for a 300-bump device versus about 11 kg for
gold); (2) inherent planarity compensation—a 100-pum-high solder bump
typically was 50 pm after bonding, thus allowing for a 50-um variation
in planarity versus about 10 wm for gold, and (3) area-array design capabil-
ity—the solder bumps could be put over the whole chip surface, unlike
gold bumps which were limited to the periphery.

Figure 8-117. Double-Row Solder Bump TAB. (Courtesy of Honeywell.)
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8.5.7 Future Trends

Tape carrier packages (TCPs) will continue to be the dominant
interconnect medium for the LCD industry for the immediate future. LCDs
accounted for the largest share of tape carriers in 1994 [222]. The next
largest application was smart cards, mostly in Europe, where the tape is
of the three-layer variety, and the chips are wirebonded. The largest
application in the United States today is for inkjet printers, where the
tape is of the two-layer type. The connection is by gang bonding or single-
point bonding. All three of these applications will continue to thrive as
the demand for notebook computers, smart cards, and printers grows
every year.

Intel’s decision to provide Pentiums in TCPs may serve as the catalyst
for a significant broadening of the worldwide TCP infrastructure. The
next generation of microprocessors will require more I/Os and finer ILB
and OLB pitches. Pin counts will continue to grow with microprocessor
bit size. ASICs will also act as TCP drivers with multimillion-gate sub-
0.4-pm CMOS five-level metal processes becoming common and forcing
the need for 1200+ 1/Os per chip, which can be met only by TCP and/
or flip-chip designs.

TAB’s inherent advantage of being light, thin, short, and small (the
Japanese call it “Kei-haku-tan-sho”), and its flexibility will enable it to
maintain its edge in a wide variety of applications such as watches,
calculators, cameras, sensors, and hearing aids.

The proliferation of lower-cost bumping processes and materials can
expand TAB’s application base into new products such as PC cards, smart
cards, and multichip modules. This could lead to a strong TAB resurgence
in the United States.

8.6 PRESSURE CONNECTS

Pressure connects are not actually bonded connections but maintain
contact only by an external, continuously applied force (such as a metal
spring or elastomer retainer). Several types have been described. Citizen
Watch [223], for example, joins Au bumped chips onto Au bumped
substrates using conductive rubber contacts embedded in a polyimide
carrier (Fig. 8-118).

Typical loading is 2 g per pad to provide adequate deformation of
the rubber for needed contact on all pads; thus, a 300-pad chip requires
600 g continuous loading. The conductive rubber is not a “good” conduc-
tor: A 200 um X 200 um pad has 35 m€ resistance. Thus, it has been
applied in special applications (such as liquid crystal display panels) that
can tolerate the high resistivity.

Significantly lower resistances per contact, of the order of 10 mq2,
have been achieved by using an all-metal system. However, this requires



11-266 CHIP-TO-PACKAGE INTERCONNECTIONS

bl

Au Bump
Chip
Carbon
Filled
Silicone Polyimide
Rubber
Substrate

Au Bump

e

Figure 8-118. Pressure Connect (Citizen Watch). (From Ref. 223.)

a “flexible” substrate to which the chip is joined. Tektronics [224] has
joined GaAs chips to a flexible circuit, as shown in Figure 8-119. The
bumps are plated on the thin-film flexible circuit. Two hundred pads per
chip have been fabricated with 50-um pads on 100-um centers. Silicon
Connection has a very similar approach called “SICONS” [223]. Applica-
tions include ROMS in ATARI computer games.

Although such applications are limited at present, there are several
reasons for the increased research in these areas. This type of contact
eliminates the chip-size restrictions of the C4 type of full bonded connec-
tion; there is no fatigue mechanism. However, this is replaced by the
concern of a sliding or point contact developing high resistance by debris
or oxidation/corrosion. The second reason for research activity is the ease
of assembly and reworking—no connections need to be “broken” or
unbonded in order to take the package part.

8.7 ADHESIVE BONDING

A number of companies are using adhesives in novel ways to provide
flip-chip options other than solder reflow and pressure connects. The
driving forces are typically cost reduction, lower process temperatures,
or fatigue elimination. Although still in their infancy, the following three
approaches are worthy of note. All require precision placement of the
chip, as no self-alignment is involved.

8.7.1 Bumps and Nonconducting Resins

Matsushita [225] has reported on a gold bump bonding process for
flip chips. Chip-to-board connection is made by using pressure to force
gold bumps on the chip into direct contact with gold pads on the circuit
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Figure 8-119. GaAs Chips Joined to a Flexible Circuit. (a) IC flex circuit elastomer
pressure pad sandwich cross section; (b) I/O pressure bumps establish firm electrical
contact. (From Ref. 224.)

board through a layer of acrylic resin. Using light to cure the polymer,
an adhesive bond is made between the chip and board which keeps the
mechanical connection under compression. Experimental assemblies have
been fabricated down to a 10-pm pitch. A pitch of 100 wm has been used
on thermal print heads, LED array sensor, and a memory card.

A modification of this approach has been described by TOSHIBA
[226] for chip-on-glass applications in a video camera. The modification
involves having tin-lead lands on the substrate, gold bumps on the chip,
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and supplying thermal energy below the eutectic temperature of 183°C
to allow diffusion between the two metal contacts. Again, acrylic resin is
used in the gap between the chip and substrate to strengthen the assembly.

8.7.2 Anisotropic Conductive Adhesives

Anisotropic conductive materials display unidirectional conductivity
[227]. For flip-chip bonding, conductive particles are suspended in a
dielectric medium so that they do not come into physical contact. Conduc-
tivity, in the z direction perpendicular to the mating surfaces, only occurs
when protruding conductor pads on the chip or substrate (or both) are
squeezed against the z-axis film. The electrically isolated particles simply
make contact with the opposing conductor pads to provide electrical
conduits. Seiko Epson [228,229] has used NiAu-coated resin balls, 7.5 pm
in diameter, embedded in adhesive. The process temperature used to cure
the adhesive is 150-200°C with a load of approximately 5 kg/cm?®. The
application was chip-on-glass for high-resolution liquid crystal displays.

One unsuccessful implementation [230] demonstrated that clusters
of small particles gave more reproducible electrical contact than did larger
discrete particles. Many different particle materials have been explored
including solid metals (Ni, solder), carbon, and metal-coated plastic parti-
cles. Thermoplastic, thermosetting, and light setting polymers have been
tried as adhesives with varying degrees of success. Coupling very small
particles has proven to be difficult, with intermittents showing up in
thermal-cycle or humidity-cycling tests. Improvements in reliability are
expected as materials are optimized.

