EXHIBIT 1004



AREA ARRAY

INTERCONNECTION

_ HANDBOOK

EDITED BY

KARL J. PUTTLITZ

PAuL A. ToTTA

hd
5

Kluwer Academic Publishers
Boston/Dordrecht/London

EX. 1004 - Page 1




Distributors for Noxth, Central and South America:
Kluwer Academic Publishers

101 Philip Drive

Assinippi Park

Norwell, Massachusetts 02061 USA

Telephone (781) 871-6600

Fax (781) 871-6528

E-Mail <kluwer@wkap.com>

Distributors for all other countries:

Kluwer Academic Publishers Group
Distribution Centre

Post Office Box 322

3300 AH Dordrecht, THE NETHERLANDS
Telephone 31 78 6392 392

Fax 31 78 6546 474

E-Mail <orderdept@wkap.nl>

L
()

Electronic Services <http://www.wkap.nl>

Library of Congress Cataloging-in-Publication Data

The area array interconnection handbook / edited by, Karl L. Puttlitz and Paul Totta
p. cm. '
ISBN 0-7923-7919-5
1. Hybrid integrated circuits. 2. Microelectronics. I Puttlitz, KarlJ. II Totta, Paul.

TK7874.A73.2001
621.3815—dc21
200108653

Copyright © 2001 by Kluwer Academic Publishers.

All rights reserved. No part of this publication may be reproduced,
stored in a retrieval system or transmitted in any form or by any means,
mechanical, photo-copying, recording, or otherwise, without the prior
written permission of the publisher, Kluwer Academic Publishers,
101 Philip Drive, Assinippi Park, Norwell, Massachusetts 02061.

Printed on acid-free paper.

Printed in the United States of America

It is with pl
bored long!
and authori
interconnec

We parti
project cou
noted in bo

We also ¢
and MaryA
was in preg

EX. 1004 - Page 2




icaland Envirog-

15

ramic Multilayer
vol. 73, pp 110-

<abayashi, “Ce.
trates Prepared
rocess,” I[EEF/
» pp. 366~370,

wski and P. H.
'ointing Process
iy for Chip Car-
183.
:ky M J Intér—
meteer and J. E
t Copper-Gold-

Carrier,” US.

Attachment of
Alloys,” to be

Plastic Ball Grid Array

Mark J. Kuzawinski
IBM Microelectronics

Thomas R. Homa
IBM Microelectronics

15.1 Introduction

Plastic Ball Grid Array (PBGA) packages
are modules constructed utilizing standard
printed circuit card and board technolo-
gies. The typical PBGA substrate is a
thin (less than 0.035 inches) laminate sim-
ilar to card ‘technologies used for per-
sonal computers. Although the intercon-
nections between a chip and substrate are
typically wire bonds, flip-chip dice can
be attached to PBGA packages as well.
PBGA technologies also support chip scale
packaging (CSP) discussed in Chapters 18
and 23.

15.1.1 Evolution of Laminate Technologies
for Chip Carriers

Historically, packaging chips on plastic car-
riers has been limited to the use of metallead-
frame structures, encapsulated in molded
plastic, where wire bonds connect the chip
to the frame. However, as circuit densities
grew during the 1990s, lead-frame technol-
ogy was severely limited in its ability to sup-
port increasing I/O counts since the 1/O in-
terconnections were all located at the mod-
ule perimeter. To increase the I/O count ca-
pability of a peripherally-leaded component

requires a reduction in lead-frame pitch or
increasing the module size. With an ever
increasing demand for I/O, it was clear
that neither decreasing pitch nor increas-
ing the substrate size provided an accept-
able solution, so the area-array concept was
adopted.

Early PBGA modules typically consisted
of 352 I/O or less. At this stage of the evo-
Iution, the industry questioned a switch to
PBGAs since lead-frames could adequately
handle requirements for 300 or more I/O.
However, when demand for I/O counts began
to exceed 352, the benefits of an area-array
1/O configuration were evident by allowing
smaller modules sizes with better electri-
cal performance compared to peripherally-
leaded chip carriers. However, fine-pitch,
wire-bond technology has significantly ex-
tended the I/O range for wire-bond die inter-
connections. For example, an 8-mm square
die can support 168 I/O using a 180-micron
pitch, but supports up to 504 T/O at a
60-micron pitch. The trend for fine-wire
bond pitches could support even higher /O
counts (1000+). However, the electrical per-
formance of the application could be seri-
ously degraded while an unreasonably large
die is required to escape the signals (i.e., pro-
vide sufficient perimeter to support high I/O
counts).
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578 15  Plastic Ball Grid Array

Table 15-1 PBGA and total package market
volumes. (Source: Prismark Partners LLP)

Quantity* Y1999 Y2004
PBGA volume 1.01 3.63
Total package volume 67.3 105
PBGA market share 1.5% 35%
*In billions.

15.1.2 Marketplace Overview

The marketplace has evolved to expect
low-cost, high-I/O count plastic packages.
The PBGA addresses this need and others.
Simple two-layer, chip-up packages are avai-
lable on a price parity per I/O with lead-frame
packages. For a competitive incremental cost,
power planes and/or thermal enhancement
can also be provided. Wire-bond PBGA
packages have dominated the market place
due to the lack of an installed flip-chip infras-
tructure. Many important announcements
have been made regarding PBGA flip-chip
products, the total volume of these mod-
ulessteadily increasing as the required infras-
tructure is established. It is anticipated that
wire-bonded dice will continue to dominate
low-end PBGA applications and be compe-
titive for some applications requiring high
1/0O counts as well, made possible by advances
in fine and ultra-fine line technology.

Table 15-1 shows the significant percent-
age of the overall packaging market that is
claimed by PBGA products. The PBGA mar-
ket has grown from emergence in the early
1990s to an estimated 3.7 billion piece mar-
ket by 2004. Continued growth of the PBGA
market is expected past 2004. Chip I/O counts
will continue to increase as multiple low I/O
count functions are swept into products with
higher levels of integration, thereby increas-
ing the off chip I/O requirements.

15.2 PBGA Attributes
15.2.1 Package Standards
JEDEC standard MO-151 [1,2] defines a

wide range of PBGA products. It describes
chip-up, and cavity-down parts with a variety

Table152 1O

of I/O pitches and module sizes between.7 —_—

and 50 mm per side. Other JEDEC docu- Number
ments [3,4] describe variations of this tech- of Rows 27
nology, including chip scale packages (CSPs) ‘;;;'\;—_—:
and thin modules called low profile ball 5 roW
grid array (LPBGA), that are less than 2- —_—

mm high when mounted on a printed circuit

card. 15.2.3 Laminate (

15.2.1.1 Marketplace  preferences Al-
though the JEDEC standards define a large
number of possible product sizes and forms,
only a small number of them constructed
with specific materials constitute a majo-
rity of packages in the marketplace. What
is popular in the marketplace of course
changes with time. Initially PBGA products
typically consisted of 1.5-mm (60 mil) and
1.27-mm (50 mil) /O pitches [5] migrating
to 1-mm grids (and smaller) to" avoid the
package area from becoming excessive due
to rapidly increasing chip I/O counts. In
addition to dimensional aspects, material
preferences have also emerged. For example,
BT (Bismaleimide-Triazine) is the resin of
choice for laminate carriers.

