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PACKAGE-TO-BOARD
INTERCONNECTIONS

TIMOTHY C. REILEY
DA-YUAN SHIH

11.1 INTRODUCTION

One element of electronic packaging that influences the overall packaging
strategy is the structure and the joining process used to interconnect packaged
electronic devices to higher-level assemblies, e.g., boards, cards, or flexible
substrates. The choice of interconnection is coupled to system reliability and
performance requirements, and is an important factor in establishing the
board configuration and certain materials choices. Indeed, the temperature
cycle associated with the solder-joining or pin-brazing processes commonly
fixes the minimum thermal stability standards for all the materials in the el-
ements to be interconnected.

A major constraint on the interconnection technique is imposed by the
need to replace upgraded, failed, or imperfect devices on the board. This re-
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780 PACKAGE-TO~BOARD INTERCONNECTIONS

quires for most assemblies a solder joint (see typical examples, Fig. 11-1)
which is sufficiently impermanent to allow device replacement. This need for
joint reworkability places reliability limits on the joint itself that may not exist
for permanent or irreversible interconnections. The primary alternative to a
soldered interconnection is a mechanical, pluggable pin interconnection, such
as the one used in the IBM Corporation’s machines to connect the liquid-
cooled multichip module (LCM) to the board (see Fig. 11-2). This alterna-
tive is particularly attractive for field upgrading or pre-ship testing of these
complex modules. For some card assemblies, particularly those for which
assembly replacement rather than device replacement is most cost-effective,
other alternatives to solder joints are available. These may include conductive
adhesives or direct-chip-attach using wire bonding, both of which have some
inherent limitations in reworkability. Another determining factor in the
choice of package-to-board interconnection is the desired area density of
packaged devices. As the board wiring density has increased to accommodate
increased levels of device integration, the capacity for greater packaging
density has also increased. This has provided the degree of freedom necessary
for the introduction of Surface-Mount Technology (SMT) to replace such less
area-efficient devices as Dual-In-Line-Packages (DIP) and other pin-
though-hole packages; examples of PTH packages are compared in Table 8-1
on page 532 with those meant for surface mounting. For example, it is pro-
jected that for the integrated circuits used in the combined consumer and in-
dustrial electronics industry [1], the use of pinned packages will decrease from
86% to 66% and the use of SMT packages will increase from 14% to 34% of
the total during the period 1985-1990. The consumer electronics industry is
in the process of completing the transition to SMT (see Fig. 11-3 for detailed
projections), given the need for miniaturization and cost reduction. Some

Surface Mount Technology (SMT)

CC)

Pin- Through - Hole (PTH) Leaded
—Chip

Carriers

]

Solder Joint

[ Circuit Board S

Plated Through Hole

Figure 11-1. Pin-Through-Hole and Surface-Mount Technology (SMT).
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Figure 11-2. 1800 Brazed Pins. 1800 pins on 1.78 mm minimum spacing, brazed
to a flanged ceramic module.

PTH
30%

Consumer Products

sMT
7.7%
= > PTH
58%
PTH
92.3%

Industrial Products

Figure 11-3. SMT Growth Projections. Courtesy of IBM, Inc., Tokyo, 1986.
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782 PACKAGE-TO~-BOARD INTERCONNECTIONS

segments of the computer industry are currently in this transition. For the
computer industry, high-density packaging options that reduce signal-propa-
gation delay are desirable and are most often pursued at the expense of board
complexity. This is so for the higher-performance machines; however, for
lower-performance systems a moderate packaging density for VLSI compo-
nents coupled with fewer board wiring planes may reduce overall system cost.
Also for high-end computers, electrical and thermal performance dominate
the package selection, which may be incompatible with packaging optimiza-
tion based only on area density. In many cases SMT devices and pin-
through-hole mount (PTH) devices must coexist on the same board. This
impacts the joining process, since the chosen joining technique may be a
compromise approach or a two-stage approach. This choice must be com-
patible with both PTH and SMT devices, rather than one that is optimized
for a single form of interconnection.

In this chapter, interconnection structures representative of current and
projected practices are given. The major emphasis is on pinned and sur-
face-mounted device interconnections. Methods and material constraints for
pin attachment are reviewed for pluggable and soldered packages. Solder-
joint reliability issues are discussed, along with the fundamental mechanical
behavior and underlying metallurgical or microstructural origins. The tech-
niques for solder joining, such as vapor phase, wave solder, IR reflow, and
others, along with the factors affecting applicability of a given technique to a
given interconnection structure, are described. A brief overview of solders,
solder pastes, and solderability, including flux selection criteria and wettabil-
ity measurements, is provided. Examples of evolving interconnection con-
cepts, such as conducting adhesive or pressure connections, are also given.

11.2 PINNED PACKAGES

The use of pins to provide interconnection between an electronic device and
the next level package has, historically, been the most common form of inter-
connection. The configurations range from simple pinned resistors or other
passive devices to the very high pin count, multichip modules used in large,
mainframe computers. In this section some of the approaches for pin con-
nections to the board or card are reviewed. Emphasis is given to packages for
high-end computer applications, although other pinned packages are dis-
cussed. For the LCM, a closely spaced grid pattern of 1,800 input/output
(I/0O) pins are brazed onto a 90 x 90 mm module. These modules are directly
plugged into the harcon springs on the board, thus forming a two-level planar
package system with either the module or the board as the FRU.

Also considered in this section are pin attach processes, pin design, and
choice of base metals and plating metallurgy of the pin to meet stringent
electrical and mechanical requirements throughout product life. Electrical
requirements include low ohmic contact resistance, current-carrying capabil-

Samsung, EX1027, p. 92



11.2 PINNED PACKAGES 783

ity, nearly constant resistance in aggressive environments, and the capability
for multiple insertion and withdrawal cycles. Mechanical requirements in-
clude braze joint strength, the ability of the pin-joint to withstand multiple
chip reflow and pin-repair thermal cycles without degradation in strength,
and the ability of the pins to accommodate the stresses generated by differ-
ential deformations between module and the card or board assemblies. Di-
mensional tolerance of the pin arrays, along with the alignment considerations
between the first-level and second-level packages, is also included in the dis-
cussion. The factors that limit the use of pin-grid array packages, as both the
pin count and module size continue to increase, and the developments in
Zero-Insertion-Force (ZIF) connectors are discussed.

11.2.1 Packaging Design

As pointed out in earlier chapters, an increase in the level of circuit inte-
gration is accompanied by an increase in the number of I/O counts. This
strongly influences the form of package-to-board interconnections. For
pinned packages for VLSI devices two basic styles are used: peripheral and
area arrays. The best-known example of the former style is the dual-in-line
package, which has been the mainstay package for interconnecting small- and
medium-scale integrated devices to the printed wiring board since the early
1960s. It serves primarily as a space transformer to fan out the denser chip
I/0 terminals to the less dense wiring pattern on the printed-circuit board.
This configuration has leads on 2.54 mm (0.1 inch) centers and along two
edges of the package, and is inserted into a socket or soldered into a matching
grid of plated-through-holes on a printed-circuit board. DIPs are available
having either plastic or ceramic bodies, which provide environmental pro-
tection for the chip. The plastic DIP is a low-cost package; however, it suffers
from limitations in hermeticity and heat removal, as discussed in Chapter 8,
“Plastic Packaging.”

Alternatives to the DIP have been developed in recent years to accom-
modate the shortcomings of this package with respect to I/O count and elec-
trical performance. Other peripherally pinned packages have been used, but,
given the intrinsic inefficiency in board utilization associated with the
2.54 mm pin pitch, more space-efficient options are necessary, as illustrated
in Figure 11-4. For pinned packages the primary alternative to the DIP is the
Pin-Grid Array (PGA), which uses an area array pinning geometry. This
higher-cost package offers improvement in virtually all areas of performance
compared to the DIP. The PGA has been available for many years in ceramic
form; several plastic PGA versions have now become available, as well.
Packages are also available that have several peripheral rows of pins, thereby
offering an intermediate structure between the DIP and PGA. Another im-
portant alternative to the either of these pinned packages, which is discussed
at length in a later section, is the surface-mounted package. Although for
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1000 —
500 -
200 |~
0.254 mm (10 M)
Perimeter Array
100
1.27 mm (50 Mil)
b Full Array
5
? 50+
2 0.508 mm (20 Mil)
3 Perimeter Array
=
&
g 20
€ 2.54 mm (100 Mil)
= \ Full Array
10 \
\
\ 1.27 mm (100 Mil)
5  \Dips Perimeter Array
\
2t \\
1 1 1 I ! I 1 ]
o] 50 100 150 200 250 300 350

Package Interconnections

Figure 11-4. Area Density of Interconnections vs. Package Format.

SMT the package-to-board interconnection is made at the package perimeter,
the finer lead pitch available and the increased wireability allowed by the
surface contact only (not all the signal planes in the board must be contacted,
as is normally the case with pinned packages) can allow a significant advan-
tage in overall wireability and packaging density for single-chip packages
[2]. The relative suitability of one package type or another is a highly appli-
cation- or system-specific judgment, based on a wide range of performance,
reliability, and cost issues, many of which are described in this and other
chapters. One of the latest designs that uses pins at 1.27 mm spacing, and yet
allows SMT-like connection densities on the board is illustrated in
Figure 11-5, as practiced by Fujitsu in its 730 series. Butt soldering, as re-
ferred to in the industry, started with the need to surface attach DIPs by
chopping the leads off the DIP. The process involves dipping the pin-grid ar-
ray or DIP in solder paste and placing it on to pads on the printed-circuit
board, thereby converting the pin-grid array into a surface-mounted device.
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11.2 PINNED PACKAGES 785

A primary advantage is the increased density of connections onto a given cir-
cuit board, associated with surface mounting, plus compatibility with other
surface mounting fabrication processing. Increased height, higher-lead in-
ductance, and inability to inspect the joint are the major disadvantages. In
spite of these, the technology is being applied by Northern Telecom and
General Dynamics, in addition to Fujitsu and others [3].

The ceramic PGA was developed in the 1960s [4] to allow the efficient
packaging of the area-array, flip-chip devices. It was originally designed as
a single-chip carrier to function as a space transformer by fanning out the
spatially dense set of area-array solder-bump terminals to a less dense matrix
of pins. The pins are inserted through preformed holes in the substrate and
are mechanically swaged in place [5]; see Chapter 7, “Ceramic Packaging.”
After package assembly the pins are then inserted into the matching grid of
plated-through-holes on the printed-circuit card and wave soldered in place.
The early chips using this package, the so-called Solid Logic Technology [6],
were the first to use flip-chip connection with solder-coated copper balls; see
Chapter 6, “Chip-to-Package Interconnections.” The terminal I/O pads
were 125 to 150 pm (5 to 6 mils) in diameter on 300 to 380 pm (12-15 mil)
centers. Later, this technology was extended as the higher-density chips re-
quired more 1/Os and greater wiring capabilities. To accommodate this
growth, the copper ball was replaced with evaporated tin-lead C4s on a finer
pitch. The reduced pitch required a change from the thick-film conductor
processing on the ceramic to photolithographic processing. A 9 x 9 mm array
of pins was initially attached to a 24-mm-square substrate. To meet the de-
mand for more interconnections, the metallized ceramic (MC) technology
was extended to 116 I/O pins for the 28-mm-square substrate and later to 196
pins for the 36-mm-square substrate [7]. The need for continued increase in
both circuits and I/O terminals on the chip surpassed the capability for in-

PGA Module
1.27 mm—s}i t n
Solder Resist - i i Solder
In =
' ! b | Y
l £0.6 mm ‘ l
t N H

PCB
Figure 11-5. Butt Soldering of Pinned Module. (Fujitsu 730)
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786 PACKAGE-~TO~-BOARD INTERCONNECTIONS

terconnection on a single-conduction layer on the chip carrier. Also, for rea-
sons of performance, cost, and reliability, the multilayer, multichip technol-
ogy was developed. A major pinning change accompanied this technology.
For the multichip module (MCM), the pins are attached by brazing rather
than swaging. For the first generation of modules, these brazed pins are
soldered to the board; for later, larger versions the pins are inserted into con-
nectors. The pin-grid-array package has been the package of choice for all
three technologies.

The multichip module [8], as shown in Figure 11-2, containing 33 con-
ductor layers, can accommodate between 100 and 133 high-speed chips on a
90-mm-square area. On the bottom surface, 1,800 pins are brazed to a
2.5 mm staggered grid pattern. Because a considerable amount of chip-to-
chip communication occurs within the multichip module, the number of pins
is well below that number of 1/O that would be extrapolated for the number
of circuits contained in all the chips. This effective reduction in I/O scales
as the size of the substrate and hence the level of circuit and chip count in-
creases. For example, the ratio of module I/O pins to total number of chip-
to-substrate interconnections has been reduced from about 1:3 (361
pins:1,080 chip terminals) for the 50 mm multichip module MCM module to
approximately 1:8 (1,800 pins:15,000 chip terminals) for the 90 mm multi-
chip module.

Pin grids on the 50 mm module (shown in Fig. 11-6) and on the smaller
substrates are typically on 2.54 x 2.54-mm-square grids, matching the indus-
try standard for mounting of pinned packages, including DIPs, on printed-
circuit boards.. The diameter of the screened Bottom Surface Metallurgy
(BSM) pads to which the pins are brazed is 2.08 mm (82 mils); this allows
enough wetting area to accommodate an adequate filleting around a 0.97 mm
(38 mils) diameter pin head [9], given manufacturing tolerances. ‘The I/O
pin density has been doubled on the MCM module design by accommodating
an additional pin at each interstitial site of the 2.5-mm-square grid pattern,
thus forming a so-called staggered grid, which becomes, effectively, a 1.8 mm
(71 mil) grid. To accommodate the density increase, the pad diameter is re-
duced to 1.52 mm (60 mils) and is coupled with a smaller pin head 0.80 mm
(32 mils) design. The shortest distance between any two pads is now reduced
to 0.254 mm (10 mils) from 0.48 mm (18 mils), still sufficient to meet the
insulation requirement as well as manufacturing tolerances.