8.8 ELECTRICAL PARAMETERS OF INTERCONNECTIONS

The electrical performance of the packaged chip may well be deter-
mined by the mode of chip interconnection. The electrical parasitics are
very different for the three major interconnection techniques, with the
flip chip offering the best properties due to its small size—nearly a
point contact (see Table 8-8). Package geometry, however, also plays a
significant role. In fact, it can reduce the intrinsic differences between
the three interconnection approaches. For example, a wirebonded silicon
device is normally associated with a lead frame, which, for fabrication
reasons or board-level interconnection geometry requirements, may re-
quire rather long leads, well separated from a ground or reference plane.
(Alternative wirebonded structures, such as pin-grid arrays or direct-chip
attach to a substrate, may provide a much different electrical signal envi-
ronment). High-end computer packaging designers are aware of the electri-
cal performance issues associated with packaging, usually for their own
customized applications (see Chapter 1). For this reason, as well as because
low-performance systems are not so often package limited, focus on
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mid-range structures are frequently gated by package configuration and
performance. To be considered are chips having 84 and 180 I/Os packaged
using each of the three primary chip interconnection approaches addressed
in this chapter: C4 solder-joined, wirebonded and TAB-bonded packages.

The packages to be compared are (1) a C4-joined, metallized ceramic
single-chip carrier having swaged pins, (2) a C4-joined, multilayer ce-
ramic, single-chip carrier having brazed pins, (3) a wirebonded pin-grid
array, (4) a wirebonded plastic-leaded chip carrier (PLCC) (84 I/Os only),
and (5) a TAB-packaged device. The pin grid for packages 1-3 is fixed
at 2.54 mm; the PLCC is fixed at 1.27-mm lead pitch; the TAB package
is fixed at 0.5-mm lead pitch. (Note, package 2 is a somewhat artificial
configuration, given that usually more than one C4-joined chip is joined
to an MLC module.) The objective here is to give a rough basis for
comparing package performance, using the lead geometry of the packages.
The basis for comparison is the calculated range in the value of lead
inductance. This provides a starting point for estimating the effective
package inductance, L.;. This quantity is used to predict the inductance-
based voltage swing (or Al noise), AV = L n(dl/dt), where n is the number
of simultaneously switching drivers, having a given current surge dl/dt
(as discussed in more detail in Chapter 3). Shown in Table 8-9 is the lead
inductance calculated for various packages using a three-dimensional
inductance program [231]. Lead inductance may be used to estimate
the effective package inductance, given a detailed knowledge of chip
configuration and the number and location of power and ground leads
(all of which should be optimized for the package and chip of interest
[232]). The relation between lead inductance and L is quite geometry-
specific and will not be expanded upon further. Signal coupled noise,
which is equally dependent on a detailed package description, will also
not be considered here. Referring to the table of package inductances, it
should be noted that for most of the package geometries chosen, a broad
range of lead inductance is observed, indicating the need for personaliza-
tion of signal and power/ground assignments.

8.9 DENSITY OF CONNECTIONS

A dramatic difference in attainable connection density between area
arrays and peripheral pads was shown previously in Table 8-3 and Figure
8-15. With the advent of area TAB and multiple wirebond layers, improve-
ments in density are being made (Fig. 8-120). High performance and 1/
O technologies in both leading edge CMOS and bipolar chips will favor
area-array technologies over peripheral. The present area of applicability
of wirebond, TAB, and C4 is shown in Figure 7-16 in Chapter 7, “Micro-
electronics Packaging—An Overview.”

A typical process comparison of C4, wirebond, and TAB for a
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Table 8-9. Calculated Lead Inductance for Single-Chip Modules

C4 Bonded, C4 Bonded,  Wirebonded Wirebonded
MC Pin MLC Pin Pin Plastic Leaded TAB
Grid Array Grid Array Grid Array Chip Carrier Package

84 /0O Module

Substrate size (mm) 24 24 24 30 18
Lead length (mm)
(min.) 2 1 2 12.5 6.5
(max.) 17 13.5 17 17.7 9.0
Lead inductance (nH)
(min.) 35 25 7.0 16.0 5.0
(max.) 133 6.3 19.0 23.0 72

180 I/O Module
Substrate size (mm) 36 36 36 — 30

Lead length (mm)

(min.) 2 1 2 — 113

(max.) 23 20 23 —_ 16.3
Lead inductance (nH)

(min.) 3.5 2.5 7.0 — 8.5

(max.) 17 8.2 24 — 12.5

Source: From Ref. 232,

multichip module application is shown in Table 8-10. Although process
costs and density are major influencing factors, reliability, component and
tooling costs, thermal performance, hermeticity requirements, need for
reworking, turnaround time, and electrical parameters have all been shown
to play major roles in the selection process. Although reworking is easy
for C4 interconnections, inspectability of the joints is not. Although wire-
bonding and TAB do not restrict chip sizes and thermal-expansion coeffi-
cients of the substrates, these restrictions are inconsequential for C4 when
matched expansion substrates are used. High thermal capability options
have been shown for all of the technologies.

8.10 SUMMARY

It has been shown that wirebond, TAB, and C4 have all evolved
and improved over the past 25-40 years. All have found niches and
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Table 8-10. Chip Interconnection Assembly Comparison for Multichip

Module

1. Flux site

2. Align and place chip(s)

2.

Wire Bond

. Solder or epoxy preform

place
Align and place chip

TAB

. Reel tape into bond

position

. Align and place chip

3. Reflow to bond all pads 3. Die bond . Inner lead bond (one chip
(on all chips) at a time)
4. Clean flux 4. Wirebond each wire on . Encapsulate
chip and S/S (one wire at
a time)
5. Test 5. Test . Test/burn-in (optional)
6. Encapsulate/finish module 6. Encapsulate/finish module . Excise chip

assembly assembly
7. Align and place assembly
on S/S
8. Outer lead bond

9. Test

applications which make them valuable technologies; but, as of today,
wirebonding remains the incumbent king of the broad market and is the
chip interconnect of choice for about 95% of the packages. The reasons
are many. First, the process has transformed itself from where it was in
1960 to a highly reliable, inexpensive, very manufacturable process with
greatly appreciated flexibility and versatility which does not constrain
or commit the manufacturer. Au ball-bond wires coupled with greatly
improved plastic molding processes and materials have made plastic dips
and quad flat packs the low-cost, highly reliable package for the majority.
Virtually all memory and all commodity electronics utilize these packages.
The wirebonding infrastructure is so huge worldwide that there would
have to be extremely strong and compelling reasons not to use today’s wire-
bonding.