Various laminat
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15.2.2 Body Sizes and I/O Count

In many cases marketplace preferences
have narrowed the large number of possi-
ble module sizes to several based on pack-
aging requirements of specific large-volume
device types. For example, static random
access memory (SRAM) chips typically uti-
lize a 119-I/O, 14 x 22 mm module. Non-
memory applications typically use 27-mm
(256 I/O) to 45-mm (672 I/O) body sizes with
a 1.27 or 1-mm T/O pitch. One-millimeter
pitch modules can provide 672 I/O in a
35-mm body size. There is little demand for
plastic array modules smaller than 27 mm,
except for chip scale packaging [6]. The I/O
counts for several PBGA body sizes config-
ured with four and five rows of solder balls
is given in Table 15-2. Chip-up applications,
that use thermal balls underneath the die,
add from 16 (27-mm body) to 49 (45—mm
body) balls to the module I/O counts listed in
Table 15-2.

|

Fig. 151 Sc
chip carriers:
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Number
of Rows 27 mm 31 mm 35 mm

Table 15-2 1/O counts for various PBGA body sizes and configurations using 1.27 mm pitch

37.5 mm 40 mm 42.5 mm 45 mm

4 row 256 304 352
5row — — 420

400 . 432 448 496
480 520 540 600

15.2.3 Laminate Cross Sections

Various laminate cross sections can be used
in constructing a chip carrier [7]. Cross sec-
tion selection is determined by many fac-
tors including cost, electrical performance
and wiring complexity. Most cross sections
can be used for either chip-up or cavity-
down modules, with the exception of the one-
signal layer and no-power plane configura-
tion (1SOP), which is only suitable for cavity
or chip-down modules. The most common
cross sections are listed and illustrated in
Fig. 15-1. Just as with card and board techno-

logy, additional layers can be added to lami-

counts over four is just emerging with ap-
plications requiring signal redistribution or
impedance control. Various card cross sec-
tions are discussed in Section 15.3 of this
chapter.

15.2.4 Wire Bond and Flip Chip
Package Options

The die interconnection practice for
PBGA products in the marketplace has been
overwhelmingly wire bond due to experience
base and infrastructure. For example, PBGA
packages have mainly been utilized in low-

nate chip carriers. However, use of layer to-medium I/O requirement applications

4 ~——Circuitry
X ~a—— Core

%
Creatstatetetetelototoretetotetetets?
otatotetetetetete s

Plated Through Hales

~a—— Circuitry
~<— Core
~&—— Circuitry

Plated Through Holes
sk Circuitry

> Core

~&@—— Circuitry

+ 4 Blind Vias
c) 282P

1Sop This cross section places all circuitry on a single layer as there are no inner planes
or plated through-holes

2S0P This cross section provides circuitry on two external layers. There are no inner
planes, but plated through-holes are used to connect the two wiring layers.

2S52p This cross section adds internal layers, typically for power and ground planes.
Although defined as two signal and two power planes, all layers can be used for
signals or any combination of signals and power.

Fig.15-1 Schematic representations of various laminate cross sections commonly utilized for PBGA
chip carriers: (a) 1SOP, (b) 2S0P, and (c) 2S2P.
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580 15  Plastic Ball Grid Array

which are well suited for wire bonding [8],
such as memory packages. However, flip-
chip PBGAs are progressing into the market-
place in packages requiring superior elec-
trical performance and to manage high I/O
counts. -

15.2.4.1 Chip-up, wire bond/flip chip The
chip-up PBGA module consists of a substrate
on which a die is attached to the ‘top’ surface

Die

Through Hole

\
N

a) Chip Up, Wire Bond

=

Die

b) Chip Up, Flip Chip

Wire-bond
c¢) Cavity Down, Wire-bond

AN
Encapsulam/
Die

Wire-bond

d) Tiered Cavity Down, Wire Bond

and the BGA to the ‘bottom’ or opposite sur-
face, as depicted in Figs. 15-2a and b: The
interconnection can be either wire-bond or
flip-chip. Since the die does not constrain the
solder ball array surface, chip-up modules can
be constructed with a full area of solder ball
interconnection to the card or board and can
support a higher number of module-to-card
interconnections than an equivalent size and
pitch cavity down module.

/ Encapsulant

Wire-bond

< Substrate,

“*~" Solder Ball

/ Encapsulant

Solder Ball

¢ Solder Ball

/Sﬁﬁener

R Substrate -
" Solder Balls

/Sﬁffener

Substrate
« Solder Balls

Fig. 15-2 Schematic representations depicting the construction of several common PBGA module
types: (a) chip-up, wire bond; (b) chip-up; flip chip; (c) cavity-down; and (d) tiered cavity-down wire

bond.
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15.2.4.2 Cavity-down, wire bond/flip chip
Cavity-down components are constructed
with the die attached to the same side of the
module as the BGA solder balls, as shown in
Figs. 15-2¢c and d. Since the chip, the inter-
connection between the chip and substrate,
and the card interconnection are all on the
same side, height restrictions must guarantee
that the encapsulation over the device does
not interfere with the reflow of the solder ball
array to the card. In order to avoid this prob-
lem, the die is recessed into a cavity formed
by the laminate and metal stiffener which is
attached to the back side of the module, and
is depicted in Fig. 15-2c. .

Single tier cavity-down modules connec
all wire-bonds to the same plane, or tier. This
single tier is the same surface to which the
solder ball array is attached. Multi tier mod-
ules have internal steps to which wire-bonds
are connected, as depicted in Fig. 15-2d.

Wire bond/flip chip features. Wire-bond

- designs require encapsulation, either dis-

pensed or molded, to protect the wires
and the chip from damage after assembly.
Flip-chips are underfilled to enhance solder-
joint fatigue life because without under-
fill the joints experience strains that result
from the CTE mismatch between the die
(silicon, 3 ppm/°C) and the plastic carrier (16—
21 ppm/°C). The underfill also provides
mechanical and corrosion protection.
Thermal dissipation. Although heat dis-
sipation is constrained with chip-up wire-
bond packages because of the plastic en-
capsulation used over the die, it is possible
to use balls under the die or a heat slug
which is molded into the plastic to improve
thermal performance. Thermal concepts are
discussed in Section 15.7 of this chapter.

15.2.4.3 Variations between cavity sub-
strates - Cavity down products can only be
used for wire-bond application because the
area to mount the chip in a flip-chip appli-
cation is physically removed from the sub-
strate. In other words, because the die is con-
nected directly to the stiffener in the cavity
down module, the flip-chip I/O would be

shorted at assembly, rendering the module
useless.

Single tier cavity. The single-tier cons-
truction is the least complicated cavity-down
substrate. It consists of a laminate base with
a hole in the center for die placement which
is back bonded to the metal stiffener with
an adhesive. The laminate can have single or
multiple circuitized layers (1SOP, 2S0P, 2S2P,
etc.). In order to accommodate the wire-
bonds, fine bond finger spacing is required.
Although the single-tier, cavity-down sub-
strates are less complicated to construct than
multi-tier substrates, they suffer from the dis-
advantage of less flexible signal wire routing
because it is difficult to cross wires to resolve
wiring conflicts.

