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CHAPTER 7

PACKAGING AND
INTERCONNECTION OF
INTEGRATED CIRCUITS

Charles Cohn
Ming T. Shih
Lucent Technologies
Microelectronics Group

Allentown, Pennsylvania

7.1 INTRODUCTION

One of the most critical levels of electronic packaging is that of packaging and intercon-
necting integrated circuits (ICs). The ICs are at the heart of electronic system controls, and
since they are typically sensitive to electrical, mechanical, physical, and chemical influ-
ences, they require special considerations by the packaging engineer. IC packaging is the
middle link of the process that produces these systems. Hence, it must respond to demands
from both ends, that is, wafer fabrication and device trends upstream (circuit level) and
circuit board assembly and system performance trends downstream (system level). This is
particularly true in the design, piece part fabrication, and assembly aspects of IC packag-
ing. Today’s circuit and system level requirements of high performance, high reliability,
and low cost have placed greater demands on the packaging engineer to have a better
understanding of the existing and emerging packaging technologies. Many electronic sys-
tem performance problems result from a lack of knowledge and understanding of the inter-
action of the many materials and processes that are a part of this first level of packaging.
Packaging engineers must be aware of the-latest industry demands and be able to trade off
among the various packaging technologies on what works and what is economically feasi-
ble to satisfy thcse demands. This chapter addresses the current state of IC packaging tech-
nologies and provides an insight into new IC packaging concepts. i

7.1.1 Terms and Definitions

The semiconductor industry has undergone many changes over the past two decades,
among them the terminology used in the packaging of ICs. Acronyms have found wide
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72 CHAPTER SEVEN

acceptance and usage in the semiconductor industry; many are used in this chapter or will
be found in the papers and books referenced. Some of the acronyms that are encountered
by the packaging engineer in daily activities in the office, the laboratory, and on the manu-
.facturing floor are listed in Appendix A.

An IC package is the housing, which assures environmental protection to the IC chip
and provides for complete testing and high-yield assembly to the next level of intercon-
nection. Lévels of electronic packaging are defined in Fig. 7.1. This chapter deals with the
first level of packaging, where the IC is assembled into a package such as a quad flatpack
(QFP), pin grid array (PGA), or ball grid array (BGA) using wire-bonding (WB), tape
automated bonding (TAB), or flip chip (FC) bumping assembly techniques. The packaged
device, as defined, is then attached either directly to a printed wiring board (PWB) or to
another type of substrate, which is defined as the second level of packaging. An alternative
would be to assemble the packaged device to an intermediate vehicle, such as a hybrid cir-
cuit or a multichip module (MCM), which are described in Chap. 9. Hybnd circuits con-
tain substrates that are typically ceramic with thick or thin film metallization, while
MCMs utilize substrates made of either multilayer PWBs, multilayer ceramic, or silicon
substrates with built-up multilayer dielectric insulators and metal conductors to achieve
the required system performance. In the MCM option, chips are placed on the substrate
bare (without package) and, after interconnection and test, the assembly is sealed to pro-
vide environmental protection to the MCM.

The specific function of the IC package is to protect the chip from mechanical stress,
environmental stress (such as humidity and pollution), and electrostatic discharge during
handling. In addition, the package provides mechanical interfacing for testing, bumn-in,
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PACKAGING AND INTERCONNECTION OF INTEGRATED CIRCUITS 7.3

and electrical interconnection to the next level of packaging. The package must meet all
device performance requirements such as electrical (inductance, capacitance, crosstalk),
thermal (power dissipation, junction temperature), quality, reliability, and cost objectives.
Until recently, the packaging and interconnecting technologies have not been the limiting
factors in the performance of most silicon devices in high-volume production. But, as cir-
cuit and system demands are increasing, more attention is necded in selecting package
technologies, materials, and designs that will meet these challenges. Some package
designs may peed 1o provide special design enhancements to accommodate such demands
as higher power dissipation, signal terminations, power and ground distribution, and
matched impedance terminations.

IC packages come in a variety of lead arrangcmenls and mounting types that are
grouped into families defined by the method of mounting to level 2 [through-hole (TH) or
surface-mount (SM)] and by the physical arrangement of the leads on the package (in-line,
perimeter, or array). Figures 7.2 and 7.3 illustrate some of the more popular package types
used today in the TH and SM families. Section 7.5 describes these and other emergiag
types in more detail.

7.1.2 Circuit and System Driving Forces

Over the last four decades, the electronics industry has grown very rapidly, with increases
of over an order of maguitude in sales of ICs. In the 1960s, the IC market was dominated
by bipolar transistors but, by 1975, digital metal-oxide semiconductors (MOS) cmerged as

Pin grid array
(PGA)

g%

Dual in-tine package
(DIP)

FIGURE 7.2 IC packaging families, TH (through hole)
type. Design variations exist within families, such as the
way leads are attached to or exit the body. as illustrated in
the DIP family, and in the direction the cavny faces with
respect o the PWB (up or down), as shown in the PGA
family.
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PACKAGING AND INTERCONNECTION OF lN'fEGRATED CIRCUITS 7.5

exponential in nature (Fig. 7. 4) and, at the cument rate of growth, the complexity is
expected to reach about 5 x 10° devices per chip by the year 2005

Continued reduction of the minimum IC feamre dimensions’ (Fig. 7.5) is a major factor
in achieving the complexity levels mentioned. The feature size has recently been shrinking at
an apgroximatc annual rate of 11 percent, thus reaching an expected minimum feature size
of 10° nm (0.10 pm) by the year 2006. For many years, the packaging and PWB intercon-
nection technologies have not enjoyed an equal rate of advancement over the same period, as
the ICs did. In recent years, the board area necessary to interconnect the chip to the PWB has
been significantly reduced by the introduction of ball grid array (BGA) packages with solder
balls on a pitch as small as 0.020 in (0.5 mm). In addition, the use of bare chips (no pack-
age), with wire bonds, TAB or flip-chip (FC) bonding, and chip-scale packaging have further
reduced the interconnection area to where it now approaches IC dimensions.

The rapid increase in the number of components per chip and the performance require-
ments of these devices create major challenges for packaging designers. Memory devices
have been the driving force in the advancement of leading-edge wafer fabrication technol-
ogy. However, they do not challenge packaging to the same extent as logic chips, which
dissipate more power and require more inputs and outputs (I/Os). Although memory chip
complexity and chip size have increased sngmﬁca.ntly over the last four design gcncratmns,
and this trend will continue in the future’ (Fig. 7.6), the challenge to packaging in terms of
I/O increased at a slower rate due to multiplexing techniques on the chip. In contrast, the
number of /O terminals required for logic (such as ASIC) and microprocessor devices
continues to increase proportionally to the number of gates on the chip. Figures 7.7a and b
show the extreme demands placed on packaging by logic and microprocessor devices as
compared with mcmoncs (Fig. 7.7c), where the /O count has remaincd essentially con-
stant for 2.7 x 1010 2.8 % 10 i bit dynamic random-access memories (DRAMs).

Rent’s rule is an empirical cxpresston defined as

Number of I/Os = a(gate count)P

where a and B are constants determined by device design. Rent's rule is used to estimate
the number of package I/Os that will be needed as a function of the number of gates in the
device design. The examples shown in Figs. 7.7a, b, and ¢ use these constants and give a
good fit to logic (gate-array), microprocessor, and memory devices.

Device miniaturization has further improved the circuit-level performance, one exam-
ple being the reduction of power consumption at the per-gate level. Figure 7.8 illustrates
the exponentially decreasing trend and the power per gate for five major IC application
groups: automotive, high-performance, cost-performance, hand-held, and memory. Figure
7.8 illustrates the exponentially decreasing trend in the power per gate for all groups. Fig-
ure 7.9, on the other hand, shows that the power dissipation per chip actally increased
over the same period of time for the high-performance and cost-performance groups,
whereas for the automotive, hand-held, and memory groups, the power dissipation
remained relatively constant. This is explained by the fact that, while the power per gate
scales linearly with feature size, the power dissipation per chip is largely influenced by the
inverse square of the feature-size, as shown below:

Power dissipation per chip, P = f{Freq, C, V>, gate count)

where Freq = clock frequency
C = capacitance
V = voltage
gate count = chip area/(feature siz_e:)2
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7.14 CHAPTER SEVEN

While the clock frequency and gate count have been increasing exponentially over the
years (Figs. 7.4 and 7.10), the capacitance and voltage have been decreasing. Therefore,
the increase in chip power dissipation is primarily due to the greater number of gates on a
chip made possible by the decrease in the feature size. .

Device miniaturization has resulted in significant improvement in on-chip switching
speeds. These improvements impact the technologies used for interconnection from level
1 to level 2. Off-chip driver rise-time trends for ECL, CMOS, and GaAs are shown in Fig.
7.11. MOS circuits are known to be fiore sensitive to loading conditions due to their rela-
tively high output impedance. Hence, interconnect density is more important in MOS sys-
tems than for bipolar designs. As the applications for these devices tend toward the nano-
and subnanosecond signal rise times, more attention will be directed to the electrical
design consideration of packages and interconnections.

Reduced unit cost per function is a direct result of miniaturization. The cost per bit of
memory chips was cut in half every two years for successive generations of DRAMs. By
the year 2005, the cost per bit is projected to be between 0.1 and 0.2 microcents for a 1-Gb
memory chip. Similar cost reductions are projected for logic ICs. Packaging and intercon-
nection greatly impact the overall cost of the device. The package technology used can be
a significant portion of the total device cost, ranging from 10 percent for DRAMS in a low-
cost plastic SOJ to 50 percent for complex devices in multilayer ceramic pin grid amays
(CPGAs).

Chip-to-package interconnection, in particular wire bonding, can dictate the physical
size of the silicon and thus the cost of the chip. The mechanical limit in gold ball bonding
is the minimum pitch between adjacent ball bonds on the chip. The current production
limits are in the order of 0.0028-in (70-um) pitch, but when the bond pads are staggered,
as illustrated in Fig. 7.64, the effective pitch (wire-to-wire pitch) can be reduced to
approximately 0.002 in (50 pm). The active area required is determined by the design
rules for the particular wafer fabrication process used in manufacture. As device miniatur-
ization progresses down the curve in Fig. 7.5, the device designer will be capable of plac-
ing more active circuitry, requinng more I/Os, onto each chip. A condition where, for a
given number of I/Os, the chip size design is dictated by the effective bond-pad pitch on
the perimeter of the chip is known as a bond-pad-limited chip. The bond-pad pitch has a
profound effect on the chip cost. For example, at the 500-1/O level, the chip cost decreases
approximately 64 percent as the in-line pitch decreases from 0.004 to 0.0028 in (100 to 70
pm). These considerations are driving the interconnect technology vendors to develop
finer-pitch wire-bonding capability and forcing the packaging engineer to evaluate alterna-
tives, such as TAB and FC bonding techniques. This is covered in Secs. 7.7.1.2, 7.7.1.3,
and 7.7.1 4.

7.1.2.2 System-Level D ds. The rapid advances in wafer fabrication also drive sys-
tem-level demands. Effective utilization of chips with improved performance, that is,
faster on-chip switching speeds, requires higher device density at the second leve) of inter-
connection. This is achieved by considering several aspects of IC packaging simulta-
neously; the physical size of the package, lead spacing or pitch, and the method of
attachment to the next level of interconnection.

The DIP family, introduced in the early 1970s, with dual in-line leads on 0.100-in
(2.54-mm) centers, becomes prohibitively large (Fig. 7.12) as the number of I/Os
increases to levels needed to accommodate the more complex chips. ‘Pin grid amays
(PGAs), with leads arranged in a 0.100-in. (2.54-mm) area array pitch instead of in-line,
provide improvement in area savings over the DIP. However, as the requirement for I/Os
increases beyond 300 leads, the PGA package sizes again become very large and intolera-
ble. In the late 1980s, a different type of package, the ball gnd array (BGA), was devel-
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oped that offers a high density salder bumped array, down to 0.020-in (0.5-mm) pitch, for
surface mounting (SM). The ball grid array (BGA) is thus becoming the package of choice
because of its smaller size per /O count (Fig. 7.12) and better electrical characteristics. .

Within a given package, there is a distribulion of traces that connect the chip to the
external leads. Large packages, and in particular those with rectangular shapes such as
DIPs, require very long traces to the comner leads of the package. Array-type packages,
typically square, aiso contain a distribution of traces, with the longest trace going to the
outermost rows of leads in particular those in the carner of the package. This distribution
of trace lengths within the package, in series with similar distributions of trace lengths on
the PWB due to the location and placement of large packages, could result in undesirable
signal delays, missed line driver requirements, or crosstalk between critical signal leads.
Hence, the demands on packaging are for smaller physical-size packages (see Sec. 7.3.)
with higher-density circuitry, thus minimizing the variation of trace lengths within the
respective distributions and reducing their undesirable effects on performance. Figure 7.12
compares the package areas for some typical surface mount (SM) and through -hole (TH)
mount packages.

High-density packaging cannot be achieved with TH-type packages, such as DIPs and
PGAs, that are limited to 0.100-in (2.54-mm) lead pitch by current 1C package and PWB
dcsign rules and process capabilitics. Either permeter or amray-type SM packages with
finer lead-pitch capability are needed to satisfy this demand. Some packages now require
more than 1000 L/Os, an unachievable task for perimeter packages. But, given an array
type package like the BGA, with a 0.040-in (1.0-mm) pitch, the feasibility of meeting the
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7.18 CHAPTER SEVEN

1000+ I/Os capability becomes much more attractive. Through-hole (TH) packages
require one hole for each pin, typically 0.035 in (0.90 mm) in diameter. Current PWB
ground rules dictate that THs must be on 0.100 in (2.54 mm) grid to have a viable manu-
facturing process. Surface-mount technology (SMT) eliminates the need for through
holes. Perimeter leads for SM packages with a pitch as fine as 0.016 in (0.40 mm) have
been achieved, but handling and assembly at these levels has been difficult.

. The demand for SM packages has placed a great deal of pressure on the IC package
technology. Processes such as vapor-phase (VP) and infrared (IR) solder reflow have
placed stringent requirements on the physical design of SM packages that were not
required for the TH types. Some of the most important aspects are lead integrity, lead fin-
ish, lead geometry, lead true position and thermal effects. To ensure a reliable and high-
yield (cost-effective) SM attachment, the perimeter leads on a SM package must be copla-
nar to within 0.002 to 0.004 in (0.05 to 0.10 mm), and the solder balls on a BGA must be
coplanar to within 0.006 to 0.008 in (0.15 to 0.20 mm). In contrast, lead lengths are not
critical with TH components, since the assembly process used usually calls for the leads to
be cut off after insertion into the PWB and then crimped to provide mechanical backup.
The solder joint is another critical item for SM packages. Since the solder joint provides
both electrical connectivity and mechanical attachment of the packaged device, its integ-
rity must be preserved through all the stress encountered in subsequent assembly and test,
over the life of the system in its operating environment. Solder embrittlement must be
avoided; hence, lead-finish matenals and the gold plating thickness on BGA solder pads
must be specified with care.

Variations in package mounting to PWBs are illustrated in Fig. 7.13. The lead geome-
tries shown in Fig. 7.13a through g are in common use today for attachment to practically
any substrate matenal. Each shape has its unique list of advantages and disadvantages,
some of which are covered in Sec. 7.5.

Reliability of SM packaged devices could be affected directly by the stresses imposed
during VP or IR solder reflow. This is particularly true if the packaged device is inadvert-
ently exposed to high levels of moisture during the periods of time between device assem-
bly and board assembly. Immersion of the package into the hot vapor of VP soldering or
direct heating by IR occurs so rapidly that even small amounts of moisture, on the order of
0.20 percent by weight, could subject the package to severe internal stresses and initiate
cracks from the device surface to the outside. Most of these fine cracks are not readily
detected by visual inspection after board assembly because, initially, they are usually non-
fatal to the device and are hidden from view at the package surface. But, if left undetected,
the fine cracks may provide a relatively easy path for the ingress of contaminants from
fluxes and solvents used in board assembly, and moisture from subsequent operations such
as testing, shipping, storage, or from the ambient. These contaminants may result in condi-
tions at the 1C-to-package interface that could lead to premature reliability failures.

The thermal design objective of SM packages is to operate at a junction temperature,
Tj, low enough to prevent temperature-activated reliability failures, such as chemical cor-
tosion or interfacial diffusion, prior to the design end of life. In addition, the electrical per-
formance of the devices, that s, their electrical speed and the fundamental device physics,
are affected adversely by temperature. The thermal analysis of the package will need to
consider the complete environment to which the package will be exposed over its lifetime.
Specific variables such as PWB operating temperature, total PWB power dissipation, local
neighhor power dissipation, cooling technique used, thermal properties of the materials
used, and any special requirements defined by the system user must be considered. No
longer can the packaging engineer specify a generic package for a system and expect it to
meet all system requirements without considering all possible conditions that the compo-
nent will encounter in the field. '
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FIGURE 7.13 Examples of packages, package lead geometrics, and mounting methods in
current use: (a, b) typical TH packages, (c—g) typical SM packages. Lead geometry options are
(a) DIP, (3) PGA, (c) SOJ and PLCC, (d) SOIC, SOG, QFP, PQFP, and fine-pitch LDCC, (e)
butt-teaded package, (f) LLCC, and (g) BGA.

Improved quality, reliability and cost are other system demands receiving much atten-
tion today. Systems manufacturers are driving down their costs and consequently are put-
ting great pressure on the quality and reliability of the componcnts that they purchase.
Terms such as zero defect are used to define quality and reliability objectives and just-in-
time (JIT) manufacturing to describe the strategy for reducing cost associated with having
to carry large in-plant inventories. IIT manufacturing requires that the assembly lines be
running defect-free, which demands very high-quality components and assembly pro-
cesses. Today, the quality of the product received by the system user is expected to have
incoming defect levels in the parts per million (ppm) or even parts per billion (ppb) range.

Reliability requirements are also becoming more stringent. System users require that
packaged devices pass moisture pre-conditioning followed by several reflow simulations,
temperature-humidity-bias (THB) test and an accelerated temperature-humidity test such
as the pressure-cooker test (PCT). Figure 7.48 illustrates typical test requirements for
device qualification. '

The packaging of more complex high-I/O devices into smaller high-density SM pack-
ages will severely challenge the thermomechanical reliability of the package. These new
high-density packages, constructed with a variety of materials, exhibit 2 wide range of
thermal expansion coefficients and strength properties. The packages are being subjected
to a variety of temperature stresses such as those encountered in first level of package
asscmBly, test, burn-in if required, and SM bourd assembly, with the cumulative effect
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7.20 CHAPTER SEVEN'

being an increased potential for failure due to thermally induced stress. The package engi-
neer will be forced to evaluate the thermomechanical stresses during the initial stage of the
design before committing capital and expense dollars to the project. The analysis is used
to gain insight and confidence that the dcsign will have a good chance, at an acceptable
risk, of meeting all objectives. Computer-aided design (CAD) tools such as the finite-ele-
ment analysis can be used to perform these complex two- and three-dimensional analyses.

7.2 CONVENTIONAL PACKAGE TECHNOLOGIES

IC package technologies fall into three basic categories: molded plastic, pressed ceramic,
and laminated ceramic/plastic technologies.

In the molded plastic technology, the package is constructed around the IC chip assem-
bled on a metal lead frame in strip form. The IC chip is first mechanically bonded to the
die artach paddle and then electrically interconnected by fine wires from chip bond pads to
the corresponding package wire bond fingers. If TAB bonding is used, then the IC chip
pads are directly connected to the bumped lead frame fingers. The final package configura-
tion is formed by plastic molding around the lead frame subassembly. The portion of the
lead frame that is extemnal to the package body is subsequently trimmed and formed into
specific geometries suitable for either TH or SM attachment.

The pressed ceramic technology package contains a lead frame embedded and glass
sealed into a pressed cesamic base. The IC chip is attached and wire bonded to the lead
frame and hermetically sealed using a ceramic cap or lid. The leads external to the pack-
age body are trimmed and formed to the geometries needed for TH or SM attachment. .

A laminated ceramic or plastic package circuitry consists of a substrate with an integral
metallized fanout circuitry and external terminals that are either leadless, leaded, or with
§older balls for SM, or leaded for TH attachment.

The substrate body may come with either a cavity to accept the chip or an in-plane con-
figuration where the chip attach area and the bond pads are on the same level. The electri-
cal interconnections are done using assembly techniques similar to those used with the
plastic molded package typcs. The substrate material may be either ceramic or plastic, of
single-layer or multilayer construction, depending on the functional requirements. Both
the ceramic and plastic substrates can equally provide high performance, but the ceramic
has hermetic sealing capability, whereas the plastic substrate is overheat and requires
some form of epoxy encapsulation for environmental protection of the chip.