Mechanically swaged pins (see Fig. 11-7), on the same grid, 1.78 mm,
have been successfully pinned, and 1.27 mm (50-mil) grids are projected. The
limiting factors that become important as the distance between the holes is
decreased are the strength of the substrate and the minimum hole diameter.
Although substrates up to 36 mm square have been successfully pinned, the
accuracy of hole location, substrate flatness, and thickness uniformity are is-
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Figure 11-6. - Pins Brazed to 50 mm Pin-Grid Array MLC Modules. Back side of
a multichip, multilayer ceramic module, having 361 pins on 2.54 mm centers.

Top Surface
Metallurgy Pin Head

Ceramic Pin Buige

Substrate
\ Swaged Pin

@ %

Figure 11-7. I/0O Pins Attached to a Ceramic Substrate. Pins formed into pre-
holed, prefired ceramic substrates, for the IBM MC and MCP pin-grid arrays. After

Larnerd and Darrow, Ref. [5], ©1985, IEEE.
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788 PACKAGE-TO-BOARD INTERCONNECTIONS

sues to be resolved before a larger substrate with swaged pins can be manu-
factured. ;

In the approach taken for MCM, the chip and the area array of pins are
mounted on the opposite sides of the substrate forming the “cavity-up” con-
figuration as shown in Figure 7-18 on page 477 of Chapter 7, “Ceramic
Packaging.” Other commercialized packaging approaches, in which the chip-
is wirebonded to the PGA, use both cavity-up and cavity-down designs (see
Fig. 11-8). The latter has two or more concentric rows of pins with the center
location being free of pins to make room for the chip attachment, as shown.
The cavity-up configuration permits the use of a full matrix of pin arrays.
The cavity-up design, when combined with the back-bonding approach widely
used in the industry, possesses a major drawback by not allowing heat sinking
of the substrate when high heat dissipation is needed [10]. It is for this reason
that even though the cavity-down configuration does not permit a full grid and
presents some bonding difficulties, it is favored by the industry for chips that
need high heat dissipation. Most common is the placement of the die cavity
and I/O pins on the same side, with an optional heat sink attached on the
opposite side. :

In the module card assembly, when the module pins are inserted into
plated-through-holes and attached by wave soldering (see-Fig. 11-9 for joint
cross section), both the pins and pin joints can experience high stresses arising

—etoeectcoteeey

Figure 11-8. Cavity-Up and Cavity-Down PGA Configurations. Typical, commer-
cially available ceramic pin-grid arrays, showing both cavity-up and cavity-down ver-
sion. Photo courtesy of General Electric Co., Ceramics Division.
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11.2 PINNED PACKAGES 789

from differential thermal expansion between the two levels of packaging. The
differences in expansion can be caused by either thermal-expansion mismatch
between the ceramic module (TCE ~ 60x10-7/°C) and the epoxy-glass
board (TCE ~ 150x10-"7/°C) during cooling from the soldering temperature
or by the thermal stresses generated during power-on and power-off cycles.
The former was observed and modeled after wave soldering the modules on
to the board; all pins were found to experience bending moments and axial
forces [11]. The bending moment decreases slowly from the outermost row
to the center of the module; and the axial loads are compressive for all pins
other than those in the outermost row, which are tensile. The largest tensile
force is present at the corner pins where the distance from the neutral point
is greatest. The tensile stresses due to TCE mismatch scale with module size.
The corner pins on the large module are found, in this study, to be severely
deformed after the wave-soldering and cooling cycle. A ceramic module
greater than 50 mm in size presents a serious reliability concern, if the pins
are to be soldered into plated-through holes. (Alternatives to the relatively
rigid pins for interconnections described here are shown in the next section
of the chapter; these include solder posts or elongated pillars). A pluggable
module was therefore required for the replacement of modules on the card or
planar board without reflowing solder [12]. Instead of soldering the pins into
the plated-through-holes, the area array of pins is plugged into a matching

c-4
Chip interconnection

Braze Joint

:\Pin/

Circuit Board

Solder

Figure 11-9. Module Brazed Pins Soldered into Printed-Circuit Board. Schematic
cross section, showing a chip C4-mounted to an MLC module, having brazed pins
which are soldered into a multilayer printed-circuit board. The actual cross section
shows a Ni/ Au plated, Kovar pin brazed to the ceramic with 4u—Sn braze, and sold-
ered to the board.
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array of spring connectors, whose tails are soldered into plated-through-holes.
Since the module and board are processed separately, the thermal-expansion
mismatch problem during wave soldering is eliminated. This structure and
its fabrication are described in the next section.

The structure of the plastic PGA assembly, which is currently receiving
considerable attention, is similar to its ceramic equivalent. Instead of alumina
or other types of ceramic material, low cost FR-4 or G-10 epoxy-glass mate-
rials (see Chapter 12, “Printed-Circuit Board Packaging”) are used for the
low-temperature plastic PGA applications, while polyimide-glass materials
are used for high-temperature performance. The fabrication of the plastic
PGA packages shares most of the same assembly processes and techniques
with the circuit board manufacturing process [13, 14]. After lamination, the
holes for the pins and shorting bars are drilled, and the pins can be either
pressfit or reflow-soldered into the plated-through-holes, similar to the
swaged-pin approach discussed earlier in the chapter. The advantages of the
plastic PGA are low cost, as well as better electrical performance. The use
of the less expensive epoxy-glass laminates’offers the cost advantage, while
the low dielectric constant epoxy coupled with the high electrical-conductivity
copper offers higher electrical performance over the ceramic PGA. Despite
the low cost and better electrical performance issues, reliability and nonher-
meticity are major concerns in the plastic PGA applications. Thermal man-
agement, as well, in the plastic PGAs is more difficult than in the ceramic
equivalent, given the lower thermal conductivity of the organic dielectrics.

11.2.2 Connector System Design

For a pinned package the pins provide mechanical support and electrical
connections for power and signals between board and module. In the case
where pins are inserted and wave soldered into the plated-through-holes,
electrical conduction is achieved through an intermediate solder layer joining
the pins to the board. Although the soldered pin joint, which is widely used
in the industry, has achieved a high level of reliability, its implementation,
when coupled with ceramic modules, is restricted by differential
module/board thermal expansion. A pluggable interconnection has been used
to overcome this limitation. Furthermore, since the connector can provide
increased compliance to accommodate slightly bent pins and other dimen-
sional tolerances during insertion, the pluggable connector design relaxes
other design constraints [15]. When the pins are engaged into the spring
contact area, stresses generated from the power-on and power-off cycles dur-
ing machine operation or due to any differential deformations between the
two packaging levels are also absorbed by the flexible tails of the spring. The
result is that the MCM module size can be greatly extended. Another con-
siderable advantage of a pluggable module is the ability to replace, customize,
or upgrade a module within a computer with minimal impact on the overall
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11.2 PINNED PACKAGES 791

machine hardware or operation. The pluggable design also facilitates com-
puter-failure diagnosis and repair at the final assembly stage of module ma-
nufacturing or during field service. The field maintenance strategy has,
therefore, evolved from the replacement of the card or board to the use of the
pluggable MCM module as the FRU.

As with other types of separable connectors, the pluggable connector,
described here, requires a pressure contact together with a suitable wiping
action at the mating interface between the pin and the spring connector to
provide acceptable electrical contact. The contact resistance must be held at
a low and very constant value. Even though the module ages and may be re-
peatedly removed and replaced, the maximum tolerable change in contact
resistance may be specified, for some applications, as low as a few milliohms.
Also, since a large number of pins are simultaneously engaged into the mating
connectors, the actuation force per pin must be kept at the minimum level.
This requires minimal frictional forces. The optimization of the pluggable
connector design requires a low and stable contact resistance, good wear re-
sistance, and low friction coefficient. All these necessary properties are
achieved with the contact structures and materials described in subsequent
paragraphs.

Figure 11-10 illustrates the bifurcated connector design now in exten-
sive use. Each of the dual contacts, when mated with a module pin, is capable
of providing the necessary electrical connection. This configuration provides
a redundant path for each electrical connection such that system failure will
not result from the failure of any single contact. Because the primary re-
quirement is to have each spring in the connector array capture its mating pin
on every insertion operation, the split design also provides adequate guiding
action, which permits a lateral tolerance mismatch of about 0.4 mm; that is,
the pin can be captured by the spring as long as the pin center is no more than
0.2 mm from the spring centerline [15]. Misalignment within this limit is
compensated by the flexible tail on the spring as well as by the open flare de-
sign of the spring entrance ramp area. In the actuation direction, the toler-
ance constraints are that the pin must drive all the way through the lead-in
area of the spring and wipe some distance along the ridges but must not travel
all the way through to strike the back of the housing. Failure to satisfy the
former criterion will cause unstable contact resistance, while failure to
achieve the latter will result in excessive force applied, leading to permanent
deformation in both pin and housing. The tolerance limit in the actuation
direction is about 0.4 mm wide. A plastic housing is used to provide me-
chanical protection for the array of springs, to restrict the motion of the
springs, and to insulate them, electrically, from one another. The housing
must also be strong enough to support the high loading force, 1,000 to 2,000
N for the 1,800 pins, during pin actuation.
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Figure 11-10. Bifurcated, Mechanical Pin Connector. After Babuka et al., Ref.
[15], 1982.

The major engagement steps of module to board are illustrated in Fig-
ure 11-11. The module is inserted into the board site along the Z-axis, then
is actuated along the X-axis. Both rough and precision-guide pin holes assure
accurate Z-plane alignment of the mating arrays without contact between
pins and springs. After insertion and before actuation, each pin is positioned
beside its mating spring, facing the entrance opening. An actuation tool then
drives the pins into the springs.

One of the connector members must be compliant. For the approach
described here, the contact spring is designed to provide the flexibility, given
the relative rigidity of the module pins. The base metal of the spring is formed
with a precipitation-hardened, beryllium copper alloy, which is sufficiently
strong to prevent any permanent set due to pin insertion, and sufficiently
compliant to accommodate the deflections. The pins are made of Kovar, an
alloy of iron, nickel, and cobalt. The primary reason for the choice of Kovar
alloy is that it provides a close match in thermal coefficient expansion with the
alumina substrate to which it is brazed. This serves to reduce the stresses in
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Figure 11-11. Pin Insertion and Actuation. After Seraphim, Ref. [16], 1982.

the braze joint during changes in temperature. The Kovar alloy also has high
enough modulus and yield strength to ensure that elastic deflection and per-
manent set will be small during actuation.

The plating metallurgy on the connector surface is also of primary im-
portance. It should serve the purpose of providing a wettable surface for
subsequent soldering or pin brazing on one end of the connector. And when
the other end is in pressure contact, it must provide the ability to withstand
corrosion and contact wear. This is necessary at the initial insertion as well
as after repeated insertion and withdrawal operations, while still maintaining
a low, stable contact resistance. To meet both of these goals, the pin is first
electroplated with a palladium layer. This provides resistance to corrosion
[17, 18] and also the hard surface required to prevent mechanical wear-
through of the finish during the repeated plug-in. Palladium also has high
electrical conductivity, which allows the contact resistance to remain low and
stable. A protective, surface layer of electroplated gold is applied. The gold
surface resists organic contamination and surface oxidation, and enhances
braze wettability. The thin gold layer over the palladium actually acts as a
lubricant between the contact members in maintaining a low-friction condi-
tion. However, an upper limit must be set on the gold thickness, because the
actuation force rises sharply with increasing gold thickness on the pin [15,
17].

For the bifurcated spring connectors, a layer of sulphamate nickel is
first electroplated over the rough, mechanically formed surface. Then the
connectors are electroplated with palladium to provide corrosion and wear
resistance, followed by gold plating to provide a low-resistivity surface and
also for good wettability for soldering into the plated-through-holes.

A metallic surface, when exposed to the atmosphere, is covered with
several atomic layers of adsorbed gases, and possibly with a thin tarnish layer
formed by chemical reactions of the surface with the atmosphere. As a con-
sequence the electrical resistance of the contact consists of the sum of a con-
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striction resistance associated with the actual contact area, the resistance of
the contaminating film, and the bulk resistance of the contact member itself
[19]. The successful use of the contacts depends on the rupture of these tar-
nish films so that clean, metal-to-metal contact occurs. The contact force,
mechanical slide, or wipe and lubricant are all factors ensuring an intimate
contact between members.

Achieving the desired contact resistance in a low-force electrical con-
nector depends, therefore, on supplying sufficient load or load concentrations
to break down, mechanically, the tarnish films. The sliding movement of one
contact member against its mate is also necessary to ensure efficient removal
of debris and foreign particles from the contact interface. Therefore, the re-
quirement for high contact force and wipe action results in the need for very
high engagement forces when many connectors must be actuated simultane-
ously in a single operation. Two factors tend to reduce the actual engagement
forces required. First, in practice, lubricants or protectants are often used.
They can minimize contact wear by reducing the frictional force between
mating members. (This also limits wear and reduces the concern that the
less-noble base metal will be exposed and corroded [18]). Second, since the
housing may deflect during actuation, only a fraction of the pins are actually
seated simultaneously. Therefore, the total actuation force is considerably
less than the multiplication of total number of pins by the peak force gener-
ated by a single pin entering the spring.