TAB was invented to replace wirebonding in the early 1970s. Its
fine-pitch, peripheral nature was intended to extend wirebonding to sig-
nificantly higher I/Os on chips with greatly improved reliability and manu-
facturability. Some referred to it as “poor man’s beam lead,” alluding to
Bell’s own replacement technology for the T/C wirebond. The technology
is good. It did what it was designed to do, but the rate of improvement
and cost of wirebonding have made it extremely difficult for TAB to
displace WB. The Japanese manufacturers have had much more success
with TAB than American or European manufacturers. The biggest use of
TAB there is in the niche of LCD peripheral connections. Sharp has also



8.11 REFERENCES 11-273

been very successful with commodity items because of the inherently
manufacturable nature of the process, combined with the lightness and
low profile.

The overriding weakness of WB and TAB has been the peripheral
nature of the interconnect, as opposed to C4, which has its greatest strength
in area-array connectability. The rapid rate of integration of all devices
in the ULSI era has driven the need for I/O, particularly in logic ASICs
and microprocessors. The ease with which C4’s satisfy the 1000-5000
I/O needs of current and future semiconductors has made its choice easy.
The coupling of multilayer chip wiring and multilayered substrate wiring
has also brought the best performance for high-speed computers and
telecommunications devices. Also of value is the fact that the same chip
functionality can be realized in a much smaller chip with the resulting
economies of more chips per wafer.

The development of chip underfills has made possible direct chip
attach to FR-4 cards in a reliable way for the first time, making the chip
the ultimate “smallest package.” Miniature pagers and telephones are
beginning to appear, and low-cost bumping consortia have the support
of government and industrial groups to make low-cost chip-on-board a
growing interest. For the first time, flip chip is a serious consideration
for low-cost commodity electronics as well as the up-scale applications.

It has been gratifying to watch these three interconnect technologies
grow and develop, particularly the sharing of ideas. Features of one
system are used freely in another. For example, single-point thermosonic
wirebonders are excellent for TAB inner lead bonds, Au ball-bond bump-
ing on flip chips provides bumping without major reinvestment. Flip-on-
flex has a lot of commonality with TAB.

All three interconnect technologies will continue to coexist for a
long time. Wirebonding will continue to dominate memory and commodity
packaging requiring relatively small I/O counts. Flip chip will dominate
high-end packages with greater than 500 I/O, and perhaps some commodity
applications; TAB will find the special niches featuring thinness and
lightness.
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9.1 INTRODUCTION

Ceramics and glasses, defined as inorganic and nonmetallic materials,
have been an integral part of the information-processing industry. Glasses
and ceramics are used for data processing by the use of semiconductor
devices interconnected onto packages. They are also used for storing
information by the use of such magnetic materials as iron and chromium
oxides and ferrites; for displaying information by the use of low-tempera-
ture solder glasses sealed to transparent faceplate glasses; for printing
information by the use of ceramic—metal print heads and corrosion-resis-
tant glasses; and for transferring information by the use of very-low-loss
glass fibers. The materials currently used for these applications are shown
in Table 9-1.

Integrated-circuit (IC) packaging is one of the most important appli-
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Table 9-1. Application of Ceramics in Microelectronics

Information
Processing Ceramic
Function Application Materials
Information processing
Package Substrate AlO;, BeO, AIN
Device Dielectric Si; Ny, SiO,
Mask Borosilicate glass
Information storage
Disk Iron oxide, Ferrite
Tape Chrome oxide
Head Ferrites, glass

Al O; + TiC substrate
Information display

Dielectric Lead borosilicates

Seals Lead zinc borosilicates

Faceplate Soda-lime glass
Information printing

Ink jet ZrO,-containing glass

Electro-erosion Ceramic—metal composites
Information transfer

Optical fiber Si0,, B,0,-Si0,

cations of ceramics in microelectronics. Ceramic materials in the form
of dual-in-line packages, chip carriers, and pin-grid arrays are used
throughout the industry, from consumer electronics to mainframe comput-
ers. Although plastic packages outnumber ceramic packages, ceramic
packages constitute roughly two-thirds of the total packaging market,
which is currently considered a multibillion dollar industry worldwide.
The Japanese market illustrated in Figure 9-1 is considered roughly two-
thirds of the total market, as it does not include the ceramic substrates
manufactured by United States and European computer and ceramic manu-
facturers. The ceramic package market in the United States along with a
list of ceramic package suppliers to this market and their market share
are shown in Tables 9-2 and 9-3, respectively [1]. It should be noted,
again, that these numbers do not include those markets for internal con-
sumption of individual companies, such as IBM, which manufactures
ceramics for its own high-performance applications.

9.1.1 Unique Attributes of Ceramic Packages

9.1.1.1 Unique Properties

Ceramics possess a combination of electrical, thermal, mechanical,
and dimensional stability properties unmatched by any group of materials.
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Figure 9-1. Japanese Ceramic Companies’ Shipments

Table 9-2. Package Suppliers to U.S. Market. Market share based on sales volume.

Primary

Kyocera
NTK
Sumitomo
ALCOA
COORS

Secondary
American Hoescht (Metceram)

Cabot
Raychem/Interamics
General Ceramics
Brush Wellman (EPI)
LDC

Diacon

Bourns

Shinko

TOTAL

Source: Data from Ref. 1.