A comparison of cost, performance, and reliability among the various package technol-
ogies shows the moltilayer ceramic package to be best suited when the requirements call
for high performance, hermeticity, and high reliability, but the trade-off is high cost. A
multilayer plastic package, with electrical and thermal enhancements (see Sec. 7.2.4), can
provide equal or better perforrance at a lower cost, trading off hermeticity. For the lower
end of consumer electronic products, the package requircments, in order of importance,
are low cost, reliability, and performance. These attributes can be satisfied with plastic
molded packages, the proper selection of materials, and rigid process controls. Sections
7.2.1 to 7.2.4 discuss packaging technologies that arc gencrally applicable to a variety of
package types and families. Section 7.4 presents package technology comparisons and
trade-offs.

7.2.1 Molded Plastic Technology

The plastic package technology is widely accepted in the industry as reliable and low in
cost. Package family outlines have been standardized in the Electronic Industries Alliance
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(EIA), the Joint Electron Device Engineering Council (JEDEC), and the Electronic Indus-
tries Alliance of Japan (ETAJ). These are covered in Sec. 7.5.

7.2.1.1 Post-Molded Plastic Package. Figure 7.14 illustrates the construction of a QFP
in the post-molded plastic package technology. A metal lead frame, usually copper, copper
alloy, or Alloy-42 (42 percent Ni, balance Fe) provides the mounting surface for the chip,
that is, the chip support paddle. The lead frame also provides the electrical fanout path from
the fingers (o the outside leads, which vary in pitch from 0.040 in (1.0 mm) to 0.016 in
(0.40 mm) as shown in Fig. 7.14. The lead frame is usuvally spot plated with silver or gold
on the paddle and at the tip of the wire-bond fingers to provide reliable chip attachment and
wire bonds. Silver spot plating is gaining popularity for lowest cost and better adhesion to
the molding compound. Wire-bond interconnects are gold wires, typically 0.00125 in
(0.032 mm) in diameter, with wire span lengths ranging from 0.050 to 0.200 in (1.27 to 5.08
mm) with the potential of extending the length to 0.225 in (5.72 mm) in the near future.
Thermosetting (cross-linking) epoxy resin is molded around the lead-frame-chip subassem-
bly after the chip has been wire-bonded to the lead frame, that is, the package is molded
around the chip in situ. After molding, the extemnal portion of the lead frame must be pro-
cessed to the final form and lead finish for assembly to the next Jevel. This assembly
sequence is shown in Fig. 7.15 and applies to all plastic molded package types. Details such
as lead-frame design and format, workholders for chip and wirc bonders, molding dies, trim
and form tools, and handling hardware will vary according to package types. '

The post-molding process is relatively harsh. Major yield and reliability problems,
observed in post-molded parts, are wire sweep caused by the flow of viscous molding
materials, and local stresses on the device surface caused by sharp edges of filler particles.
The use of round-edge filler particles have reduced the IC surface microstresses. In addi-
tion, plastic packages, being overheat, have a tendency of allowing moisture to ingress to
the device very rapidly, on the order of days, as shown in Fig. 7.16. The aluminum metal-
lization generally used in IC manufacture is susceptible to rapid corrosion in the presence
of moisture, contaminants, and electric fields. Impurities from the plastic or other materi-
als used in the construction of the package can cause voltage threshold shifts or act as cat-
alysts in metal corrosion. Fillers can also affect reliability and thermal performance of the
plastic package. Advances have been made on the IC devices themselves in the form of
improved passivation, such as silicon nitride and others, to achieve 2 “nearly hermetic*
chip. This is desirable to protect the chip from the potentially hostile environment encoun-
tered in the plastic molding technology.

FIGURE 7.14 Sectional view of a typical QFP illustrating molded plastic (post-molded) technology.
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Material Sequence ~ Plece part
Polymer adhesive, Mount chi IC chi
AuSi, eutectic solder - ‘ P | lead fra‘r);\e
Au ] Wire bond ] Wire
Molding compound T Mold —|

v

Back end processes:
Trim tie-bar

SnPb or Sn Lead finish

Lead forming

v

Functional test

FIGURE 7.15  Assembly sequence for ms&-rholded plastic technology packages.
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FIGURE 7.16 Calculated time for moisture to permeate various sealant
matenials (to 50 percent of exterior humidity) in one defined geometry. Organ-
ics are orders of magnitude more permeable than materials used for hermetic

seals.

The two critical steps in producing a molded product, which meet the device reliability
objectives, are selection of the molding material and control of the molding process itself.
Overall integrated automation of the assembly process, in particular the automation of
chip attachment, wire bonding, molding and selection of die attach material, are also
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important. The polymer most commonly used for plastic IC packages is epoxy. The com-
position of a typical epoxy molding compound, shown in Table 7.1, consists of the epoxy
restn portion (approximately 25 to 35 percent by weight of the total composition), a hard-
ener, and a curing agent, Novolac epoxies are'generally preferred, because their higher
functionality gives them improved heat resistance. The synthesis of the resins produces
sodinm chloride as a by-product. Both sodium and chloride ions are deleterious to device

. reliability. Therefore, these by-products must be washed carefully from the resins before
they are syn!hesizcd into vseful moldiag compounds. Reduction of the chloride content in
the epoxy resin is especially effechve in decreasing corrosion of the aluminum metalliza-
tion in plastic packages.

TABLE 7.1 Composition of Epoxy Molding Compounds

Material Family

Example

Purpose

Technology Thrust

Epoxy resin
Hardener
Reaction

accelerator

Filler

Flame-retardant

Bisphenol-A epoxy,
Novolac epoxy

Amine, anhydride, phenol
Novolae

Tertiary amine

Silica powder, alumina
powder, glass fiber

Brominated epoxy, Sb,05.

To curc by a cross-linking
reaction

To cure by 2 cross-linking
reaction

To cure by a cross-linking
reaction

Adjust CTE, thermal con-
ductivity, mechanicat
strength

Flame retardancy

Lower ionic impun-
des (lower C17)

Low alpha panticle
(lower uranium)

agent hydrited alumina

Better contact between
resin and filler

Coupling agent  Epoxy silane, amino silane

Stearic acid, natural wax, Release from mold

synthetic wax

Releasing agent Balanced releasing

contact

Carbon black, iron black,
FeO,, organic dye

Coloring agent Coloring Laser marking

Molding compound vendors are constantly upgrading the properties of their matenals
to achieve improved performance. Fillers, such as amorphous or crystalline silica (Si0;)
or glass fibers, and sometimes A},03, are added to the resin so that the resnltant mixture is
65 to 73 percent filler by weight. Amorphous SiO; is used when 2 minimum expansion
coefficient is desired, at some sacrifice of thermal conductivity, while crystalline SiO;
improves thermal conductivity at the expense of the coefficient of thermal expansion.
Al,04 has a high thermal conductivity (as a filler material) but is very abrasive to molds.
Fillers gready improve the mechanical strength of the resin and reduce its coefficient of
thermal expansion, hence reduce shrinkage after molding. Silica fillers normally contain
uranium and thorium, which radiate alpha particles and may cause reliability failures (soft
errors) in alpha-sensitive memory devices. The introduction of low alpha radiation mold-
ing compounds and the development of devices with structures that are immune to alpha
particles has minimized soft errors.
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Small amounts of pigments, coupling agents, mold release agents, reaction accelera-
tors, antioxidants, water getters, plasticizers, and flame retarders must also be added to
complete and optimize the molding resin. Coupling agents improve the adherence of the
resin with the organic fillers, metal lead frames, and silicon chips. This minimizes mois-
ture penetration at the various interfaces and improves device reliability. Mold release
agents are used to release the molded parn from the mold. Since they can also decrease
the adherence of the resin to the lead frame, their behavior and effect on device reliabil-
ity must be carefully evaluated.-Reaction accelerators may decrease the volume resistiv-
ity of the molding compound. A flame retardant, normally brominated epoxy and
antimony trioxide, is added to meet the industry flammability standard (UL94 V-Q).
Selection of all additives must be made very carefully to optimize the reliability of the
molded device.

It is important to understand the rheological, chemical, and thermophysical properties
of molding compounds, both for the molding process and for their interrelation with the
reliability of the finished device. Moldability and the thermal expansion coefficient are
two of the most important characteristics of a molding compound. The molding process is
not cost-effective unless it has high yield. The most common reliability problems can be
related to the mechanical quality of the molded part and its ability to withstand thermat
stresses.

Thermoset molding materials are usually transfer molded in large multicavity molds
(Fig. 7.17). After entering the pot, the preheated molding compound, under pressure and
heat, melts and flows to fill the mold cavities containing lead frame strips with attached
and wire bonded ICs. The IC lead frame often has long, fragile lead fingers, particularly in
the higher VO package types. The chip is interconnected to these thin, fragile leads with
0.001 10 0.00125-in (0.025 to 0.032-mm) diameter gold wires at wire spans from 0.050 to
0.200 in (1.27 to 5.08 mm) in length. To avoid damaging this fragile structure, the viscos-
ity and velocity of the molding compound entering the mold must fall within certain
ranges. Commercial molding compounds are designed to meet these requirements when
molded at approximately 175°C, with pressures of about 6 MPA and a mold cycle that
ranges from 1 to 5 min. Figure 7.18 shows an 80-cavity mold used for a 68 /O PLCC.

TRANSFER RAM

FIGURE 7.17 Schematic of a man-
ual, single-plunger, multicavity transfer
mold showing ram, pot, and runner sys-
tem. Small packages such as DIPs or
SOs use molds containing upward of
168 cavities, while larger packages such
as high-l’O PLCCs use molds with
fewer cavities, such as the 80-cavity
mold of Fig. 7.18.

CAaVITY

RUNNER
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FIGURE 7.18 80-cavity transfer mold for 68-I/0 PLCC. Each lead frame accommodates five
chips; cavity gate is located in comer of package.

To control the velocity of the molten molding compound, each device cavity has a gate,
or restriction, to slow the material flow. The fluid mechanics of molding is relatively com-
plex, because the materials are non-Newtonian. In addition, partial cross-linking can occur
during the molding process, affecting the material viscosity. Elaborate mold designs have
been proposed to compensate for these variables. An automated multipot approach, as
shown in Fig. 7.19, can also provide improved control of these molding variables.

The reliability performance criteria for post-molded plastic packages are defined by the
level of stresses resulting from expansion mismatches within the package and by perfor-
mance of the packaged device in a humid environment. Figure 7.20 illustrates how thermal
expansion differentials between two leading lead frame materials and typical molding
compounds cause changing conditions at the interfaces during thermal sequences. For
example, the conditions change from interference fits on cooling to room temperature, to
tensile stresses, at the higher temperatures encountered during solder reflow at board
assembly. B A

The molding compounds exhibit two distinct expansion rates. Below the glass-transi-
tion temperature T, the rate a; = 20 ppm/°C and above T,, the rate a; = 60 to 70 ppm/°C.
The expansion rates for the lead-frame matcenals are linear over the temperature range
shown, with Alloy-42 at = 4.3 ppm/°C and copper at'= 17 ppm/°C. During cooling from the
molding temperature (=175°C), the molding compound contracts faster than the lead
frame, thus causing an interference fit between the two materials. This tight it will prevent
the entry of unwanted contaminants and impede the ingress of moisture.into the chip
region of the package. Unfortunately, as the package is subjected to board assembly pro-
cesscs, such as solder reflow, the stress at the intcrface reverses from the compressive stress
experienced below T, to a tensile stress at the solder refiow temperature of =245°C. Under
this condition, a gap may form between the molding compound and the lead frame,
depending on the magnitude of the tensile stress and the initial chemical adherence of the
molding compound to the lead frame. A similar stress differential exists between the chip
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FIGURE 7.19 ' Schematic of two-strip, automatic multiplunger mold-

ing system. Lead frames are loaded and unloaded directly from and !
into magazines that are compatible with assembly equipment located

upstream (wire bonding) and downstream (trim and form) from mold-

ing operation. Schematic illustrates one pot for iwo cavities and

requires fast-curing molding compounds (o achieve similar economics

as large multichip cavity molds.

CTE=
60-70 ppm/*C

Alioy 42 leadframe

EXpansion e

CTE=43ppm/C ——
L —

Copper alloy leadframe
CTE = 17 ppmv°C

CTE =20 ppmrC= ~
TE 22

Range of molding compounds

I
100 150 200
Temperature, °C

FIGURE 7.20 Thermal expansion rates for molding compounds and lead frames. (After Mur-
nza et al, 5 © 1986, IEEE) .
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surfaces and the molding compound due to the differences in the coefficients of thermal
expansion between the silicon and the molding compound, as seen in Fig. 7.21. Gap forma-
tion is undesirable because fatal contaminants may find their way to the wire-bond pads on
the chip and result in reliability failures in the field due to aluminum corrosion. To avoid
these problems, much attention must be given in selecting the proper matenals, for both
lead frame and molding compound, and in specifying the lead-frame finish and design,
such as the addition of special features for locking in the leads that will prevent slippage
between the critical surfaces. Automation increases the need for more aggressive molding
compound properties, which will lead to faster cure cycles and better batch-to-batch con-
trol of critical properties. Most of the molding compounds used for post-molded plastic
packages require at least four hours cure at 150°C to complete the cross-linking process
and stabilize the material. The post mold cure of four bours is a rather long process time.
To assist the assembly house in streamlining the assembly process and reduce the lead-
time, several molding compound manufacturers have come up with non-post mold cure
compounds. Some assembly houses have qualified the non-post-molded cure compounds
and process with excellent results. The non-post-molded cure process is gaining popularity
and will become mainstream when more data and matenals become available.

Molding equipment vendors are being encouraged to provide process flexibility, that is,
the ability to mold a wide variety of packages in smaller production runs, with the intent to
automate the molding process. Users today have many options, which range from produc-
tion molds (Figs. 7.17 and 7.18), handling many packages per shot, to automatic mults-
plungers with small pots (Fig. 7.19), handling only a few packages per shot. These
multiplunger types require lower transfer or injection pressures, which results in minimum
wire sweep, fewer voids, better flash and bleed qualities, and more processing latitude.

7.2.1.2 Premolded Plastic Package. A premolded package concept, shown in Fig. 7.22,
provides a more benign environment for the chip. Delicate wire spans and strain-sensitive
features on the chip surface are decoupled from the molding process, thus avoiding the
stresses associated with post-molded packages. The assembly sequence for a premolded
plastic technology package is shown in Fig. 7.23.

UcouE

con-

uRd
“

| LRI AE A\ BRI R T T T
2 “« 00 2 . e L] 1 L)
10-? 10— 10~ 10~

1 . 13 4 8 0 ] s 0 8y 2 ‘
T i RIS W N

o
ALSMINUM Al |
——
[ auwova a0 A |
[ow &s vacxer w }

FIGURE 7.21 Coefficients of thermal expansion of materials for semiconductor
devices, °C™!. CTE of FR-4 and other PWB materials (not shown in figure) fall within
1.2 to 1.5 (107%) °C! range.
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Bond wire

Encapsulant material

Epoxy id
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Conductive epoxy die bond
Epoxy motded body

FIGURE 7.22 Cross-sectional view of a completed premolded
plastic DIP, including IC chip.

Material Sequence Plece part
Mg; :; nggﬁnd ] Mild | Lead frame
Polymer adhesive ‘ Mount chip | IC chip
Au | Wire‘bond | Wire
Chip coating polymer, | Encajsulate | Epoxy lid

lid attach adhesive

v

Back end processes:
o] Trim tie-bar
PbSn, Sn, or Au Lead finish
\Lead forming

v

| Functional test

FIGURE 7.23 Assembly scquence for premolded plastic technology packages. Package is fabricated
using preplated lead frame then either transfer or injection molded using a thermoset epoxy B or a thermo-

plastic polymer molding compound.

The package is fabricated using a preplated lead frame, in strip form with multiple sites
per strip, and then either transfer molded, using a thermoset epoxy B molding compound,
or injection molded, with a thermoset or a thermoplastic polymer such as polyphenylene
sulfide. The lead frame, usually made of a copper alloy for better thermal performance, is
spot plated with either silver or gold in the die attach paddle area and wire bond fingers.
The external leads may be selectively plated with thin gold to retain solderability for final

*
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lead finishing. After molding, the package may need to be deflashed to remove any mold-
ing compound flash deposited on the chip-bonding areas and then cleaned to remove any
residual particulate matter. Chip attachment is done with a palymer adhesive, cither con-
ductive (silver-filled) or nonconductive ¢poxy or polyimide paste. Wire bonding is either
thermosonic or thermocompression ball-wedge bonding using 0.001 to 0.00125-in (0.025
to 0.032 mm) diameter, 99.99 percent pure gold wirc. This is followed by chip cncapsula-
tion with a die coating or, preferably, a flow coating to fill the entire cavity, thus environ-
mentally protecting the chip ‘and the wedge bond areas in the cavity. Candidate materials
include room temperature vulcanized (RTV) silicone rubbers and combinations of silicon
gels and cover coats.* In some cases, a plastic lid is used instead of encapsulation. Back-
end processes include tnm and form to the final package configuration, be it a DIP or a
plastic leaded chip carrier (PLCC). Final lead finish is then applied by solder dipping.
Another option is to use the original thin gold plate as the final finish, making sure that
solderability is not degraded in the assembly process. A gross leak tight-lid seal will pre-
clude the subsequent ingress of cleaning solvent (used in PWB asscmbly) into the chip
cavity, where it could interact with the flow coat to cause swelling and stress the delicate
wire bonds or degrade the interface integrity between chip and encapsulant.

The benign chip environment provided by the premolded package constmcuon
sequence is similar to that provided by a ceramic cavity package. Striny and Schelling?
reported superior reliability performance during the temperature-humidity-bias (THB), 85
percent RH and 85°C test of 4-kbit MOS DRAM devices in premolded plastic packages
compared with a post-molded package control group containing devices from the same
wafer lots. The premolded plastic.technology is potentially useful for packaging very sen-
sitive 1C devices requiring low-cost assembly. The post-molded package technology, on
the other hand, is the more cost-effective of the two and is by far the predominant package
technology in use today.

7.2.2 Pressed Ceramic (Glass-Sealed Refractory) Technology

Pressed ceramic technology packages are used mainly for economically encapsulating ICs
requiring hermetic sealing. Hermeticity means that the package must pass both gross and
fine leak tests and also exclude environmental contaminants and moisture for a long period
of time. Further, any contaminants present before lid sealing must be temoved to an
acceptable level before or during the sealing process. Glass, as illustrated in Fig. 7.16, is
an effective matenal for achieving a hermetic seal for high-reliability applications. Leak
rate, as defined by MIL-STD-883, is “that quantity of dry air at 25°C in atmospheric cubic
centimeters per second flowing through a leak or multiple leak paths from a high-pressure
side of one atmosphere (760 mm Hg absolute) to the low-pressure-side at or less than
1 mm Hg absolute.” Standard leak rates are expressed in units of atmosphere cubic centi-
meters per second (atm © cm3/s) Procedures for detecting gross and fine leaks in hermetic
packages are detailed in MIL-STD-883. Gross-leak tests, such as dnc pcnctrants and bub-
ble tests, are capable of detecting leaks in the range of 107" to 1075 atm « cm>/s. Fine-leak
testing procedures such as hehum and radioactive tracer techniques,® will detect leaks in
the range from 107 to 10" atm + cm¥s. MIL-STD-883 requires that hermetic packages
pass a leak test at 108 atm « cm¥s on equipment having a detecuon sensitivity of at least
1072 atm « cm/s.

The process flowchart” for fabricating the basic piece parts used in the pressed ceramic
packaging technology is shown in Fig. 7.24. Also shown alongside is the process flow
sequence for the laminated ceramic package technology, which is described in Sec. 7.2.3.
Pressed ceramic piece parts require fewer and simpler process steps, resulting in the low-
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FIGURE 724 Process flowchan for piece parts and prefabricated 7packages for pressed
ceramic and laminated ceramic package technologies. (After Kyocera’)

est-cost piece parts for a hermetic package technology. This technology, when imple-
mented with a lead frame in strip format (that is, multiple sites per strip) can be automated
and therefore is competitive with the plastic technology for low-cost packaging. The IC
package designer has a choice of three pressed ceramic options as shown in Fig. 7.24:
basic piece parts (bases and caps), partially assembled subassemblies (embedded lead
frame and base), and a prefabricated package known also as a window-frame package. The
IC assembly sequence is described in Fig. 7.25,

In the first option, the package is constructed around the IC chip using basic piece
parts, for example, ceramic base, lead frame, and ceramic cap. When done in house, this is
the lowest-cost option, because the IC manufacturer controls all of the assembly process
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Material Sequence Plece part
Ag loaded glass paste, hi IC chip, window frame
metal preform | Mourlt skl | package
Al, Au l ~ Wire bond | Wire
Vitreous glass, . | Sealing | Ceramic or metal lid
solder preform ‘
Back end processes:
Lead form (CERQUAD only)
SnPb solder dip Solder dip (CERQUAD only)
Leak test
Lead trim
| Functional test

FIGURE 7.25 IC assembly sequence for pressed ceramic package technolagy.

steps. Option 2 is a minor variation of option 1, where the IC manufacturer purchases the
lead frame already embedded into the base ceramic and ready for IC chip mounting. This
option is attractive to manufacturers who do not have, nor wish to invest in, the equipment
needed for embedding the lead frame. These options are known in the industry as the
CERDIP or CERQUAD packaging technology. The assembly structure is shown in Fig.
7.26a.