As the module size continues to grow improved connectors are required
to optimize the contact geometry and surface metallurgy, and to reduce the
contact forces. An example of an advanced connector approach is the Zero-
Insertion-Force (ZIF) connector, which appears to be a viable solution to this
concern. With an ideal ZIF connector design, insertion becomes a two-step
process. First, pins are brought into mating position and seated without re-
quiring force. Second, a cam is actuated to apply the required contact force.
Removal is performed in the reverse order. A major advantage of ZIF is that
there is no force-imposed limit to the number of contacts in the connector.
The camming action is shown in Figure 11-12. Other approaches to devel-
opment of ZIF connector with high I/O pin count include the use of shape
memory alloys [21}; and the use of low-temperature-melting In— 48%Sn
solder as the connector media [22]. The latter approach eliminates the need
for contact force or wiping action between the contact members.

11.2.3 Pin Joint Mechanical Design

The mechanical integrity of the pin system is of primary importance to the
overall package reliability for multichip modules. The enormous number of
pins involved aggravate the risk of failure. For the optimum mechanical de-
sign the factors that influence the strength of the pin and braze joint, and the
relationship between loading force and the stress distribution have been stu-
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Figure 11-12. Actuation of a Zero-Insertion-Force (ZIF) Connector. The horizon-
tal motion of the actuator drives the cam vertically, which opens the connector. (a)
Pins engaged by the connector housing. (b) Pins free to be inserted or withdrawn.
After Waltersdorf, Ref. [20], ©1983 by IEEE.

died and reviewed in detail [9, 11]. It has been shown that the strength of the
braze joint is determined by the mechanical properties of the filler metal, fillet
morphology, pin head diameter, shape, and thickness. For the case where the
substrate has rather good mechanical strength, such as for an alumina sub-
strate, the use of a pin head with a relatively high degree of fillet accumu-
lation around the pinhead periphery demonstrated the highest strength.
However, the same joint configuration, when applied to a weaker ceramic
substrate, results in irreparable ceramic fracture at relatively low externally
applied force. Further studies, involving finite element analysis, indicate that
the high residual stresses generated in the ceramic after solidification of the
molten braze alloy are critically dependent upon the thickness of the fillet,
TCE mismatch between the filler metal and the substrate, and the mechanical
properties of the filler metal. The use of a hard filler metal, thick fillet, or a
filler metal which has a large thermal expansion mismatch with the substrate
all cause the residual stresses generated in the ceramic during brazing to in-
crease. To minimize the stresses in the ceramic new joint designs have been
examined, which include the use of a large-head pin with head diameter
matching that of the metallized pad, along with a thin fillet sandwiched be-
tween them [23] (see Fig. 11-13), or a modified pin head geometry that sig-
nificantly reduces the braze accumulation around the pin head periphery.
Both designs have been shown to reduce the braze stresses significantly.

To provide an additional safety factor, the pin is designed to yield before
excessive force can be transmitted to the braze joint and/or ceramic substrate.
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Figure 11-13. Stresses in Brazed Pin Joints. Measured residual stresses in an eu-
tectic 4—Cu brazed pin joint, as a function of pin head diameter. In the idealized case
minimum stresses are found when the pin head diameter matches that of the metal-
lized footprint, and when the braze volume is minimized. After Sahara et al., Ref.
[23], © 1982 by IEEE.

However, a threshold pin stiffness is also required to withstand normal han-
dling or actuation forces, without the pin being permanently deformed. In
testing and evaluating these various designs, angled pin pull testing, which
simulates both the bending and tensile forces from pin loading, is most com-
monly used, along with the shock and vibration, bending, flexing, and multiple
insertion/extraction tests, and others. A rule of thumb is that the strength
of the braze joint should be stronger than the pin shank to avert fracturing
during handling, bending, or straightening, and that the combined stresses
from braze and pin loading should not exceed the fracture strength of the ce-
ramic substrate (to avert irreparable damage). Moreover, the pin base metal
should be selected with a thermal coefficient of expansion matching that of
the substrate to further reduce the braze stresses. These design criteria have
been successfully implemented on the pin-connector system widely used on
various multichip modules with dimensions ranging from 35 to 127 mm. For
example, the braze joint formed with eutectic Au—Skr alloy is stronger than
the pin shank, which is made from Kovar, having a yield strength of 480 MPa
(70 ksi) and an ultimate tensile strength of 620 MPa (90 ksi).

11.2.4 Metallurgy of Brazed Pin Joint

In Figure 11-14, the cross-sectional view of an array of pins brazed to the
bottom surface of a MLC substrate is shown. The pin joint is formed using
eutectic gold—~tin alloy as the filler metal. When melted at a temperature
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above 280°C, the alloy wets well to both pins and terminal pads. A braze
fillet with a controlled morphology (shown at higher magnification in
Fig. 11-15) is formed around the pin head. The selection of eutectic gold-tin
alloy as the brazing filler material is based on its metallurgical compatibility
with the plated layers on both the pins and the pads, the narrow melting range
(which greatly reduces the susceptibility to cold joint problems), and the
ability of the braze joint to withstand the thermal, mechanical, and reliability
requirements for the module and for the module-board interconnection.

In the Au—Sn phase diagram, there are four intermediate phases:
AuSn,, AuSn,, AuSn, and the gold-rich, { phase, shown in Figure 11-16. At
the eutectic composition of A4u-20 wt.% Sn, congruent melting occurs at
280°C, where a single liquid phase is converted, upon cooling, into two solid
phases. Figure 11-17 shows a brazed joint cross section, viewed in the scan-
ning electron microscope (back-scattered mode) and in the X-ray Micro-
probe, tuned to the presence of Sn. In the SEM photograph the gray phase
is the 4uSn intermetallic compound, while the bright continuous matrix is the
¢ phase. To enhance braze wettability, the cofired molybdenum pad to which
the pin‘is brazed is first plated with a few microns of electroless nickel, heat-

Figure 11-14. Cross Section of Pins Brazed to MLC Module.
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Figure 11-15. - Cross ’Section of Brazed Pin Joint.

treated in a diffusion furnace to promote molybdenum-nickel bonding, then
followed by a thin immersion gold plating to prevent oxidation of the nickel.
Two versions of the pin-plating metallurgies are chosen for the soldered and
the pluggable pins, respectively. Pins to be inserted and wave soldered into
plated-through-holes are plated with nickel and gold in a relatively standard
procedure. The preparation of the pluggable pin is somewhat more involved.
The pin is plated first with a layer of palladium. This provides corrosion re-
sistance, high surface hardness (to ensure a favorably low mating force when
inserted into the harcon springs), plus a low contact resistance. At this point
the pins are annealed in nitrogen to promote adhesion of the plating. During
diffusion treatment, the iron, which is the major constituent of the base-metal
Kovar alloy, diffuses into the palladium more rapidly than the nickel or co-
balt, producing an iron—palladium interdiffusion zone of about 1 pm. Al-
though this zone enhances braze wettability and therefore increases the joint
strength, its thickness must be limited to prevent iron out diffusion to the
plating surface. The existence of even small amounts of iron at the contact
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Figure 11-16. Phase Diagram — Gold-Tin. From the Metals Handbook, Vol. 8
[24], 1973 — with permission.

surface represents a potential contact resistance failure. The final plating
consists of electrodeposited gold. The gold surface protects the underlayer
from environmental attack, provides a wettable surface, and controls the
height of the braze fillet.

@)

Figure 11-17. Metallurgical Cross Section of Brazed Joint. (a) Image taken in the
SEM using backscattered electrons. (b) Microprobe X-ray image, keyed for Sn.
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To enhance the braze wettability further, the eutectic Au—Sn powders
are uniformly mixed with about 1% of abietic acid, which serves as both bin-
der and flux. The paste is then screened through a metal mask onto the plated
I/O pads. The amount of braze material used at each joint is fixed by mask
thickness and hole diameter. In this process pins are loaded in to the support
plate of a graphite fixture, which has a matched coefficient of expansion to
that of the alumina substrate. The same type material is used for the sub-
strate holder. Alignment of pins to the substrate pads is achieved through
locating holes in the fixture. After the module, pins, and fixture are assem-
bled, the assembly is sent through a resistance-heated conveyor-type-belt
furnace in a controlled forming gas (V, — H,) environment. The reducing
atmosphere protects the component from oxidation during brazing and re-
duces any oxide to restore a clean surface condition. The use of flux in the
paste, which wets and breaks up any remaining oxide films, ensures good
wetting and spreading characteristics. Filling of the pin joint begins when the
paste starts to melt, as the fixture is slowly transported through the furnace.
The molten braze then displaces the flux, completely dissolves the gold plat-
ings from the pins and the pads, and starts to react with the underplate. The
dissolution of nickel or palladium into the molten braze is observed to be the
driving force for the wetting and spreading action of the braze. Although
dissolution of the gold plating is almost instantaneous, the dissolution of nickel
plating is much slower. In the case of nickel plating on the pads or on the
MCM pins, nickel first dissolves and is preferentially incorporated into the
tin-rich, AuSn intermetallic phase. The molten braze continues to dissolve
the nickel plating while the furnace is cooling. This dissolution rate decreases
as the braze approaches the saturation level of the dissolving metal. When
equilibrium is reached, a thin layer of nickel-tin intermetallic layer (Ni,Sn,)
starts to precipitate at the liquid—metal interface and the pin-joining process
is complete. However, for the condition where the braze alloy is held over the
liquidus temperature for too long a time, complete dissolution of nickel plat-
ing will occur. Since braze wets poorly on molybdenum, the depletion of
nickel plating results in poor braze-to-pad adhesion, and consequently, a weak
pin joint is formed. This joint would not only fail to meet the strength re-
quirement but, in the worst case, could escape the screening test, resulting in
field failure. Therefore, the brazing time and temperature must be carefully
controlled to ensure that the pad always retains a layer of unreacted nickel in
order to maintain consistent braze-joint strength.

The interaction between the braze and the pluggable, palladium-plated
pins is somewhat different. Palladium dissolves into the molten braze more
rapidly than nickel, although both elements are preferentially incorporated
into the AuSh intermetallic phase. Complete dissolution of the palladium
plating occurs at the pin head periphery, where a high volume of braze accu-
mulation prevents the saturation of braze with the dissolving metal. The
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braze then reacts and bonds directly to the palladium—iron diffusion zone.
At this point, the dissolution rate is significantly reduced, and a strong me-
tallurgical bond is formed. In the area where thin braze is formed (beneath
the pin head), as soon as the gold plating has dissolved, the thin braze fillet
begins to react with palladium. Because of the low fillet volume, equilibrium
is easily established when the molten braze is saturated with the dissolved
palladium metal. During continued contact, a Pd—Sn intermetallic phase
starts to precipitate at the liquid—metal interface, and the joint is formed.
Control of the palladium plating thickness has proven to be critical. Because
complete separation can occur between the Pd—Sn intermetallic compound
layer and the unreacted remaining palladium plating, the palladium plating
thickness must be limited. Also, during the advancement of the braze melt
toward pin shank, the leading edge of the melt becomes increasingly gold-rich
after dissolving all the gold plating. Increasing the gold content of the alloy
to the hypo-eutectic composition greatly increases the liquidus temperature
of the melt. Thus the advance of the braze melt is self-limiting, thereby
helping to control the morphology of the joint fillet.

In selecting the eutectic Au—Sn alloy as the filler metal, the major con-
cern is its low melting temperature, which is significantly below the chip re-
flow temperature of 350°C. Therefore, each time the module is reflowed, the
braze joint experiences partial melting, resulting in pin movement and the
tendency of the fillet to creep away from the initial joint, with an attendant
loss of strength and side support of the pins. The liquid also reacts vigorously
with the surrounding metallurgies to form many intermetallic compounds,
which grow and become more highly stressful and brittle with each reflow.
To prevent pin movement, the substrate and pins are held in a fixture during
each of the module reflow operations. This is clearly not a fundamental sol-
ution to the problem. An improved solution would allow the pin joint to re-
main undisturbed, and, more importantly, not allow metallurgical degrada-
tion during the repeated reflows. To achieve the desired stability and
strength, while still being able to use the same basic 4u—Sn alloy, the exist-
ence of the liquid phase at reflow temperature must be minimized or elimi-
nated such that only sluggish, solid-state reactions occur. This can be
achieved either by adding Group 1B metals such as gold and copper into the
binary alloy, which increases the amount of the high melting point { phase of
the alloy [25, 26], or by using nickel or palladium platings on the pins or the
substrate pads to draw tin out of the melt. This latter approach minimizes the
amount of the low-melting-point, tin-rich phase of the alloy [27]. In both
cases, the melting point of the modified braze alloy is raised above the chip
reflow temperature, and the joint becomes capable of withstanding repeated
reheating cycles without degradation.

As an alternate approach, pins can be brazed with the high-melting-
point, silver-containing brazing alloy such as the eutectic, copper—silver alloy
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[28], which melts at 779°C, or an indium—copper-silver ternary alloy [29],
both of which are widely used in the brazing industry. However, a major
concern with using a silver alloy as the joint material is the potential serious-
ness of electrical insulation breakdown due to silver migration between adja-
cent joints. It has been shown that, upon exposure to elevated humidity, joints
maintained under a DC bias may develop silver filament growth, resulting in
shortcircuiting. Many of the previous issues associated with the choice of
braze and pin materials are summarized in Table 11-1.