Multi-tier cavity. A multi-tier, cavity-
down substrate is constructed using multi-
ple circuit layers laminated in such a fash-
ion as to have a set of “steps” leading out
of the cavity on which the bond fingers are
placed. The construction of the multi-tier cav-
ity down substrate allows very elegant signal
wire routing because each layer of the pack-
age can be designed nearly independently
of the other, with the only constraint being
plated through hole placement which con-
strains wiring channels. For example, unlike a
single-tier substrate where the wiring pattern
is typically designed to follow the columns
formed by the BGA grid, a tiered-cavity sub-
strate design can be wired either utilizing the
columns or the rows defined by the grid. If
a suitable number of layers is used, it is also
possible to mix the wiring pattern, combining
the use of both columns and rows. Figure 15-3
illustrates some of these wiring advantages.
An additional advantage of tiered-cavity
substrates is that a fine-line technology is
not necessary to provide a fine-pitch, wire-
bond capability. For example, if a single-
tier substrate provides a wire-bond pitch of
eight mils, a 2-tier substrate could effec-
tively provide a 4-mil pitch, 3 tiers a 2.66-mil
pitch, and so on.

15.2.4.4 No cavity, flip chip down No
cavity, chip-down PBGA packages place the

EX. 1004 - Page 7
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a) single-tier cavity

Die

b) multi-tier cavity

Fig. 15-3 Schematic depiction of substrate wiring using columns and rows. (a) Single-tier cavity using

wiring in columns, 1-wires in columns, 2-printed circuitry, 3-chip carrier bond fingers, and 4-wire-bonds
, and 5-die bond pads, (b) Multi-tier cavity using wiring in rows, 1-wiring in rows, 2-surface wiring,

3-internal wiring, 4-top surface bond fingers, 5-bottom tier bond fingers, and 6-die bond pads.

die on the same side of the laminate as the
BGA solder balls. Chip-down designs with-
out a cavity are not currently feasible because
the total height of the die, wire bonds or sol-
der ball array mounting the chip, and encap-
sulation of a bonded die would exceed the
height of the BGA solder balls.
Cavity-down substrates are typically ther-
mally enhanced through the use of a stiffener
whichis attached on the top surface of a BGA
carrier (Fig. 15-2). The primary purpose of
the stiffener is to provide a flat rigid surface
to mount the die, and it also serves as a heat
sink because it typically is fabricated of metal.

15.3 PBGA Chip Carriers
15.3.1 Single-Layer Carriers
Single-layer substrates utilize a 1SOP cross

section with the die mounted on the same
side of the substrate as the circuitry [9]. A

trade off must be made between power dis-
tribution and signal count since both power
and signal circuitry compete for the available
metal on a single layer. Power connections
in single-layer designs are normally placed
at the corners of a substrate maximizing the
metal available to carry current to the device.
However, in consideration of the substrate
size, applications with low signal counts may
utilize power connections in places other than
the corners.

15.3.1.1 Wire bonded and flip-chip pack-
ages The term “cavity-down” is utilized
for single-layer substrates because the chip,
which typically is wire bonded, has a chip cav-
ity on the solder-ball side of a laminate. The
cavity provides the necessary height to escape
the wire bonds and is filled with an encapsu-
lation material without exceeding the allow-
able JEDEC-standard defined height. Appli-
cations using a flip-chip die can not have a
cavity because the chip interconnect requires
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that the substrate wiring be available directly
underneath the chip. However, as stated
in Section 15.2.4.4, height constraints pre-
vent this configuration from being a practical
application.

Wiring for wire-bonded die. Most 1S0P
wirebond designs use a single contiguous
ground ring with a segmented power ring.
Multi-voltage designs either separate vol-
tages by quadrant, or provide power buss-
ing (not necessarily located at the corners of
the substrate) to satisfy power requirements.
Signal wiring on a 1SOP substrate is also con-
strained. The wiring is ‘point to point’ and
wire crossing is not allowed. As depicted in
Fig. 15-4, wiring conflicts (i.e., wires that ap-
pear to cross in a single plane) can sometimes
be resolved by designing wiring that loops
behind bond fingers, escaping between other
bond fingers where necessary, or by loop-
ing around BGA pad locations, allowing sig-
nal wires to reenter a wiring channel from a
different direction.

Use of an area array chip interconnection
(flip-chip) may help to resolve some of the
wiring conflicts because obstructions created
by bond-fingers are no longer present in the

design. However, poor placement of signal
1/0 on a flip-chip die may create the need
for wiring underneath the die to resolve the
wiring conflicts.

Wiring for flip chip die. The substrate de-
signer can use techniques discussed regard-
ing the wiring for wire-bond die substrates to
resolve signal I/O conflicts. However, area ar-
ray chip interconnection (flip-chip) allows a
more elegant wiring solution because wiring
may very easily be routed underneath the
die to escape where it is required. Just like
the wire-bond solution, the ability of the sub-
strate to resolve numerous conflicts is limited
because of the single wiring layer being used.

15.3.2 Two-Layer Carriers

Two-layer carriers can be used in either
a cavity-down.or chip-up configuration. In
cavity-down applications, the second layer is
typically used as a power plane, although sig-
nal wiring can also be placed on that layer.
Use of the second layer as a power plane
significantly improves the ability of a cavity-
down substrate to provide superior power

a

Fig. 15-4 Schematic which illustrates signal trace routing methods used to resolve the wire-crossing
issue. (a) The signal trace is looped behind bond fingers. (b) The signal trace is routed around a PBGA

I/O pad. (Courtesy of IBM Corporation).
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performance compared to a 1SOP design. This ~ are required for signal wiring. Figure 15-5 distribut
is because the entire surface area of the sec- illustrates some wiring typical of cavity-down wiring ar
ond plane can be allocated to the power and chip-up, two-layer laminates. istics bec
distribution, unlike the single layer design in the chi
where the power distribution typically has . signers tc
less than ten percent of the available area. 15.3.3 Four-Layer and Greater Carriers tiple volt
Chip-up designs also carry power on the sec- nals betw
ond plane, but in a much more constrained Four (or greater) layer substrates of- card desi
fashion because both sides of the substrate fer the greatest enhancements for power concerns
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ng. Figure 15-5
lof cavity-down
ates.

distribution, the greatest flexibility in signal
wiring and better heat-distribution character-
istics because of the increased metal content
in the chip carrier. These substrates allow de-
signers to manage power distribution for mul-
tiple voltages, to cross wiring, by moving sig-
nals between layers similar to standard circuit
card designs, and effectively manage thermal

concerns.

or Carriers

substrates of-
nts for power

15.3.4 Wiring Technologies

15.3.4.1 Subtractive  technologies The
least complicated and least costly wiring
technology available for PBGA applications
is a standard subtractive copper-etch process.
The process is one where a circuit card is
chemically coated with a photosensitive ma-
terial, exposed to an image and subsequently
developed. The development process re-
moves unwanted copper from the circuit
card leaving the desired circuit traces. This
is the same process used for standard cards
and boards and capable of easily circuitizing
3.5mil line widths and spaces. Some manufac-
turers subtractive-etch variations can provide
features less than 3.5 mils. The current tech-
nology limit is 0.7-mil lines and 1.1-mil spaces.