In both options, the IC chip is attached to the lead frame vsing either AuSi eutectic or
silver-loaded glass adhesive technologies. Hermetic sealing is done with a glassed ceramic
cap or lid. Due to the relatively high temperature used for glass sealing, typically greater
than 400°C, an all-aluminum monometallic system is used. This consists of the aluminum
bond pads on the chip, ultrasonic aluminum wedge-to-wedge wire bonding, and lead
frame fingers that have aluminum deposited or cladded surface finishes in the bond arcas.

Ceramic cap
S Lead frame
I Ceramic base
(@)
Ceramic cap
Sealfing Ceramic
glass { window frame
= K Lead trama
Ceramic base

®)

FIGURE 726 Smuctures of (o) CERDIP and (b) window
frame. (Courtesy of Kyocera America, Inc.)
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The gold-aluminum intermetallic interface, which has caused many reliability problems in
the past, is thus avoided. Lid sealing is done in a controlled nitrogen atmosphere conveyor-
type fumace in which the heat is transferred by conduction and convection or by infrared
radiation. A typical sealing temperature profile, usually recommended by the package ven-
dor, is shown in Fig. 7.27. Back-end processes include leak testing, lead finishing, and
lead trim and form. External leads are typically plated with matte tin, which provides a fin-
ish that is compatible with the subsequent lead trim and form operation and final assembly
to the next-level packaging. CERDIP lead frames are procured already formed and require
only to be finished and trimmea prior to testing. Lead frames for SM types such as the
CERQUAD, usually come planar and are processed planar through lead finishing, then
trimmed and formed into the desired shape for the final package configuration.?:

The third pressed ceramic option, known in the industry as a window-frame package, is
the structure shown in Fig. 7.26b. The assembly sequence is given in Fig. 7.25. This
design concept pravides the option of decoupling the IC chip from the high-temperature
glass-sealing procedure by providing a low-temperature solder seal capability for the final
hermetic seal. This option is used for temperature-sensitive chips that cannot go into a
glass-sealed package without degrading their performance or reliability. In addition, this
option also allows the use of thermosonic or thermocompression gold ball-wedge wire-
bonding equipment, which extends this package technology to those manufacturers who
have this wire-bonding capability but not the ultrasonic aluminum wedge-to-wedge bond-
ers needed to achieve the desired all-aluminum monomerallic structure for glass seals.
Back-end processes are similar to those used with the other options.

Two types of solder glasses are used today for glass sealing: devitreous or vitreous.
Table 7.2 lists the major properties of some of the solder glasses currently in use. Seal
glass is an important constituent of the pressed ceramic technology, because it influences
both electrical performmance and reliability of the packaged device. The dielectric constant
of the glass uscd to embced the lead frame can affect the capacitance between the leads,
that is, the speed of the /O signals through the lead frame. Seal glass is exposed to the
cavity; hence, alpha-particle emission from the glass fillers may affect the soft error reli-
ability of some sensitive devices.

Glass sealing is a complex process that must be understood fully and implemented
under rigorous control. Tight temperature control and minimum mechanical and thermal
handling are necessary to minimize hermeticity yield loss. The hermeticity of the finished
package 1is inAuenced by the adhesion of the seal glass to the ceramic, the seal glass to
the lead frame, the mechanical strength of the glass, and the dissolution of fillers into the
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FIGURE 7.27 Typical glass-sealing profile as recommended by
package manufacturers.
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TABLE 7.2 Major Seal Glass Properties

Filler System Lead-Titanate-Zircon Cordierite  Beta Eucryptite  Zircon
Glass type Vitreous Vitreous Vitreous Devitreous
Sealing temperature, °C 450 430 430 485
Dielectric constant - 33 12.2 12.1 17.8
Alpha emission, countl(cx'nz‘- h) 29 0.3 0.2 41
Mechanical strength, kg]cm2 550 460 460 650
CTE mother glass, 10°7/°C 110 110 110 -
CTE Filler, 1077/°C : -3020 8 -80 20
Particle-size distribution Very fine to coarse Fine Fine Coarse
Filler volume ratio High Medivm Medium Medium
Filler dissolution Low High - High Low

Source: From Loo'!

mother glass. Residual stress in the mother glass (due to the mismatch in thermal expan-
sion between ceramic, Alloy-42 lead frame, and glass) and particle-size distribution of the
filler influence the mechanical strength, or the ability to provide reliable hermetic seals.
Ideally, seal glass should have a low dielectric constant, high mechanical strength, low
alpha emission, and low sealing temperature. None of the glasses listed in Table 7.2 comes
close to the ideal glass definition, each having its advantages and disadvantages. The pack-
age designer must know which properties are needed for a panticular device and base the
selection of the glass on that input. For example, a device not requiring low-alpha-emis-
sion sealing glass, low diclectric constant, and low sealing temperature may be sealed
using a lead-titanate-zircon system to take advantage of the high mechanical strength. On
the other hand, if the device requires low-alpha-emission sealing glass, low dielectric con-
stant, and low sealing temperature, either the cordierite or the beta eucryptite system may
be the better choice.

The raw matenal for the pressed ceramic technology is alumina ceramic (90 percent
minimum Aly03) in black-brown characteristic color. Package vendors are also providing
ceramic materials such as aluminum nitnde (AIN), silicon carbide (SiC), and low-thermal-
expansion scaling glasses (4.7 ppm/°C), for improving hermeticity yields of pressed
ccramic. Pressed ccramic parts, made with SiC and low-thermal-expansion glass, were
exposed to a sequencé of mechanical shock (1500 g), vibration vanable frequency (20 g)
and constant acceleration (3000 g) test conditions. No hermeticity rejections were seen in
a sample of 200 packages exposed to this sequence. A second group of 280 parts, exposed
to a sequence of thermal shock (=65 to +150°C, 15 cycles), temperature cycles (—65 to
+150°C, 100 cycles), and moisture resistance tests (10 cycles) also passed with no herme-
ticity rejections. '

7.23 Cofired Laminated Ceramic Technology

The cofired laminated ceramic technology is the most reliable IC packaging technology
currently available. The technology is constantly responding to the device- and system-
level demands for higher performance and higher-density applications. This section
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addresses the technology for single-chip packages. The cofired laminated ceramic technol-
ogy is also being used for such applications as hybrids and MCMs, which are covered in
Chapter 9. ) )

7.2.3.1 High-Temperature Cofired Ceramic Technology. The process flowchart for the
cofired laminated ceramic package technology is shown in Figs. 7.24 and 7.28. A disper-
sion or slurry of ccramic powder and liquid vehicle (solvent and plasticized resin binder)
is first prepared then cast into thin sheets by passing a leveling or doctor blade over the
slurry. After drying, the sheets are in the green-tape stage, ready for cutting to size,
punching of via holes (through the dielectric layers for future interconnection), and cavi-
ties. Custom conductor paths are then screened onto the surface (usually a slurry of tung-
sten powder), and the via holes are filled with metal. Several of these sheets are press-
laminated together in a precisely aligned fixture, and the entire structure is fired at
1600°C, in a reducing atmosphere, to form a monolithic sintered body. The cofired lami-
nated refractory ceramic technology is a complex process requiring careful control
throughout.

After the laminate has been sintered, it is ready for the finishing operations of lead/pin
attachment and metallization plating. Nickel is plated over the tungsten in preparation for
lead/pin brazing. The lead/pin material is either Kovar (a Fe-Ni-Co alloy) or Alloy-42, and
the brazing material is a Ag-Cu eutectic alloy. After lead/pin brazing, all exposed metal
surfaces are electroplated or electroless plated (usually gold over nickel) for bondability
and environmental protection. Multilayer ceramic packages can be made in lateral dimen-
sions of up to 150 by. 150 mm, to a tolerance of + 0.5 percent, and with more than 30 tape
layers in the most advanced processes. A typical single-chip package could contain up to
seven tape layers and four screened dielectric layers. The thickness of the taped layer, for
tape with tungsten-filled vias, ranges from 0.008 to 0.025 in (0.20 to 0.64 mm). Screened
dielectric layers are typically 0.001 to 0.003 in (0.025 to 0.076 mm) thick.

The cofired laminated ceramic package technology is very effective for constructing
complex packages with signal, ground, power, bonding, and sealing layers. Electrical
characteristics such as line capacitance, propagation delay, impedance, and inductance can
be customized for a particular application by design layout and specification of )ayer
thicknesses. Design guidelinesn are available from package vendors, and designers are
encouraged to get the package vendor involved early in the design stage.

This ti:chnology, however, has three technical areas of weakness: hard-to-control toler-
ances caused by high shrinkage in processing, a high dielectric constant of 9.5, and a mod-
est thermal conductivity of Al,O5. The tolerance problem makes it difficult to use edges as
accurate references, and the high dielectric constant affects signal-line capacitive loading.
The use of beryllia (BeO), AIN, or SiC, instead of the 90 to 92 percent Al,03, will result in
a greatly superior thermal perforrance and a significantly lower dielectric constant. Prop-
erties of advanced ceramics are compared in Table 7.3 with those of Al,03 and silicon.

A typical DIP construction is illustrated in Fig. 7.29 and consists of three cofired lami-
nated ceramic layers, with a chip cavity formed by the middle layer and a wire-bond ledge
formed by the top layer. There are two buried layers and one top-layer metallization in the
construction. The bottom buried layer provides the metallization for the chip cavity base,
while the top buried layer provides the signal fanout path and bond pad from the wire-
bond ledge to thc cxternal pins. The different levels can be intcrconnected by vias, as
shown in Fig. 7.30. Top-layer metallization provides the seal ring for hermetic sealing.
The seal nng may be tied to a ground plane through a via which may be located near the
notch, as illustrated in Fig. 7.29. The same construction applies to a wide variety of pack-
age configurations (Fig. 7.31). Packages today come with brazed leads/pins for TH or SM,
and leadless perimeter or array pads for SM. The package is delivered to the 1C assembly
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TABLE 7.3 Performance oi Advanced Ceramics

98% AL,0;  AIN BN BeO SiC Si

Thermal conductivity

Rank® 1 3 2 3 2 -

Value, W/m - f’C 21, .170-200 60 250 70 -
Cocfficient of thermal expansion

Rank _ ! 3 1 T3 -

Value, 1076/°C 1.1 a1 0.0 80 38 40

(75-500°C)

Dielectric constant

Rank 1 2 3 2 ) I

Value at 10 MHz 10 8.8 4.0 70 40 -
Availability, rank 3 @)t 2 2 ) -
Metallizing, rank 3 () 1 2 2 -
Cost

Rank 3 ) 2 @ -

Value, $/in? (approx.) 0.50 2 23 . 354 2 -
Figure of merit, sum of rankings 12 14 n oo -

*Rank arder: best = 3.
tValues in parentheses are predicied to improve over time.
Sowrce: Data from the Carborundum Co.

manufacturing line with leads/pins, cavity, and bond sites finish-plated to customer speci-
fication, and ready for all subsequent level 1 and 2 assembly steps.

An assembly sequence flowchart for cofired laminated ceramic IC packages, with wire
bond interconnection, is shown in Fig. 7.32. Chip bonding is done with either an AuSi
eutectic, AuSn eutectic or polyimide system, to achieve a high yield and highly reliable
mechanical and electrical connection. AuSi and AuSn preforms vary from 99.99 percent
pure gold, with dopants to provide a reliable electrical back contact, to alloys of a variety
of constituents, such as 80AwW20Sn for lower eutectic temperature bonding. Polymer die
attachment in hermetic packages have also been used for many years. Filled and unfilled
polyimides were found to withstand the hermetic assembly processing temperatures. Elec-
trical interconnections are generally done using thermosonic ball-wedge gold wire bond-
ing with wire diameters typically at 0.001 in (0.025 mm). Wire spans are usually limited to
0.160 in (4.0 mm) to meet shock, vibration, and acceleration requirements. Excessively
long wire spans are avoided by going to a two-tiered, or in some cases three-tiered, wire
bond construction, as shown in Fig. 7.33. Final hermetic sealing is done with an 80AW
20Sn braze, in a dry nitrogen ambient, either in a belt furnace with a temperature profile
peaking at about 350°C or in a controlled-ambient glove box containing a parallel-gap
seam sealer. The seam seal brazing operation confines the heat locally to the seal ring area,
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FIGURE 730 Cross section illustrating blind, buried, and through-hole vias in soructure of Fig. 7.29.

and thus the package and IC are not significantly heated by the operation. The environ-
ment in the sealed package is predominantly nitrogen and the moisturc content is typicaity
at or below 1000 ppm H,0 by volume, which meets the military standard rcquircment for
high-relability applications.

Back-end processes are similar to those for pressed ceramic—that is, leak test, lead
trim or lead trim and form,” and sometimes lead finish for SM packages.'As mentioned,
these packages usually come from the supplier with the extemnal leads finished for level 2
assembly to the PWB. The most popular lead finishes available from package vendots
range from electroplated gold for soldering and socketing to tin plating for soldering
applications only. In between, there are several other combinations involving proprietary
alloys of Au-Pd-Ni, Au-Ni, and electroless gold and nickel. Some of these finishes are not
compatible with one or more of the assembly processes and may degrade solderability to
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FIGURE 731 Cross-sectional sketches of several package types. (a) Side brazed, (b) top brazed, (c) pin
grid array, (d) leadless with edge metallization, (e) leadless with via holes, (f) leadless amray package with
stand-offs. (Afler Kyocera'?) ’

Material Sequence Piece part
Au | Mount chip | chip‘.);g:gg:f frame
Al, Au l \Mrtjbond ‘ Wire
Polymer coating (optional) | Enca;ijlate |
Metal or ceramic with | Seiing_ | Lid

solder preform

v

Back end processes:
Leak test

SnPb solder Trim or trim & form

Lead finish {optional)

v

Functional test

FIGURE 732 IC assembly sequence for cofired laminated ceramic packages.

the point where the SM solder reflow quality may be jeopardized. Leads with thick gold or
alloys with significant amounts of gold will cause britde solder joints that cannot be toler-
ated in SM. Fine-pitch leaded ceramic chip carriers (LDCCs) may require a solder dip
coating to achieve high yields and reliability.
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FIGURE 7.33 Tiered wire bond configuration.

7.2.3.2 Low-Temperature Cofired Ceramic Technology. MCP and MCM packages,
with functional substrates, are gaining popularity for RF applications. The most common
use of the low-temperature cofired ceramic (LTCC) technology is to provide embedded
inductors, capacitors, and resistors for functional substrates. The manufacturing processes
of the LTCC substrate are cxactly the same as those of high-temperature cofired ceramics,
except the firing for the LTCC substrate can range from 850 to 1000°C. Most of the Japa-
nese manufacturers use their own proprietary material and green tape for LTCC manufac-
turing. Several other manufacturers in the U.S.A. and Europe use green tapes provided by
DuPont. The most common metallizations in use for vias and internal conductors are Cu
and Ag. For the external conductors, Cu, PUAg, or Pd/Ag can be uscd. Therc are several
technical issues and challenges (such as cost, shrinkage factors, quality, and accuracy of
the embedded component) that necd to be improved before LTCC can become mainstream
material for wireless applications. .

7.2.4 Laminated Plastic Technology
The laminated plastic packaging technology is a spin-off of the traditional PWB technol-

ogy where bare chips are mounted directly to the substrate in a technique known as chip
on board (COB). Early vintage laminated plastic packages used FR-4 epoxy substrates,
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which exhibited high contamination levels due to the flame-retardant fillers. FR-4 epoxy
substrates also suffered from a low glass-transition température (140°C), making them
incompatible with many standard IC package assembly processes. Substrate materials,
such as high-temperature epoxies, polyimides, and triazines, are being used today to over-
come these deficiencies. These materials exhibit glass-transition temperatures in the range
of 180 to 240°C, thus overcoming a major deficiency of the FR-4 material. In addition,
these materials also have a much lower level of contamination than' the FR-4 boards. A
comparison of properties of various organic substrate materials is shown in Table 7.4.

TABLE 7.4 Typical PBGA Substrate Material Properties

Water Relative

Laminate Material Ts (°C) X/Y CTE (107%7C) Absorption (%) Dy D¢ Cost
Standard FR-4 cpoxy 130 14-20 0.14 4.2 0.020 1.0
High-temperature epoxy 175 12-14 ~ 013 42 0.018 1.15
Epoxy “Thermount™ 170 7-10 38 0020 23
BT 180 10-14 0.20 4.1 0.012 1.4
Polyimide 220 9-11 043 4.1 0011 40
Cyanate ester 250 11-13 0.70 3.8 0.006 45 .
Notes:

1. Cost values are for materials only and do not include costs associated with processing.
2. Thermount, a nonwoven aramid Jaminate, is made by DuPont.

3. Dy = dielectric constant.

4. D¢ = dissipation factor.

The substrate construction may contain either single-sided, double-sided, or multlayer
circuitry, depending on the application needs, and can be provided with or without a cavity
to house the chip. The exposed copper metallization is generally plated with nickel and
gold to prevent oxidation and provide wire bondable pads. The most popular package
types using this techoology are the plastic pin grid array (PPGA) for TH mounting and the
plastic ball gnd array (PBGA) for SM.

The PPGA illustrated in Fig. 7.34 is a nonhermetic prefabricated package that houses
the IC chip, providing electrical interconnection 1o the motherboard and protection from
hostile environments. The package consists of a square plastic PWB body with round pins
press-fitted and solder reflowed to the underside. The pins can be configured in any desired
footprint as long as the pin field is in a straight or staggered array of 0.100 in (2.54 mm)
pitch and is restricted to the outside of the die attach and wire-bond pad areas. The PPGA
configuration results in the highest density of pins per package area and highest pin count
of any TH-type package. PPGAs come in various forms (Fig. 7.35): chip down facing the
motherboard or chip up mounted to the top of the package, double-sided or multilayer
construction, and with or without a chip cavity. In addition, thermally enhanced PPGAs
may also contain plated THs, “thermal vias,” under the chip or a copper slug to spread the
heat dissipated by the chip.

The PPGA package is constructed'3 by first fabricating the substrate from a rigid dou-
ble-sided or multitayer PWB by either the additive, semi-additive, or subtractive process,
using copper conductors. The substrate contains plated-through holes and, depending on
design complexity, may also have buried and semi-buried vias for electrical interconnec-
tion.

Pins are made of phosphor bronze,? typically 0.018 in (0.46 mm) in diameter, instead
of the more expensive Kovar or Alloy-42 used with ceramic packages. The solder-platcd
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PRINTED
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FIGURE 734 Muliilayer PPGA with chip cavity facing down. (After Cohn e1 al.!? © 1990, IEPS)

(60S1n/40Pb or 90Pb/10Sn) pin is inserted through a gold- or soldes-plated through hole in
the substrate, and the connection is made by a press fit and solder reflow. A star or knurl is
incorporated into the shank of the pin to facilitate a more reliable interconnection.

Solder reflow is accomplished by either dipping the entire length of the pin into a sol-
der bath or laser spot heating the base of the pin. During solder dipping, the solder wicks
up into the iaterface between the plated hole and the shank of the pin and, at the same
time, forms a fillet at the base of the pin. This provides for a strong, reliable contact but
results in a variable solder thickness along the length of the pin, which may affect solder-
ability when tested per MIL-STD-883.

Another solder reflow process uses a laser beam to spot heat the base of individual pins
at a rate of approximately 25 pins per second, causing the solder in the hole-to-pin inter-
face to reflow. Sufficient solder must be available at the hole-to-pin interface so that, when
reflowed, will produce a strong intecconnection. Since laser reflow heating affects only the
base of the pin, the original solder-plated thickness along the length of the pin remains
unchanged.

The chip is assembled to the PPGA using most of the same assembly processes and
techniques used for the plastic molded technology. The assembly flowchan is shown in
Fig. 7.36. The chip is first attached using one of the polymer adhesive systems, such as sil-
ver-filled epoxies or polyimides, then wire bonded by either the thermosonic gold ball-
wedge or the ultrasonic aluminum wedge-wedge process. The chip is then polymer coated
for environmental protection using a glob-top liquid epoxy, flow-coated silicone gel, or
RTV rubber. A resin dam is desirable, when encapsulating a chip that is not in a cavity, to
confine the materials to the 1C and wire-bond arcas. A metal or nonmetal lid, attached with
a polymer adhesive, is optional and is provided for a chip-up configuration, mainly for
physical protection when gels or RTV rubber systems are used.
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<Thermal Vias
(Optional) -

Double Sided,
Chlp Down, W/O Cavity

(Optlonad)

4 Metallization Layers
Chip Down, W/Cavity

CHAPTER SEVEN
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Chip Up, W/O Cavity
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Chip Up, W/O Cavity
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FIGURE 7.35 PPGA package configurations. (After Cohn et al.'? © 1990, IEPS)
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Material Sequence Piece part
Polymer adhesive | Mount chip l ic C"ipé)::';:gg‘;’ frame
Au or Al | Wire bond I Wire
Epoxy encapsulant or Encapsulate Plastic éncapsulant or lid
ceramic, metalnonmetaf lid (overmold or glob-top)
Code mark

v

Solder ball attachi t
SnPb er(PaBGaAs)c men Solder balls

v

Functional test —[

FIGURE 7.36 IC assembly scquence for Jaminated plastic technology packages (PPGAs and PBGAs).