As a projection of the shift from current pin interconnection practices,
particularly for the low end, the following connector developments are
expected:

1.  SMT connectors replacing pinned connector sockets expected by 1990.

2. ZIF connectors to handle up to 2000 pins, compared to about 200
currently.

3. Optical connectors for system-to-sytem communications.
Card-edge connectors surface mounted in excess of 96 contacts.

11.3 SURFACE-MOUNTED PACKAGES

Table 11-1. Pin and Pin Joint Considerations.

PIN MATERIAL PIN BRAZE
Coefficient of expansion; matched to Melting temperature; higher than subsequent
substrate modulus, yield strength, ductility processing temperatures
Plateability Stable melting T; little change after

joining or postprocessing

PIN PLATING Narrow melting range (e.g. at eutectic comp.)
Corrosion resistance Wettability; complex optimization of surface
Wettability by braze alloy/solder energies, viscosity, oxid. resistance,
Coefficient of friction, wear resistance flux, fillers, atmosphere, etc.

Hardness, ductility Stable, controllable reaction layer
Low, stable contact resistance at joint interfaces

Coefficient of expansion; matched to substrate

PIN AND PIN-JOINT DESIGN

Pin strength; pin breaks before joint OTHER ISSUES

Joint strength; joint breaks before ceramic Rework (both pin braze and solder joint)

Pin and pin joint designed for minimal Degree of process control, reproducibility
residual stress in ceramic Long term corrosion, migration

High pin density
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11.3.1 SMT Structures

Surface-Mount Technology (SMT) provides a wide range of alternatives to
pinned packages. The significant driving force for the use of SMT is the re-
duced package size and cost, and improved board utilization as the pack-
age-to-board interconnection spacing changes from 2.54 mm to 1.27 mm or
below. For example, for certain consumer electronics applications a compo-
nent density on the circuit board of nearly ten components per cm? per side
has been achieved. The most common forms of SMT packages are shown in
Figure 8-1, along with generally accepted acronyms and applications. - See
[30] for the evolution of SMT packages, which were first introduced in the
mid-1960s. They may be divided into two primary categories for purposes of
evaluating joint behavior and reliability: (1) leadless devices, which include
leadless chip carriers (LLCC), surface-mounted arrays, and passive devices
such as chip capacitors, inductors, and resistors, and (2) leaded chip carriers,
which includes a long list of packages for active devices, distinguished mostly
by material (plastic or ceramic) or lead configuration (“J-Lead” “gullwing,”
or butt joint); see Figure 11-1. Another, similar form of leaded packaging,
Tape Automated Bonding (TAB), is covered in detail in Chapter 6,
“Chip-to-Package Interconnections.” In the first category, LLCC, the pack-
age-to-board interconnection consists of a solder bridge between metallized
areas on package and board. The solder geometry is defined by the package
placement, the solder volume, and the solder wetting and flow processes dur-
ing joining. For the second category, leaded chip carriers, the term SOIC
(Small Outline Integrated Circuit) is used as a general referent. These con-
tain metal leads extending from the package body to small solder pads on the
circuit board. In both cases the surface solder joint provides the electrical and
mechanical connection between package and board. While surface-mount
technology is expected to grow significantly, as shown in Figure 11-3 for
1986 and 1990 (based on the data for low-end commercial and industrial
packages), through-hole components will continue to play a key role well into
1990s, both for active and passive components.

The major distinction between the two categories is the elastic compli-
ance of the elements interconnecting the relatively rigid package body and
circuit board. This becomes important as the devices are thermally cycled
during operation, given the differences in thermal expansion for the materials
of package and board, and given the differences in temperature (both tran-
sient and steady state) between package and board. Numerous analyses and
reviews have been published regarding thermal-cycle-induced fatigue failure
of SMT joints, examples of which are shown in Figure 11-18. In this section,
these studies are used to describe the problem and methodologies for evalu-
ating both LLCC and SOIC interconnections. Several other solder intercon-
nection concepts for SMT have been recently developed {31, 32, 33, 34, 35]
which have aspects of both LLCC and SOIC structures; two of these are
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Figure 11-18.  Solder Joint Failures. a) Cracking of the solder joint under thermal
fatigue cycling in a Gullwing SOIC. 'b) Cracking of the solder joint under thermal
fatigue in leadless chip carrier. Photograph courtesy of R.N. Wild, IBM-Owego

Figure 11-19. Cast Solder Column Interconnections. The solder columns are pre-
pared using spherical solder preforms, which are cast into mold cavities adjacent to
the I/O contact pad. The mold is removed and the package is surface soldered to the
circuit board. Photograph courtesy of J. R. Fisher, AT&T Technologies [31], © 1984
by IEEE.
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Figure 11-20. Thermal Resistance Model of Leadless Chip Carrier. The resistors
represent thermal resistances between the elements of the package and board. After
Welling, Ref. [36], 1982 — courtesy International Electronic Packaging Society.

shown in Figure 11-19, and Figure 6-21 in an earlier chapter. Some stand-
ards have been established for SOIC and LCCC devices [4, 38, 39], although
this process is far from complete.

11.3.2 Thermal Displacements and Fatigue Behavior

As an active device dissipates heat to its surroundings during operation, or as
the ambient system temperature changes, differential thermal expansions
cause stresses to be generated in the interconnection structure. These stresses
produce instantaneous elastic and, most often, plastic strains, as well as
time-dependent (plastic and anelastic) strains in the joint, especially within
its weakest segment. To evaluate the magnitude of the thermally induced
strains, the temperature profile of the interconnected components must be
known throughout an operational cycle or system temperature excursion. An
example is shown in Figure 11-20, in this case for a LLCC [36], of the level
of detailed thermal-resistance modeling, generated by experimental and/or
analytical techniques, of the device, package, joint, and board assembly that
is necessary to predict transient and steady-state temperature distribution.
Once a thermal model for a particular package is generated, it can be applied
to the specific component/board environment to be evaluated. The result is
a set of temperature profiles for the package and environments, as indicated
in Figure 11-21, for a J-leaded package [37]. This modeling effort may be
very difficult for either air-cooled or conduction-cooled systems, given uncer-
tainties in local airflow conditions or conduction paths (see Chapter 7,
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Figure 11-21. Isotherms of SOIC Package. The steady-state isotherms for a
68-lead Plastic Leaded Chip Carrier, having a chip operating at 1 W under forced
convection (2 m/s). The numbers shown are the percentage of the maximum tem-
perature less the ambient temperature, reached at each point. After Fox et al., Ref.
[37] © 1985 by IEEE.

“Ceramic Packaging”); however, this thermal analysis is necessary to predict
the thermal displacements which may lead to joint failure.

Once the time-dependent temperature profile is known, the thermal
displacements may be predicted for the rigid elements of the structure. (For
the present we will assume that the temperature is uniform in both the LLCC
and the board, and that displacements are in-plane, only; the more complex,
actual displacements are addressed later). For the LLCC structure shown in
Figure 11-22, a simplified expression may be written to describe the relative
displacement, 8, between the top and the bottom of the solder joint. Assuming
a uniform LLCC temperature, 7,, and a uniform board temperature, T, the
temperature-dependent length of these elements can be given as:
L =11 + a) (T, — Tp)); Ly = I, (1 + ax(Tz — T,)), where o, and ap are the
coefficients of expansion of the LLCC and board, respectively, [, is the length
of of the LLCC diagonal, and T is the original temperature. The joint dis-
placement is given by the difference in length between these elements, as-
sumed to be rigid with respect to the solder joint:
& = 0.5L(e, (T, — T;) — ag(Tz — Tp)). For a power-on cycle, in which 7,
exceeds T, a displacement, here defined as negative, occurs. If, as is often the
case, the value of ay exceeds «,, (e.g., for a ceramic LLCC on an epoxy-glass
board) and the temperatures of LLCC and board achieve similar values dur-
ing steady-state, then the displacement takes on a positive value. This is
shown schematically in Figure 11-23. Thus, the displacement imposed on the
solder joint consists of a transient plus a steady-state component, both of
which may produce strain in the joint and, therefore, must be added to eval-
uate the total power-on displacement. The power-off cycle may show similar
transient plus steady-state displacements.

The shear strain during a displacement cycle for the the LLCC joint is
approximated by the relative displacement of the board and package, divided
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Figure 11-22. Schematic of LLCC.
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by the height of the solder separating board and package. The rate of tem-
perature change gives the strain rate. For most metals at room temperature
the number of fatigue cycles necessary to produce failure is independent of
imposed strain rate; however, for solders, given their low melting points,
time-dependent deformation occurs that affects the failure process.
Figure 11-24 shows a recent study of the effect of cycle frequency on number
of cycles to failure [37]. The mechanism giving rise to the behavior shown in
this figure is associated with the stress relaxation that occurs during the dis-
placement-controlled, thermal or mechanical cycle. As the displacement is
imposed, the shear strain consists of several components, €lastic, plastic, ane-
lastic, and, if the displacement is imposed slowly enough or at sufficiently
high temperature, creep. The total shear strain, defined for the LLCC by the
relative displacement, is equal to the sum of these strain components. At the
steady-state condition (either power-on or power-off), the stress, generated

Package and Power
Board off
Equilibrated l

Total Joint
Displacement
per Power-on

Cy'cle

Time

Differential Joint Displacement (3)

Figure 11-23. LLCC Joint Shear Displacements during Power Cycle.
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Figure 11-24. Frequency Effects on Fatigue Life. Thermal cycle fatigue life of a
29 x 29 mm ceramic LLCC, joined to solder pads supported by different substrate
materials. After Fox et al., Ref. [37], © 1985 by IEEE.

as the displacement was imposed, relaxes through the conversion of the elastic
and anelastic strains to creep strain. The amount of creep deformation is de-
pendent on time and temperature. Thus, for a fatigue cycle having longer
times between loading and unloading, the amount of stress relaxation and
associated creep deformation increases. This phenomenon is generally re-
ferred to as creep—fatigue interaction and has been analyzed using a variety
of procedures, the most notable of which is strain-range partitioning; [40, 41,
42]. This mode of analysis is considered in the Chapter 5, “Package Relia-
bility,” as it applies to the reliability testing of solder joints. Recently, several
studies have been performed on Pb—Sn alloys to understand creep-fatigue in
solders and solder joints [37, 43, 44, 42, 45, 46, 47, 48, 49]. Creep deforma-
tion adversely affects joint lifetime through grain-boundary cavitation and/or
wedge cracking at grain boundaries (see, e.g., Ref. [50]); these defects pro-
mote fatigue-crack nucleation and propagation, (see, e.g. [51D.
Figure 11-25 shows fracture micrographs of bulk specimens tested under
load control at varying frequencies. The character of the fracture surface
and, particularly, the number and size of voids change with frequency; as the
frequency is decreased, the fracture morphology more closely resembles that
of a creep-ruptured specimen. Further discussion of solder deformation and
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failure is deferred to section 11.4.1, “Solder Microstructure, Deformation,
and Failure,” on page 819.

SMT packages are most conveniently tested using thermal cycling of
board plus package between temperature limits designed to induce a given
differential thermal displacement. The displacement is somewhat idealized,
given that significant transient-induced deformation during thermal cycling
is eliminated, since the package and board are maintained at roughly the
same temperature. Furthermore, temperature cycling beyond the normal
operational temperature bounds (upper or lower) will result in a different de-

static

3.seconds

Figure 11-25. SEM Micrographs of  Eutectic Lead-Tin Fracture
Surfaces. Stress-controlled fatigue specimens, tested at a maximum stress of 27.6
MPa (4 ksi) for hold periods as labeled. After Weinbel et al., Ref. [43], 1987 —
courtesy of J. Materials Research.
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gree of creep deformation and stress relaxation than an active device would
experience. All four strain components are temperature-sensitive, and the
rate of stress relaxation (conversion of elastic plus anelastic strain to creep
strain) will be accelerated at higher temperatures [52]. Other metallurgical
or microstructural effects, which will be discussed later, are also affected by
the temperature cycle. In general, as the temperature is increased, the creep
per cycle increases, resulting in reduced fatigue lifetime with respect to low-
er-temperature mechanical cycling at the same strain levels [37, 54]; see Fig-
ures 11-26 and 11-27.

Differences in LLCC test geometry, frequency, and temperature, and
testing mode make comparisons of data between packages or between labs
difficult. However, for a fixed set of test conditions and package type, a
Coffin—~Manson-like fatigue correlation can be developed which relates the
estimated total shear strain to the number of fatigue cycles to failure (see
Fig. 11-28). These data were generated, however, under high strain rate
conditions and do not reflect the important time-dependent aspects of the de-
formation, which have just been illustrated. A phenomenological modifica-
tion to the simple Coffin~Manson relation has been developed for high-Pb,
C4 joints to accommodate temperature and frequency effects [55, 56], and
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Figure 11-26. Creep Strain during Fatigue Testing. Estimated fraction of total
strain which arises from creep during a fatigue cycle, based on bulk stress/strain rate
relations for solder. After Shine et al., Ref. [44], courtesy of International Electronic
Packaging Society.
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Figure 11-27. Fatigue Life as a Function of Creep Strain. Fatigue lifetime for
both thermal and mechanical fatigue, plotted against the estimated fraction of total
strain arising from creep. Fatigue data taken from tests on 84 lead ceramic LLCC
packages on a variety of substrates. After Shine et al., Ref. [44], 1984 — courtesy
of International Electronic Packaging Society.
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Figure 11-28. Strain vs. Fatigue Life under Thermal Shock. Fatigue life under
thermal shock testing conditions, for LLCC packages having variable solder height
(85, 135, and 185 pm) and leadcount. Data replotted by Hagge, Ref. [49], after Itoh
et al. [53], courtesy of the International Electronic Packaging Society.
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efforts have been made to evolve similar relations for other solders and solder
joints [45, 48, 49, 57] (see Chapter 5, “Package Reliability”).