15.3.4.2 Additive technologies Additive
technologies, are those that define circuit fea-
tures by utilizing methods that add metal such
as plating on to a laminate carrier rather
than etch it away. Additive methods typi-
cally provide finer line widths and spaces
than subtractive technologies, although some
manufacturers have mastered low-cost, fine-
line subtractive processes. Additive tech-
nologies use the same plated-hole structures
that subtractive technologies do, but has the

15 Plastic Ball Grid Array

Table 15-3 Comparison of PBGA chip carrier wiring technology attributes. (Dimensions in mils)

585

advantage of providing designs with a large
number of holes the benefit of using finer
lines to simplify routing signal lines.

15.3.4.3 Build up technologies Build-up
technologies, such as IBM Corporation’s Sur-
face Laminar Circuitry (SLC ™) which is dis-
cussed in Chapter 7 of this handbook, provide
the designer with the ability to easily escape
areas of dense circuit wiring using small di-
ameter blind vias enabling dense flip-chip de-
signs [10,11]. This is made possible by apply-
ing layers of thin film dielectric and metal to
both sides of a standard laminate core. How-
ever, the thin film dielectric material typically
has a lower glass transition temperature (Tg)
which makes wire-bonding more difficult be-
cause the plastic can soften as a wire connec-
tion is being made. However, this technology
has found many applications in the flip-chip
attach arena.

15.3.4.4 Flex technologies Substrates
constructed of flexible tape (e.g., Tape Ball
Grid Arrays, Chapter 16) are not generally
considered to be ‘plastic’ products.

15.3.4.5 Emerging  technologies Other
“plastic” technologies presently emerging
using Teflon™-based core materials are
discussed later in this chapter.

15.3.4.6 Advantages of different wiring
technologies The various PBGA chip car-
rier wiring technologies are summarized and
compiled in Table 15-3.

15.4 Wire Bonding Considerations

There are numerous substrate design
factors that must be considered in the case

Via Land Bond-finger
Line Width Diameter Diameter Pitch
Method Cost " min typ min typ min typ min typ
Subtractive Low 0.7 35 6 12 12 18 5 8
mnd bottom Adfiltlve Medlum 1.5 2.5 6 12 12 18 6 6.5
). Build-up High 2 2.5 3 5 5 8 6 7
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of wire-bond packages. These considerations
include questions about wire-bond length,
wire loop height, x-ray or visual inspections,
crossing but non-shorting wires, and wire-
bond assembly angles to cite a few. All of
these considerations require design tradeoffs,
where the optimization of one factor causes
deoptimization of others.

15.4.1 Geometric Effects

Wire-bonds connecting a silicon device to
a substrate exist and function in three dimen-
sions. Most design systems depict wire-bonds
in two dimensions, but some performance op-
timizations can only be made if the design
takes into account three-dimensional effects
that improve electrical performance (e.g.,
substrate layout that shortens wire-bond
lengths). The drawback to three-dimensional
optimization is that visual-inspection pro-
cesses, such as x-rays, no longer function ade-
quately because the bond wires appear to be
shorted in a two-dimensional representation.
The following sections illustrate the tradeoffs
available to designers for various die pad and
bond finger patterns.

15.4.1.1 In-line wire bond patterns A sin-
gle row of wire-bond bond-pads around the
perimeter of the die forms the in-line wire-
bond pattern. This pattern, unlike staggered
patterns, provides the substrate designer the
greatest amount of design flexibility because
the single radial pattern of wire-bond wires
will not interfere with each other in the “Z’
direction.

Wire lengths. The in-line wire-bond pat-
tern is the most flexible substrate design, but
has the disadvantage of having the longest
signal wire-bond wires and sharpest angles
connecting to pads located at chip corners.
The length of a signal wire-bond wire is de-
termined by placing the row of bond fingers
on the arc formed between the radials from
the chip corners which define the maximum
assembly angle, as shown in Fig. 15-6. De-
pending upon the ground rules established
for assembly, the radials defining the arc can

b O0NAmAOrn Nde—g

.
e %FJE/A\

Fig. 15-6 Schematic representation of the maxi-
mum wire-bond length and assembly angle for a
die with a single row of bond pads and a lami-
nate with a single row of bond fingers: (a) die,
(b) 45-degree angle, (c) single row of bond pads,
(d) maximum assembly angle radial, and (e) single
row of bond-fingers.

be up to 45 degrees off the perpendicular line
defined by the chip edge. The actual length of
a signal wire is controlled by the total num-
ber of signal connéctions and the pitch of the
bond fingers. For example, the length of a wire
for a product with 74 signals per quadrant
will vary from 72 mils (ignoring power and
ground rings) for a 5.1-mil bond finger pitch
to 258 mils for a 8-mil bond finger pitch, as-
suming an assembly constraint of 35 degrees,
as depicted in Fig. 15-7.

Loop heights. Loop heights are generally
not a concern with in-line patterns because
power and signal wires are not in close prox-
imity. X-ray inspection is also not of concern
because the design will typically show wires
clearly side by side. This happens because
each wire-bond wire is next to its neighbor in
the X-Y plane and does not cross any other
wire. The result of this design concept is a
pattern that resembles a hand held fan.

15.4.1.2 Staggered wire bond patterns

Substrate pattern. The width of a sub-
strate bond-finger trace is significantly larger
than the width of a circuit line trace. A
bond-finger width requirement is put in place
to provide a guaranteed minimum flat sur-
face on which to connect a wire-bond. How-
ever, the fingers can be staggered to decrease
the effective bond-finger pitch of a pattern,

Fig. 15-7
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Fig. 15-7 Example of the effects of bond-finger
pitch on wire-bond length using the following as-
sumptions: 35-mm body size with 1.27-mm BGA
grid, 74 signals per quadrant, 60 micron effective
off-die wire-bond pitch, 7.5-mm physical die size,
and maximum 35 degree assembly angle. The vari-
ous conditions represented are: (a) 15-mm arc for
256 mil wire, (b) 12.2-mm arc for 161 mil wire,
(c) 9.6-mm arc for 72 mil wire, (d) arc for 8-mil
bond-finger pitch, (e) arc for 6.5-mil bond-finger
pitch, (f) arc for 5.1-mil bond-finger pitch, (g) chip,
(h) ground ring, (i) voltage ring, and (j) maximum
assembly angle from orthogonal. The combina-
tion of a ground ring and voltage ring defines the
absolute minimum wire-bond wire length for sig-
nals. For example, if the space from the die to the
first ring is 20 mils, each ring is 20 mils, and the
space between rings and rings to bond fingers is
5-mils, the resultant minimum signal wire length is
70 mils.

thereby utilizing a narrow wire alternately
with bond fingers to calculate the total arc
requirement. This is illustrated in Fig. 15-8
where a pattern with a 8-mil bond finger pitch
is reduced to an effective 7.3-mil pitch. In
this example, the bond fingers are assumed
to be a minimum of 5-mils wide, with a 3-mil
space between the fingers, and 3-mil line trace
width. Utilizing a staggered pad pattern in
the example (Fig. 15-8) results in reducing
the overall pattern width 8 percent in this
case.