The PPGA comes in either a low-cost or an enhanced, high-performance configuration,
depending on the application and customer’s design objective. The low-cost version,
shown in Figure 7.37, consists of a conventional 0.060-in (1.5-mm) thick copper-clad lam-
inate processed as a single- or double-sided substrate with no cavity. Pins are press fitted
and solder reflowed. The chip is encapsulated with either a glob-top liquid epoxy or cov-
ered with a silicone gel or RTV and lidded. This low-cost design, of single-layer bonding,
is limited to approximately 240 I/Os. The limitations are due to a combination of an inabil-
ity to fan out a greater number of bonding pads in the central “no-pin” area and the con-
straints of minimum pad pitch design rules. Enlarging the central “no-pin” area to
accommodate an expanded bond-pad fanout would result in a larger PPGA size for the
given pin count and thus a costlier package. The 240-I/O PPGA limit, for single-layer
bonding, is based on a 1.77-in (45.0-mm) sq. substrate with a 0.007-in (0.18-mm) wire
bond pad pitch and a pad limited chip size of 0.35 pm features.

A performance-driven device'? will require a multilayer substrate with power and
ground planes and multiple bonding tiers to yield the appropriate interconnection density
within the allowable wire-bond design rules. Liquid epoxy or a lid is used to encapsulate
the chip. Pins may be inserted to provide either a cavity-up or a cavity-down configura-
tion. A typical cross section through the chip cavity of such a laminated PPGA, showing
the multilayér, two-tier bond pads and thermal vias, is illustrated in Fig. 7.38. The thermal
characteristics of a cavity-down 223 PPGA, having thermal vias under the chip and heat
spreading power and ground planes, are shown in Fig. 7.39. For IC chips dissipating
approximately 23 W, and depcnding on the environmental conditions and the'maximum T
allowed, it may be necessary to mount the chip directly to a heat spreading copper slug oi’
a cavity down package configuration as shown in Fig. 7.40.

The low dielectric constant of PPGA substrate materials (in the range of 4 to 5) and the
ability to provide thermal vias under the chip, or a heat spreading copper slug, result in
equivalent or better electrical and thermal performance as compared to cofired laminated
ceramic CPGAs using Al,Oj.
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FIGURE 737 Cross section of low-cost PPGA in laminated plastic technology. Substrate is cither sin-
gle- or double-sided PWB with no cavity for IC. Chip is environmentally protected by glob-top epoxy

encapsulant. Metal or plastic lid is optional for physical protection.
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FIGURE 7.38 Cross section of a multilayer PPGA with chip cavity facing down.

. Another IC package that utilizes the laminated plastic technology is the plastic ball
grid array (PBGA) package. The PBGA (Fig. 7.41) leverages on the PPGA technology,
but replaces the pins with solder balls for surface mounting (SM). PBGASs are described in

greater detail in Section 7.3.2.
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FIGURE 739 Thermal characteristics of a 223-/O PPGA with cavity facing
down and thermal vias under the chip.

7.3 ADVANCED PACKAGE TECHNOLOGIES

AN

7.3.1 Ceramic Ball Grid Array Packages

With the advent of high-density, high-pin-count, and high-performance SM package
requirements, the ceramic ball gnd array (CBGA) was developed to meet related
demands. The CBGA is constructed in a similar fashion as other laminated ceramic pack-
ages (Fig. 7.31) but, instead of perimeter leads and area array pins, the CBGA contains
area array pads for solder ball attachment. The substrate consists of a single or several
cofired laminated ceramic layers, with molybdenum metallization, and with vias intercon-
necting the circuitry on the top side to the solder pads on the bottom. The IC chip is inter-
connected to the alumina substrate by wire bonding or flips chip techniques, as discussed
in Secs. 7.7.1.2 and 7.7.1.4. The substrate is lidded or capped to protect the chip, and sol-
der interconnects are attached to the underside to complete the assembly. -

The CBGA-to-board interconnects! consist of high-temperature 90Pb/10Sn solder
balls, which are attached to the substrate with eutectic 63Sn/37Pb solder. The solder balls
are 0.035 in (0.89 mm) in diameter, for grid arrays on 0.050-in (1.27-mm) pitch, and
0.025 in (0.64 mm) in diameter for a 0.040-in (1.0-mm) pitch.

To overcome the thermally induced fatigue strain on the solder balls, caused by the
CTE mismatch between the alumina substrate and the glass-epoxy PWB, the solder balls
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FIGURE 7.40 (a) PPGA package thermal enhancements using heat spreading Cu planes and
thermal vias and (b) PPGA package thermal enhzmcemems using a heat spreading Cu plate.
(After Cohn et al.”? © 1990, IEPS)

are replaced with more compliant solder columns; thus, the CBGA becomes a CCGA. The
solder columns,l which are 0.020 in (0.50 mm) in diameter and 0.050 or 0.087 in (1.27 or
2.2 mm) high, can be either directly attached to the underside of the alumina substrate, or
a 63Sn/37Pb solder can be used as an interface for attachment. The different types of sol-
der interconnects are shown in Fig. 7.42.

The CBGA and CCGA packages offer high reliability and high performance, with pin
counts exceeding 1000 and area array interconnect densities as small as 0.032-in (0.8-mm)
pitch.

7.3.2 Plastic Ball Grid Array (PBGA) Packages

Plastic ball grid arrays (PBGAs), Fig. 7.4.1, were first introduced by Motorola in 1989 for
low-l/O devices and were then called over molded pad array carriers (OMPACs).? The
PBGA has since emerged as the SM package of choice, because it offers many attractive
features such as:

« High IO to package area ratio
» Multilayer substrate capability
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FIGURE 7.42 1BM’s ceramic ball grid array (CBGA) showing different types of
solder interconnects and attachments. (4fier Lau! )

« Improved electrical/thermal performance

= Increased interconnect density A

« Ball coplanarity less critical during SM, =0.006 in (0.15 mm) to 0.008 in (0.20 mm)
a Self-centering dur}ng SM solder reflow

= Elimination of fine pitch solder paste printing

a Pad-to-pad shorting diminished

= Low profile

= Expected solder joint defect level <5 ppmj
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A PBGA package consists of a chip mounted and interconnected to a double-sided or
multilayer PWB substrate. Vias interconnect the top surface signal traces to the respective
solder pads under the substrate. After chip attachment and wire bonding, the assembly is
overmolded using a transfer or injection molding process. Another encapsulation method
is to “glob top™ the chip and its bond wires with a liquid-dispensed epoxy, which is con-
fined within a resin dam or a chip cavity. Attaching solder balls to the underside of the
package then completes the assembly.

_ The PBGA substrate provides structural support for the chip overmold and solder balls.
It also facilitates electrical interconnection between the chip and motherboard and helps
dissipate the power generated by the chip. Some of the issues encountered with substrates
are electrical interference to chip’s functionality (electrical noise, current leakage, high
trace resistance), affinity for excessive water absorption that may lcad to popcorning,
warpage affecting coplanarity, and CTE mismatch that may affect solder joint reliability.
Proper design and material selection can minimize these issues.

The PBGA substrates are usually fabricated by a PWB vendor in singulated or strip
(multisite) form, according to the customer’s design specifications, and then shipped to the
semiconductor manufacturer for assembly. The substrates may be selected from standard
open-tooled artwork configurations, available from vendor stock, or they may be custom
designed to fit special applications. General-purpose substrate designs help reduce assem-
bly tumaround time and inventory logistics problems. In addition, open-tool designs elim-
inate tooling charges and take advantage of possible volume discounts.

The most commonly used substrate material in the industry today is bismaleimide tn-
azine (BT), although other materials have been used to a lesser extent. Table 7.4 shows the
characteristics of some of these materials. Selection of the optimum substrate material for
PBGAs depends on the following:

» Low dielectric constant (Dy < 4)

= Low dissipation factor over a2 wide frequency band (D; < 0.01)
= High glass transition temperature (T, 2 180°C)

a Low coefficient of thermal expansion (CTE)

= Low z-axis expansion

= Low moisture absorption

» Dimensional stability

» Standard fabrication processes

« Compatibility with BGA assembly processes

» Low cost

The substrate can be fabricated by the subtractive process, using either panel or pattern
plating, or the additive process, which is used for high-density applications. A typical con-
struction of double-sided and multilayer substrates is shown in Fig. 7.43.

The industry trend for overmolded-type PBGA substrates is to standardize the thick-
nesses according to the substrate size and number of metallization layers as follows:

BGA Substrate Size (mm) No. of Metallization Layers Substrate Thickness
027x27 2 0.36 mm
<27 % 271035 %35 2 0.56 mm
<35 %35 4 0.56 mm
S17x1? 2 0.25 mm (for low-profile EMBGA pkgs.)
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.5420.08 REF

Four Metallization Layers
FIGURE 7.43 Cross section through typical double-sided and multilayer PBGA substrates.

Substrates larger than 35 X 35 mm may require thicker substrates to minimize solder ball
coplanarity issues.

The solder pad, at the underside of the substrate, is defined by either the opening in the
solder mask (SMD) or by the Cu pad itself (NSMD), as illustrated in Fig. 7.44. The char-
actenstics of SMD and NSMD pads are:

» Solder Mask Defined Pads (SMD)
Good adhesion strength
Better performance during rework
Better heat spreading to the PWB due to larger Cu pads
Slightly higher surface tension (better self-centering)
Stress concentrations in solder ball to pad interface
Solder mask registration + 0.075 mm

Solder mask opening variation  0.05 mm
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Non-Solder Mask (NSMD) Defined Pad
Exposed pad area

Edge of
solder mask

Solder Mask (SMD) Defined Pad Exposed

pad area
Edge of Cu pad

R Soider mask

Solder mask
over metal

FIGURE 7.44 PBGA solder mask and non-solder mask defined pad designs.

= Non-solder Mask Defined Pads (NSMD)
No stress concentrations in solder joint
No solder mask CTE mismatch issues
Reduced Cu-to-PWB adhesion strength
Potentially longer tempcerature cycling life
Cu pad registration  0.03 mm
The pads are sized according to the solder ball diameter used and second-level solder
joint reliability effects. The pads are arranged in a standard JEDEC area array on a pitch of

0.020, 0.030, 0.040, 0.050, or 0.060 in (0.5, 0.8, 1.0, 1.27 or 1.50 mm). The cxposed Cu
metallization is either electroplated or clectroless platcd with nickel and gold to prevent
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oxidation and facilitate wire bonding to the bond pads and solder ball attachment to the

solder pads.

The composition of the solder balls is either 63Sn/37Pb or 62Sn/36Pb/2Ag. The ball
diameter varies from 0.012 to 0.030 in (0.30 to 0.75 mm) and is dependent on the ball
pitch and the substrate size used for the given application. Table 7.5 shows the industry’s

commonly used sizes for solder ball/pad diameter vs. ball pitch.

TABLE7.5 Typical PBGA Solder Ball Pitch vs. Ball/Pad Diameters

SMD NSMD
Solder Bal} Solder Ball Cu Pad Solder Mask Cu Pad

Pitch(mm)  Dia.” mm (mils)  Dia. (mm) Opening Dia. (nm) Dia. (mm)

05 0.30 + 0.10~0.05(12)  0.40 030+0.05 0.30

08 0.40 + 0.10/-0.05 (16)  0.45 0.32+0.05 032

or 0.50 + 0.10 (20) 0.60 0.450.05 0.45

10 0.50 £ 0.10 (20) 0.60 0.45 £0.05 045

01 0.63 +0.10 (25) 0.75 0.60 1 0.05 0.60

127 0751 0.15 (30) 0.83 0.6310.05 0.63

1.50 0.75 1 0.15 (30) 0.83 0.63 £0.05 0.63

*Before reflow *

PBGAs contain many materials with various coefficients of expansion, thermal con-
ductivities, and elastic behavior. Typical PBGA materials are shown in Table 7.6. Main-
taining adequate thermal-mechanical performance, mechanical tolerances (e.g., flatness,
coplanarity), moisture sensitivity, and overall device reliability with these materials is a

major challenge to the industry.

TABLE 7.6 Typical PBGA Materials

Item

Specification

Substrate material High glass transition temperature, Ty > 160°C

Epoxy/glass laminate, e.g., bismaleimide triazine (BT)
Metallization 0.5 0z min. Cu on outside layers and | oz min. Cu on internal layers
Plating 20 pinch min. gold over 50 pinch min. nickel

_ Die attachment Silver-filled epoxy

Bonding wire 1.0 mil dia. gold wire
Encapsulant Epoxy overmold or dispensed epoxy
Balls Eutectic solder, e.g., 62Sn/36Pb/2Ag or 63S1/37Pb

Source: after Cohn et al. 2 ® 1995, IEEE.
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The cross section of a typical PBGA having a double-sided substrate with the chip
mounted to the top surface, wire bonded, overmolded, and solder balls attached is shown
in Fig. 7.45. For enhanced power dissipation, the substrate contains “thermal vias” under
the chip and a center array of thermal solder balls that are normally grounded. In a high-
performance PBGA configuration, the substrate is multilayered with interal power and
ground planes for improved electrical inductance and heat spreading capability
(Fig. 7.46). The internal Cu planes are normally 1-oz thick, but better heat spreading and
lower junction-to-air thermal resistance (=10 percent less, depending on substrate size)
can be achieved if a 2-02 Cu thickness is used. The substrate for a high power dissipating
device (>4 W) typically contains a chip down cavity with single or double bonding tiers
and a heat spreading copper slug to which the chip is directly attached (Fig. 7.47).

Wire bonding is the leading chip interconnection process used today for PBGAs. Flip
chip bonding, although not widely used, is expected to become a leading contender in the
near future (see Sec. 7.7.1.4).

Each substrate size (27 x 27 mm, 35 x 35 mm, etc.) has a given plastic overmold con-
figuration that does not change with different circuitry or pin count. This enables the pack-
age designer to take advantage of existing mold cavities.

Figure 7.36 (p. 7.43) illustrates a typical PBGA assembly sequence, processed in strip
form with wire bond interconnection.

Mold Compound
Int ct Vi
nterconnect Via w“e Bond / Solder Mask
/ / i CRIP
\UUUOUUUU/UU o
Solger Mask Glass/Epoxy
Thermal Via Substrate Solder Ball

FIGURE 7.45 Cross section through a PBGA with a double-sided metallization substrate. (Aﬁer Cohn et
al.? © 1995. IEEE)

Mold Compound
Interconnect Via

Solder Mask

Thermal Via Substrate VOD Plane

VSS Plans

FIGURE 7.46 Cross section through a PBGA with a multilayer metallization substrate.
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Ground Plane

Interconnect Vias

Power Plane

Glass/Epoxy Substrate’ ~ !

Solder Ball

FIGURE 7.47 Typical cross section through a thermally enhanced PBGA.

The assembly is described as-follows:

Mount wafer, saw, and clean. Silver-filled epoxy is transfer printed onto the dic attach
area, the chip is placed over the epoxy, and the assembly is cured. The chip is ther-
mosonically ball-wedge gold wire bonded and visually inspected. The strip sites are
overmolded or encapsulated with a liquid dispensed epoxy resin system and cured.
After overmolding, the sites are code marked, and solder balls are attached to the
underside of the individual sites. The individual PBGA devices are separated from the
strip by routing or punching and inspected, cleaned, clectrically tested, burned-in
when required, electrically retested, placed in bakeable shipping trays, baked/bagged,
and shipped to the customer.

Prior to committing a PBGA device to production, the device is usually qualified by
conducting a series of tests according to the customer's requirements or to the semicon-
ductor manufacturer’s own standard specifications. Requalification of an aiready qualified
device may be required whenever materials change, different substrate or assembly ven-
dors are used, the chip technology changes, or the design rules have drastically changed.
Figure 7.48 illustrates typical test requiremenis for PBGA device qualification.

The PBGA, being a relatively new package technology, has a number of drawbacks
that undoubtedly will be resolved with time and a better understanding of the issues. Some
of the concemns expressed within the industry are as follows:

1. Moisture Sensirivity. Many of the materials that make up the present PBGA configura-
tions are susceptible to moisture absorption. As a result, the PBGAs, while being
stored in a factory cnvironment awaiting assembly to the PWB, are prone to ahsorb
moisture that may cause intemal delamination (popcorning) and cracking during sol-
der reflow. Thus, some semiconductor manufacturers ship the PBGAs prebaked and in
vacuum-scaled bags to be opencd prior to board assembly. Manufacturers continue to
improve the material properties and designs of PBGAs, and it is now possible to
achieve a JEDEC, Level'3 condition, defined as a (loor life of 168 hours in a 30°C/60
percent RH environment before rebaking is required to solder reflow.

2. Solder Joint Reliability. The number of solder joints on a circuit board has increased
dramatically over the last few years. Thus, it is critical that the effects on solder joint
integrity are understood and solutions implemented (o improve their reliability. This
is particularly important when dealing with PBGAs, which have solder joints far less
compliant than leads. Cycle-to-failure tests and finite element modeling have been
used to predict the life cycle of PBGA solder joints in a given application. Most of
the solder joint failures in PBGAs have been attributed to thermal fatigue induced by
temperature cycling and caused by the CTE mismatch between the PBGA structure
and its PWB attachment surface. Other failure mechanisms may be creep rupture
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and solder joint/pad interface cracking. Solder joint integrity is affected by factors
such-as joint location relative to the chip, solder joint configuration (as influenced by
the solder ball/pad size), intermetallic structure, substrate thickness, number of tem-
perature cycles and range, stress concentration from the sharp edges of the solder
mask defined pads (SMD), etc. The PBGA and its board interconnection are to be
designed for reliability at the outset to achieve the required service life for a given
application. ’

3. Solder Joint ln.rpecnon/Repmrablhty Other PBGA technology issues of concem to
end-users are that inspection of all solder joints requires expcnswc x- my oqmpmcnl
and repairability is complicated.

7.3.2.1 Tape BGA(TBGA). A tape BGA is defined as a package having a copper/poly-
imyde flex tape for a substrate. The tape contains one or two metallization layers intercon-
nected by plated-through holes. Tape substrates have been utilized in EMBGAs (see Sec!
7.3.2.3), thermally cnhanced cavxty type packages, low-/O flip chip BGAs, etc.

In a cavity-type TBGAZ (Fig. 7.49a), one side of the tape contains the wedge bond
pads and the circuitry to fan out to the solder ball pads. The metallization layer on the
other side of the tape can be utilized as a ground glane.

Another example of a TBGA package (Fig. 7.49b), developed by IBM, 27 utilizes fip
chip bonding to a copper/polyimide tape containing two metallization layers. The top cir-
cuitry layer fans out the I/Os from the chip to solder ball pads on the bottom layer via
plated-through holes. The remaining space between the BGA pads is utilized as a func-
tional ground plane. The circuitry is formed by electroplating Cu onto the polyimide tape,
as defined by the resist mask. A stiffener ring is attached to the tape, using an adhesive, to
provide rigidity and solder ball coplanarity to the package.

The interconnection between the chip and the tape is accomplished by a modified sol-
der-bumped flip chip process developed by IBM, which consists of a chip with 97Sn/3Pb
solder bumps in an area array placed on matching footprints on the tape. Bonding to the
tape is achieved by a partial reflow of the solder bumps without flux while applying a
slight pressure to the bumps.

An epoxy underfill is applied between the chip and the substrate tape. The underfill
provides moisture protection to the chip surface and reduces the thermal stresses induced
in the solder joints due to coefficient of expansion mismatches of the bonded matenals.

On the BGA side, 0.025-in (0.635-mm) diameter 10Sn/90Pb solder balls on a 0.050-in
(1.27-mam) pitch are antached to the pads on the tape using a resistance heating process. At
the center of cach BGA pad is a 0.008-in (0.200-mm) plated-through hole that is used for
electrical interconnection and to anchor the solder ball. To enhance the thermal character-

Thermoset
Polyimide Metal-2 Metall  ,dnesive
1 y . ey

- . Bond ;
Solder bali loop profile Encapsulation surface Solder mask

FIGURE 7.49a  Cross scction through a thermally enhanced tape BGA. (After 4SAT*®)
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FIGURE 7.49b  Cross section through a flip chip tape BGA. (After IBM??)

istics of the TBGA, a Cu plate is attached to the stiffener and to the back of the chip to pro-
vide heat spreading.

As a result of the relatively short conductor lengths and closc proximity of the ground
plane, the FC-type TBGA has low signal line inductances as well as low power and
ground inductances.