Percent

55-70

15-25

5-10
<4
<4

<2
<2
<2
<2
<2
<2
<2
<2
<2
100
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Table 9-3. Worldwide Ceramic and Other Packaging Materials Market
Worldwide Materials Consumption ($ millions)

1982 1988 1993 1996 2000
Ceramic Packages, Metallized 230 1,073 1,230 1,480 1,300
CERDIP 200 363 110 80 50
Multilayer Capacitors 350 610 1,800 2,080 2,470
Leadframes 600 1,146 1,830 2,460 3,010
Encapsulation Resins 180 394 565 680 780
Bonding Wire 117 253 363 479 710
Seal Lids with Preforms 190 222 110 135 120
Die Attach Materials 55 75 100 118 140
Headers and Cans 110 105 90 85 60
Hybrid Materials 340 402 314 350 290
Other 90 175 200 230 390

$2,462 $4,208 $4912 $6,097 $9,320

For example, ceramics have dielectric constants from 4 to 20,000, thermal-
expansion coefficients matching silicon (3 x 10%/°C) to matching copper
(17 x 107%/°C), and thermal conductivities from that of insulated brick
(0.1 W/m K) to better than aluminum metal (220 W/m K), which is one
of the best metallic thermal conductors known. Dimensional stability as
measured by either change of dimensions as a function of temperature and
time or shrinkage control during substrate processing has been achieved at
better than £0.05% nominal shrinkage, allowing as many as 100 layers
of ceramics and metal to be cofired into one substrate [2]. Such a substrate
is illustrated in Figure 9-2 and is discussed in the glass—ceramic section
of this chapter. A number of manufacturers, such as IBM, are routinely
manufacturing these type of substrates but with a lower number of layers
with nominal zero shrinkage and tolerance better than +0.1%. Recent
technology breakthroughs have led to the use of ceramics as superconduc-
tors, offering no electrical resistance to the flow of current at low tempera-
tures. Figure 9-3 illustrates the development in this area over the last eight
decades. As a result, a number of commercial applications in medical,
electronic, and transportation industries are being developed. If the temper-
ature could be pushed closer to room temperature, a direct and profound
application for power distribution of electronic packages could be de-
veloped.

9.1.1.2 Highest Wiring Density

Ceramic substrates provide the highest wiring density of all substrate
technologies. Even though the line and via dimensions as well as their
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Figure 9-2. State-of-the Art 166mm Ceramic Substrate with 107 Layers.
(Courtesy of IBM.)

pitch are coarser and further apart compared to thin-film technologies, as
illustrated in Figure 9-4, and hence the wiring density is lower per layer,
the total wiring density that has been achieved is much higher, because
of cofiring of as many as 63 layers in full production and 100 layers in
development. This advantage over thin-film (MCM-D) and printed wiring
board (MCM-L) is reflected in Figure 9-5 for a 20-layer cofired ceramic
and a 5x projection for a 100-layer substrate.

9.1.1.3 Best Reliability and Hermeticity

The only packages that achieved the highest reliability have been
ceramic packages and, as a consequence, the packages that are in use
today for the very stringent reliability requirements are ceramic packages.
These uses include most of the defense and aerospace applications and
the leading-edge microprocessors (Pentium and Power PC) for commercial
applications. This reliability superiority over plastic or printed wiring
board is due to three fundamental reasons. First, by their very nature,
ceramics are hermetic, as discussed in Chapter 14, “Package Sealing and
Encapsulation.” They do not absorb and retain moisture nor do they allow
permeation of gases. Second, their dimensional stability during and after
high-temperature processing is exceptional. Some of the advantages of
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Figure 9-3. Progress and Role of Ceramics in Superconductors

this stability come from the intrinsic low thermal expansion, similar to
that of silicon IC devices. Third, the chemical interness of most of the
ceramics to water, acids, solvents, and other chemicals is outstanding.
The IBM’s better than six-sigma achievement for its ceramic multichip
module (MCM) reliability, as illustrated in Figure 9-6 and as discussed

Thin Film MLC PWB
A A ® o 0] 0]
Via/land: Via/land: Viafland:
0.030/0.04mm DIA. | 0.20/0.40mm DIA. 0.30/0.75mm DIA.
Line/space: Line/space: Line/space:
0.025/0.050mm 0.100/0.100mm 0.127/0.127mm
30 lines/100MIL 9 lines/100MIL 5 lines/100MIL

Figure 9-4. Multilayer Ceramic and Printed Wiring Board Compared. (Cour-
tesy of Kyocera Corp.)
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Figure 9-5. Wiring Density Comparison

in Chapter 6, “Manufacturing Considerations for the Packaging Technolo-
gist” is a good example of ceramic reliability which has not been achieved
by any organic package.
9.1.2 Drawbacks of Ceramics

Ceramics are brittle, making them prone to catastrophic failure and
sensitive to stress corrosion unless designed carefully for each application
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Figure 9-6. Multilayer Ceramic Reliability. (Courtesy of IBM.)
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for which they are used. In very-high-performance applications requiring
very low dielectric constants and very high packaging densities, ceramics
cannot compete with thin-film organic packages. However, ceramics are
expected to be used as stable building blocks on which high-performance
thin-film wiring can be developed with the use of polymeric materials
for high-performance applications.

Ceramic packages offered in a variety of forms, such as dual-in-
line packages (DIPs), chip carriers, flat packs, and pin-grid arrays are
capable of supporting from 1 chip to as many as 100 or more chips per
package, as discussed later in this chapter.

In this chapter, the history and evolution of ceramic packaging are
discussed, from simple dual-in-line and solid logic packages to the state-of-
the-art ceramic processing, as in fabricating multilayer packages capable of
interconnecting in excess of 30 ceramic layers with 30 layers of metal to
support devices in excess of 100 chips on a single substrate with all the
required power distribution and thermal dissipation to and from each of
the devices. Recent developments in the use of ceramics with thermal-
expansion coefficients near that of silicon, such as AIN, mullite, glass +
ceramics, are also included. Future technology trends and the scientific
areas required to develop the understanding necessary to support the new
product developments are indicated.

9.2 EARLY CERAMIC PACKAGING

Early transistors were either solder bonded to glass—epoxy cards or
packaged in simple plastic packages (as shown in Fig. 9-7). The need for
hermetic sealing led to the development of the outline metal packages,

Figure 9-7. TO Transistor Bonded to Glass-Epoxy
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which were sealed by welding nickel lids to gold-plated transistor
metal bases.

The initial transistor outline (TO) package was manufactured with
as many as 14 leads. In the 1960s the need for many more leads led to
the development of rectangular ceramic packages with leads on two oppo-
site sides, known as dual-in-line packages or planar packages. These
packages were introduced by Fairchild.

9.2.1 Ceramic Solid Logic Technology

At about this time (1963), IBM introduced for its own use a ceramic
package called SLT (Solid Logic Technology) [3], 12 X 12 mm in size,
made of 96% dry-pressed alumina on which conductor and resistor pastes
were screened and fired at about 800°C. Sixteen connector pins of copper
were swaged into the holes in the substrate, and the entire assembly was
immersed in a solder bath to coat the conductors and pins, forming
electrical contacts between pins and conductor lines. Semiconductor chips
were soldered in place and the cap sealed to the module with epoxy (as
shown in Fig. 9-8).