Chip pattern. Similar results are ob-
tained if a staggered bond-pad pattern is uti-
lized on a die. Silicon designers are steadily
decreasing device feature sizes to increase

Wb 1

(@)
__—‘ (b) (———

Fig. 15-8 Schematic comparison of in-line and
staggered bond fingers. (a) The inline pitch is de-
fined using one bond finger and the space between
bond fingers. (b) The staggered bond-finger pitch
is defined using one bond finger, the line between
bond fingers and spaces that separate the line from
the bond fingers and dividing the resultant dimen-
sion by two. If the bond finger is 5 mils, then the
lines and spaces are 3 mils respectively, the resul-
tant pitch of (a) is 8 mils and (b) is 7 mils.

— ! (@) |=——

I/O count and minimize chip size. Package
assemblers, however, desire to maintain the
passivation opening over the die pad as large
as possible to provide the largest diameter
wire possible to optimize both the electrical
and mechanical properties of the wire. Us-
ing a staggered pattern reduces the effective
pitch and allows a larger passivation open-
ing similar to the substrate case shown in
Fig. 15-8.

Considerations. Although staggered
wire-bond patterns aid in easing the pitch
density, they significantly complicate the
design of a substrate and increase the diffi-
culty of package assembly. Additional loop
heights are necessary if a staggered pattern is
utilized on either a die, chip carrier, or both,
as illustrated in Fig. 15-9. A design advantage
but also a visual inspection drawback, is
the ability to cross wires using the ‘Z’ axis.
This is possible because of the difference
in assembled wire heights as depicted in
Fig. 15-10.

15.4.1.3 Wire-bond lengths Substrate de-
signs strive to minimize wire length to
enhance electrical and mechanical effects.
Wire-bond wire adds greater inductance and
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Fig.15-9 Schematic depiction of wire-bond loop
heights for several conditions: 1) in-line die bond
pads and bond fingers, 2) in-line die bond pads
and staggered bond fingers, and 3) staggered die
bond pads and staggered bond fingers. The indi-
cated features are: (a) die, (b) substrate, (c) ground
ring, (d) voltage ring, (¢) the signal bond-finger(s),
(f) the wire bond wires and (g) the second row of
staggered die bond pads.

resistance per unit length than substrate cir-
cuitry (see Section 15-8). Also, longer wire-
bond wires are more flexible therefore sub-
ject to droop, and sweep when encapsulated.
Excessive wire movement can cause electri-
cal shorting, or breakage resulting in an open
circuit. However, using techniques, such as
staggered patterns, designers can manage the
total length of bond wires.

15.5 Considerations for Flip Chip on
Laminate

15.5.1 High and Dense I/O Requirements

Today wire-bond technology continues to
offer advantages that make it attractive
for the majority of plastic BGA packaging
applications. However, flip-chip, area-array
interconnections can provide a significant
increase in I/O density over wire-bond dice.
Figure 15-11 compares wire-bond and full
area-array, flip-chip I/O counts for various
pitches. The finer the pitch for both types of
interconnections, the higher the I/O counts,
At the same die size, full area-array dice have
a significantly higher I/O count than perime-
ter wire-bond die and at a much larger pitch.
The difference in /O count between area-
array and perimeter-bonded dice increases
with increasing die size.

15.5.2 Flip Chip Laminate Carriers

The use of a laminate chip carrier is
driven mainly by the ability to accommodate
an area-array, flip-chip I/O configuration.

In addition, laminate technologies can offer
finer line densities, thinner dielectric layers,

/2P1 G VIv281s2-

5

b)/‘;zm G ViV2sis2

Top View

Side View

Fig. 15-10 Top and cross-section views of wire-bond examples. (2) Depicts signals crossing as seen in
the top view, and (b) is a signal crossing a power connection as shown in the top view. The cross-sectional
(side) view clearly shows the seperation in the ‘Z’ axis illustrating this does not cause an electrical short.
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1/0 Count
(Thousands)

Die Size without Kerf '(mm) ]

== B0 micron
== 40 micron

© - 80 micron eff wb pitch == 250 micron C4 pitch

=== 200 micron
=== 150 micron

Fig. 15-11 Comparison of the effect of die size on /O count for full area array flip-chip and fine-pitch

wire bond configurations.

and lower - dielectric constants compared
to ceramic chip carriers. Therefore, lami-
nate chip carriers can meet stringent electri-
cal performance requirements which could
previously only be satisfied with ceramic
catriers.

There are many advantages to using an
organic FC-PBGA package. Some of major
benefits of this technology are: improved re-
liability of the card-to-module interconnec-
tion, robust card assembly, robust design for
shipping and handling during manufacturing,
excellent thermal dissipation via a heat sink
attachment to the back of a die, superior elec-
trical performance compared to wire bond-
ing, and being well suited for a high vol-
ume mass reflow module and card assembly
process [12].

There are three segments found in the chip-
carrier marketplace that support flip-chip
PBGA modules. These fall into the categories
of simple carriers; the medium I/O, fine-line
or built-up layer carriers; and high-1/0, high-
complexity carriers. These chip carriers have

various characteristics which make them sui-
table for their applications.

15.5.2.1 Chip-down design, no option
Unlike cavity-down, wire-bond modules
where the die is placed into a recess, the
device on a chip-down, flip-chip module is
mounted on the bottom surface of a PBGA
carrier on the same plane as the solder balls.
If, for example, a module with a 1.27 mm grid
is used with a ball height after reflow that
ranges between 20 to 24 mils, then a thick
chip with a 3-mil high interconnection would
in most cases make contact with the card to
which the module is to be mounted. That is,
accounting for warpage during assembly and
other manufacturing tolerances, a flip chip
will bottom-out on a card. Denser BGA grids
of 1 mm or less requiring even smaller diame-
ters (i.e., lower board-to-component height)
clearly make a chip-down design impossible
to assemble to a card because the chip pre-
vents the solder balls from making contact
with the card during reflow.
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15.5.2.2 Low I/O flip chip carriers Low
1/O chips typically have fewer than 200 in-
terconnections and can be attached to chip
carriers whose circuitry is achieved utiliz-
ing subtractive techniques (Section 15.3.4.1
Subtractive Technologies). Typically, perime-
ter I/Os, or perimeter I/Os with a center
power core can be supported with these sim-

15 Plastic Ball Grid Array

required for the technology used to design
the substrate.