The capability to route higher-density circuitry on polyimide tape is an advantage that
tape currently has over laminate substrates. This advantage is slowly eroding because of
the advancements in laminate technology, which have resulted in laminate design rules to
approach that of tape. In addition, the polyimide tape is more expensive than a laminate
substrate of the same size, except at very high volumes. Therefore, at low and moderate
volumes, a laminate substrate should be considered if the routing density required for the
given design can be achieved in this technology.

7.3.2.2 Chip Scale Package (CSP). A new class of IC packages has emerged with
dimensions only slightly larger than the chip itself (maximum of 1.2 times thc size of the
chip). The new technology, called chip scale packaging (CSP), comes closest to direct
chip attachment but without the responsibilities usually imposed on the board assembler
for handling, attachment, wire bonding, and encapsulation of known good die (KGD).
Using CSP, the above tasks are shifted back to the semiconductor manufacturer in that the
device comes fully tested, bumed-in, and ready for SM assembly to the PWB by conven-
tional means, like any other IC package. Several chip scale package configurations were
developed to provide a lower-cost, high-I/O, high-density, compact package. One such
package was developed by Tessera Inc., called the micro-BGA (|.LBGA"f").26 It combines a
unique chip interconnection with BGA technology that results in a highly miniaturized
package (Fig. 7.50). The uBGA® consists of a copper/polyimidc flex-tape substrate with
an array of pads interconnected to Cu ribbon leads extending from the substrate edge and
joined at their tips to 2 common bus bar. Both the pads and ribbon leads dre Ni/Au plated.
The ribbon leads are thermosonically bonded to the perimeter pads on the chip and sepa-
rated from the bus bar at the same time. A silicone elastomer layer between the flex tape
and the chip surface cushions any impact to the chip during socketing or board assembly.
The compliant layer also reduces any stresses caused by the CTE mismatch between the
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Metal can
(optional)
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encapsulant

Cu/polyimide film - |— Eutectic solder bump

FIGURE 7.50 Typical cross section through a pBGA®. (4fier Tessern®S)

silicon and the solder ball joints when surface mounted to a PWB. A molding compound
encapsulates the ribbon leads and supports them during package handling.

7.3.2.3 Edge Molded BGA (EMBGA). The plastic edge molded BGA (EMBGA) (Fig.
7.51), also called fpBGA™ by ASAT and Chip Array® BGA by Amkor, is a conventional
PBGA with the overmold extending to the edge of the substrate. The thickness of the over-
mold, being uniform across the substrate, provides protection to the bond wires—even at
the edge. The substrate is designed with the wedge bond pads placed close to the edge and
interconnected to the solder ball pads on the BGA side through fan-in circuitry and plated-
through holes. A solder mask covers the entire surface of both sides of the substrate, with
the exception of clearances to expose the wedge bond pads and solder ball pads. Although
most of the plated through holes are located under the chip, qualification tests have shown
that this is not a problem.

The EMBGA substrates range in size from 4.0 X 4.0 mm to 17.0 x 17.0 mm, with ball
counts from 24 to 256 /O, in an area array of 0.5, 0.8, or 1.0 mm pitch. The organic sub-
strate is usually made of bismaleimide triazine (BT) or equivalent with two metallization
layers, although additional power and ground planes can be incorporated for electrical
enhancement. The substrate consists of multiple sites in an array configuration with tie
bars connected to common buss bars to facilitate Ni/Au electroplating. Since the tie bars

Wire bond

Solder mask

BT  Circuit

hole resin  trace Solder ball

FIGURE 7.51 Typical cross section through an edge molded BGA. (AftcrASAT“)
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cannot be cut after substrate fabrication to isolate each site for electrical testing of opens
and shorts, the sites are usually checked, prior to applying the solder mask, by automatic
optical inspection (AOI) equipment. The defective sites are identified with markings that
will prevent placement of a chip on the affected site during assembly.

Assembly follows the same process flow as for conventional PBGAs (Fig. 7.37), with
the exception of overmolding and singufating. The overmold covers the entire array of
sites instead of individual sites. After ball attachment and code marking, the sites are sin-
gulated using a wafer saw that cuts through the overmold and substrate.

The overall thickness of an EMBGA, including solder balls, is 1.37 mm (Fig. 7.51).
The demand for thinner packages has forced the assembly vendors to find ways to reduce
the overall thickness to 1.2 mm by reducing the thickness of the substrate from 0.36 to
0.25 mm. The EMBGA package has an interconnection density (ratio of substrate arca to
solder ball count) that comes close to that of the chip scale package (CSP).

7.3.2.4 Flip Chip BGA (FCBGA). Combining a BGA package configuration with flip
chip bonding results in a most effective high-density interconnection (Fig. 7.52). The sol-
der bumped chip is placed face down onto matching wettable bonding pads on a multi-
layer BGA substrate, and the assembly is reflowed. The bonding pads on the substrate may
initially be barc of any solder or may be solder bumped and coined prior to chip assembly.
After flip chip attachment, the chip is underfilled with an epoxy resin formulated to relieve
the stresses induced by the thermal mismatch between the chip and the substrate and to
prevent moisture from getting to the chip surface. The flip chip can be capped or topped
with a liquid epoxy, which is retained within the confines of a resin dam. For low cost, the
back of the flip chip is left exposed, but this leaves the edges of the chip susceptible to
chipping during handling. Where chip power dissipation is of concern, a Cu stiffener ring,
slightly thicker than the chip standoff, is attached to the substrate prior to chip assembly.
After chip assembly, an adhesive is applied to the top surface of the stiffener ring, and the
back of the chip is covered with a pliable conductive adhesive. A Cu plate is attached to
the stiffener ring, while the center of the plate is in contact with the adhesive on the back
of the chip. The heat dissipated by the chip is thus conducted through the adhesive to the
heat spreading Cu plate. A finned heat sink can be attached to the plate to further lower the
case to ambient air thermal resistance. After chip encapsulation, solder balls are attached
to the underside of the substrate to complete the FCBGA.

The high-density interconnection emanating from the chip requires equal high-density
circuitry on the substrate. To achieve these circuit densities, the substrates have to be fabri-
cated by the more expensive additive or build-up process. Substrate vendors utilizing the
build-up process have reported current production capabilities of 30/30 pm lines/spaces

Solder Bump
Underfill Resin Chip A‘"‘"‘ Stiffener
ERETERY O %Eﬁ

Buildup Layer 7/7//7////W »

T nmrmnnmmumummnmnummmm

Core
Substrate =3 &3 € €3 €9 G ©) &
Solder Ball

FIGURE 7.52 Typical cross section through a flip chip PBGA.
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and 607110 um via dia./land dia. The exposed metal surface finishes on the substrate may
be electroplated or electroless plated with Ni/Au or coated with an organic surface preser-
vative (OSP).

Although the infrastructure for flip ciup bonding is currently not industry wide, it is
expected that FC will be a leading interconnection technology for the future, particularly
for high /Os and where high electrical performance is required.

7.4 COMPARISON OF TECHNOLOGIES

A comparison based on the attributes and trade-offs of the four contending IC packaging
technologies, described in Secs. 7.2 and 7.3, is shown in Table 7.7.

TABLE 7.7 Package Attributes and Trade-Offs vs. Package Technologies

Pressed Laminated

Annbutes and Trade-Offs  -Molded Plastic Ceramic Ceramic Laminated Plastic

Hermeticity : No Yes Yes No

Power/ground distribution ~ Doable custom Not feasible ~ Standard Standard
capability design

High-density routing Custom TAB Not feasible  Standard Standard
capability design

Power dissipation Fair Fair Excellent Excellent
capabilities

Thermal design Heat spreaders New materials New materials Thermal vias and
enhancemeats . heal spreaders

Capability for handling Yes Yes Yes Yes
bond-pad-limited chips

Automated assembly Excellent Feasible Good Excellent

Max. /O capability 378 196 1000+ 1000+

Cost rank order (lowest =1) 1 2 3 2+

Pressed and laminated ceramic technologies have hermetic sealing capability, which
provides the best cnvironmental protection for the IC. High-reliability performance is
achieved if the sealing operation is done properly—that is, if it provides a leak-tight seal
and a cavity free of contaminants, and if moisture is controlled to an acceptable level.
Nonhermetic molded and laminated plastic technologies can provnde equal reliability per-
formance for most applications.

In determining relative electrical performance, the capacitance between adjacent leads
is a property that is influenced by the dielectric constant of the material in direct contact
with the leads. Table 7.8 lists the materials and dielectric constants for each package tech-
nology. Plastic technologies have the potential for best electrical performance due to their
lower dielectric constants. The high dielectric constant inherent in the laminated alumina
ceramic technology can be avoided by the use of thin-film metal-polymer multilayer struc-
tures as used in MCMs (see Chap. 9). MCM structures make laminated ceramic competi-
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tive with laminated plastic. Electrical performance is further optimized by the use of
power and ground planes and high-density routng within the package. Both laminated
plastic and ceramic technologies have this as a standard design capability.

TABLE 7.8 Physical Propertiés vs. Package Technologies
Molded Pressed Laminated Laminated

Physical Properties Plastic ™" "Ceramic  Ceramic Plastic
Dielectric constant at ] MHz '
Plastic overmold 5.0% 5.0%
Ceramic body 9.0% 9.0
BT resin lamina 3.93
Thermal conductivity, W/m K
Plastic overmold 0.80%0 0.80%
Ceramic body 209%  209%
BT resin lamina 0.26%!
CTE, ppm/°C
Chip mount surfaces
Copper LF 172
Alloy42 LF 8.0
Ceramic body 60-7.7% 6.0-7.7%
BT resin lamina 15.02
Plastic overmold 13.0% 13.0%
IC chip (silicon) 2.7-3.5%% 27-35% 27-353%  27-35%

Thermal performance is influenced by the thermal conductivity of the basic package
materials (Table 7.8) and the use of thermal design enhancements (Table 7.7). The thermal
conductivity of alumina ceramic materials is an order of magnitude better than that of
plastic materials. Materials such as AIN and SiC, with higher thermal conductivities and
heat spreading copper-tungsten slugs, have further improved the thermal performance of
ceramic packages. Design enhancements in laminated plastic packages such as thermal
vias under the chip, center array of thermal solder balls, heat spreading internal planes or
copper slugs, and heat spreaders in molded plastic packages have closed the gap and are
competing in thermal performance with laminated ceramics.

Mechanical performance is related to internal stresses developed within the package as
a result of the mismatches of the coefficients of thermal expansion (CTE) of the different
materials used in the package construction. CTEs of the silicon IC and of the substrate
material to which the chip is mounted, for each technology, are listed in Table 7.8. The mis-
matches are displayed in Fig. 7.20. The best match is between silicon ICs and ccramic-type
packages. Further complications are encountered in technologies where the chip is not
decoupled from other materials, such as molding compounds in molded plastic and glob-
top or flow coats in laminated plastic technologies. Chips in the pressed ceramic and
cofired laminated ceramic technologies are usually decoupled from other materials; how-
ever, their assembly processes, which include high-temperature exposure during chip
mounting and hermetic sealing, can present problems, particularly for ‘very large chips,
greater than 0.500 in (12.7 mun). Other material properties, such as Young’s modulus and
Poisson’s ratio, also affect the magnitude of stresses in packages where the chips are not
decoupled. The finite-element analysis is a useful CAD tool for modeling stress conditions
in new package designs before committing them to development and manufacturing stages.
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The cost of packaging is best addressed by using a rank-order system rather than an
absolute cost. Many factors and assumptions enter into a cost analysis of packaging, and
these are beyond the scope of this chapter. Molded plastic technology packages, such as
plastic quad flat packs (QFPs) (which are assembled on lead frames) and plastic ball grid
arrays (PBGAs) (which are assembled on single layer, multisite strip substrates) rank low,
whereas the. multilayer laminated technology packages such as CPGAs or PPGAs, which
are singulated and need to be assembled in “boats,” rank higher.

The ability of a packige to accommodate bond-pad-limited chips is an important factor
influencing the cost of the chip. For.example, the ability to accommodate bond-pad-lim-
ited chips in molded plastic and pressed ceramic packages is sometimes limited by the
fabrication process for the lead frame. The lead-frame feature size is dictated by its thick-
ness. The use of thinner lead frames and TAB tape, such as in fine-pitch, high-I/O pack-
ages, has extended the capability for the plastic molded technology. The laminated
ceramic and plastic technologies solve the bond-pad-limited chip problem for high /O
devices by using tiered wedge bond sites, thus bringing the wire bonds closer to the chip
and minimizing the span length. The ability to multilayer and to providc high-density rout-
ing has made tiered bonding feasible. A trade-off exists in the cost of packaging bond-pad-
limited chips. Cost savings realized by shrinking the chip size are sometimes reduced by
the higher packaging cost. Each application must be evaluated thoroughly to determine the
bottom-line cost for both chip and package. '

Table 7.9 compares most of the attributes discussed in this section by rank order, pro-
viding a simple format to evaluate trade-offs between the competing package technolo-
gies.

TABLE 7.9 Attribute Rank Order vs. Package Technologies
Molded Pressed Laminated Laminated

Physical Properties Plastic Ceramic Ceramic Plastic

Moisture sensitivity 2° 1 1 2
Lead capacitance 1 3 2 1
Power dissipation 3 2 i t
CTE mismatch, chip-to-chip-mount surface 3 1 1 2
Automaired assembly capability 1 1 2 b
Capability of accommodating bond-pad-limited chips 1 1 1 1

* Cost 1 2 3 2+

*Rank order: best = 1.

tRank order depends on lead-frame material used: 1- = Atloy-42; 3 = copper alloy.

$Rank order depends on thermal design of substrate; 1+ = design with thenmal vias and heat-spreading planes., 2+ =
design without thermal vias.

**Rank order depends on package type; 1- = PRGAs (overmolded), 2 = PPGAs.

7.5 PACKAGE FAMILIES

IC package designs have proliferated over the years into a wide vanety of shapes, sizes,
number of I/O pins, lead arrangements, and geometries in response to circuit and system-
level demands. This prolifecation of package types becomes very uneconomical to end
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users. For example, original equipment manufacturers (OEMs) using electrically equiva-
lent components from different suppliers must use several PWB designs if the components
are in different package types.

Assembled packages need to be handled economically and with special precautions
(e.g., electrostatic protection) through a series of back-end processes that include Jead trim
and form, code marking, electrical testing, electrical bumn-in when required, shipping, and
subsequent assembly to the next level of packaging. These activities need major industry
support in the development of specialized custom equipment and tooling; for example,
magazines, sticks, trays, or tape and reel for handling through the back end, test sockets
for production testing, sockets and boards for device bum-in, test handlers and electrical
contacts for production testing, and automatic placement and insertion equipment for
component board assembly. The industry has been very active in the standardization of IC
package outlines, which has resulted in footprint and handling compatibility of compo-
nents from different vendors and the focusing of the above-listed support activities on
fewer package types, thereby optimizing the overall economics of electronic packaging.

Packages with similar traits are being grouped into families by lead arrangement.
These standard outlines then control all dimensions, tolerances, and all other information
necessary to define, manufacture, and assemble the package. In the U.S.A., the EIA-
JEDEC, JC-11 committee is the dominant body developing new package outlines. Over
the past several years, JEDEC has been working closely with EIAJ to reduce a further pro-
liferation of outlines and to focus similar outlines from each organization into one world-
wide standard outline.

Table 7.10 lists the package families available in each of the package technologies
described in Secs. 7.2 and 7.3. They are also broken down by the mounting method to sec-
ond-level board assembly (TH vs. SM). Package families are typically grouped and
defined by lead arrangement such as in-line, perimeter, or area array. Package outlines
considered shall be EIA-JEDEC or EIAJ registered or standard outlines. Registration is
the first step to having a package outline accepted as an industry standard. To become a
standard package, a registered package must be generally used in the industry and then
approved by a majority of JEDEC, JC-11 member companics in an official balloting pro-
cess. A complele listing of all registercd and standard outlines is available in EIA Publica-
tion 95.)7 Sections 7.5.1 and 7.5.2 review these package families.

7.5.1 Through-Hole Mounted Packages

One of the oldest IC package families still in use today is the DIP family, illustrated in Fig.
7.2. A DIP is a through-hole mount package with its leads on a 0.100-in pitch and is gener-
ally available in three package technologies: molded plastic, pressed ceramic, and lami-
nated ceramic. DIPs can accommodate devices with as few as 8 and up to 64 I/Os. The
family is defined by width, or lead row spacing, ranging from 0.300 in for the narrowest to
0.600 in for the widest. The 0.300-in lead row spacing DIP family was the first to be stan-
dardized by JEDEC and is identified as MS-001. Othcer DIP families that have been stan-
dardized are the 0.400-in row spacing MS-010 and the 0.600-in row spacing MS-01 1. MS-
001 covers pin counts ranging from 8 to 28, MS-010 covers pin counts from 22 to 32, and
MS-011 covers pin counts from 24 to 48. In the MS-001 family, three pin counts at 22,24,
and 28 leads arc referred to in the industry as skinny DIPs becausc thc bodies werc nar-
rowed from the original lead row spacing width of 0.400 in for 22 leads and 0.600 in for
24 and 28 leads (MS-011) to 0.300 in. Another variation, known as shrink DIPs (SDIPs),
has the same lead row spacing as the standard (amily but with the lead pitch reduced from
0.100 to 0.070 in to provide higher pin-count capability for the same size package, as out-
lined in MS-019, MS-020, and MS-021.
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TABLE 7.10 Package Families by Packaging Technology

Package Technology
Molded Laminated Laminated Pressed
Plastic Plastic Ceramic Ceramic
Sealing method Molded  Moldcd/encapsulated Metal lid seal  Glass lid scal
Sufacemount  SOIC ~ PBGA CQFP CERQUAD
e LLCC CQFP
PLCC LDCC
BQFP SMPGA
MQFP . ) CBGA
TQFP
TSOP
TAB
TapePak”
Through hole mount DIP PPGA DIP DIP
SIP LLCC SIp CERDIP
7P PGA '
QuIP

*Repgistered trademark of National Semiconductor Corporation.

Similar DIP families are defined in the pressed ceramic technology (CERDIP) and in
the laminated ceramic technology. Their outlines are registered and available to the user in
Publication 95.'7 Pressed ceramic, both CERDIP and window-frame types, come in four
body widths, with pin couats and footprints that are identical to those for the plastic DIP
family. Laminated ceramic DIPs, however, come in a wide vafiety of configurations, iden-
tified by the method of lead attachment to the ceramic body. Laminated ceramic DIPs can
be side-brazed, top-brazed, or bottom-brazed, as shown in Fig. 7.31. Side-brazed DIPs are
footprint compatible with the plastic and pressed ceramic DIP famnilies. Top- and bottom-
brazed DIPs are generally supplied by a vendor as a flat pack, and the leads are then
formed to the specification of the end user, which may or may not be footprint compatible
with the side-brazed variety.

DIPs are limited in pin count to 64 leads by the physical size of the package, which
approaches 3.0 inches in length at 64 /Os. At this level, the package piece part becomes

- very expensive, is difficult to handle, generally begins to degrade the clectrical perfor-
mance of the device, and uses up a lot of expensive PWB real estate. Area array packages -
(e.g., PGAs) were developed to extend the pin-count capability for TH-mount-type pack-
ages with a significant saving in PWB area. Figure 7.12 compares the physical size of a
PGA package with pins on an area array of 0.100-in pitch to the DIP at an in-line 0.100-in
pitch. The 0.100-in pitch PGA family is available in both laminated plastic and ceramic
technologies and can provide pin-count capability above 1000 pins. JEDEC registered out-
line MO-066 covers a range of CPGA pin arrays from 9 X 9 (8] maximum pin count) to 20
X 20 array (400 maximum pin count) in both cavity-up and cavity-down configurations.
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The largest registered CPGA outline, at 1300 pin count, has an ovcral.l body size of 2.66 in
(67.6 mm) with a staggered pin arrangeément.

Other in-line families that are popular today are the single-in-line package (SIP) fam-
ily, MO-035, the zigzag-in-line package (ZIP) family, MO-054 and MO-072, and the
quad-in-line package (QUIP) family, MO-029, MO-030, MO-031, and MO-033. All were
introduced to meet special product needs, ¢.g., SIPs for memory chips and memory mod-
ules. These package families have pins typically on 0.100-in pitch and are available to 40
pin counts for ZIPs and to 64 for QUIPs. A QUIP has four in-line rows of leads, with the
rows generally spaced 0.100 in apart, and the leads in each row staggered with respect to
each other to maximize hole-to-hole spacing on the PWB. This package option effectively
reduces the package length by one-half over the equivalent DIP of the same pin count, The
wide range of IC packages in use worldwide is illustrated in Fig. 7.53.