Most of the fatigue behavior listed previously has been associated with
LLCC packages, given the limited elastic compliance of the joint. Similar
fatigue concerns, although to a much lower degree [52, 59, 60] exist for SOIC
leaded packages. In the J-lead or gullwing configuration (see Fig. 11-1), the
thermal displacements between board and package are initially accommo-
dated primarily by elastic deformation of the leads. These leads, therefore,
greatly reduce the plastic strains in the solder joint on loading or unloading;
however, the solder is stressed by the leads and undergoes creep deformation.
The essential difference between the LLCC and SOIC joints is that for
LLCCs the elastic plus anelastic stresses, generated in the solder on loading,
are being relaxed by solder creep deformation; for SOICs the elastic stresses
within the leads are being relaxed by solder creep deformation. This is so,
providing that the lead stiffness, dependent on lead thickness and shoulder
design, is relatively low [61]. Normally, lead thickness ranges from 150 to
250 pm for SOIC packages and may be reduced to about 25 um for TAB
packages. The packaging consideration that opposes thin leads is the in-
creased sensitivity to handling damage. A recent study [37] has shown that
for a typical J-leaded device a creep strain on the order of 0.1% arises during
the power-on cycle; this is about a factor of 10 lower than the typical total
strain imposed during a power-on cycle of LLCC packages. An IEEE Com-
pliant Lead Task Force, having as contributors most of the computer, device,
and package manufacturers in the United States, has completed an initial
study to determine those factors that affect fatigue life of J-leaded packages
[62].

A key element in evaluating the joint deformation and lifetime is the
nature of the circuit board to which the package is joined. A listing of avail-
able board materials and their properties is given in Table 11-2 (see also
[63, 64]). The primary board characteristics that influence joint lifetimes are
thermal expansivity, which impacts relative package-board thermal displace-
ments for a given temperature rise, and thermal conductivity, which impacts
temperature excursions and distribution. The effect of substrate material on
solder-joint fatigue life has been demonstrated in numerous studies [57, 58,
60, 65, 66, 67, 68] (see Table 11-3). Strain gauge and holographic tech-
niques were used [69, 70] under thermal-cycling conditions to determine the
local board and package bending and associated out-of-plane deformation,
that arise from the nonuniform temperature distribution within the board and
the package, and from package-to-board mechanical forces. Recent estimates
have been made [71] on the effect of temperature gradients within a powered
LLCC package. They show that these gradients, which are larger along the
package centerlines and smaller along the diagonals, serve to make the ther-
mal displacements much more uniform at each interconnection (within about
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Table 11-2. General Substrate Materials. After Lau and Rice [48], reprinted
with permission of Solid State Technology. T, = Glass transition temperature, °G;
CTE = Coefficient of thermal expansion, 10-7/°C ; ¥ = Thermal conductivity,
W/m-X; E = In-plane tensile modulus, GPa; ¢ = Dielectric constant measured at 1
MHz; p, = Volume resistivity, Q-cm; p, = Surface resistivity, Q-cm H,0 Abs. =
Moisture absorption, %.

Substrate/Property T, CTE K E € oy Ps H,0 Abs.
Material

Epoxy Fiberglass 125 140-180  0.16 35 48 1012 1013 0.10

Polyimide Fiberglass 250 120-160 0.35 40 4.8 1014 1013 0.35

Epoxy Aramid Fiber 125 6080 0.12 60 3.9 1016 1016 0.85

Polyimide Aramid 250 50-80 — 4.0 56 1012 1012 1.50
Fiber

Epoxy Quartz 125 60-120 — — — — —_ —_
(Fused Silica)

Polyimide Quartz 250 60—120 — — — 108 108 0.50
(Fused Silica)

Fiberglass/Aramid 125/ 50-80 — — — — — —_
Fiber Composite 250

Fiberglass/Teflon 75 200 0.26 3 2.3 1010 1011 1.10
Laminates

Alumina-Beryllia NA 50-70 21.0 560 8.0 1014 — —
Ceramic

Table 11-3. Thermal Cycles to Failure for Several Substrate
Materials. Failure of Leadless Chip Carriers vapor phase reflowed to several sub-
strate materials, during thermal cycling between —55 and 125°C. After C. J. Brier-
ley, D. J. Pedder, J. P. McCarthy [58], 1985 — Plessey Research (Caswell) Ltd.,
courtesy International Electronic Packaging Society.

Chip FR4 FR4 + FR4 + FR4
Carrier Glass Acrylic Butadiene Kevlar- Quartz- Copper
Size (1/0s) Epoxy  Elastomer Elastomer Polyimide Polyimide Clad Invar

16 940 >1000 >1000 272

20 821 >1500 >1500
28 517 >1000 >1000 217 >1500 >1500
44 279 945 810 237 >1500 >1500
52 170 642 614 182

68 105 535 394 153 1006 >1500
84 60 795 >1500
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1%) than would be observed for thermal-cycling experiments (about 40%
difference). Holographic measurements and full finite element analysis have
been used [11] to observe nonplanar deformation for a pinned package sold-
ered to a circuit board. As with the effect of nonplanar deformation of C4
solder joints arising from chip bending [72] (see Chapter 6,
“Chip-to-Package Interconnections”), the tensile and compressive SMT joint
loadings are expected to have an important effect on joint lifetimes, when su-
perimposed on the nominal shear loading. As yet, however, models have not
been published that quantify the effect of multi-axial displacements on sold-
er-joint fatigue lifetimes. Studies on materials other than solders have dem-
onstrated the importance of modest loadings that are applied on axes other
than the primary fatigue-loading axis (see, e.g., [73, 74]).

11.3.3 SMT Solder Joints

The general properties of solder are discussed in section 11.4, “Solder and
Solder Joining,” on page 819 however, the actual behavior of SMT solder
joints may depend primarily on complicating, joint-specific factors, such as
adjacent metallurgy, joint geometry, defects, or fabrication procedures,
rather than on bulk properties.

A first issue considered, here, is the formation of intermetallic phases
at the solder-to-board or solder-to-package interfaces. Although most cur-
rent-carrying members used in the first-level package and in the circuit
boards are copper or copper-base alloys, it is most common for these conduc-
tors to be coated with other metal(s) to provide solder wettability, inertness
with respect to storage environments, or resistance to joint degradation during
prolonged operation at elevated temperatures. Conventional metal coatings
include nickel and/or gold plating, tin or solder plating, or dipping. More
complex, multilayered interconnection structures such as Ti/Cu/Ni/Au, or
Ti/Pd/Cu/Ni/Au may be used for ceramic chip carriers or substrates [75,
76]. The interconnection structure may be subjected to high temperatures
during some package fabrication or testing steps, such as die-attach or
burn-in, which cause interdiffusion of the coating layers. This can facilitate
the formation of intermetallics, or may affect their subsequent formation
during soldering, thereby adversely impacting solderability; this is discussed
in section 11.4.3, “Solderability,” on page 836. The primary interest in in-
termetallic formation in the joint is associated with the solder joining and/or
dipping process, as well as the subsequent processes of burn-in and device
operation. During joining the solder is melted, at which time much of the re-
action between Sr and the underlying metallurgies occurs. Several recent
studies have analyzed the interaction of liquid tin and solder with gold, nickel,
and copper [77, 78, 79, 80, 81]. The rate of dissolution of gold and subsequent
dispersion of the Au—Sn intermetallics into the molten solder is quite rapid
compared to copper or nickel [78]. All of these metals are “fast diffusers” in

Samsung, EX1027, p. 124



11.3 SURFACE-MOUNTED PACKAGES 815

solder, with diffusivities 3 to 5 orders of magnitude faster than self-diffusion
of lead [82]. It is shown that significant reaction between gold and solder can
occur well below the melting point [78, 83]. This may have important conse-
quences for the situation where gold is plated over a material, such as nickel,
which requires a relatively high temperature to react with the solder. The
dissolution of the gold, leaving a less wettable underlying layer, may result in
limited adhesion between the coating and solder or tin [79]. Gold dissolution
is slowed considerably by alloying with palladium [85]. For copper or nickel,
layers of intermetallic are formed adjacent to the unreacted metal, with the
kinetics of copper intermetallic formation being much more rapid than for
nickel. Ata Cu — Sninterface layers of both Cu,Sn and CuySn; are normally
observed, with the growth being controlled by diffusion through the interme-
tallics [84, 86, 87]. Earlier work shows a linear time dependence to the growth
of CuySns at room temperature, attributed to interface-controlled growth ki-
netics [88]. Studies on the growth of nickel intermetallics show that after an
initially rapid growth for short times, diffusion-controlled growth occurs [77,
80]. Three Ni-Sn phases have been observed: Ni;Sn, NiySn,, and Ni,Sn,
[89]. Figure 11-29 shows the rate at which copper and nickel react with
molten 60Sn—40Pb solder. A layer of Ni is commonly used as a diffusion
barrier to inhibit the formation of thick Cu—Sn intermetallics [90]. Although
much of the intermetallic reaction and growth occurs during joining, this
layer can continue to grow at lower temperatures [84, 91], as shown in
Figure 11-30.

The reaction of solder with the metal contacts to form an intermetallic
compound is a positive contributor to the establishment of a good joint.

o =
g 1.00 E o8
8 $
£ 0.75 /:'y % 0.6
S o
- =
] 3 I
& 0.50 % 0.4
Q ©200DegC 3
° f #225DegC 5 o, | . © 236 Deg C
2 0.25 - 4275DegC ¢ = 315 DegC
° “a ° +300DegC 2 4 400 Deg C
5 YV Ll I | L L ) 8 1 1 L L )
2000 s 8 d0 12 14 & %% 5 10 15 20 25
Square Root Time (Minutes) Square Root Time {Minutes)
(a) (b)

Figure 11-29. Reaction Rate of Copper and Nickel with 60/40 Solder. The re-
action of copper or nickel with solder was measured by the reduction of the X-ray re-
flection associated with the bulk metal phase, as the metal was dissolved into the
solder or as intermetallic compounds were formed at the reaction interface. After
DeHaven, Ref. [77], 1985 — courtesy of Materials Research Society, reprinted with
permission.
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Figure 11-30. Growth of Copper—Tin Intermetallics. The thickness of the two
copper—tin intermetallics was metallographically measured after aging of reflowed
solder paste on copper (100) single crystals. After Dunn et al., Ref. [84], 1985 —
courtesy of Materials Research Society, reprinted with permission.

However, the degree of reaction is also important to the mechanical behavior
of the joint. Studies of solder joints have shown that the strength of a given
joint can be adversely affected by a prolonged reflow cycle in which the joint
is molten [92, 93, 94], and by prolonged aging at elevated temperature [83,
87, 92, 95, 96]. Figure 11-31 gives an example of such effects. Fatigue life
can also be affected by the joint structures developed under differing reflow
conditions [93, 97]. The solder/metallization reaction affects intermetallic
thickness and, for a Pb—Sh solder, the thickness and composition of the lead-
rich region, adjacent to the tin-rich intermetallic layer. This compositional
inhomogeneity will deform in an inhomogeneous manner, as well. Such a
condition may be particularly harmful where it coincides with a point of stress
concentration. This is one of the likely causes of early fatigue failure in an
LLCC joint, in which a weak, low tin layer is developed between the relatively
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Figure 11-31. Effect of Thermal Aging on Solder Joint Strength. Joints, prepared
using solder-clad (60Sn—40Pb) phosphor bronze pin clips, were soldered to ceramic
substrates having Pt—Pd-Ag thick-film metallization. These were then aged and
pulled After Marinis and Reinert, Ref. [87], © 1985 by IEEE.

strong eutectic solder and intermetallic regions [84, 87, 98]. These low tin
regions have been observed [95] at crack surfaces in solder joints. Another
effect of the solder /metal reaction may be to change the bulk properties of the
solder. For example, metals such as gold, and to a lesser degree, copper,
which are reacted with and dispersed into the solder, strengthen the solder,
thereby reducing fatigue life [49, 60, 99, 100]. Solubility data for contact
metals in molten solder is given in Chapter 6, “Chip-to-Package Intercon-
nections,” and other sources [101, 102].

In summary, regarding the interaction of the interconnection points
with the solder, it is desirable to have a reactive couple but one which has a
limited extent of reaction. This would eliminate the problems of (1) a thick,
brittle intermetallic, (2) a soft, tin-depleted layer in the solder adjacent to the
intermetallic layer, and (3) a joint having properties that degrade with time.
Frequently the leads of SOIC devices, subject to the considerations mentioned
previously, must also be immune to lead-forming operations. This imposes
an additional constraint that the plated metallization and reaction layers be
sufficiently ductile to avoid cracking during forming; this may impact the
choice of lead finish [103].