This type of design is geared for low I/O ap-
plications since the space between pads ded-
icated to the chip-to-module interface is not
sufficient to support wiring between pads. For
example, a 4-mil wire which requires a 4-mil
space cannot fit into a 5-mil space between

or build~
the case ¢
lines can
lines can
of Cds i
maintain
met. Bui!
of wider

ple substrates. For example, a 10-mm die us- pads which is formed when flip-chip solder top of th
ing a 250-micron interconnection pitch off joints use a 5-mil pad on 10-mil centers. This tion of fi
die and a 1-mm kerf can support 32 I/O per is depicted in Fig. 15-12 at arrows g and h. used, five
side, or 128 total I/O in a single perimeter h,ZCd',EO].
row (Fig. 15-12). Up to 120 additional power  15.5.2.3 Medium I/O flip-chip carriers citedin ¢
I/O can be supported inside the outer row, The ability to escape both signal and power depopul:
depending upon the number of voltages connections from underneath a flip chip is area arre
required and via and land ground rules greatly enhanced by the use of either fine-line /0 tg ine
caped wi
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; pads to allow a wire to pass )

‘ Fig. 15-12 Schematic representation of a highly depopulated low density flip-chip footprint. (a) The Fig. .15'1
i chip outline. (b) The outer row of I/O pads. (c) The inner (power) I/O pads. (d) Defines the allowable outline. (
! area for vias used to connect to power bussing. (e) Multiple I/O connect to individual vias beneath the which ca
i die because the vias are too large for a 1:1 ratio. (f) A limited number of signals can also escape using gsed to

| the path underneath a die, however power performance may be degraded. (g) Depicts 4-mil wiring on Intercon

i 4-mil spaces. (h) Highlights where the wiring contraint occurs. between
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or build-up technologies (see Chapter 7). In  wire technologies, which place wires side-by-
the case of fine-line technologies where 1-mil  side on the surface of a chip carrier must sup-
lines can be circuitized with 1-mil spaces, 2 port ground rules which assures circuitization
lines can be escaped between the outer row of pad and wiring features without interfering
of C4s if other design constraints, such as with each other.
maintaining protective coating tolerances are
met. Build-up technologies allow the escape 15.5.2.4 High I/O flip-chip carriers Ad-
of wider lines by stacking these lines one on  vanced materials and manufacturing tech-
top of the other. If, for example, a combina- nologies allow plastic substrates to provide
tion of fine lines and build-up technologiesis full or nearly full area array flip-chip inter-
used, five or six perimeter /O rowscanbe uti- connection capability. Not only are fine lines
lized. For example, in comparison to the case  and multi-layer chip carriers used, but small
cited in the previous section, again utilizinga drilled holes, quite often formed using laser
depopulated chip (i.e., perimeter versus full drilling techniques, are combined to provide
area array) allows the number of perimeter an application with full signal I/O wiring es-
I/O toincrease from 128 to 624 I/O canbe es-  cape. The materials currently used typically
caped without using drilled vias assuming a  are teflon™ based.
six perimeter row implementation, as shown Escape from underneath a die using small
in Figs. 15-13 and 15-14. vias is similar to the escape of card to the
Build-up technologies which use microvias  escape of chip-carrier interconnections to
allow wires to be stacked on the surface of a  a card. The pattern consists of a short wire
chip carrier and routed between chip pads. from a chip pad to a via, forming a structure
This structure is detailed in Chapter 7. Fine with a dog-bone like appearance. Peripheral
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Fig. 15-13 Schematic representation of a depopulated high density flip-chip footprint. (a) The chip
outline. (b) The I/O pad matrix. (¢) Defines the allowable area for vias used to connect to power bussing
which cannot escape with surface wires. (d) Depopulated center portion of the chip. (e) Depicts vias
used to escape power and signals from the chip side to the BGA side of the chip carrier. (f) chip
interconnections. (g) BGA solder balls. Fine wiring or wiring on build-up layers allow signals to escape
between the chip pads, unlike the wiring depicted in Fig, 15-14.
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Fig. 15-14 Schematic representation of signal and power escapes underneath the die depicted in

Fig. 15-13.

interconnections can be escaped using sur-
face wiring as depicted in Fig. 15-15.

15.5.3 Design Advantages Using
Flip-Chip PBGAs

In order to eliminate the shortcomings of
wire-bonded plastic BGA-like chip-carriers,
such as constrained wiring or reduced
electrical performance, the use of flip-chip

oee

Chip Interconnect Pads —
Vias

Fig. 15-15 Schematic representation of connec-
tions to vias with a dog-bone-like appearance.

die-attach can be used as a solution. Chip Car-
rier wiring improvements are accomplished
when obstructions caused by wire-bond rings
and fingers are eliminated. Power distribu-
tion is improved by eliminating the inductive
component of a wire-bond from the die-to-
substrate interconnection. A potential side
benefit is the reduction in chip-carrier size
since the area reserved for wire-bond fea-
tures can be eliminated.

15.5.3.1 Fine chip-carrier wiring for flip-
chip designs A designer can accomplish de-
sign requirements which are not possible
or very difficult to accomplish using wire-
bond technologies using medium or high
I/O flip-chip, chip-carrier designs that uti-
lize fine wires or multi-layer technologies.
For example, using a die which has bussing
that is divided across two or more quadrants
(Fig. 15-16), a design can be implemented
which places the bus signals into a contigu-
ous region in one area of the chip-carrier by
routing the signal wires underneath the die so
that they can be combined with the remainder
of the signals forming the bus. This cannot
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Module Edge ———————#]

Die Wiring Bottom Side

)%\
Chip Interconnection [
to Chip Carrier
o Chip i;*o‘
. O—
I
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[——
Wiring from Four Chip Quadrants
Exiting from Two Quadrants

Fig. 15-16 Schematic representation of wiring

from multiple chip quadrants escaping to form a
single bus on a chip carrier.

be accomplished with cavity-down, wire-
bond packages and impractical with chip-up,
wire-bond packages because of bond finger
and ring obstructions, and a lack of sufficient

" substrate for wiring in the cavity case.

15.5.3.2 Other advantages Additionally,
matched impedance, construction of equal
length wiring for differential pairs, and mini-
mized total wiring length are enhanced when
using flip-chip designs. For example, as de-
picted in Fig. 15-17 a flip-chip die mounted
on a chip-carrier using solder ball connec-
tions can have a wire length measuring ap-
proximately the thickness of a laminate cross-
section when the via connecting the top and
bottom surfaces is directly adjacent to flip-
chip and BGA attachment pads. Of course,
longer wire lengths result when the BGA pad
location is not directly underneath nor adja-
cent to the die.

Flip-Chip Solder Ball
/ Chip Carrier Pad

PBGA
/

BGA Solder Ball
Fig. 15-17 Schematic representation of mini-
mum wire length between a flip-chip solder ball
and BGA solder ball.

Die

\ Differential

Pair Wiring

N
/‘

BGA Pad

/

Die Pad
PBGA Outline —#~
Fig. 15-18 Schematic representation of equal

length differential pairs constructed on a chip car-
rier with a flip-chip die attachment.

15.5.3.3 Differential  pairs Differential
pairs can be constructed in a similar manner
to that shown in the example above, or, if
PBGA sites are not located underneath or
adjacent to a die, using chip carrier wiring.
The wiring length can be precisely controlled
because the flip-chip interconnects are
assumed to be “next-door-neighbors” as well
as the PBGA I/O solder joints to a card. Vari-
ations in wire-bond lengths are eliminated,
resulting in a pair of wires whose length dif-
ference is approximately one-mil (Fig. 15-18).

15.6 Assembly Process Flows

It is important to understand the basic dif-
ferences in construction of various laminate
and module configurations so that the proper
technology choices are made for a desired
module application. The following sections
show some typical process flows, and indicate
differences between various options.