9.2.2 Ceramic Dual-in-Line Packages

The availability of dual-in-line packages (DIPs) and the ease with
which they can be transported and automatically inserted into the holes of
printed-circuit boards and soldered in place made them a industry standard.

Figure 9-8. SLT Package
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Ceramic DIPs were fabricated using either ceramic greensheets or
dry-pressing processes. Figure 9-9 illustrates the tape processes used
in fabricating DIPs, and Figure 9-10 illustrates the same with a dry-
pressing process.

With either process, the maximum number of leads provided with
DIP packages has been 64. This limit is due to fabrication difficulties,
the question of the reliability of solder joints to the board, and excessive
lead inductance, among other reasons. The tape process involves forming
a slurry of well-dispersed alumina and glass in a suitable organic vehicle,
and doctor blading to form tape, which is metallized with tungsten metal
paste. The desired number of layers is laminated and sintered in a con-
trolled atmosphere between 1500°C and 1600°C. Exposed tungsten metal-
lizations are nickel and gold plated, and then brazed with a copper—
silver alloy.

Pressed ceramic (also known as “Cerdip”), as the name implies,
involves molding a mixture of alumina lubricants and binders to form
the desired shape, which is then sintered to form a monolithic body. Metal
frames are bonded to this body by using low-temperature glasses, as
shown in Figure 9-10.

Hermetic sealing posed problems early in the development of DIPs.
These problems were traced to the incomplete removal of water prior to
sealing. Glasses in the system PbO-B,0;-Si0,-Al,0;-Zn0, capable of

Vehicle
“Green” Ceramic Tape Mfg.
+ A|2°3 Binder
Screen Metallized (Tungsten) Patterns
+ Tape

Laminate Green Ceramic Layers

Screen =~
i Prin
L
Fire Ceramic 1600°C Na/Hy ATM

Tape
* Pressure

Nickel Plating of Exposed Metallization

'

Braze Metai Components
to Ceramic Body (Cu-Ag Braze)

|

Final Gold Plate of Exposed
Metal Surfaces

Figure 9-9. DIP—Laminated Ceramic Package. Also called side-brazed package.
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Figure 9-10. Laminated Ceramic Package. Also called a side-brazed ceramic DIP.

meeting all the requirements shown in Table 9-4, have been successfully
developed [4] and used to solve the hermeticity problems.

9.2.3 Advanced SLT

Advanced SLT (ASLT) [5] was developed as a follow-up to SLT
during the mid-1960s. The basic fabrication technology followed the SLT
process closely, and the additional circuit wiring is added by screening
conductors on both sides of the substrate. Two such substrates are stacked
vertically, as shown in Figure 9-11. Electrical connections between the

Table 9-4. Glass Requirements for Cerdip Sealing

Low-temperature sealing (<450°C)

Good adhesion to both AL,O; ceramic and alloy 42
Thermal expansion matched to ceramic and alloy 42
Electrically insulating

Good chemical resistance

No outgassing of moisture of other contaminants
Low alpha-particle emission for soft error protection
Good fracture toughness

High thermal-shock resistance
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Figure 9-11. Stacked Solid Logic Technology

substrates are provided by soldering the pins from the bottom of the top
substrate to the top-surface metallization of the bottom substrate.

9.2.4 Monolithic Systems Technology

The monolithic systems technology (MST) [6], consistent with im-
provements in semiconductor integration at about 25 circuits per 2-mm-
size chip, was developed in the late 1960s. This technology is very similar
to the SLT and ASLT, but the number of chip connections increased from
3 and 12 with the previous technology to 16 and 18, respectively.

9.2.5 Thick-Film (Crossover) Technology

Parallel to dry-press ceramic technology, thick-film technology be-
gan to evolve as a way of depositing thick-film dielectrics and conductors
by screen-printing processes. Thick-film technology involving the physics
and chemistry of metal and ceramic powders, the organic vehicle systems
capable of providing stable thick-film systems, the measurement systems
of viscosity, surface tension, and dispersion are discussed in a European
handbook [7]. The conductor materials typically used are those that can
be fired below 1000°C with good electrical conductivity. These include
silver, gold, copper, gold—platinum, silver—palladium, silver—platinum,
and palladium—gold. The choice of conductor is usually dependent on

one or more of the following considerations for the pastes shown in Table
9-5:
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Table 9-5. Primary Components of Some Common Early Resistor Systems

Manufacturer Series Components
E.I du Pont 7800 Palladium oxide/silver/palladium
8000
Electroscience Laboratories 6900 Palladium oxide/silver/palladium
7000
E.I du Pont Birox Bismuth ruthenate
1100
1400
EMCA Firon Ruthenium oxide/iridium oxide/gold
Plessy Co. (formerly Alloys Unlimited) A Ruthenium oxide/silver
B
BB
Chicago Telephone Supply Ruthenium oxide
Airco Spear TGA Thallium oxide
TFG
Electroscience Laboratories 3800 Iridium oxide
1. Resistivity
2.  Line definition
3. Compatibility with resistor, dielectric, or other conductor materials
4.  Solderability and solder leach resistance
5. Adhesion strength
6.  Suitability for ultrasonic wirebonding
7. Suitability for chip bonding
8. Long-term stability (e.g., resistance to migration effects under the

influence of voltage gradients)

Glass (frit) additions, generally in the lead—borosilicate family, were
included in the paste to provide adhesion to the ceramic on which they
were fired. The resistivity that can be achieved with these thick films is
in the range of 5-25 u€2 cm.

The dielectrics generally fall into two categories: those involving
low-dielectric-constant materials and others involving very-high-
dielectric-constant capacitor materials. Each of these have been further
classified into those involving crystallizing glasses and those involving
mixtures of glasses and ceramics. In addition, thick-film resistors (Table
9-5) are processed in a similar fashion.
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9.2.6 Ceramic Packages with Thin Films

With the development of more highly integrated semiconductors, the
package-wiring-density requirement became so great that either multiple
layers of thick film or a higher density of surface wiring, using thin films,
was required. The metallized ceramic shown in Figure 9-12 was fabricated
with thin-film wiring on the surface of a dry-pressed alumina substrate
[8]. A very thin layer of chromium, followed by a thicker film of copper,
and finally a thin layer of chromium were either sputtered or evaporated
onto the surface of the ceramic. The first chromium layer was expected
to form chromium oxide during substrate processing to form an excellent
bond to alumina. The metal conductor patterns are defined by subtractively
etching fine lines by conventional lithographic processes. The pinning of
the substrate is performed in a way similar to the swaged-pin processes
described earlier. The chip connections are performed by the flip-chip
solder connections, described in detail in Chapter 8, “Chip-to-Package
Interconnections.”