Another issue that affects SMT interconnection performance is the joint
geometry. For LLCC joints, particularly, the height of the solder pillar con-
necting package to board has a very important impact on fatigue life. The
first-order relation of strain per cycle to the inverse of solder height, h, is lin-
ear, resulting in a nearly quadratic increase in cycles-to-failure, N, with joint
height; i.., N, is roughly proportional to A% This has been experimentally
substantiated for LLCC joints [31, 57, 60, 93]. Note, since the grain size of
the joint may increase with joint thickness [46, 104] (presumably arising from
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Figure 11-32.. Solder Joint Shear Strength vs. Solder Composition. Lap shear
strength of solder joints (0.1 mm thick, 1.1 mm wide, 2.9 mm long), tested at a shear
displacement rate of 0.085 mm/s. Compositions: (1) 16Sn 32Pb 52Bi, (2)
508n50In, (3) 42Sn58Bi, (4) 63Sn37Pb, (5) 50Pb50In, (6)
955n3.54g 1.0Cd, 0.5 Sb, (7) 40Sn 60Pb, (8) 95Sn 5Sb, (9) 10Sn 90Pb. After
Wild, Ref. [46], 1973 — courtesy of the author.

local cooling-rate effects during reflow), and since reduced fatigue life may
accompany grain coarsening (see section 11.4.1, “Solder Microstructure,
Deformation, and Failure,” on page 819), a joint lifetime prediction based
only on shear strain considerations may be incomplete. The solder height for
SOIC joints is less critical, given the compliance of the leads; however, wick-
ing of the solder up the leads can affect compliance [61] and cracking behav-
ior. It has been demonstrated [105] that extension of the LLCC pads on the
board well beyond the package edge extends fatigue life. This is caused by the
increased distance which the crack, which nucleates beneath the LLCC
package [60], must propagate through a solder volume wherein the strain,
arising from the thermal displacements, is much less localized. Several stan-
dard [71] and nonstandard [106] LLCC geometries have been studied, illus-
trating the significance of joint geometry on joint stresses and fatigue life.
Defects within the solder joint, such as voids, are frequently observed.
One limited study [107] shows a link between the presence of voids (the origin
of which was ascribed to flux decomposition), and reduced mechanical and
thermal fatigue life. However, other work on joints where voids were present
showed considerably less effect on mechanical behavior, except where the
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Figure 11-33. Cast Lead-Tin Eutectic, Cooled Slowly. SEM micrograph of cast
eutectic solder, slowly cooled, etched with 2% HCI, 98% ethanol.

voids significantly reduced joint cross section [108]. A correlation between
void cross section, generated under several reflow conditions, and a slight
(~10%) decrease in joint shear strength was also observed [109].

11.4 SOLDER AND SOLDER JOINING

11.4.1 Solder Microstructure, Deformation, and Failure

In this section the general properties of solders are described. Given the pre-
dominant use of eutectic or near-eutectic Pb—Sn solder for most
package/board interconnections, this solder will receive the major focus.
Comparative strength and elongation values for lap shear joints for other
solder compositions at several temperatures [46] are given in Figure 11-32.
The relative thermal fatigue life for several Pb—Sn solders has recently been
evaluated for die-bonding applications [110] and other joint configurations
[111]. The compositions and melting temperatures of other common solders
are listed in Table 6-1. Phase diagrams are shown in Figure 6-11.

The first aspect of eutectic solder to be considered is the variety of mi-
crostructures which may be observed; these diverse structures strongly affect
the mechanical response. Figures 11-33 and 11-34 show two extremes of the
as-cast structure, developed at relatively slow (<1 K/s) and very fast (~100
K/s) cooling rates through the solidification temperature. In these figures the
Pb-rich and Sn-rich phases are differentiated and show, in the first case, a
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Figure 11-34. Cast Lead-Tin Eutectic, Cooled Rapidly. SEM micrograph of cast
eutectic solder, very rapidly cooled, etched with 2% HCI, 98% ethanol.

well-defined lamellar structure of alternating platelets of the two phases and,
in the second case, an irregular, spherodized distribution of the Pb-rich phase
in the Sn-rich matrix. Figure 11-35 shows the microstructure arising from
an intermediate cooling rate, in which regions of lamellar and near-sphero-
dized structures are both present. This type of mixed structure is similar to
that of a vapor-phase reflowed J-lead joint shown in Figure 11-36. In gen-
eral, as the cooling rate during solidification decreases, the interlamellar
spacing decreases, the lamellar colony (grain) size decreases, and the inci-
dence of the spherodized, rather than the platelet morphology of the Pb -rich
phase increases. To the considerable degree that microstructure influences
the mechanical behavior of eutectic solder, the joining technique will also
have an influence, given the large span in solidification and cooling rates
which may be observed during reflow (~1-1000 K/s).

The as-cast structure is not stable with respect to aging or deformation.
It has been observed in several studies that both thermal aging and thermal
cycling induce coarsening in as-cast solder-joint structures and bulk materials
[46, 95, 104, 112, 113, 114]. The instability of the cast structure given earlier
in Figure 11-35 is illustrated in Figure 11-37, which shows the effect of an-
nealing at 150°C for various lengths of time. A transition occurs from the
as-cast structures to a much more equiaxed distribution of the two phases,
after annealing. If the as-cast material is significantly deformed (~10-15%
uniaxial strain, or at much lower levels under repeated fatigue cycling), then
annealed at room temperature or above, it undergoes recrystallization, as
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(b)

Figure 11-35. Sperodized and Lamellar As-Cast Eutectic Solder. SEM micro-
‘graph of as-cast eutectic Pb—Sn solder, electropolished, and etched using a solution
of sodium acetate, acetic acid, and water at room temperature, at 40 V using a Pt
electrode. This etches the Sn phase preferentially.

shown in Figure 11-38. This process leads to a structural refinement, rather
than to the structural coarsening associated with annealing alone.
Figure 11-38 shows this equiaxed structure, which is observed to be quite
stable with respect to annealing or deformation [112]. Given the variation in
mechanical properties among each of these structures, as described subse-
quently, it is essential to know the solder-joint microstructure before predict-
ing mechanical response.

In summary, eutectic solder can assume any of several microstructures,
depending on solidification conditions and subsequent annealing and/or de-
formation: (1) a lamellar, as-cast structure, in which alternate platelets of
Pb-rich and Sr-rich phases are formed in coarse colonies; (2) a near-equiaxed
distribution of the two phases, after annealing; (3) a refined, equiaxed struc-
ture formed after deformation and recrystallization. Furthermore, regarding
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Figure 11-36. Microstructure of Reflowed Solder Joint. SEM Micrograph of a
vapor-phase reflowed J-Lead eutectic solder joint. This was polished, then etched
with four parts glycerol, one part acetic acid, one part nitric acid. This solution etches
the Pb phase preferentially.

the as-cast structure, the fineness and degree of perfection are quite depend-
ent on solidification rate.

For materials used at high temperatures with respect to their melting
points, processes which are affected by diffusion, such as deformation, recov-
ery, and recrystallization, are enhanced. Solders, for which room temperature
may well exceed one half of the melting temperature, exhibit creep deforma-
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Figure 11-37. Cast Eutectic Solder, Annealed at 150°C.. The polished and etched
eutectic Ph—Sn solder shown: (a) As-cast; (b) 15 hours at 150°C; (c) 150 hours at
150°C; (d) 300 hours at 150°C, etched as described in Figure 11-35. After Raman
and Reiley, Ref. [112], 1988.

Figure 11-38. Rolled Eutectic Solder, Recrystallized at Room Temperature. Eu-
tectic Pb—Sn solder rolled and recrystallized at room temperature, etched as described
in Figure 11-36. Courtesy of V. Raman, IBM-Research.
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tion mechanisms not observed to any appreciable extent near room temper-
ature in higher melting-point materials. The deformation mechanisms are
frequently separated into the regions of temperature and applied stress in
which a particular mechanism is dominant; this is usually given graphically
in the form of a deformation map [115]. Note that these maps are normally
defined for steady-state conditions and for stabilized microstructures, neither
of which may be appropriate to the solder-joint structure or deformation
conditions of interest, as pointed out earlier.

Deformation maps for pure lead and other pure metals or alloys are
available [115, 116, 117]; however, maps for eutectic solder have not been
generated because-of uncertainty in the deformation mechanisms and their
interplay. This is not to say that the phenomenology of the deformation in
terms of strain-rate sensitivity, temperature and grain-size dependence have
not been studied [112, 113, 118, 119, 120, 121, 122]. The origin of the un-
certainty is that eutectic solder, in its fine-grained, recrystallized form, ex-
hibits a phenomenon known as superplasticity, in which extremely large el-
ongations-to-failure are observed, associated with extensive grain-boundary
sliding (GBS). . It is the interaction of the several individual creep mech-
anisms with grain-boundary sliding which has not been satisfactorily
incorporated.

Normally, the independent deformation mechanisms are described by
a relation between tensile strain rate, ¢, and applied stress, o:

= (5 (%) 111

where

g = shear modulus

A = a constant

b = relevant Burger’s vector

d = grain size

D = diffusion coefficient for the rate-limiting diffusion process (which is
both temperature dependent and path dependent)

nand p = exponents characteristic of the mechanism

k = Boltzmann’s constant

T = absolute temperature.

The total strain rate is the sum of the contributions of all the operative me-

chanisms. Frequently, in studies on superplasticity the analyses are given in

terms of the strain rate sensitivity, m = d In o/d In ¢ , which is the same as

1/nin Equation 11.1 for a constant temperature and grain size. These studies

(see, e.g., [123]) have divided the room temperature deformation behavior for

eutectic solder into three regimes: Region I, for low-strain rates (¢e<10-5s~")

, where n is high (> 5); Region II, for intermediate strain rates

(10-5s~'<e<10~2%s~1) , where n is low ( ~ 2); and Region III, for high strain
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rates (e>10-2%s-!) , where n is high ( > 5). Most deformation studies on
solder, from which the general phenomenology given previously is extracted,
have been performed on relatively fine-grained, worked-recrystallized mate-
rial. However, as-cast material at room temperature does not show the high
strain-rate sensitivity associated with (and necessary for) superplastic defor-
mation [112, 119, 124] and essentially exhibits only Region III behavior,
which extends to low-strain rates. Furthermore, the elongation-to-failure,
which is much reduced for as-cast material, increases sharply as the interla-
mellar or interparticle spacing is decreased [125]. To the degree that ductility
under fatigue deformation follows that of uniaxial deformation, it may be
projected:that a more rapidly solidified solder joint, having a more refined
structure; will exhibit improved fatigue ductility. This has been substantiated
in recent reverse-bending fatigue experiments.on eutectic solder solidified at
widely differing rates [126]. In these experiments bulk solder was cast under
widely 'differing solidification rates; and, as the solidification rate increased,
the decreased grain size was accompanied by an increase in fatigue life by a
factor of 10. One explanation is the reduction in the localized deformation
which occurs at the intercolony boundary, as the colony size is reduced.

Several efforts have been made to use deformation-modeling techniques
to predict load/time behavior and fatigue lifetime for solder structures. Stone
and colleaques [127] have applied Hart’s model [128] to a well-characterized
solder-post joint [70]. This model incorporates the parallel rate-controlling
processes of grain-matrix deformation (plastic and creep) and grain-boundary
sliding accommodated by matrix deformation. The interaction of the two
processes is treated using semi-empirical structure parameters, rather than
detailed deformation mechanisms. Shine and Fox [104] have also modeled
the deformation observed in solder joints, in this case, under isothermal fa-
tigue conditions. Their model is based on the independent operation of matrix
deformation and grain-boundary sliding plus matrix accommodation. Using
instantaneous stress-strain rate data and constitutive relations, they separate
the two creep components for the various temperatures and geometries of the
experiments. The correlation of the relative contribution of plastic and creep
strain for the fatigue of lap-shear joints, using several strain-range partition-
ing methodologies was attempted [42]. The conclusion of this work was that
a failure criterion could be developed based only on a creep-time damage
function, rather than on a creep-strain function. This was felt to imply an
environmental degradation, such as would be associated with oxidation, a
phenomenon which has been observed in solders [130, 131] and in lead [132,
133].  Other recent work on fatigue of low-tin solder reinforces this
conclusion{134].

The failure mechanisms under uniaxial creep deformation have been
studied extensively, using, for example, stress/temperature maps of predomi-
nant fracture mechanisms [50]. However, high-temperature fatigue-crack
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51429 25KV

Figure 11-39. Cracking at Grain Boundaries in Cast Eutectic Solder. Polished and
etched surface of cast Pb—Sn solder, cycled under reverse-bending fatigue at +/-
0.75% strain for 2200 cycles at room temperature at 0.0055 Hz, etched under condi-
tions given in Figure 11-35. Cracking is observed at the boundaries between the la-
mellar colonies (the grain boundaries). After Raman and Reiley, Ref. [129], 1987.

nucleation and propagation mechanisms have not been studied so closely, al-
though similarity to creep-failure mechanisms is expected for the local defor-
mation processes causing cracking under high temperature fatigue. Several
recent studies have been made to characterize and model fatigue failure pro-
cesses in solder [43, 47, 51, 112, 123, 129, 135]. Figure 11-39 shows the mi-
crostructural features of eutectic solder deformed under reverse-bending fa-
tigue. Here, cracking is observed at the interlamellar colony (grain) bound-
aries under fatigue [129] and, as well, under low strain rate tensile deforma-
tion [112]. This is clearly the point at which strain is localized during high-
temperature deformation and may be the key microstructural element which
sets the intrinsic fatigue limit in cast eutectic solder joints. In the single
phase, low-tin alloy grain-boundary migration and sliding are observed, along
with grain-boundary cavitation and cracking [123, 129, 137], under similar
deformation conditions.
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Figure 11-40. Typical SMT Problems. After C.J. Brierley, L. Considine, and D.J.
Pedder, Ref. [136], 1985.