7.5.2 Surface Mounted Packages

The first SM packages were introduced in the early 1980s to achieve higher board density
and better electrical performance. Initially, industry acceptance of SM did not advance as
rapidly as expected. However, the acceptance rate in the 1990s accelerated, and the
demand for SM packages exceeded that for TH packages. Thus, the availability of new
SM package types has expanded greatly into a very formidable list (Table 7.10).

Mamre SM families today are those introduced in the early 1980s, such as the small-
outlined (SO) and PLCC types in molded plastic, CERQUAD in pressed ceramic, and
leadless (LLCCs) and leaded (LDCCs) chip carriers in laminated ceramic. These packages
have leads on 0.050-in pitch instead of the 0.100-in pitch used in the TH families. SO is an
in-line type, defined by body width, or lead row spacing, similarly to the way the DIP fam-
ily is defined. MS-012 and MO-046, both narrow-body SOs, and MS-013, a wide-bodied
SO, are gull wing (GW) families. The SO package with J leads (SOJs), a JEDEC-regis-
tered outline MS-023, has the same body width as MS-013; that is, it uses the same plastic
molding die but has a J-formed lead for susface mounting. PLCCs, CERQUADs, LLCCs,
and LDCCs are perimeter-type packages with the leads on all four sides of the package.
The lead geometries vary with the technology used. PLCCs, MS-016 and MS-018, use J-
shaped leads designed to provide the highest possible density on the PWB. CERQUAD
packages generally come from the vendor as a leaded flat pack, and the device manufac-
turer or end user does the final lead forming (GW or J) prior to SM. The LLCC packages,
MS-002 and MS-003, are generally restricted to surface mounting on substrates with sim-
ilar thermal expansion coefficients. This limitation is overcome by using an LDCC, MO-
081 and M-082. One way to achieve this is by converting an LLCC to an LDCC by means
of one of the commercially available soldered clip-lead techniques. Today, LDCCs can be
purchased either as leaded flat packs with the leads formed to the appropriate shape (GW
or J) by the device manufacturer or end user, or as finished packages with the leads in final
form ready for SM. Examples of SO, PLCC, and CC packages are shown in Fig. 7.3.

The drive for higher pin counts and higher interconnect density has been very evident
in the development of finc-pitch SM packages. Since the pin count of a perimeter package
is a function of package size and lead pitch, as illustrated in Fig. 7.12, achieving a high pin
count with PLCCs, at a 0.050-in lead pitch, requires very large packages. Difficulties in
molding large plastic packages and maintaining coplanarity of all leads, necessary to
achieve high board assembly yields, limited the practical PLCC size to 124 I/Os and
1.699-in lead-to-lead overall.

A ncw package family evolved to fill the nceds for high pin count, namely the quad flat
pack (QFP) with gul] wing leads on all four sides (Figs. 7.54 and 7.55). The QFP has a lead
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Type

Lead pitch

[\[14

e 2.54 mm {100 mil)

e 1.8 mm (70 m)

* 254 mm (100 mi})
e Width % size

® 2.54 mm (100 mil)

® Twa rows

* 254 mm nod )

.

® 1.5 mm (60 mi)
® .27 mm {50 mil)
e 1.0 mm (40 mil)

e 1.27 mm {50 m()
o Leads on two sides

® 1.27 mm (50 mil)
* J-leaded

® 1,27 mm {SO mil)
* Two rowt

e Thin package

FIGURE 7.53 A sampling of commercially available package types.
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pitch that varies from 0.40 to 0.16-in (1.0 to 0.40 mm) and a maximum pin count of 376
leads. Two QFP families exist: the EIAJ MQFP version, shown in Fig. 7.54, and the bum-
pered JEDEC BQFP, shown in Fig. 7.55. The MQFP family is characterized as fixed body
size, vanable pitch. That is, a vanety of pin counts can be manufactured from a single body
size using lead frames of various extemnal lead pitches from 0.040 in (1.0 mm) down to
0.016 in (0.40 mm), MS-022, MO-108, MO-112, and MS-029. The BQFP. family is char-
acterized as variable pitch, consisting of 0.020-in (0.50-mm), 0.025-in (0.60-mm) and
0.500-in (1.27-mm) pitches, and a variable body size, with a variety of pin counts. A differ-
ent moldmg die is required for each package size, which range from 0.450 in at 52 /Os to

FIGURE 7.54 EIAJ MQFP packaging and handling options.

" Carriers

FIGURE 7.55 JEDEC BQFP packaging and handling options.
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1.650 in at 244 1/Os (MO-069, MO-071, MO-086, and MO-089). Major advantages of the
JEDEC over the EIAJ version are that the bumpers provide for safe handling in tubes,
trays, carriers, and tape and reel, and the generous stand-off provides for easy removal of
flux from under the package after board assembly. The major advantage of the EIAJ over
the JEDEC is the multiple lead counts available per package, compared with only onc pin
count per package size for the JEDEC. EIAJ packages are more difficult to handle without
bending the leads and the low standoff on higher pin counts, causes high stress on solder
joints due to board warp. EIAJ’s head start by several years provided valuable experience
in high-volume production, which enabled EIAJ to become the industry de facto standard
before the JEDEC version left the ground. Both versions are in use today, but the EIAJ ver-
sion has gained in popularity. The ELAJ MQFP family provides pin counts up to 376 U/Os,
while the JEDEC BQFP has leveled off at 244 I/Os.

Another family of SM packages has been developed that are shorter, smailer, thinner,
and lighter. The new package family consists of thin quad flat packs (TQFPs) that have
been JEDEC registered as MS-026 outlines. Whereas the standard MQFP body thickness
varies from 2.0 to 3.8 mm, depending on the package outer dimensions, the TQFP body
thickness are 1.0 and 1.4 mm. The TQFP packages vary in lead count from the smallest, at
32 I/Os with a bady size of 5.0 x 5.0 X 1.0 mm and an 0.80-mm lead pitch, to the largest,
with a maximum lead count of 256 U/Os in a body size of 28.0 x 28.0 x 1 40 mm and a
0.40-mm pitch.

As the demand for packages with high /O counts and high performance increases, the
industry has turned to BGAs as a favorable alternative to the fine-pitch QFPs, which are
difficult to handle. A great number of BGA outlines have been JEDEC registered in both
laminated ceramic (MO-156 and MO-157) and plastic technologies (MS-028, MO-151,
MO-192, and MO-205). The arrays range from 4 x 4 to 49 x 49, in sizes of 7.0 x 7.0 to
50.0 x 50.0 mm.

7.6 PACKAGE DESIGN CONSIDERATIONS

7.6.1 Electrical Design

Electrical performance at the IC package level is of general interest for silicon devices, !
The ever-increasing speed of today’s circuits and their potentially reduced noise margins
require great care and consideration in IC package design. Several electrical performance
criteria are of interest, namely, low ground resistance (minimum power-supply voltage
drop), short signal leads (minimum self-inductance), minimum power-supply spiking due
to signal lines switching simultaneously, short-paralleled signal runs (minimum mutual -
inductance and crosstalk), short-length signal runs near a ground plane (minimum capaci-
tive loading), and the maximum use of matched impedances to avoid signal refiection.
These criteria are, of course, not all mutually independent. They may be related through
simple geometric variables such as conductor cross section and length, dielectric thick-
ness, and dielectric constant of the package body. These problems are usually handled
with transmission-line theory in PWBs, where the lengths of circuit paths are more obvi-
ously a cause for concemn. A wealth of papers and books cover t.hls topic, and all of the
techniques described are generally applicable at the package tevel 1%

Package inductances, 1" a5 a function of pin counts, for QFPs and BGAs are shown in
Fig. 7.56. The higher inductance of the QFP is attributed to the larger perimeter lead pack-
age, and thus longer traces, when compared to the high interconnect density area array of

Samsung, EX1018, p. 69



7.68 § CHAPTER SEVEN

P
1 /

\/

— <5 .
(3

aaarslanasa

LRSS DA

n ~

ARA R BARS

*'\ pQFP('
PP SUWDY

24

RAAE RARS

aaaalsaay

Inductance (nH)
AAAR AR
sasabessa

| RS
Y P

Flip chip (0.25 mm area)

TYTrY

NI TN T VYR TR
308 (1] 988 1288. 1588

Package Pin Count

FIGURE 7.56 BGA and PQFP comparison: performance (inductance). (dfter Lau')

BGAs. Similarly, package propagatibn delays are also affected by trace lengths, as shown
in Fig. 7.57 for different package types.
The most important practical electrical design problem in IC packages is noise reduc-
tion. Basically, when a line swiiches, the voltage induced in the ground line is given by:
di

vV, = LSFI

where V; is the induced voltage, Lg is the inductance of the ground lead, and di/dt is the
derivative of current with respect to time. If j lines are switching, then V; is given by:

di
Vi = Ls; al

To reduce ¥; multiple grounds must be used to lower L. If m ground leads are uscd, the
total inductance is approximately Lglm. The practical result is that up to 25 percent of the
leads may have to be grounded to control noise. This high percentage has a large impact
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64-pin dual in-line package, 2.54 mm centers

£

304-pin, 0.5 mm quad flat pack

L |

64-pin, 1.27 mm center leaded flat pack

324-ball grid array, 1.27 mm pitch

64-pin, 1.02 mm center leadless chip carrier

Bare chip (wire bond or tab)

\ GaAs 100K LOGIC
) 1 i | ] |

01 0.2 0.3
PACKAGE PROPAGATION DELAY (nsa)

FIGURE 7.57 Comparison of maximum propagation delays for typical IC packages.

on packaging density and creates an incentive to reduce L. Inductance can be reduced sig-
nificantly through the use of large-area power and ground planes within the p:xckage,13

7.6.2 Thermal Design

The thermal design objective is to keep the operating junction temperature of a silicon
chip low enough to prevent triggering the temperature-activated failure mechanisms for
the particular application in which the chip is used. Only in the simplest possible applica- .
tions can this objective be met, considering the packaged silicon device alone. Usually, the
packaged device environment must be established for most of the following variables:
PWB. temperature, total power dissipation on the board, local-neighbor power dissipation,
degree of forced-air cooling, space usable by the package both laterally and vertically
(between boards), conductivity of the PWB, and ideal performance of the isolated pack-
age. The following paragraphs discuss the thermal modcling of a single chip in a package.
In a simplistic heat transfer model of a packaged chip, the heal is transferred from the
chip to the surface of the package by conduction and from the package surface to the
ambient by convection and radiation. Typically, the temperature difference between the
case and ambient is small and hence radiation can be neglected. This model also neglects
conduction heat transfer out of the package terminals, which can become significant, par-
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ticularly with high-1/O packages. The overall thermal resistance in this model can be con-

sidered as the sum of two thermal resistance components 8 ;. and 6, definéd as:
8, = 8, +8,,(°C/W) '
o = il
Je P
0 T : T'__ - Ta
ca P

where 8, = junction-to-ambient thermal resistance
8 = junction-to-case thermal resistance
6., = case-to-ambient thermal resistance

T; = average die or junction temperature, °C

T, = average case temperature, °C
T, = ambient temperature, °C

P = power dissipated, W
8;.. the conductive thermal resistance for low-power applications, is relatively insensi-
tive to the ambient and is mainly a function of package materials and geometry. For high
power dissipation devices, one must also consider the temperature dependence of materi-
als selected in design. For example, the thermal conductivity of typical materials used in
ceramic packaging is temperature-dependent, as shown in Fig. 7.58.

8., depends on package geometry, package onentation in the application, and the con-
ditions of the ambient in the operating environment (free or forced convection heat trans-
fer). In actual practice, most designers use experimental methods to determine the thermal
resistance of a package configuration. Thermal characterizations are perforrned with a
thermal chip assembled in the given package, which is then mounted into any number of
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FIGURE 7.58 Influencc of temperature on thermal conductivity of IC-related
matcrials.
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configurations such as in a fluid bath, on a heat sink, in a wind tunnel, or in stll air. The
package is monitored for input power as well as junction, case, and ambient temperatures.
The results show that packaged devices with a preferred heat-flow path (most ceramic
packages) may be thermally characterized independent of external heat sinking, while
those with no preferred heat-flow path (most plastic packages) should be thermally charac-
terized with a specific mounting arrangement and a convection heat-flow environ-
ment. 222 The use of simple modeling supported by experimentally derived values of
thermal resistance is probably adequate for first-order determinations but should be fol-
lowed by a more sophisticated program using spccially designed test chips and computer
modeling.

7.6.3 Thermomechanical Design

As the size of an IC chip increases, it presents new challenges to the package designer.
Ideally, one prefers to use materials in package construction that are matched in physical
properties, in particuiar the coefficient of thermal expansion. In the real world, however,
we see that the materials currendy in use have coefficients that vary by orders of magni-
tude, as shown in Fig. 7.20. The designer could achieve better matches by making engi-
neering trade-offs that do not degrade the packaged-device yields, performance, or
reliability. For example, if a chip in a molded plastic package is directly attached to an.
Alloy-42 lead frame, which has a good CTE match to silicon, the thermal stresses will be
minimized. But, because of the poor thermal conductivity of Alloy-42, the lead frame may
have an impact on the thermal performance of high power dissipating chips. In applica-
tions where high-power chips are used, an Alloy-42 lead frame could bring on higher ther-
mal stresses, resulting in chip cracking or “pop-off " or degradation of performance and
reliability due to higher junction temperatures during normal operating conditions. As a
result, more than 80 percent of the current molded plastic packages utilize copper lead
frames for applications where high thermal performance is required. The thermal stresses
caused by the CTE mismatch between the copper lead frame, silicon, and molding com-
pound are minimized by using a low-stress molding compound and die-attach epoxies.

In the preceding discussion, only base materials at the chip-attach interface were con-
sidered. In the actual design, the chip is attached using a material such as solder, braze, or
polymer adhesive where heat is introduced to either melt the solder oc braze material, or to
thermally cure the polymer adhesive. Physical properties of these materials are shown in
Table 7.11. The CTE and stiffness, which is a function of the tensile modulus E, signifi-
cantly affect the thermal stress and the chip-attach interface as shown in Fig. 7.59. In addi-
tion, the thickness of the joint also impacts the thermal stress in the interface as shown in
Fig. 7.60. Therefore, thermal stresses increase with increasing E and decreasing thickness.
Eutectic chip bonding has a very high E and a thin bond line, thereby limiting its useful-
ness with very large chips.

Another major mismatch in cxpansnon coefficients of materials used in package con-
struction is between the epoxy molding compound and the chip. This mismatch does not
exist in the pressed and laminated ceramic package technology, since no package materi-
als come in direct contact with the IC surface. The chip itself is constructed of matenials
with over an order of magmtudc difference in the CTE (Fig. 7. 20) thus compounding the
thermal-stress problem in plastic packages.

Analysts have developed sophisticated stress models and introduced computer aids,
such as finite-element analyses, to increase their ability to characterize the thermal stresses
and deformations throughout the entire plastic package, with the goal to optimize the reli-
ability of the package. The molded plastic IC package is basically a composite structure
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TABLE 7.0 Typical IC Package Material Properties

Coefficient of
Thermal Thermal Expansion  Density  Specific Heat Modulusof Poisson’s Dielectric .
Conducuvity, K CTE p Cp Elasticity, E Ratio Constant

Material (W/m K) (107%°C) (g/em®)  (cal/g°C) (GPa) u @ 1 MHz Application
Silicon 15033 21-3.5% 239 0.18% 13.0% - 11.7%  Integrated circuit
Silver-filled epoxy 1.57% a1.0» 3.5% 0.17% 358 - 5.0°  Die bond adhesive
Bismaleimide triazine 0.26" 15.0% 1.8% 0.30% 209°0 019 39! Substrate

(BT) laminate
90-99% AJ,04 20.9% 6.0-7.7% 3.8% 0.19% 314% 023%*  90*  Substate
Beryllia (BeO) 2514 8.0% 2,93 0.25% 3434 026 653  Substratc
Copper 3987 17.2% 893! 0.093% 172! 0.31%7" - Cu circuitry on'lamina,
lead frame

Ni-Fe Alloys (Alloy-42) 16.0%% 8.0% 8234 0.12% 146% - Lead frame
Gold 318%7 141 19.3% 0.03% 780% 02937 - Bondwire
Epoxy w/fused silica filler 0.80% 13.0%° 2,030 0.20%° 207% © =03 5.03%  Molding compound
Solder (638n/37Pb) 50.0%¢ 24.0° 843! 0.036%® 16.0%* 0.4 - Solder balls (BGA) -
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FIGURE 759 Thermal stress predicted for flexible epoxy (tensile modulus E)), rigid cpoxy (E,), and
polyimide (E4) as a function of temperarure where E3 > £5 > E|.
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FIGURE 7.60 Effect of chip length, L and adhesive thickness on thermal
stress.
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consisting of a silicon chip, metal lead frame, and plastic molding compound, as shown in
Fig. 7.61. A two-dimensional finite-element model of the cross section is shown in Fig.
7.62. The model is divided into smali elements, interconnected at a discrete number of
nodal points, creating a finite-element mesh. Material properties are assumed to be lin-
éarly related to the thermal load. Material interfaces are assumed to have perfect adhesion
to each other. The model further assumes an initial isothermal condition of '17°C, corre-
sponding to the molding temperature. The thennal stresses are then calculated at the
desired isothermal temperature, which is typically set at —65°C, the lowest temperature
expected during service or in transit. Figure 7.63 is a plot of the minimum principal
stresses (compression) in both the molded plastic body and the silicon chip. The stress
contours represent isobars of equal stress within the package and chip. Severe stress con-

SILICON

METALLIC
LEADFRAME

FIGURE 7.61 The molded plastic package is basically a com-
posite structure consisting of a silicon chip, metal lead frame, and
plastic molding compound.

T T
[AREARRRELLN
HHHHHHH
PLASTIC BOOY
isiisisisiang 5
Nmmmmmnoteiaasesras ¥ 1
SILICON IC = s
- HE - HHEHE R i 4
HHH PR HET LEAD FRAME
HH
HHHEAF TH LEAD FRAME ~HFHHHHEHT
=44
T T T T
H4 INERERE - 1
T I
8 ELEMENTS 35 NODAL POINTS g
i IR RNNRA | TR
1 NSNS AR T RO
XITTTITITT 8| TNy
FIGURE 7.62 Plane stress analysis is d for two-di ional modecl.

Model is divided into many small elements interconnected at a discrete number
of nodal points. Because of symmetry, mode! covers only half the IC package.
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POTENTIAL LOCATION

OF DIE CRACK
FINITE-ELEMENT MODEL PROPAGATION

FIGURE 7.63 Finite-element analysis plot showing contours of con-
stant stress (minimum principal stress in compression) in both plastic
body and silicon chip.

centration is evident at the lower edge of the chip, which could lead to chip cracking. The
use of finite-element analysis has become a powerful tool for quickly predicting the
impact of design and process changes with respect to stress-related failure mechanisms.

7.6.4 Physical Design—Chip Design Rules

The establishment of, and adherence to, good chip design rules is absolutely essential to
achieving high yields in IC package assembly. Rules must be generated for the particular
package type used and must be compatible with the assembly equipment. These decisions
should be made early, preferably before the chip layout is started, and definitely before the
layout is completed. As the /O count grows and the active device feature size shrinks, the
space required for interconnection could represent a major fraction of the chip area. To
avoid this problem, the effective bonding pad sizes and pitch should be reduced. Not only
must the pitch decrease, but the tolerances required to produce quality bonds must also
decrease. Reliability and the ability to assemble IC chips automatically are affected
directly by the chip layout. The chip-to-package interface design must ensure high assem-
bly yields and avoid reliability problems associated with poor design rules.

Typical current production design rules for in-line wire bonding and the staggered-row
bond pad configuration are illustrated in Fig. 7.64. Design rules recommend wire-bond
pad sizes and pitch, clearance between pads, and the cdge of the separated chip. Also
shown are the maximum recommended wire-bond span lengths (chip to lead frame or sub-
strate bond site) and the maximum recommended angle of the wire from the normal direc-
tion off the chip. These rules attempt to minimize wire sweep in plastic molding, which
could lead to potential cdge short circuits to silicon and short circuits to adjacent conduc-
tors on the lead frames or metallized conductors of the package.

Design rules can be integrated into chip design CAD systems. Figure 7.65-shows a typ-
ical package wire-bond CAD design template for a PBGA device. The locations of all lead
frame wedge-bond targets and the optimized locations for the ball bonds on the chip are
shown. The chip designer superimposes or merges this tcmplate with the proposed chip
layout and can immediately see where bonding pads should be placed to achieve a manu-
facturable and reliable design. Figure 7.65 also illustrates two types of CAD wire-span
templates used to verify design rules and to help decidc cases where bond pad placement
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(a) Design rules for bond pad size and placement STAGGERED BOND PAD OPTION
Chip metallization
Chip passivation
Bond pad window
70
Chip edge
after separation
51 pm min (b) Wire span and max. angle

S max. = 5000 pm for plastic packages
= 4000 pm for ceramic packages

FIGURE 7.64 (o) Typical chip design rules for bond pad size and placement. Bond pads should provide
60 x 60 ym open area and be on at Jeast 70 pm center-to-center spacing. Maximum atlowable wire span
depends on package type used, with typical values noted. Wire angle, determined by chip-package inter-
face, should not exceed 45° with respect to normal as shown in (b). Armrangement of staggered bonding
pads results in lower pitch than that attainable with single in-line pads. Further restrictions on wire angle
may be required.
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FIGURE 7.65 Example of CAD template for positioning bonding pads on chip in optimum
location to achieve high assembly yields and high-reliability performance. Suppont templates
check adherence to wire-span guidelines and provide design flexibility for special cases where
optimum zone is too restrictive for electrical layout.
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falls outside the optimum zone. The use of a CAD system by the device designer ensures
the best possible design, particularly for high volume and low cost. In the case of high-per-
formance custom designs, the same design rules apply. Since CAD tools may be too
festrictive, chip and package designers must work as a team to ensure a manufacturable
design.