9.2.7 Earlier Multilayer Ceramic Technology

The origin of multilayer ceramic (MLC) technology can be traced
to RCA in the late 1950s [9], starting with the doctor-blade process for
casting greensheets, laminating a number of metallized layers [10], and
finally leading to the concept of “via” interconnection from layer to layer
[11]. At about this time, the U.S. Army Signal Corps and the Radio

Figure 9-12. Thin Film on Ceramic Package
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Corporation of America, in Somerville, New Jersey, started the Micromod-
ule Project [12]. The goal was to find a practical means to increase the
value of capacitance available to module designers by a factor of 10. Both
fabrication technology and dielectric composition improvements were
studied. This project was designed to use 7.6 X 7.6-mm substrates, with
three notches on each of the four edges and thicknesses greater than 0.25
mm. The first goal was to develop a laminated capacitor in this form
factor. To accomplish this goal, it was necessary to meet the capacitance
requirements of up to 3000 pF for a precision capacitor and up to 300,000
pF for a general-purpose capacitor. The equation used to make these
calculations was

C=96 EA}V (9-1]

where

A = the area of the electrode
C = the capacitance (in pF)
K = the dielectric constant
N = the number of layers
t = the thickness of each layer

For a precision capacitor, the dielectric constant was about 30, and for a
general-purpose capacitor it was about 3000, which meant that at least
11 layers of 25 um thickness would have to be achieved in order to meet
these specifications. The area of each electrode was about 26 um?” Many
technologies were tried concurrently until doctor-blading started to show
the most promise. Fortuitously, the paint industry was then producing
vinyl-based products, and after several months of trials, a plasticized
copolymer of polyvinyl chloride acerate binder was discovered. These
capacitors had 11 layers, each 25 um thick, which when sintered met the
specifications described. The process steps used are shown in Figure 9-13.

In order to produce a stable slurry with high viscosity and specific
gravity that could be used for casting films, the interactions of the ceramic
powders, binders, plasticizers, deflocculants, and solvents had to be opti-
mized [13,14]. The early studies correctly pointed out, as we know now,
that steric hindrance is the primary mechanism for dispersing ceramic
powders in organic systems. Because of the increased interest in tape
casting of ceramics for much better dimensional requirements, new re-
search programs have recently been initiated [15] which should improve
the understanding of the fundamentals controlling the dispersion behavior
of these systems. The casting process was first done with a hand doctor
blade, but it was quickly replaced with a continuous caster using a plastic
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Figure 9-13. Early Multilayer Ceramic Flow Sheet for Capacitors

carrier material. The greensheets could be easily stripped from it and in-
spected.

These sheets were metallized with several of the existing noble metal
pastes then commercially available. Palladium was preferred for capacitor
applications, because it could be fired in air and withstand the temperatures
needed to sinter the titanates. Screening processes provided adequate
resolutions for the electrodes.

Assembling the titanate sheets was the most difficult problem to
solve. The first attempt was to sequentially cast the ceramic sheets, dry,
screen the electrodes, dry and so forth. This method had so many problems
with drying, thickness control, yield, and layer-to-layer connections that
it led to the development of lamination technology. The criteria for proper
greensheet structure and laminating conditions have been described more
quantitatively elsewhere [16]. The bond strength between the green ce-
ramic layers is determined by the following relationship:

B =K, +K; In PTt

where

K, K, = constants for the system used
P = the pressure
T = the temperature
t = the time of hold at the laminating temperature.
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All the process steps in fabricating these capacitors are listed in
Table 9-6.

About this time in the micromodule program, a new need arose for
an alumina hermetic package for a quartz crystal oscillator application
that led to the development of alumina multilayer ceramic. This was
believed to be the first laminated alumina multilayer ceramic package
application. All of the processes described were used, except for the
binder. In this application a polyvinyl butyral resin was used for the thicker
greensheets. This package used a Mo—Mn paste for its metallization, in
order to achieve hermeticity. The iron—nickel-cobalt cap was ultrasoni-
cally soldered to a nickel and gold-plated sealing ring on the surface of
the three-layer substrate. Because of this breakthrough with the quartz
crystal oscillator package, other packages were made for diodes and
transistors. Next, the concept of a “via,” as illustrated in Figure 9-14, was
introduced [11]. This is a hole punched in a green ceramic sheet and
subsequently filled with a metal paste in order to make the interconnections
from layer to layer within the micromodule substrate. These historical
developments are discussed further elsewhere [8]. These basic develop-
ments provided the background for the development of the state-of-the-
art multilayer ceramic described later in the chapter.

9.2.8 Ceramic Chip Carriers, Flat Packs, and Hybrid Packages

The ceramic dual-in-line package with up to 64 pins on a 2.54-mm
pitch became too large for high-performance applications. The ceramic
chip carriers, which can be considered as square DIPs with terminals on
all four sides at half the pitch of the DIP, have filled an important gap
between DIPs and pin-grid arrays. Chip carriers can also be used exten-

Table 9-6. Thick-Film Processes Considered in 1959

Estimated Minimum

Process Thickness (Um Concerns
Pressing 125 Too thick
Extruding 75 Control
Spraying 75 Shorts
Doctor-blading Unknown Lamination
Screening 15 Shorts
Electrophoresis 2 Shorts
Sputtering or evaporation 0.1 Voltage rating

Source: Data from Ref. 12.
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Figure 9-14. Patent Drawings Showing First Ceramic Via. Figure numbers shown
in art-work are from patent. (From Ref. 10)

sively in low pin counts to replace DIPs as, for example, in high-density
memory packaging. Chip carriers (CC) can be either leaded (LCC) or
leadless (LLCC), depending on how it is applied to the second-level card
or board technology. An example of a ceramic chip carrier is illustrated
in Figure 9-15. These packages are made by using the tape process for
multilayer structures and the dry-press process for single-layer DIPs and
other plug-in packages (see Fig. 9-16). The materials and processes for
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Figure 9-15. Ceramic Chip Carrier. (Courtesy of Intel Corp.)