15.6.1 Laminate Processing

The chip-up laminate construction
(Fig. 15-19) provides the basic structure for
either a chip-up or cavity-down chip carrier.
15.6.2 Module Construction

The assembly process flow for wire-bonded

modules (Fig. 15-20) is different than flip-chip
bonded modules (Fig. 15-21).

EX. 1004 - Page 19




594 15 Plastic Ball Grid Array

Laminate center core
(includes copper foil if inner planes are required)

Circuitize core (if required)

Laminate (core, external layers, copper foif)
Drill and plate through holes

Circuitize external fayers

Plate barrier metal
(for wire-bond or flip-chip attachment)

Apply protective coating
Fig.15-19 Laminate manufacturing process flow.

15.7 Thexrmal Performance
15.7.1 Chip Up

15.7.1.1 Wirebonded packages The cons-
truction of a chip-up, wire-bond PBGA is

Die attachment
- to chip carrier
Wire-bond

a) Single pass
-around die, single row of die bond pads

b) Double pass
-around a die, staggered die bond pads
-first pass connects pads from the outer
row of bond pads
-second pass connects inner row of
bond pads.

Encapsulation

A. Glob top:
a) Encapsulant dam deposition

b) Application of encapsulant over
die and wire-bonds

L

inherently resistive thermally because the
die is totally surrounded by plastic, which is
a thermal insulator. The addition of BGA
component-to-board interconnections and a
number of thermal vias connected to these
BGA connections directly beneath the die
improves the thermal performance of chip-up
modules by providing a metallic conductive
path from the heat source (i.e., chip) to escape
to the card. Typically, the majority of the heat
from chip-up PBGAs, especially those with
thermal balls, is transferred to the card and
not the air surrounding the module for dissi-
pation. Some manufacturers have proposed
the addition of a heat slug to the chip en-
capsulation for wire-bond products. This slug
is mounted close to but not in contact with
the device to prevent damage. Also, the slug
must be designed to avoid contact with the
wire bonds to prevent electrical shorts.

15.7.1.2 Flip cl;ip bonded packages Flip-
chip PBGA packages, typically chip-up,
often have a metal lid attached to the back

o

B. Overmold:

a) Injection molding of encapsulant over the die
and wire-bonds
-typically only applies to chip-up packages
-vent hole necessatry for cavity-down packages
to escape trapped air

BGA ball attach

Product logo and part number marking

Fig. 15-20 Wire-bond plastic BGA module assembly process flow.
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Deposit low-melt solder on carrier pads
(necessary for attaching chips with high-melt bumps)

Reflow attach die to the chip carrier
Apply underfill beneath the chip
Attach Cap or heat sink (if required)
Attach BGA solder balls

Product logo, part number marking.

Fig. 15-21 Flip-chip plastic BGA assembly flow.

of the die with an epoxy bond and can provide
thermal performance similar to cavity-down
wire-bond modules.

. 15.7.2 Cavity Down

Cavity-down PBGA modules provide an
enhanced thermal path to remove heat gen-
erated by a die through the use of a metallic
lid which also serves as a heat spreader. In
a standard cavity-down PBGA construction

the die is directly attached to the lid via an
epoxy filled with metallic particles to en-
hance the package’s ability to draw heat
away from the chip. The combination of
transferring heat to a card, and dissipation
from the lid to the atmosphere combine to
provide cavity-down PBGA modules a sig-
nificant thermal-performance improvement
over chip-up modules. Cavity-down pack-
ages are utilized in applications where heat
removal is a key consideration. Doing so,
however, may require a large body size be-
cause of the reduced I/O count made nec-
essary to form the cavity on the module
T/O side.

15.7.3 Chip-up versus Cavity-Down
Comparison

Although operating voltages are decreas-
ing for each new generation of silicon, power
requirements are not following proportion-
ately due to an increased number of off-chip
drivers and receivers. Figure 15-22 com-
pares the thermal resistance for various die
sizes mounted on a 35-mm chip-up PBGA to

30
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Fig.15-22 'Thermal resistances for various dies sizes between the chip junction and ambient for 35-mm
chip-up and cavity-down PBGA chip carriers for the condition of no airflow. (Courtesy of IBM Corp.).
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3o Tj Max = 125 Degrees C

Junction Temperature (degrees C)

50
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Fig.15-23 Junction temperatures for chip-up and cavity-down PBGA chip carriers for various power
dissipations. Assumes a 50 degree C ambient with no airflow. (Courtesy of IBM Corp.).

similar devices mounted on a 35-mm cavity-
down carrier [13]. The module is mounted to
a 75-mm square 2S2P circuit card with stan-
dard wiring and no thermal enhancements.
As indicated, the thermal performance of
cavity-down parts is far superior to its chip-
up counterpart for all die sizes considered,
because cavity-down configurations provide
a greater thermal-dissipation capability in
PBGA packages [13].

15.7.3.1 Die maximum junction tempera-

ture The thermal advantage of a PBGA

cavity-down package over a chip-up pack-
age is further illustrated in Fig. 15-23, which
was generated by taking the average theta
j-a for each package in Fig. 15-22 and plot-
ting the junction temperature as a func-
tion of chip dissipation. This allows for a
comparison of maximum die junction tem-
perature (Tj) between chip-up and cavity-
down PBGA packages for any die thermal
dissipation. For example, a 125°C junction
temperature is quickly exceeded at about
2.5 watts for a chip-up package, while 5 watts
can be dissipated by a cavity-down pack-
age without forced airflow. At 200 linear
feet per minute airflow, a 35-mm cavity-down
package, in the application defined above,
can dissipate up to 8 watts without a heat
sink. .

15.7.4 Use of Heat Sinks

The use of heat sinks to help dissipate the
power generated by a die is suggested for ap-
plications where the maximum allowable de-
vice junction temperature will be exceeded.
Heat sinks lower the thermal resistance in all
cases except where the system is thermally
saturated. Thermal saturation is defined in
this case to be the situation where heat can
no longer be expelled into the environment
due to an excessive ambient temperature or
excessive system thermal resistance or insula-
tion which prevents proper heat dissipation.

15.7.4.1 Interface integrity vs. reworkabil-
ity Heat sinks can be attached to modules
through the use of an adhesive, clips or other
external means. Adhesively attached heat
sinks have the advantage of a superior heat-
transfer capability because the interface is
mechanically consistent and not changed by
card warpage, clip fatigue or other mechani-
cal factors. The disadvantage is that in most
instances modules cannot be removed for
card rework if a heat sink has been adhesively
attached. However, systems utilizing heats
sinks which are not permanently attached,
such as clip attachments, suffer from an in-
terface contact which is less predictable, thus
the potential for a lower and less stable rate
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Table 15-4 Comparison of signal densities for various wire-bond and flip-chip pitches

Wire bond pitch 115 microns 92 microns 58 microns 40 microns
Percent signals 85 " 80 75 67

C4 pitch 250 microns 225 microns 200 microns 150 microns
Percent signals 82 80.5 79 77

of heat transfer, but can be easily removed to
facilitate card rework.