11.4.2 Solder Joining Techniques

Many techniques have been demonstrated for solder application and pack-
age-to-board joining. For solder deposition the dominant approaches involve
dipping (or wave soldering), paste screening or stenciling, plating or the ap-
plication of pre-forms. Although evaporation of solder C4s on chips for
chip/substrate interconnection is used, evaporation is not normally used as a
solder application technique for package-to-board interconnections. The
joining of package and board is performed with a variety of reflow processes
which depend on the form of the applied solder, the structures to be joined,
and other factors, described in this section. Figure 15-9 on page 1043 of
Chapter 15, “Consumer Product through Mid-Range Computer Packaging”
illustrates the four steps involved in attaching a surface-mount component
(SMC) to a second-level package. The major joining techniques include wave
soldering, vapor-phase reflow, infrared (IR) reflow or hot-gas reflow, laser
soldering or hot-knife soldering. Each technique has its own advantages or
specific areas of applicability. A number of SMT problems that are typically
experienced, illustrated in Figure 11-40, will be discussed in this section.
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Wave Soldering: Wave soldering [138, 139, 140, 141, 142, 143,
144] is a technique which has been practiced for over 30 years and is appli-
cable to both PTH and SMT interconnections. However, in contrast to PTH
components, SMT components must be secured to the board during wave
soldering, usually with an adhesive. This requires adhesive dispensing and
curing operations, which precede wave soldering; (see, e.g., [145]). With
wave soldering the two processes of solder deposition and solder joint forma-
tion occur in a single operation. It has evolved to the current configuration in
which a circuit board plus attached components are conveyed through the
machine along a slightly ascending incline, where the board is preheated and
fluxed, then directly exposed to molten solder on the underside of the board
at a solder temperature of about 240 to 260°C (for eutectic or 60/40 solder).
The soldering operation is commonly carried out using either a single- or a
double-wave system. The latter approach includes, for the first wave, a highly
turbulent solder jet with local velocities sufficient to allow solder penetration
into fine-dimensioned crevices. The second wave, separated from the first
wave to allow for flux outgassing [64] and to prevent oxide entrapment
[143], has a laminar flow pattern to distribute the solder uniformly. The time
of contact between molten solder and the assembly is on the order of a few
seconds. This time may be controlled by several factors: for example, a lower
bound may be set to allow solder penetration into the plated-through-holes in
the board, or an upper bound may be set to prevent prolonged high-tempera-
ture exposure of certain devices [142]. The final contact between solder wave
and board should be well controlled to minimize solder bridging between me-
tallization points. Another recent modification to minimize bridging is the
use of a hot-air knife, in which an air jet is directed on the board shortly after
leaving the solder wave [146] (see Fig. 11-41). There are substantial reser-
vations regarding the applicability of wave soldering for VLSI SMT packages
having lead pitches at or below 1.27 mm, because of the solder bridging
problem [141]. Given the following three factors — (1) a large, successful
experience base for wave soldering for PTH packages; (2) the need for PTH
packages on a large fraction of boards for the foreseeable future; (3) the
problems of wave soldering for fine-leaded SMT devices — it is likely that
many board-soldering procedures will involve wave soldering plus a second
soldering technique.

Solder Paste: Another method for applying solder to the board for
subsequent reflow, which is compatible with a number of reflow techniques,
is the use of solder paste [94, 147, 148, 149, 150]. Solder paste consists of
metal-alloy powders ranging in size from about 150 pm to less than 30 um
(100 to 400 mesh), mixed in an organic vehicle, which contains flux, solvents,
plus a thixotropic agent to regulate viscosity. The metal powders may be
prepared from a wide range of solder compositions, usually by inert gas
atomization. The powders are chosen for size and morphology to accommo-
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Figure 11-41. Schematic Diagram of Wave-Solder Proccess.

date screen or stencil printing dimensions and to regulate viscosity for the
desired metal loading, typically 75 to >90 wt%. Paste is commonly applied
to the board by forcing the material through openings in wire screens or
sheet-metal masks, although other techniques are also used [147]. Solder
paste that has been screened onto a printed-circuit board interconnection pad
is shown in Figure 11-42. For screening, the particle size must be kept well
below the screen mesh or mask opening dimensions to avoid clogging. On the
other hand, a particle distribution having appreciable fractions below about
S pm will likely contain a large oxide content, a factor that may affect the
choice of flux and/or optimum reflow cycle (to allow time for oxide re-
duction). The final solder pattern prior to joint formation is quite dependent
on the screening precision and on the postscreening paste flow, both of which
require a well-controlled viscosity, over quite a range of shear rates. It should
be noted that the choice of solder paste and processing parameters may
change with the pad dimensions and applications of interest. See the list of
references given previously for details regarding solder paste; in addition,
some of the important characteristics will be briefly described in the following
paragraphs.
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40pum 20pm

Figure 11-42. SEM Micrograph of Screened Solder Paste. (a) A screened solder
pad. (b) Closeup of paste powders; the contrast difference marks the Pb-rich and
Sn-rich phases. Courtesy of S. K. Kang, IBM-Research.

Viscosity: The ability to force the paste into a given pattern and, as
well, the ability for the pattern to be stable through the intervening steps be-
tween screening and reflow, are dependent on paste viscosity. This property
is a coarse measure of the complex interplay between particle size distrib-
ution, particle shape, metal loading, and properties of the multicomponent
vehicle. The value of viscosity must be measured over a range of shear rates
appropriate to the paste deformation during and after printing; e.g., the shear
rates during screening may exceed 100/s, while during handling they will
drop to values many orders of magnitude lower [147]. This low shear-rate
paste spreading is referred to as “slump” and may be the important factor
that must be adjusted to avoid bridging of fine solder patterns. This is espe-
cially so when fine and coarse patterns are printed simultaneously using a
single paste thickness. The empirically determined values of viscosity/shear
rate which give acceptable paste behavior are likely to be applicable only to
a given paste [94]; these values may be used to determine lot-to-lot variations,
shelf life, effectiveness of mixing operations, or, in some cases, necessary ad-
ditions to the paste.

Component-to-Paste Adhesion: For many SMT applications the
printed paste serves as an adhesive to hold the components in place until re-
flow. This requires a minimum shear strength to avoid component misalign-
ment, especially where relatively massive components are subjected to rapid
board movements during component placement or other board-handling op-
erations. - Because the adhesive strength is quite dependent on the solvent re-
tention in the printed paste [151], this may become an important factor in
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choosing the paste solvent and, as well, the allowable drying time between
printing and component placement.

Solder Balling: 1t is essential that, during reflow, the solder aggre-
gate into a single mass, rather than into multiple, unconnected masses. The
propensity for this latter behavior, which can lead to short circuits caused by
extraneous bits of solder, is krnown as solder balling and is shown in
Figure 11-43. Solder balling [150]) is avoided through the use of paste for-
mulations and reflow processes which (1) have low oxide levels and larger
particle size, (2) promote oxide reduction, e.g., through increased flux activ-
ity, and (3) remove low-boiling-point solvents prior to reflow and/or reduce
the rate of temperature increase to avoid violent solvent boiling. Solder ball-
ing is also reduced as the pad metallization becomes more wettable.

Wetting Activity: This paste characteristic refers mainly to the flux
within the paste and its activity on pad and component lead metallizations.
A common test for wetting activity is a measurement of the spreading of a
reflowed pattern on a blank conductor. It is noted [94] that this test may be
dominated by properties of the paste, such as viscosity, which are unrelated
to the actual wetting; this makes the spreading test more appropriate for
monitoring lot-to-lot variations than for absolute comparisons. General wet-
ting and solderability are discussed in section 11.4.3, “Solderability,” on
page 836.

@ (®) ©

Figure 11-43. Solder-Ball Testing for Solder Paste. = (a) Acceptable test result. (b)
Questionable test result. (c) Unacceptable solder balling. Courtesy of R. A. Reich,
IBM-Austin.
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Void Formation: The number and distribution of voids formed during
reflow is shown to be sensitive to reflow process and process parameters
[107, 109, 150], boiling point of the solvents [150], paste composition [94],
degree of flux activation [150], and conductor-pad metallization [148]. Al-
though the presence of void within a solder joint can affect its mechanical
properties, this condition is not normally cited as a critical problem in SMT
solder-joint fabrication.

Once the paste is applied, components are placed using a variety of tools,
ranging from high-speed/fixed-format machines to low-speed ones having
near-robotic flexibility [152]. Currently, the fixed-format tooling, mainly
used for passive or low-I/O devices, appears to be relatively mature. It is for
high-1/0, finely spaced, leaded devices where vision-enhanced, robotic func-
tions are still evolving, along with the machine configuration.

Vapor Phase Reflow: After populating the board with SMT compo-
nents and heating the assembly to remove paste solvents and to cure any ad-
hesive used, the solder joints are formed using any of several reflow tech-
niques. The primary approaches include vapor phase reflow, IR reflow, or
hot-gas reflow, each of which utilizes a distinct heat transfer mechanism to
the panel/component. Vapor phase reflow (VPR), for example, uses the heat
of condensation of a perfluorocarbon, having a rather narrow boiling range.
To use this technique, the assembly to be reflowed is conveyed into a chamber
containing vapor and boiling liquid. The temperature of the assembly rises
rapidly to the boiling point of the liquid and is equilibrated at this point. Se-
veral different perfluorocarbon materials are commercially available that
have boiling points covering much of the range of solder reflow temperatures
of interest (~175°-250°C) [153]. A material used commonly in the industry
has a boiling point of 215°C. These liquids themselves are quite inert,
chemically; however, when exposed to temperatures above the boiling point,
they may decompose to form highly corrosive materials. This places some
restrictions on the nature of the heaters used to boil the perfluorocarbons. (It
also requires that the liquid remain relatively pure to avoid char-coating the
heaters, and thereby causing local variations in heat transfer coefficient and
hot spots at the heater surface; thus, the perfluorinated liquid is normally fil-
tered to remove flux residues). A schematic of a VPR unit is shown in
Figure 11-44. Figure 11-45 gives a typical time-temperature curve for a
component being vapor-phase reflowed. An important aspect regarding this
type of reflow is the relatively high rate of temperature rise, compared to
other techniques. This is an advantage in decreasing cycle time or minimizing
total exposure to elevated temperature; however, the problems of thermal
shock and inhomogeneous heating may now become important. The problem
of thermal shock may affect device reliability but more likely will impact the
degree of solder-paste eruption and spattering (as well as the formation of
solder balls) due to too rapid organic volatilization. The concern with inho-
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Figure 11-44. Schematic Diagram of Vapor Phase Reflow Unit. After Hall, Ref.
[154], courtesy of International Electronics Packaging Society, 1982.

mogeneous heating arises since the heat input into a body to be heated is
proportional to the surface area, while the temperature response of the body
to a given heat input is governed by its thermal mass. Therefore, two bodies
having dissimilar surface-area/thermal-mass ratios will respond differently
during reflow. This is manifested in two problem areas for SMT joining: (1)
wicking of the solder along the more rapidly heated leads, away from the de-
sired location of the solder fillet, and (2) “tombstoning,” whereby solder
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Figure 11-45. Temperature Profile during Vapor Phase Reflow. After Hutchins
and King, Ref. [155], 1986, courtesy of International Electronic Packaging Society.
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melting occurs at different times at two points of a sufficiently low mass
component that surface tension forces may significantly reposition the com-
ponent. (The name, in this case, is derived from the look of a passive compo-
nent, such as a capacitor or resistor, when raised from a horizontal to vertical
orientation through the action of surface tension of molten solder at one end).
These problems have been overcome through a variety of solutions, including
solder-pad design optimization [156], alternative solder and paste preparation
[155, 157], and others[158].

Infrared Reflow: The next reflow technique to be considered is in-
frared (IR) reflow. With this technique thermal energy is supplied via lamps
radiating primarily at a given wavelength, usually in the range of 1 to 5 um.
The wavelength for peak IR is controlled by the power input to the lamps.
Secondary IR heat sources, or panels, may also be used; these operate at lower
temperatures and longer IR wavelengths. At the shortest wavelengths a slight
amount of energy is transmitted through the surface of some of the materials,
such as epoxy-glass [159]; however, this heating approach is, in its pure form,
essentially a line-of-sight surface-heating technique. Plated solder and most
of the nonmetallic materials contained in the assemblies to be reflowed are
not very reflective at these wavelengths [159, 160]. This allows the board and
components to be heated prior to solder-pad reflow, which decreases the de-
gree of solder wicking. A typical time/temperature profile for an IR reflow
system is shown in Figure 11-46. Two significant disadvantages are associ-
ated with an IR reflow system: (1) the components being irradiated are able
to reach quite high temperatures, given the lack of a thermal constraint me-
chanism of the sort present in VPR system, and (2) the temperature will vary
within the assembly in association with local variations in the thermal mass.
These factors may lead to difficulties with temperature overshoots or pro-
longed machine adjustments to accommodate irregular assemblies. One mo-
dification that has served to address some of these difficulties is the incorpo-
ration of convective heat transfer, along with IR radiation at longer wave-
lengths [161]; systems are currently commercially available with an adver-
tised convection/IR heat-input ratio of 3:2.

As the ratio of convective to radiative heat transfer increases, this hy-
brid reflow method begins to approach a hot-gas reflow technique. This
technique has been used for small-scale reflow and joining processes, such as
rework, and in particular for hot-gas “leveling,” a means of solder deposition
whereby a layer of molten solder is applied to pads on a circuit board [146,
162]. It has been used with air or nitrogen, although process costs may be
significantly increased with the latter. This must be weighed against the re-
duced degree of oxidation within the assembly when reflow occurs in an inert
gas.
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Figure 11-46. Temperature Profile during IR Reflow. After Hutchins and King,
Ref. [155], 1986, courtesy of International Electronic Packaging Society.