multilayer substrates are similar to the state-of-the-art ceramic packaging
covered in the next section, but the dry-press technology has also been
applied to the formation of metallized substrates by first firing in air,
followed by screening and sintering the desired metallization. Cavity
metallization is accomplished similarly to end up with Cerdip bases. A
number of designs (leadless designs A to D and others) of ceramic packages
[17], both in pinned and nonpinned versions, have been developed by
manufacturers exclusively for their customers’ needs. One of these is the
ISOPAK pin-grid array developed by General Dynamics [18], where the
pins of Kovar are glass-sealed into a chemically milled Kovar pan, which
is flush filled with glass and planarized to provide the chip-bonding circuits.
The chip itself is mounted on a Kovar platform at the center of the package.
So-called multiple-in-line packages (MIP) are rectangular pin-grid arrays,
in which the pins are in four rows of 2.5 mm spacing, and the spacing
between the first and second, and third and fourth is 7.5 mm. PINBELL,
used by AT&T Bell [19], is of this type. In addition to other chip carriers,
one variation of leadless chip carrier type, known as single-layer metallized
(SLAM), is used primarily by the military market for direct solder attach-
ment to a ceramic substrate [20]. This package has no recess and is sealed
by glass as discussed in Chapter 14 “Package Sealing and Encapsulation.”
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Hole-grid array, as opposed to pin-grid array, with holes in ceramic is
another variation. The available ceramic chip carriers and DIPs, and their
characteristics, are given in Table 9-7, which illustrates the availability
of ceramic carriers with I/O spacing down to 0.50 mm (20 mils) and the
number of I/Os in excess of 200. The I/O configurations available from
Kyocera for these chip carriers are illustrated in Figures 9-17 and 9-18.
Figures 9-19 and 9-20 compare the three most common ceramic packages
[21] for the area they occupy on second-level organic packages and
the signal delay involved in interconnecting 12 silicon chips. For high-
performance logic applications, it can be concluded from these figures
that the pin-grid array is the best solution, as it uses the least area on the
board while providing the fastest signal transmission.

The best package solution may not be entirely technical. In addition
to the technical aspects, package decisions are made based on existing
assembly methods and the costs of developing and implementing a total
package system with minimum risk. Thus, each company must consider
its own requirements before selecting a particular package solution.

The use of leadless ceramic chip carriers has fulfilled an important

Table 9-7. Available (1987) Ceramic Chip Carriers, DIPs, PGAs, and
Their Leads

1/0 Spacing

Package Type I/O Range (mm)
BGA Area array balls >300 1.00
PGA Cavity up 64-312 2.54

1.27 Staggered
2.54

Cavity down 64-240 1.27 Staggered
Leadless JEDEC A 28-156 1.27
JEDEC B 28-156 1.27
JEDEC C 16-96 1.00
Custom 1 200 0.50
Custom 2 284 0.28
Leaded Flat package 10-28 1.27
Quad lead 24-124 1.27
Quad lead 36-64 1.00
Quad lead 172-224 0.63
Quad lead 35-224 0.50
DIP Standard 8-64 2.54
Skinny 24-32 2.54
Shrink 24-64 1.78

Narrow 24-44 1.27
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Leaded Package
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Figure 9-17. Leaded Package I/O Configurations. (Courtesy of Kyocera Corp.)

need in military applications but posed limitations in commercial applica-
tions [22]. Although leadless chip carriers can be fabricated to as low as
0.25 mm (10 mil) lead spacing, surface mounting poses a limit to the
size or number of pins a chip carrier can have. This limit has been observed
to be about 30-50 mm in size for a standard 96% alumina substrate
surface soldered to FR-4 epoxy-glass board [23]. Surface mounting of
larger ceramic chip carriers, therefore, requires the development of second-
level packages that are closer in thermal expansion than conventional
epoxy-glass boards [24], as discussed in Chapter 17, “Printed-Wiring
Board Packaging.” The surface mount limitations of chip carriers are
discussed in Chapter 16, “Package-to-Board Interconnections.”

9.3 ALUMINA CERAMIC PACKAGING

The state-of-the-art multilayer ceramic described in this section is
excerpted from an earlier publication [25]. The multilayer ceramic packag-
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Leadless Package

CONFIGURATION rPIN/LEAD CENTERLINE SPACING
STANDARDI CUSTOM HDCM
1.27
CHIP CARRIER N 050 0
{Castellations) N .030 .030
1016
1040
127
CHIP CARRIER SN 00 | 0782 | oe35
2 . . | p 1AL Y Ol
) (Edgs Metallization) A.. s | 030 025
1040
127
3) CHIP CARRIER E %01 0s3s | os0s
{Via Holes) 1.016 025 020
040
4) PAD GRID ARRAY| mﬁi 050 028 020
i

.. mm
Unit: 30 h

Figure 9-18. Leadless Package 1/0 Configurations. (Courtesy of Kyocera Corp.)

ing capable of providing interconnections for as many as 100 chips cur-
rently in a single monolithic alumina—molybdenum substrate is considered
the state of the art in ceramic packaging [26]. It should be noted, however,
that alumina—tungsten multilayer ceramic, the technology of which is
very similar to the technology of alumina—molybdenum technology dis-
cussed in this section, is the technology most commonly used in the
majority of commercial applications. This technology, which has been in

40 —

20

10

Area of Printed Circuit Board (cm?)

Number of Pins/Package

Figure 9-19. Comparison of DIP, Chip Carrier, and PGA for Second-Level
Area. (Courtesy of Standard Elektrik.)
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Figure 9-20. Comparison of DIP, Chip Carrier, and PGA for Signal Delay.
(Courtesy of Standard Elektrik.)

existence since the early 1980s [24], has been the basis of IBM’s main-
frame technology, as it provided a revolutionary approach in interconnect-
ing a very large number of chips, providing power to each chip and
removal of heat from each chip in a way that was not practiced earlier.
A number of Japanese and American manufacturers have developed their
own single and multichip, multilayer, ceramic substrate technologies that
are variations of the materials, processes, and tools discussed here. Table
9-8, for example, illustrates the characteristics of multilayer ceramic sub-
strates as manufactured by Kyocera. The impact of this technology has
been to provide very high performance by minimizing the interchip wiring.
It also provides very high reliability due to minimization of the number
of interconnections and elimination of one level of packaging. In addition,
this ceramic package provides hermeticity for the silicon devices. It is
expected that this technology will continue as the basis on which advances
will be made in interconnecting more chips with more circuits on each
chip, each dissipating more power.