7.7 PACKAGE IC ASSEMBLY PROCESSES

This section covers the first-level assembly processes used with each of the four package
technologies. A detailed listing of all major package families, showing the preferred
method of chip attachment and first level interconnection, is presented in Table 7.12.
Also shown are lead form, lead arrangement, and type of mounting used at second-level
assembly.

7.7.1 Chip to Package Interconnection

There are four chip-to-package interconnection options in use today, as illustrated in
Fig. 7.66: wire bond (WB), flip chip (FC), beam lead (BL), and TAB. For wire-bonded
packages, the chip interconnection process generally consists of two steps. In the first step,.
the back of the chip is mechanically autached to an appropriate mounting surface, for
example the lead frame paddle or the die attach area of a laminated ceramic or plastic sub-
stratc. This attachment sometimes enables electrical connections to be made to the back-
side of the chip. There are three types of chip attachments in use today: metal alloy
bonding (AuSi eutectic, AuSn eutectic, and soft solders), organic adhesives (epoxies and
polyimides), and inorganic adhesives (sitver-filled glasses). In the second step, the bond
pads on the circuit side of the chip are electrically interconnected to the package by wire
bonding. Wire bonding can be accomplished by either a thermosonic or thermocompres-
sion ball-wedge process using gold wire, or an ultrasonic wedge-to-wedge process using
either gold or aluminum wire. ’

Flip chip (FC)
Wire bond (WB)

77 T T 7777

7T 7T 7T 7T 7777
TAB

Beam lead (BL) —

7T 7 777777

BTAB ,

FIGURE 7.66 1C package interconnection options.
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TABLE 7.12 Interconnection Levels and Major Process Options”

Package Chip antachment Level 1 connection  Level 2 connection
Molded plastic Ag-loaded organic WB, Au. TH, IL
PDIP None TAB
Ag-loaded organic WB, Au SM. IL, GW/}
SoIc/s Ag-loaded organic WB, Au SM,P I
PQFP Ag-loaded organic WB, Au - SM, P, GW
o None ’ TAB
TapePak Noaconductive organic TAB SM, P,GW
Pressed ceramic
CERDIP Ag-loaded inorganic WB, Al TH,IL
CERQUAD/CQFP Ag-loaded inorganic WB, Al SM, P,GW
Laminated ceramic
DIP-STB/TB/BB Metal, AuSi WB, Au TH,IL
PGA Meutal, AuSi WB, Au TH. AA
LLCC Metal, AuSi WB, An SM, P
LDCC Metal, AuSi © WB, Au SM, P,CL, BZL
FP-LDCC/QFP Metal, AuSi . WB, Au SM, P, GW/BZL
MCM-Sion C Ag-loaded organic WB, Au
None TAB
None FC
BGA Metal, AuSi WB, Au SM, AA
None FC, SB
Laminated plastic
LLCC Ag-loaded organic WB, Au SM. P
PGA Ag-loaded organic WB, Au ’ TH, AA
SMBA/LGA Ag-loaded organic WB, Au SM, AA
BGA Ag-loaded organic WB, Au - SM, AA
None FC, SB
Other options
COB Ag-loaded organic None WB, AWFC, SB
None None OLB, TAB
TOB None 'ILB, TAB OLB, TAB
MCM-Si on Si FC, SB FC, SB
TQFP Ag-loaded organic WB, Au, WBT SM, P.GW

* BZI =brzed lead; ) = J-formed Icad; P = perimeter lead locus; SB = solder-bumped; SBZ = side-braced; AA =
arca array; for all other abbreviations, scc App. A.

The other interconnection options illnstrated in Fig. 7.66 (FC, BL, and TAB) generally
are done as a one-stcp process, wherc the mechanical and electrical connections are pro-
vided by the same feature. The most popular interconnection process in general use today
is thermosonic ball-wedge bonding. Table 7.13 shows the processing temperatures used in
assembling IC packages in the four technologies.

7.7.1.1 Chip Attachment.  As chip sizes increase, it places more stringent demands on
the processing and reliability of chip bonding. Chip bonding of large chips (greater than
12 mm on a side) requires special attention to thermal and stress management, as dis-
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TABLE 7.13

PACKAGING AND INTERCONNECTION OF INTEGRATED CIRCUITS

IC Assembly Process Temperatures

Approximate

Package
interconnection

Process Process Temp. °C
Eutectic bonding Gold-siticon (98 Au/25i) 425
: . Gold-phosphorus (99.5Aw/.5P) 450
g Gold-tin (80Aw/20Sn) 280
& £ | Soft soldering (95Pb/sSn) 315
£ | Glass 450
Silver-glass 375
Epoxy (Ablestik #8360) 175
Wirc bonding Thermocompression 300400
e - Ultrasonic Room temp.
% Thermosonic 150
o
g g Tape automated bonding (TAB) Thermocomgpression 300400
e (bumped chip or tape) Ultrasonic Room temp.
Q .
£ Thermosonic 150
Rlip chip Soldering (63Sn/37Pb) 215
Hermetic packages Soldering (95Pb/5Sn) 315
8 w Brazing (Av-Sn) 320-350
& —E Welding 1000-1500 (localized)
&3 Glass sealing 420
Nonhcrmetic packages Epoxy molding 175
Ceramic BGA Soldcr cast column (90Pb/10Sn) 315
Plastic BGA Solder ball (63Sn/37Pb) 215

cussed in Secs. 7.6.2 and 7.6.3. Chip size also impacts wafer fabncation guidelines and
assembly automation. These issues influence equipment selection and determine how eas-
ily a controllable process can be achieved.
The major choices for a chip attach process include metal alloys (AuSi eutectic, AuSn
eutectic, or soft solders), organic adhesives (epoxies), and inorganic adhesives (silver-
filled glasses). Table 7.12 shows the preferred method of chip attachment for the various
package types. Care must be exercised in the selection of a chip-bond process for the par-
ticular application, and in the implementation of stringent process controls to ensure high-

quality bond

S.

TABLE 7.14 Inductance of Chip Attachment Technologies’

Cross Section, ia Length, in In'ductqnce.' nH
Wire bond 0.001 (diamcter) 005 . 0.9
TAB 0.001 x 0.003 005 0.7
Solder bump 0.004 x 0,004 0.002 <0.05

*Based on three-dimensional simulation of 200-VO chip.

125 percent of VOs are powet/grouid.
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The eutectic chip attach process is essentially contamination-free, has excellent shear
strength, provides high thermal conductivity across interface, and ensures low moisture in
package cavities. The major disadvantages are that the preforms are difficult to handle for
high-speed automation as compared to epoxy die attach. This process may also induce high
thermal stresses on the chip due to the high process temperature. Using ceramic substrate
matenials (e.g., AIN and SiC) whose coefficient of thermal expansion closely matches that
of silicon will reduce the thermal stresses, which can be detrimental to large chips.

The organic chip attach process uses an epoxy that may be electrically and thermally
conductive or nonconductive. The epoxy has the advantages of being less expensive, more
flexible, and easy to automate, and it requires low-temperature curing which minimizes
thermal stresses in large chips. As a result, epoxy chip-bond adhesives are preferred for
attaching large chips in both ceramic and plastic packages.

Silver-filled epoxy adhesives are of major interest today as chip-bond materials. The
use of silver fillers (typically flakes) makes the epoxy both electrically conductive, to pro-
vide low resistance between the chip and the substrate, and thermally conductive, to allow
a good thermal path between the chip and the rest of the package.

The epoxy chip-attach process can be highly automated and accurate, since the epoxy
can be applied at very high rates to the die-attach area by transfer-printing, epoxy writing,
or syringe dispensing, and the chip can be placed with high-speed pick-and-place tools.
Accurate chip placement affects automatic wire bonding by yielding greater consistency
of wire lengths and improved looping characteristics. In addition, chip placement accuracy
also enhances the wire bonder’s pattern-recognition performance and efficiency. The chip
is removed from its film frame tape using a surface or collet pickup tool and placed over
the die attach area, contacting the epoxy pattemn. Because epoxics are thermosetting poly-
mers (they cross link when heated), they must be cured at elevated temperatures to com-
plete the chip bond. Typical cure temperatures range from 125 to 175°C. In general, epoxy
chip bonds are as good as or better than their metal counterparts, except in the most
demanding applications where high temperatures, high current through the chip bond, and
critical thermal performance are required.

The inorganic chip attach process is used in the assembly of pressed ceramic CERDIP-
and CERQUAD-type packages where the final cure is done at the same time as the high-
temperature glass-sealing operation. The chip attach material is a silver-loaded glass sys-
tem in an organic medium, which is applied as a paste. In the wet form, silver-loaded glass
contains 66.4 percent silver, 16.6 percent glass, 1.0 percent resin, and 16.0 percent solvent
by weight. After drying and organic bumout, the system is completely inorganic with 80.0
percent silver and 20.0 percent glass by weight. The diffusion of silicon from the chip
backside is important in the development of the bond. Adhesion between the silver giass
and the silicon chip is achieved via a glass network structure that starts at the silicon diox-
ide film on the silicon chip backside, while the bonding mechanism between the silver
glass and the ceramic substrate appears to be mechanical in nature. These materials have
excellent thermal stability, are lower in cost than the AuSi eutectic, and can provide a void-
free bond for high-rcliability hermetic parts.

7.7.1.2 Wire Bonding. Wire bonding to silicon ICs is the most common interconnection
process in use today. After attaching the IC to either a lead-frame paddle, a Cu slug, or top
susface of a laminated plastic or cengmlc substrate, the IC is wire bonded with either gold
wire by the thermosonic, thermocompression, or ultrasonic techniques, or-with aluminum
wire by the ultrasonic process. Today, gold wires are mostly nsed for thermosonic wire-
bonding and aluminum wires for ultrasonic bonding.

Gold wire is commonly used for ball-wedge bonding, that is, ball bonded to the chip
bond pad (typically aluminum finish) and wedge bonded to a plated lead frame or sub-
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strate pads (typically gold or silver-plated), as shown in Fig. 7.67. One advantage of ball-
wedge bonding comes from the symmetrical geometry of the capillary tip. The ball is
formed at the tip of the capillary and then pressed against the die (Fig. 7.67b). The pres-
sure and the thermosonic action result in bonding the ball to the die. The wedge bond can
then be placed anywhere on a 360° arc around the ball bond, using the capillary tip (Fig.
7.67d and ¢). This capability to dress the wire in any direction from the ball is the key fac-
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FIGURE 7.67 Tailless ball-and-wedge bonding cycle. (a) Capillary is
targeted on die’s bond pad and posiioned above die with ball formed on
end of wire and p d against face of capillary. (b) Capillary descents,
bringing ball in contact with die. Inside cone, or radius, grips ball in form-
ing bond. In a thermosonic system, ulirasonic vibration is then applied. (¢)
After ball is bonded to die, capillary rises to loop-height position. Clams
are open and wire is free to feed outkcnd of capillary. (d) Device lead is

(g)

positioned under capillary, which is then lowered to lead, Wire is fed out

end of capillary, forming a loop. (€) Capillary deforms wire against lead,
producing wedge-shaped bond, which has a gradual transition into wire,
In a thermosonic machine, ulirasonic vibration is then applicd. (/) Capil-

lary riscs off lead, leaving stitch bond. At a preset height, clamps are .

closed while capillary s stll rising with bonding head. This prevents wire
from feeding out capillary and pulls at bond. Wire will break at thinnest
cross section of bond. (g). New ball is formed on tail of wire, which
extends from end of capillary. A hydrogen flame or an clectronic spark
may be used to form ball. Cycle is completed and ready for next ball bond.
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tor that makes this process attractive for high-speed antomated bonding; that is, the bond-
ing head or package table does not have to rotate to form the wedge bond. Figure 7.68
shows a typical device that is ball-and-wedge bonded on today’s state of the art automatic
wire bonders running at approximately 8 wires per second, depending on wire lengths.

Aluminum wire is typically wedge-to-wedge bonded. In a wedge-to-wedge configura-
tion, the orientation of the wedge bond on the chip determines the direction of the wire
that terminates on the substrate wedge bond. The complication of requiring motion in both
the bonding head and the work holder resnlts in a slower wire bonding process. On the
other hand, wedge-to-wedge wire bonding has the capability of bonding to bond pads on
tighter centers than ball-wedge bonding. Recent advances in wire bonders and tool geom-
etries reduced the in-line wedge bond pad pitch capability on the chip to 0.002 in (50 pm),
compared with an in-line pitch of 0.0028 in (70 pm) or a staggered configuration with an
effective pitch of 0.002 in (50 im) for ball bonding in production (see Fig. 7.64), both
using 0.0010-in (0.025-mm) diameter wire. But the current advantage of the wedge-wedge
fine pitch bonding will be diminished in the near future as the ball bonding pitch is further
reduced. Itis rcpc»m:d28 that, by the year 2001, the in-line ball bonding pitch in production
will be 0.0020 in (50 wm) or a staggered ball bond configuration with an effective pitch of
0.0014 in (35 wm). '

The major issue in establishing a quality and reliable wire-bonding process is process
control. Two types of process tests are in use today, the wire pull test and the ball shear
test.

7.7.1.3 Tape Automated Bonding. In the 1960s and 1970s, tape automated bonding
(TAB) was used for low-cost, high-volume production of products referred to as jelly beun
devices. The driving force was strictly low cost, which was achieved by using automated
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FIGURE 7.68 Typical thermosonic ball wire bonds on IC chip.
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gang bonding of the inner and outer leads in place of the then very slow manual wire
bonding. The process was: fastr.r and cheaper than the other options illustrated in Fig. 7 66
and it resulted in higher bond strength (reliability) than the other options.

In the '1980s, TAB was pursued because of its many attributes, such as lower induc-
tance, controlled lead geometry, higher bond strength (reliability), and controlled imped-
ance capability, all resulting in better electrical perforrnance than wire bonding. In
addition, the characteristic smaller bond ‘pad and pitch significantly reduced the chip size,
resulting in better wafér yields and lower chip cost. The physical size of TAB devices also
resulted in a significant reduction of real estate at the PWB level.

TAB technology uses a photo-imaging/etching process to produce conductors on a
dielectric conductor tape in a “movie-film” format, as illustrated in Fig. 7.69. Camier tape
is stored on reels in widths from 1.4 t0 2.8 in (35 to 70 mm). The final tape design has a
window with “beam-type” leads that extend over the windows of the tape. Conductors are
fanned out from the high-density beams on 0.002- to 0.004-in (0.05- to 0.10-mm) pitch to
the external outer bond locations on 0.006- to 0.02-in (0.15- to 0.50-mm) pitch and then
beyond to test pads placed on a 0.050-in (1.27-mm) pitch, compatible with conventional
test probes. An example of a 300-I/0 tape with inner beams on a 0.004-in (0.10-mm) pitch
is shown in Fig. 7.70. -

In inner-lead-bonding (ILB), the beams are bonded to an IC chip that is precisely
located under the windows, as shown in Fig. 7.69. Figure 7.71 is a scanning electron
microscope (SEM) view of an ILB chip. Oncé the chips are bonded to the tape, the leads.
are isolated electrically by a punching operation, and then the chip-in-tape is electrically
tested and, if required, burned-in. Finally, the outer lcad bonding (OLB) opcration trans- :
fers the chip, with its leads, to the next-level package. This could be the plastic molding of
a QFP with over 164 leads, an MCM, or direct bonding to a PWB or other substrate.

TAB wafer preparation is similar to that for wire-bonded wafers. Either a pinhole-free
silicon nitride, silicon dioxide, or a polyimide is deposited at low temperatures. Passiva-
tion is selectively removed, leaving a good portion of the aluminum pads exposed. The

&ankpdymuol

ch.p._./ WII—-,‘ Chip cish

FIGURE 7.69 Overall TAB process diagram with chip-on-tape component manufacture.
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FIGURE 7.76  TAB tape with inner leads on 0.004-in pitch. (Courtesy of Mesa Technology)

FIGURE 7.71  Inner-lead bouded chip. (Courtesy of Apios and Mesa Technology)
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chip is now in a state where 1t is ready for wirc bonding or sent on for additional TAB fab-
rication, that is, preparation of the pads for TAB bonding. There are basically two methods
of TAB in use: bumped chip, as shown in Figs. 7.72 and 7.73, and bumped tape, as illus-
trated in Figs. 7.74 and 7.75.

Tab lead

—

Electroplated bump Passivation

\ Barrier metals window
Aluminum Vi
terminal pad ‘

— ji L4

Adhesive
layer

Silicon

FIGURE 7.72 Interconnection geometry of bumped-chip TAB. TAB lead is either copper

foil, ranging in thickness from 2 oz (0.0028 in/0.07 mm) to 1/2 oz, depending on feature sizes

required io tape design. Lead is gold plated to facilitate TC ILB. Electroplated bump thickness

is typically 0.001 in (0.025 mm). Barrier metals are deposited in three layers, such as 600-A
400-A Pd. and 2000-A Au:

FIGURE 7.73 SEM view of gold bumps on a chip. (Courtesy of Aptos)
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o __ v Tab lead
S
Passivation - -
window ~ Aluniinum terminal pad
—A /
| £ ] ;
Silicon

FIGURE 7.74 Interconnection geometry of bumped-tape TAB (BTAB). TAB lead is copper
foil with etched bumps and gold plated to facilitate TC [LB.

FIGURE 7.75 SEM view of bumped tape lead. (Courtesy of Mesa Technology)

Three types of TAB tapes are in use today: single-layer, two-layer, and three-layer. Sin-
gle-layer tape is a conductive foil without any insulating layer. It is the lowest-cost TAB
construction and is used in jelly bean products where pre-electrical testing is not required.
Two- and three-layer tapes are composed of conductive and insulating layers that are com-
bined by direct deposit of copper on film (two-layer) or by the use of adhesives to hold
them together (three-layer). In either tape, the insulator acts as a camer and isolates the
leads electrically. The various types of tape construction are shown in Fig. 7.76. Also
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G - FIGURE 7.76 Various types of tape

construction. (Courrtesy of 3M Corpora-
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shown is an arca array tape, which contacts pads anywhere on the chip surface, and a wire-
bondable tape, which allows the extension of wire bonding to-chips.

As a result of technological advancements in wire bonders, TAB no longer has the fine-
pitch bonding advantages over wire bonding. Whereas TAB can accommodate an in-line
bond pad pitch on the chip of 0.002 in (50 um), the projected capability for wire bonding
by the year 2001 is an in-line pitch of 0.0020 in (50 pm) or a staggered effective pitch of
0.0014 in (35 pm). An IC on TAB tape has the advantage that it can be fully tested and
bumed-in before committing to the next level of assembly. On the other hand, TAB
requires a tape design for each chip size and pad location variation, as well as special tool-
ing and expensive bonding equipment for ILB and OLB (second-level interconnection).
The ICs are typically bumped, even with bumped tape, which adds to the cost. Finally,
tight tolerances are required on planarity for gang bonding. If this is not achicved, the
bonding yield and device reliability will be degraded. Single-point bonding (generally
modified wire bonders) is sometimes used to overcome the lack of planarity.

MEWL
s
—— R

7.7.1.4 Flip Chip Bonding. Flip chip (FC) bonding is a process that facilitates direct
attachment and electrical interconnection of the chip to the substrate circuitry. Whereas
wire bonding requires peripheral pads on the chip, the flip chip technology utilizes area
array tenninals that result in the highest /O interconnection density of any-of the bonding
techniques. The terminals on the chip are placed face down (flip chip) onto matching foot-
prints on the substrate, interconnecting through electrically conductive bumps. The bumps
may be either solder or conductive epoxy, depending on the reliability requirements for a
given application. Conductive cpoxy bumping is a lower-cost, lower-reliability flip chip
process that has recently been developed. but its acceptance by the indusary has been slow,
awaiting further evaluation.
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In the higher-reliability solder bump interconnection process, the ICs are solder
bumped at the wafer level using vanious bumptng techniques. One bumping scheme'6 con-
sists of electrolytic tinflead plating to wettable chip bonding pads, followed by a refiow to
form the solder bumps, as illustrated in Fig. 7.77. The solder bumps vary in composition
(97Pb/3Sn, 95Pb/5Sn, or 60Sn/40Pb), depending on the reflow temperatures that the
applicable substrate can withstand. For ceramic substrates, a high melting temperature sol-
der alloy (95Pb/5Sn, melting at = 308°C) is preferred to avoid remelting of the bumps
when the package is reflowed to the-PWB. Since organic substrates are assembly pro-
cessed at lower temperatures, the solder bumps require a lower melting temperature solder
such as 63Sn/37Pb, which melts at = 183°C.