Laser Reflow: To this point, primarily mass joining techniques have
been considered. However, a recent approach using lasers for solder joining
[160, 163, 164, 165] has been developed, having somewhat less general areas
of application. Laser heat sources demonstrated include a CO, (10.6 pm) and
a Nd-YAG laser (1.1 pm), which have been used with pretinned or prere-
flowed parts [160, 165], or with solder paste [163]. The limitation with the
technique is the throughput, which ranges from 0.1 to 0.5 s per joint, making
this a costly option for many joining applications. However, on the positive
side, the rapid solidification rate associated with this approach may produce
an intrinsically more fatigue-resistant microstructure than those associated
with more slowly cooled reflow techniques (see section 11.4.1, “Solder Mi-
crostructure, Deformation, and Failure,” on page 819). Another advantage
is the ease with which an in situ thermal inspection system to monitor joint
quality can be coupled with the laser reflow optics [165], in a manner similar
to earlier IR inspection approaches [166].

In summary, regarding solder joining, several approaches are available
that have been shown to be sufficiently adaptable to accommodate most, if
not all, soldering requirements. It is likely that as long as PTH and SMT
components are juxtaposed on many boards, a hybrid or duplex procedure will
be used, which is tailored to customized requirements.
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11.4.3 Solderability

Solderability is a relatively practical descriptor for the ease with which a
continuous solder bridge can be established between metallized contacts. The
formation of this solder joint usually requires (1) removal of oxide or other
surface corrosion layer from both metal contacts and solder, (2) flow of the
liquid solder along the wettable surfaces, and (3) formation of an intermetal-
lic layer at the solder-to-contact metal interface (this is a beneficial but not a
mandatory aspect of solder-joint formation). The first two aspects of the
process are briefly considered in this section; the third was discussed in section
11.3.3, “SMT Solder Joints,” on page 814.

Flux: The generic term, flux, refers to any of a wide range of organic
or inorganic chemical mixtures used to facilitate the soldering process. The
normal function of flux is to remove surface corrosion layers from the metals
to be joined and to promote wetting of the metallic contacts by the solder. A
historically predominate class of fluxes is that based on rosin, a steam distil-
late of pine trees. These rosin fluxes are primarily categorized by their degree
of chemical activity for removing the corrosion products (notably copper ox-
ide). There is strong evidence that conventional rosin fluxes do not interact
chemically with tin, tin oxide, or other tin and lead compounds [167]. The
following groupings are commonly recognized in the United States: (1) R
-— rosin flux, containing no added activators; (2) RMA — rosin, mildly ac-
tivated flux, containing a small amount of nonhalide activator, such as or-
ganic acids; (3) RA — rosin, activated, containing chemically active com-
pounds, such as organic chlorides (e.g., amine hydrochloride) or inorganic
chlorides (e.g., ZnCl,). A large number of fluxes are commercially available
that are not rosin-based, and include water-soluble fluxes, entirely synthe-
sized mixtures, and various specialized fluxes. In general, the rosin fluxes
consist of 20 to 40% solids carried in an alcohol vehicle, usually isopropanol.
The primary constituents of rosin as well as their thermal stability have been
analyzed in detail [168]. Rosin consists mainly of abietic acid (80-90%), plus
two similar organic acids. This acid has the ability to react with copper oxide
or sulfide to form copper abiet but does not react with bare copper. Abietic
acid becomes activated above its melting point of 174°C and increases in ac-
tivity as the temperature is raised until a point is reached at which this activity
is irreversibly reduced through chemical breakdown. Rosin may become
charred at high temperature, leaving a residue which cannot be removed with
conventional techniques. This has motivated the preparation of fluxes using
high-boiling-point polymers and “unzippable” polymers [169], which do not
char. Other residuals from RMA, RA, or other activated flux may include
the chemically active species, such as chlorine, which can induce corrosion in
joints or in the electrical devices themselves. This has required that the de-
velopment of fluxes be coupled with cleaning agents and techniques for re-
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moving all active elements [170]. An extensive study has recently been pub-
lished that evaluates many commercially available fluxes along with their
ability to be removed during cleaning [171]. In this study the nonrosin fluxes
chosen exhibited better solderability than the rosin fluxes. A final note on
fluxes: soldering applications span a broad range of contact metal and solder
(both of which vary in composition, form, and surface condition), reflow time,
and temperature. It is therefore necessary to consider the metallic surface
layers to be cleaned or deoxidized, the temperature to which the flux will be
exposed, and the time during which the flux must spread and perform the
surface preparation, before choosing the optimum flux-plus-activator.

Wetting: Wetting is the process by which surface tension causes lig-
uid solder to spread across the solid metal contacts to be joined. The basic
aspects of wetting were described almost 200 years ago, given in terms of in-
terfacial energies and wetting angle. The driving force promoting wetting is
the overall reduction in interfacial energies, quantities that are normally de-
fined for equilibrium conditions. A recent review of the subject [172] gives
many of the practical and fundamental factors, such as surface roughness,
temperature, and composition. which may affect the equilibrium of wetting.
However, the wetting process is a highly nonequilibrium one, exhibiting
complex phenomenology [173] in which the kinetics of flux motion, surface-
layer reaction and by-product removal, solder motion, intermetallic forma-
tion, etc., require that it be evaluated using transient measurement tech-
niques. Although several techniques are available [174], one general ap-
proach has become an accepted starting point for solder-wetting comparisons.
This is the use of a modified Wilhelmy Balance test (sometimes called a
meniscograph). In this test the forces imposed by a molten solder bath onto
a metallic test specimen (e.g., plate or wire, usually prefluxed) are measured
with time, as the specimen is dipped into and held in the bath. A diagram of
the force versus time curve obtained during a wetting experiment is shown in
Figure 11-47, which indicates the stages of the wetting process. First, a
buoyancy force (<0) is observed, arising from the displacement of the molten
solder by the specimen and from forces associated with nonwetting. After a
short time the buoyancy forces are reduced as wetting begins. As wetting
proceeds, the force becomes more positive, indicating, qualitatively, the wett-
ability of the contact metal/flux/solder system. Attempts continue to be
made to evaluate the wetting process more quantitatively from this sort of
experiment, using parameters such as the overall weight change, rate of
weight change and/or time to an equilibrium weight change [86, 174, 175,
176,177,178, 179]. In general, the precision of these efforts is limited by the
lack of detailed analytical work to determine the physical properties, chemical
reactions, and physical mechanisms that impact the wetting processes, al-
though comparative evaluations, e.g., for varying solder compositions [177],
are effective.
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Figure 11-47. - Meniscograph Testing for Solderability.

Lead and Contact Conditions: The conditions of the leads and con-
tacts to be joined are two elements that may independently dominate solder-
ability. Although the package leads, particularly of SMT devices, are most
often solder-dipped with eutectic or near-eutectic solder, many other as-
plated or tinned preparations are also used. Because the packages are com-
monly subjected to more stringent burn-in conditions (higher temperature,
longer time) than the unpopulated or populated boards, the solderability of
packages is normally a key manufacturing issue. Furthermore, the package
leads must be formed prior to burn-in, thereby subjecting the relatively brit-
tle, protective, plated layers to large plastic strains. This can lead to unac-
ceptable cracking in these layers, whose integrity is necessary to prevent lo-
calized pitting or corrosion during subsequent processing [103]. A screening
procedure is often used to evaluate the solderability of incoming packages;
frequently the evaluation test used is the meniscograph tester [175, 180], de-
scribed previously. This screening approach is used to gauge, for groups of
incoming packages, the immediate solderability or the projected solderability
after an extended holding period prior tojoining [175, 181]. 1t is argued, for
example, that a 20- to 24-hour period of steam aging generates the same rel-
ative decrease in solderability as does a year of storage under typical condi-
tions [182]. Other aging conditions, having different time, temperature, and
relative humidity are also advocated [86]. Given the range of lead frame
materials, protective plated layers, and solder coatings, a single screening
procedure, having mechanistic validity, will necessarily have a limited range
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of applicability. It should be noted that, although solder dipping of package
leads is often chosen as a technique to promote solderability this can have a
substantial adverse impact on device reliability [142, 183], mainly through
thermally induced polymer-to-leadframe delamination. Two other issues that
may influence the choice of lead coating are (1) tin-whisker formation [184,
185] in plated tin, which may cause shorting during operations preceding
general reflow, such as burn-in, and (2) dewetting [181], caused by gas evo-
lution from constituents within the plated layer.

Boards, on which packaged chips are joined, are also prepared in many
ways. The board contacts may be bare, chemically treated, solder-paste-
coated, solder-plated, tinned, solder-leveled, reworked, etc. In recent years it
has been argued that for presoldered boards, a minimum solder thickness of
about 8 um of solder is necessary, with a tin concentration near the eutectic
composition, for optimized solderability (see [86, 186]). For thinner solder
layers growth of the copper—tin intermetallic layer will deplete the solder of
tin, thereby reducing wettability. Furthermore, this condition promotes the
formation of the Cu;Sn intermetallic, rather than the much more solderable
CugSn; (see earlier discussions on intermetallic formation). Exposure of the
intermetallic layer to oxidation can seriously reduce solderability [186],
expecially for rework operations; this again favors increased solder thickness.

11.5 EVOLVING INTERCONNECTION APPROACHES

Several new concepts for package-to-board interconnections are finding in-
creasing application. These include elastomeric interconnections and elec-
trically conductive adhesives, and are briefly described in this section.

Pressure Interconnections: This interconnection approach is being
applied to an increasingly broad range of structures. The initial, major im-
plementation utilized a filled elastomeric interposer as an interconnection for
digital-watch display applications. This connector, which commonly consists
of a thin block of silicone rubber with alternating pure rubber and conduc-
tor-filled (usually with graphite) rubber layers, is pressed between package
leads and board contacts. Given the relatively high electrical resistance of this
solderless connection, it is best suited for low-current applications, such as
LCD displays. Other, lower-resistance, metal-filled or metal-coated elas-
tomeric interposers are also commercially available (see, e.g., [188, 189]).
In these metal/elastomer designs the elastomer provides the support, spring,
and sealing action. Contact resistance of the elastomeric connectors depends
mainly on the contact size, the thickness of the anisotropic sheet, and the re-
silience of the elastomer. A primary concern is the amount of pressure re-
quired to achieve acceptable resistance levels, and eventual relaxation of the
elastomer core. Figure 11-48 shows several of the generic forms of pressure
interconnections used commercially.
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Figure 11-48. Generic Forms of Pressure Interconnections.

Beyond the relatively straightforward structures in current use, which
are essentially anisotropically conducting interposers, a new method of pro-
viding pressure-induced conduction has been reported [187]. In this case, an
interposer is prepared which is homogeneously filled with small, conductive
particles. Through careful control of the volume fraction of metal particles,
as well as conductive length, a uniformly doped composite can be conductive
when the distance between two points is below the percolation threshold. On
the other hand, when the distance between two points is increased beyond this
given distance, the electrical resistance increases by several orders of magni-
tude; this is shown in Figure 11-49. This approach to pressure interconnec-
tion shows potential for certain high-density packaging applications.
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Figure 11-49. Resistance vs. Conductor Length for New  Pressure
Interconnection. The interconnection structure consists of a silicone rubber elas-
tomer in which is embedded silver-coated glass spheres having a diameter of 25 pm.
The electrical resistance is measured through the thickness at a particle loading given
as that percentage of the fully conductive loading (percolation threshold). After
Etemad et al., Ref. [187], 1986.

Conductive Adhesives: Another approach to package/board inter-
connection is the use of conductive adhesives. The primary approach, which
has received limited application during the last several years, is the use of an
organic carrier (usually epoxy) containing conducting, metallic particles
(usually silver). With this technique a one- or two-component paste is mixed
and applied to a circuit board using a patterned stencil or a dispensing nozzle
approach. The component is attached and the organic is cured, usually at a
temperature less than 200°C. As-cured bulk resistivities are available in the
range of 10-3 to 10~ Q-m, a value which allows sufficiently low interconnec-
tion resistance to be acceptable for virtually all packaged devices. An argu-
ment that strongly supports the use of a conductive adhesive with respect to
solder is the reduction in the number of process steps necessary to form the
interconnection. The major argument against it has been the cost of the ma-
terial, primarily arising from the cost of the silver, which is commonly chosen
for increased resistance stability. Other conductive fillers (e.g., Ag-Pd or
Cu) are potentially available that would reduce this concern; however, these
materials are in the early stages of evaluation. Another positive aspect of this
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Table 11-4. Conducting Polymers. After Reynolds, Ref. [190], reprinted by
permission of John Wiley and Sons, Inc.

Polymer Resistivity (-m)
Polyacetylene 10-3
Poly(p-phenylene) 10-5
Poly(p-phenylene vinylene) 10-3
Poly(p-phenylene sulfide) 10-4
Polypyrrole 10-4
Polythiophene 10—4
Polyfuran 104
Polyazulene 10-2
Polyaniline 10-2
Poly (1,6-heptadiyne) 10-!

class of conductive adhesives is the generally successful (although not uni-
versal) “wetting,” behavior for most interconnection pads and leads.

Another similar but rather more advanced approach to package/board

interconnection is the use of conductive organics, of the sort listed in
Table 11-4. The limitations with many of these materials with regard to re-
sistivity, thermal stability, or stability in air have prevented their serious in-
dustrial consideration; however, given the potentially low resistivity [190],
they show promise as new polymeric blends or composite materials are intro-

duced.
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