The single-line reference planes have been designed to provide a
characteristic impedance of 55 Q for the selected line geometry by the
use of a combination of nominally 0.15-mm- and 0.2-mm-thick ceramic
layers with a nominal dielectric constant of 9.4. The bulk resistivity of
the sintered molybdenum metallurgy is approximately 10 uQ-cm.
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Table 9-8. Multilayer Substrate Dimensions

Standard Custom High Density

Maximum substrate size (mm) 150 x 150 300 x 300 150 x 150
Tolerances—as fixed

x-y Dimensions +1% +0.5% +0.5%

Thickness +10% +5% 15%

Flatness (mm/mm) 0.102/254 0.076/25.4 0.051/25.4
Number of layers

Tape layer 7 14 30+

Screened dielectric 4 8 —

Vias diameter (mm) 0.203 0.203 0.102

Pitch 0.762 0.635 0.254
Lines

Width (mm) 0.254 0.102 0.102

Pitch (mm) 0.508 0.203 0.203

Source: Courtesy of Kyocera Corp.

9.4 STATE-OF-THE-ART ALUMINA PACKAGING
AND APPLICATIONS

Table 9-9 illustrates the state-of-the-art evolution in alumina-Mo
ceramic packaging during the last 15 years, starting with the original
thermal conduction module (TCM) in 1980. The substrate size has grown
from 90 mm to 127.5 mm, the number of layers from 33 to 63, the number
of vias in the substrate from 350 k to 2 million and the wiring length
from 130 to 400 meters. The state-of-the-art is the last one in this table
and is described briefly here, but the details can be found elsewhere. [27]

IBM’s application of the latest ceramic package for an air-cooled
mainframe system is illustrated in Figure 9-21. Assembled, the module
measures 166 mm wide by 146 mm deep by 169 mm high; it contains
up to 121 logic and array chips with 144 decoupling capacitors, all mounted
using controlled collapse chip connection (C4) technology. The alumina
thermal-conduction module (TCM) utilizes a new MLC substrate, top-
surface thin-film redistribution wiring, and a new air-cooling technology
which allows the package to dissipate 600 W and uses 2772 pins to
connect with the second-level package. In this module, CMOS and bipolar
chip technologies are packaged together on a single TCM for the first time.

The process of fabricating the multilayer ceramic package is outlined
in Figure 9-22, and the resulting substrate cross section is illustrated in
Figure 9-23.
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Table 9-9. Evolution of Alumina Packaging at IBM

Size (mm)

Layers

Via count

Wiring (m)

Available C4 connections
Chip sites

I/O pin connections
Terminal metallurgy
Cooling capacity (W)

Source: From Ref. 27.

System 3080 System 3090 System/390
TCM TCM air-cooled TCM
(1980) (1985) (1990)
90 x 90 110.5 x 117.5 127.5 x 127.5
33 36-45 63
350K 470K 2000K
130 180 400
16K 24K 80.7K
100-133 132 121
1800 1800 2772
Plating Plating Plating/thin film
300 (water) 520 (water) 600 (air)

9.4.1 Ceramic

Pure alumina, although capable of much higher mechanical strength
when combined with glass, presented two basic problems. The thermal-
expansion coefficient of pure alumina is 70 x 107/°C compared to

Heat sink

Hat

Chips
Seal ring
Substrate

Base plate

Figure 9-21. Assembly/Cutaway View of the S/390 Alumina TCM
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Figure 9-22. Process of Fabricating Multilayer Ceramic

58 x 107/°C for molydenum in the temperature range 20-800°C. This
difference resulted in a radial cracking of alumina around each molybde-
num via. Additionally, pure alumina required sintering temperatures
around 1900°C, which is much too high for the economic operation of
manufacturing furnaces. Both these problems were solved by the addition
of glass. The properties of alumina used are described in Table 9-10. The
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Figure 9-23. Multilayer Multichip Module
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Table 9-10. Properties of Alumina Powder for Multilayer Ceramic

Average particle size 3.4-4.0 um
Surface area 0.75-0.95 m*/g
Leachable soda Nominal + 20 ppm
Bulk density 1.0 g/cm?

ceramic consists of approximately 90% alumina and 10% glass. A number
of glass additives added to alumina powder and the resulting mechanical,
thermal, electrical, and dimensional control properties of ceramic led to
the choice of calcia-magnesia—alumina silicate glass. The influence of
this composition of glass on the nominal shrinkage of the substrate is
illustrated in Figure 9-24, further defining the chemical composition of
the glass used [28].

9.4.2 Greensheet

The basic building block used in the multilayer ceramic process is
the “ceramic greensheet,” nominally 0.2 mm or (.28 mm thick (unfired),
which is a mixture of ceramic and glass powder suspended in an organic
binder as described below. A key factor in achieving acceptable yields
is the formulation of a greensheet that exhibits the necessary strength for
handling and processing. In addition, the greensheet must be dimensionally
stable to ensure accurate plane-to-plane registration when the layers are

+0.2%

Nominal

Shrinkage (%)

-0.2%

~0.4% ] | I )
16 18 20 22 24

Total MgO + CaO (Wt.%)

Figure 9-24. Shrinkage of Multilayer Ceramic as Influenced by Glass Compo-
sition. (Courtesy of IBM Corp.)
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stacked and laminated. Strength and stability have been achieved by the
proper selection of binder constituents, a controlled casting process, and
the use of a molybdenum paste vehicle that does not interact with the
greensheet binder.

A typical greensheet vehicle system [29] consists of binder, solvent,
and plasticizer. The purpose of the binder is to “bind” the ceramic particles
temporarily in forming greensheets and allowing sheets to be screened
with an appropriate paste of the metal powders.

Power is distributed from the substrate pins to the power planes and,
in turn, through parallel paths to chip power pads on the surface of the
substrate. The maximum voltage drop in the substrate is 16.5 mV, and
the power distribution design allows a minimum of 450 off-chip drivers
to be switched simultaneously. Solvents play a number of key roles,
ranging from deagglomeration of ceramic particles during the ball-milling
operation, due to the low viscosity of the grinding liquid the solvent
provides, to formation of microporosity as the solvent evaporates from
the sheet. The formation of microporosity in the sheet is considered one
of the most important features, because it allows the sheet to be compressed
around metal lines during lamination. Plasticizers allow the sheet to be
“plastic” or flexible due to the lowering of the glass-transition temperature
of the binder by the plasticization process.
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