Flux is applied to the IC solder bumps, which are then placed on matching footprints
(FC pads) on the substrate and reflowed. The Cu FC pads are protected from corrosion by
an electrolytic or electroless plated Ni/Au finish or with an organic surface preservative
(OSP). To increase the volume of solder at the joint, the pads may also be solder bumped
and coined. This operation can be done by the substrate manufacturer/vendor or prior to
chip assembly. : )

After chip attachment, an epoxy underfill is dispensed along the edge of the chip and
by capillary action it fills the gap between the chip and substrate. The purpose of the epoxy
underfill is to protect the chip surface from moisture and to help reduce the stresses devel-
oped in the solder joints caused by the coefficient of thermal ¢xpansion mismatches of the
materials being joined.

The short and stubby solder bump interconnections, between the chip and substrate,
provide inductances that are significantly lower than for TABR or wire bonded chips, as
shown in Table 7.14 (p. 79). The lower inductances, in combination with the higher inter-
connection density, result in improved electrical performance. The major disadvantage of
flip chip bonding is the thermal mismatch between the chip and substrate that may cause
the solder bump interconnections to fatigue during thermal cycling,

Passivation l Pb/Sn

{Polyimide or Nitride) Al ‘ (Electroplated)

Silicon

CuCrAl + 4

(vapor = @

Photo Resis(; +

| v

Cu (Electroplated)

FIGURE 7.77 Typical solder bump-forming process. (Courtesy of Citizen Watch Co., Lid.;: afier
Citizen'®)
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7.7.2 Other Assembly Processes

This section looks at other package assembly processes that must be considered to have a
complete package assembly methodology. Among them are cleaning, package lid sealing,
encapsulation, alpha particle protection, and assembly environment.

7.7.2.1 Cleaning. In IC packaging, the most critical cleaning steps are before wire
bonding, FC underfill, Before ink code marking, and after BGA solder ball attachment.
The cleaning process must be chemically compatible with the chip metallurgy. Aluminum
has a very narrow range of pH values in which its oxide protects it from corrosion in aque-
ous solution. Corrosion reactions, with mctal dissolution, can occur in both basic and
acidic solutions. Two objectives are usually sought in cleaning. One is the removal of
organic specics that can affect bondability; an organic solvent is usually required for this.
The second is the removal of ionic species that can caunse corrosion during the life of the
device or, in an unusual instance, contribute to surface charge accumulation. Water ‘is a
very good solvent for ionic species.
Due to concerns of waste disposal and possible ozone depletion, the use of powerful
. solvents such as chlorofluorocarbon (CFC) and trichloroethylene (TCA) have been cur-
tailed. Alternatives to cleaning with CFC and TCA solvents have emerged, such as aque-
ous, semiaqueous, and fluorocarbon inerted organics, oxygenated organics, and other
cleaning agents. But the most significant trend has been to shift to a “no-clean” IC assem-
bly opcration. The climination of cleaning during IC assembly was made possible by (a)
requiring that all incoming assembly components be in a certified clean condition and (b)
minimizing contamination during assembly by conducting the operation in a Class 10,000
or better clean room environment. In addition, user-friendly cleaning processes are being
used in assembling BGAs, such as UV-plasma cleaning prior to ink code marking the
overmold and the use of aqueous cleaning agents to remove the water soluble flux aftcr
BGA solder ball attachment.

7.7.2.2 Hermetic Package Lid Sealing. 'The major objective of package sealing is to
protect the device from external contaminants dufing its expected lifetime. Furthermore,
any contaminants present before sealing must be removed to an acceptable level before or
during sealing. Packages may be hermetically sealed with glass or metals or nonhermeti-
cally lidded with polymers. The definition of hermeticity used here includes not only the
ability to pass a fine vacuum leak test, but also to exclude environmental contaminants for
long periods of time.

Figure 7.16 shows the relative capabilities of several materials to exclude moisture
over long time periods. Clcarly, organic scalants are not good candidates for hermetic
packages. However, in some cases, organic sealants, properly integrated into the package
design, do mcet the operational definition of a hermetic seal as given above. For almost all
high-reliability applications, the hermetic seal is made with glass or metal. Glass sealing
was mentioned previously for pressed ceramic, and the process is essentially the same for
lid sealing. Many of the metal alloys used for chip bonding are suitable for lid sealing. A
leak-tight metal seal that excludes the external environment can be made without diffi-
culty. The real difficulty has been freeing the package of contaminants, especially water,
before sealing.

No package should be sealed with greater than 6000 ppm water by volume (dew point
0°C). The technology to measure such moisture levels has been studied thoroughly.?> The
military specification limit is set at 5000 ppm by volume, mainly because of the technical
difficulties in measuring moisture in small packages. Although 5000 ppm is the specifica-
tion limit, the package assembler wants to achieve as low a moisture level as possible. A
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particularly effective method to achieve low moisture levels makes use of the ability of
atomic silicon to react with water to form Si0.2* The atomic silicon is formed during lid
sealing through the mclung of the c}up bond material or an added gettering preform. The
reaction is

Si+ H;0 — Si0, + 2H,

7.7.2.3 Organic Encapxulatwn For apphcauons where hermetic scahng is bot a
requirement, organic encapsulation is used. Encapsulation technologies may include either
molding, potting, glob-top, or cavity fill and surface chip coatings when lid sealing. The
encapsulant must possess maierial properties that will enable it to protect the chip from
adverse environments, contaminaats, package handling, storage, and second-level assem-
bly. Mechanical strength, adhesion to silicon and substeate, CTE compatibility with silicon
and substrate, temperature and moisture resistance, electrical insulation, chemical resis-
tance, and flow characteristics are some of the traits to consider when selecting an encap-
sulant for a given application.

In all cases, the encapsulants are used to cover the chip surface and the fragile wire
bonds. It is critical that the dispensing techniques and flow characteristics of the epoxy
compound be tailored to the specific configuration to prevent au from being trapped or
bond wire sweeps that may cause shorts.

Plastic packages, such as QFPs and BGAs, are encapsulated with a Novolac-based
¢poxy molding compound, typically consisting of an epoxy resin, accelerator, curing
agent, silica fillers, flame retardant, and a mold release agent.

Potting compounds, usually consisting of a liquid two-component system, are used for
hybrid modules and discrete devices. Glob-top or cavity-filled encapsulants are thermoset
epoxies or silicone resin filled with inorganic fillers. Glob-top encapsulants are used in
low-cost, single-layer PPGAs and on chip-on-board assemblies, whereas cavity-filled
epoxics are primarily uscd for encapsulating cavity-structured, multilayer substrates for
PPGAs and PBGAs.

In cases where polymer lid sealing is utilized, surface chip coatings can be used to pro-
tect the aluminum metallurgy from atmospheric contaminants such as moisture, alpha par-
ticles, and mechanical damage. Silicones, epoxies, and polyimides are very effective for
this purpose and are used as encapsulants in premolded and laminated PPGAs in combina-
tion with a protective lid or cap.

7.7.2.4 Alpha Particle Protection. Soft errors in memory circuits due to alpha particles
emanating from packaging materials were first reported in 1978;1 since then, many
papers have been published on the subject. Alpha particles are emitted by the decay of ura-
nium and thorium atoms contained as impurities in packaging materials such as molding
compounds and some lid sealing materials. As the fcatures of the chip decrease, the chip
becomes more sensitive to alpha particle emission.*!3 Packaging materials (particularly
ceramics) will probably not be pushed below the O. 001 to 0.01 alpha- pm‘tu:le/((:m2 *h)
level. Because alpha particlcs have low penetrating power in solids, low-alpha materials
have been suggested as alpha-absorbing coatings on silicon chips.'4!5 An 0.001 alpha-
panticle/(cm? « h) emission rate, the lowest level anticipated, has been n:portcd using sili-
cone coatings.’’

Molding compounds are typically filled with silica fillers to reduce the CTE, but a side
effect is alpha-particle emission that can cause soft errors in memory devices assembled in
plastic packages. Applying a silicone coating to the surface of the memory chip, prior to
molding, reduces the alpha-particle absorption. The molding compounds used for encap~
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. .
sulating memory devices contain silica fillers, made by chemical vapor deposition (CVD),
that do not emit alpha particles, thus surface coating of memory chips is no longer
required for alpha-particle protection.

© 7.7.2.5 Assembly Environment. The ever-decreasing feature sizes on chips, down into
the submicrometer range (Fig. 7.5), and the use of finer hond pad pitches impose stringent
requirements on the control of cleanliness in the assembly environment. At a feature size
of 1 pm, as shown in Fig. 7.78, the dénsity for foreign particles of 1 um or greater in a typ-
ical room environment is astronomical. Foreign particles not removed before molding of
plastic packages, or lid sealing in ceramic packages, can degrade the reliability of the
packaged device. Examples of such failures are electrical shori-circniting between adja-
cent interconnections by metallic foreign particles and hard failures due to metal corrosion
from foreign particles with high levels of contaminants. Critical assembly processes, such
as chip attachment, wire bonding, and molding or lid sealing, are currently being done by
many assembly houses in clean rooms having a Class 10,000 or better environment.

7.8 OUTSOURCINHUBCONTRACT
ASSEMBLY

As the demand for IC packages increases, semiconductor companies ate increasingly
fooking at assembly contractors to fill the order. Semiconductor companics must evaluate
their packaging strategy and decide whether to assemble in house, rely on contract assem-
bly, or depend on some combination of the two. As assembly volumes risc and the number
of assembly contractors increases, the industry can expect to see price reductions and a
broader range of packaging services.

1,000,000

100,000

10,000

Panticles/ft® greater than
siated partidae size
8
o

100

1 1 1 (| ) 3
0.5 1 s 10 - 80 100
Particle size, (pm)

FIGURE 7.78 Particle-size distribution in typical room atmosphere and in
three classes of clean environments.,
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This secton introduces the reader to contract assembly, lists some of the current
assembly contractors and suggests guidelines for contractor selection. Opportunities exist
for semiconductor manufacturers and contract assemblers to establish close, long-term
business relationships as long as mutual requirements and expectations are clearly com-
municated. .

7.8.1 What s a Contract Assembly Vendor?

A contract assembly vendor is a manufacturer who has contractually agreed to supply
materials and perform work for the semiconductor company in accordance with the speci-
fications, drawings, and purchase order for the applicable product. The vendor becomes an
extension of the semiconductor company's manufacturing business and, to some extent, is
a partner with common interests and goals. The vendor’s role in the partnership becomes
mare critical when a vendor is also asked to provide design, package characterization, and
electrical test services in addition to assembly. Thus, the contract assembly vendors
become an integral part of both product development and manufacture, from concept to
market. .

7.8.2 The In-House or Contract Assembly Decision

When semiconductor companies face a high-volume demand for a panticular IC packaging
technology, they must consider whether to manufacture in house or delegate this task to a
contractor. The highly competitive state of the.semiconductor business forces companies
to continuously reevaluate their business strategy. In some cases, this means concentrating
their resources in areas other than package design, development, and assembly, opting
instead to outsource portions or all of these functions. Other companics have found that in-
house design and assembly gives them better contral over cost, the guality of the product,
and production planning and thus creates or maintains a competitive edge. The decision
whether to assemble in house or outsourcc should be based on the company’s self-exami-
nation of business objectives, arcas to concentrate its business, and company's strengths
and weaknesses. Some of the advantages and disadvantages of in-house assembly vs. out-
sourcing are listed in Table 7.15. These are to be included in the strategic planning and
should be evaluated for their effect on business objectives and the needs of each product
‘line. Once the manufacturing strategy has been decided and acted upon, periodic reviews
should be conducted to determine if the company’s objectives continue to be met by the
original approach or a new strategy needs to be implemented. Some companies that have
initially opted for contract assembly have decided, after subsequent reviews, to convert to
in-house assembly. The change may have been prompted by a reversal in the company’s
business strategy or product volumes that have matured enough to warrant investment in
capital equipment and resources.

7.8.3 Guidelines for Selecting a Contract Assembly Vendor

Choosing a contract assembly vendor must be viewed as the beginning 6f a process that
may eventually lead to a long-term business, technical, and manufacturing relationship.
Unless the goal is simple assembly of a few prototype parts for a one-time-only, cost-
insensitive application (rarely if ever the case), a great dea) of effon needs to be spent in
evaluating and selecting a contract assembly vendor. Once the commitment to go with a
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TABLE 7.15 The Advantages and Disadvantages of In-house and Contract Assembly

Manufacturing
Strategy Advantages Disadvantages
In-house assembly Better production planning Large investment in capital equipment
Leverages internal technology and that may not be recovered if life of
manufacturing know-how product is short
Protects critical design and manufac-  Requires internal resources for design,
turing processes development and manufacturing
Enhanced quality control support
Contract asscmbly  Capital equipment investment not Must conform to contractor's manu-
required facturing design rules
Improved initial time to market May unintentionally disclose busi-
Cost advantage of high volume manu- ness strategies and technology
facturing information
Reduces manufacturing learning No control over manufacturiag queue.
curve Indirect quality control
Access to vendors manufacturirig Subject to vendor's development plans
capability and expertise * and schedules
Manufacturing base may be closer to
customers

particular vendor is made, the customer and assembly vendor must be ready and willing to
dedicate the time and resources required to build an effective relationship. This is a pro-
cess that is measured in months and years rather than days or weeks.

Many factors influence assemably vendor selection, as shown in Table 7.16. A few of
the more important items to look for in a good vendor are discussed below. '

TABLE 7.16 Contract Assembly Vendor Selection Guidelines

Competitive pricing and intervals

Broad experience and established history of contract assembly

Well developed product line, inctuding open tooled standard offerings

Good design capability (staff, tools, CAD compatibility and automatic design checking)
Good production management system (preferably accessible by customer)

Rapid and accurate response to requests for information (price, delivery., technical)
Technical expertise (package design process development, package characterization)
Clear single point interface for technical issues

Regular contact with account representative

Compeititive pricing, manufacturing intervals, and experience in contract assembly are
first on the list. A good assembly vendor will have demonstrated a commitment to the
industry with significant and continuous investment in capacity to meet projected assem-
bly requirements. The vendor should have proven experience in various package types.
Pricing and intervals should reflect this expenence.

The vendor should offer types of packages required for current and future applications
without distracting the customer with niche or dead-end package types. A broad package
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offering with many footprints and types to choose from is attractive and desirable. The
downside is that too many package offcrings reduce the opportunity for both the customer
and the vendor to leverage the advantages of standardization.

The vendor should clearly identify standard packages, emerging standards, and pack-
ages in development or with limited production history. This will help the customer
develop a realistic assessment of the nisks involved in selectin a particular configuration.

The vendor should promote IC package standardization across the industry by defining
and supporting work on open tooled standard test sockets, shipping trays, etc. To meet the
semiconductor manufacturer’s nceds, a better assernbly vendor will develop new IC pack-
age configurations and inuoduce them to market backed by qualification and electrical/
thermal performance data.

The vendor should provide clear and timely responses to the semiconductor manufac-
turer’s information requests through the account representative. Initially, during the design
phases of a project, the inquiries may be about product offering, cost, or assembly design
rules. But, after production starts, the vendor is expected to provide timely and accurate
production and delivery information over the product lifetime. Production programs
extend over months and years and thus reinforce the need for an established long-term
relationship between the semiconductor manufacturer and the assembly vendor.

A partial list of contract assembly vendors include Apack, Anam, ASAT, ASE, Carsem,
Chipak, Citizen, Fujitsu, Hana, Kyocera, Rohm, and Shinko. Each vendor specializes in
assembling certain types of IC package technologies. The reader should consult the ven-
dor’s latest offerings.

7.9 PACKAGE TO SECOND-LEVEL
INTERCONNECTION

Second-level interconnections for the four package technologies, in TH and SM configura-
tions, are compared in Table 7.12. Parameters affecting the second-level interconnections
are lead configuration (in-line, penimeter, or area array) and shape or geometry of the leads
(GW, I, TAB, side-brazed leads, solder balls, or FC). Details of the TH and SM processes
are covered in Chap. 8.

The reliability of the second-level interconnection is affected by the expansion mis-
matches between the IC package materials and the circuit board during system tempera-
tore fluctuation. The differential expansions induce stresses in the leads or solder ball
joints that may result in early fatigue failure, if not controlled.

Taking a BGA package as an example, the fatigue stresses that contribute to crack initi-
ation and propagation in the solder joints are influenced by the following:

a Solder pad diameter on substrate circuit board

» Circuit board thickness

= Ball position from edge of chip

» Solder ball diameter

= Solder joint height after reflow

= Chip size

» Fluctuating temperature range

= CTE of the composite materials associated with the BGA and circuit board
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7.10 SUMMARY AND FUTURE TRENDS

Four package technologies have emerged over the years, and each has enjoyed its share of
success. Demand for higher pin counts will undoubtedly continue with ever-increasing sil-
icon capability. Laminated A1,0; ceramic packages dominated the high-performance
packaging technology until several years ago, but factors such as its high dielectric con-
stant, modest thermal conductivity, and high cost have forced the industry to consider
other packaging materials, including laminated plastic packages.

Requirements for higher packaging density on the PWB level are driving package
dcsigns towards smaller perimeter lead pitches and array type packages. To illustrate the
differences in mounting areas of various package technologies, a 208-1/O package was
used for comparison (Fig. 7.79). The demand for BGAs has increased over the past few
years because of their robust construction, ease of assembly to the PWB, and area advan-
tage over peripheral lead type packages such as QFPs (Fig. 7.80).

208PGA

___208QFP o

208PBGA
208COB

208EMBGA
208FCBGA

MM
9XOMM
13X13MM

19X19MM
23X23MM

31IX3IIMM

40X40MM

Comparisons based on the following:
208 V/O die size = 7.6 x 7.6 mm max.

208 PGA = 40 x 40 mm, 100 mil pin pitch

208 QFP =31 x 31 mm, 20 mil lead pitch

208 PBGA =23 x 23 mm, 1.27 mm solder ball pitch

208 COB =19 x 19 mm, wire bonded, 0.23 mm pad pitch
208 EMBGA =13x13 mm, 0.8 mm solder ball pitch

208 FCBGA =9 x 9 mm, 0.5 mm solder ball pitch

208 uBGA =8 x 8 mm, 0.5 mm solder ball pitch

FIGURE 7.79 Mounting area comparison of IC packages.
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FIGURE 7.80 BGA and PQFP companson: pin counts vs. package size, assumes full array for
BGAs. (After Lau')

Figure 7.80 shows that, above 100 I/Os, the BGA, with solder balls on 0.050-in (1.27-
mm) pitch and fully populated, uses less area on the PWB than the QFP with peripheral
leads on 0.020-in (0.50-mm) pitch. At a peripheral lead pitch of 0.012 in (0.30 mm), the
crassover is at approximately 300 /Os. BGAs are now challenging the fine-pitch perime-
ter packages, which are difficult to handle and have a greater board assembly yield loss
than the array-type packages.

Competing with traditional packaged devices will be the drive to direct chip attach
(both perimeter and array types) and chip scale packagmg where the ultimate in high den-
sity and performance can be achieved..

Newer packaging materials are being developed so as to improve material properties to
achieve better performance, better reliability, and lower costs. Designers will make more
use of package enhancement features, e.g., heat spreaders in molded plastic packages, inter-
nal ground/power planes, and heat spreading copper slugs in laminated plastic packages.

The ever-decreasing feature sizes of 1C chips will place demands on interconnect tech-
nology capabilities for connecting to very closely spaced bond pads. Wire bonding in par-
ticular will he challenged. If wire bonding is to survive, it will need improvements in
placement accuracy to meet demands of tighter bond pad pitches. It will also be necessary
to provide the capahility of longer wire spans with controlled wire dressing to bridge the
gap between the chip bond pads and the second bond targets, while avoiding short circuits
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between adjacent wires in the dense wire fan-in pattern. Wire bonding of high-1/0 chips
will need to be done in Class 10,000, or better, clean rooms (0 optimize automatic wire-
honder performance and achieve acceptable bonding yields.

FC will be giving wire bonding serious competition as the future interconnection tech-
nology for IC packaging. FC has the advantage of very low power and ground inductance
connections to the package and the best capability in terms of the density of interconnec-
tion (using an area array) 1o the device compared to wire bonding or TAB.

The system design will depend more and ‘more on a Systematic optimization of the
entire interconnection scheme to achieve the potential benefits of improved silicon capa-
bility. This optimi2ation may lead to completely new requirements for assembly and pack-
aging but, more likely, it will lead to a sorting out of the various existing assembly
technologies and packages.
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