15.7.5 Modeling

When conducting thermal modeling note
that most published thermal-resistance data
of PBGA modules is based upon attachment
to a 75Smm x 75mm square 2S2P circuit card
or a JEDEC-defined 104-mm square card.
Differences in thermal resistances calculated
using the two models are negligible for chips
over 10 mm in size and can be ignored in most
situations. Applications involving a smaller
card area, smaller chip, or different card cross
section compared to the standard models
need to take these factors into account. The
effective thermal resistance of a module in-
creases as the card area decreases from the
standard 75-mm square size, and card cross-
sectional thermal conductivities change rela-
tive to a 2S2P cross-section.

15.8 Electrical Pexformance
15.8.1 Wire Bond or Flip Chip Die

An important factor in the decision of
whether to use wire-bond or a flip chip die of-
ten depends upon the electrical performance
requirements of the package. Existing silicon
technology operates at 2.5 volts with near-
term plans of operation at 1.5 volts. In addi-
tion to this trend, is the increased percent-
age of total power connections on a die, es-
pecially for wire-bonded applications. As a
result of reduced noise margins and lower
voltages additional parallel-power connec-
tions are required to reduce power-supply
source impedance to the chip. As noted ear-
lier die wire-bond connections can pose as
a significant electrical constraint for some

applications. Flip-chip interconnections pro-
vide electrically superior characteristics com-
pared to wire-bonds and necessary for many
high-performance applications. Table 15-4 in-
dicates the relative differences in available
signal densities for various wire-bond and
flip chip interconnection pitches. Flip-chip
interconnections solve the electrical and sig-
nal densities problems.

15.8.2 Effect of Chip Carrier Wiring

Small die connected to large carriers uti-
lizing fine-line wiring experience larger elec-
trical resistances and inductances compared
to smaller carriers due to longer line lengths
and narrow traces. The inductance of wires
in a high-I/O 55-mm module is compared
to a wide-line technology typically used on
smaller modules in Table 15-5. The table
indicates a wide-line solution can not be built
with the same number of signal I/O as a fine-
line solution. It is used only to show the
electrical effects caused by the mechanical
solution [14].

Table 15-5 Net inductance comparison

Electrical 282P Standard
Parameters 282P Fine  Ground Rules
(55 mm module) Pitch Wiring  (Reference)

Zo (Ohms) 79 52

L (nH/in) 13.61 - 8.85

C (pF/in) 2.64 3.73

Line width/space 1.5/1.5 4.0/4.0
(mils)

Wire bond L.

(nH) 4 mm 4 4
short wire nH 53 348
long wire nH 8.6 5.6
Total Net 12.6 9.6

inductance

(long wire) nH
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Table 15-6 Comparison of electrical parameters for several generic PBGA modules
with varying pitches and laminate cross sections

Electrical Parameters

1SOP Fine Pitch ~ 2S2P Fine Pitch ~ 2S2P Standard

Zo (Ohms) 142
L (nH/in) 24.75
C (pFlin) 234
Line width/space (mils) 0.7/12
Wire bond ind. (nH) average 2

100 52
16.38 8.85
264 " 373

0.7/12 4.0/4.0
2 4

The geometry of the solution which con-
trols the electrical characteristics has one
constant and one variable. The constant is
the cross-section used to construct the chip
carrier as the distance between the signal
plane and power plane is pre-defined. The
variable is the line width. Decreasing line
width causes increased electrical impedance,
increased resistance and increased induc-
tance. Although resistance and inductance
are a function of the line width, impedance
can sometimes be controlled by reducing
the distance between the signals and power
plane through the selection of a different
cross-section.

15.8.3 Tables vs Applications

Of particular interest to circuit designers
is the inductance, capacitance and character-
istic impedance of a package. However, it is
important for circuit designers when compar-
ing technologies not to jump to conclusions
regarding the suitability of a package for an
application based solely on electrical char-
acteristics cited in tables. The actual pack-
aging application must be analyzed before

any decision is made. Consider, for example,
the following situation where a designer is
provided electrical parameter data compar-
ing the following substrates: a fine-pitch 1SOP
cavity-down, a fine-pitch 2S2P chip-up, and a
standard (commodity) 2S2P chip-up as listed
in Table 15-6. Note that the wirebond induc-
tance is half for the fine-pitch substrates due
to the shorter wire length compared to a stan-
dard wire-bonded module.

At first glance, the fine-pitch substrates ap-
pear to exhibit poor electrical performance
based on their inductance and impedance
values. However, when comparing electrical
characteristics based upon real applications,
as listed in Tables 15-7 and 15-8, the values
for fine-pitch substrates compare favorably
to standard products. Table 15-7 compares
352-1/O substrates while Table 15-8 compares
672-1/0 substrates. As would be expected, the
2S2P structures provide similar inductance.
If a larger die used on the standard product
(9 mm versus 5.9-mm for a 352 I/O package
and 16.5 mm versus 10.5 mm for a 672 I/O
package) was mounted on the fine-pitch sub-
strates, the total inductance would be reduced
even more because of the shorter overall line
length.

Table15-7 Comparison of electrical parameters for several 352-1/0 PBGA modules
with varying pitches and laminate cross sections

Parameters 1SOP Fine Pitch ~ 2S2P Fine Pitch ~ 2S2P Standard
Package size 27 mm 27 mm 35 mm
Wirebond pitch 60 micron 60 micron 95 micron
Grid pitch 1 mm 1 mm 127 mm
Die size 5.9 mm 5.9 mm 9 mm
Average net length (mils) 261 261 333
Net L (nH) 6.5 43 2.9
Wire bond L (nH) 2 2 4
Total net L (nH) 85 6.3 - 6.9
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Table 15-8 Comparison of electrical parameters
for several 672-1/0 PBGA modules with varying
pitches and laminate cross sections

1S0P 2S2P 2S52P
Parameters Fine Pitch Fine Pitch Standard

Package size 35mm  35mm 45 mm

Wirebond 60 micron 60 micron 95 micron
pitch
Grid pitch 1 mm 1mm 1.27mm
Die size 105mm 105mm 16.5 mm
Average net 325 325 402
length (mils) :
Net L (nH) 8 53 3.6
Wire bond 2 2 4
L (nH)
Total net 10 7.3 7.6
L (nH)

15.8.4 Impedance Matching

With regard to matching impedance on
fine-pitch substrates, the overall line length is
so short that even a high impedance has neg-
ligible effect on reflected noise experienced
by a circuit. However, impedance control
can be provided by sacrificing some substrate
wiring capability as shown in Tables 15-9
and 15-10 which lists the impedance and in-
ductance ground rules for fine-pitch 1SOP
and 2S2P cavity-down -substrates respec-
tively. Impedance control does not affect the
ability to maintain a bond-finger pattern to
support 60-micron off-die wiring.

Table 15-9 Comparison of electrical impedance
and inductance of a PBGA package with a 1SOP
cross section for various fine-pitch geometries

Line width/space  0.7/1.2  1.5/1.8 3.0/3.5
(mils)

Zo(Ohms) 142 135 128

L(nH/in) 24.75 21.73 18.83

15.9 Reliability

Reliability in the electronics industry has
been defined in many different ways from
vague generalities to very precise mathemat-
ical definitions.

Table 15-10 Comparison of the electrical
impedance and inductance of a PBGA package
with a 2S2P cross section for the same fine-pitch
geometries evaluated in Table 15-9

Line width/sp (mils) 0.7/12 15/1.8 3.0/35
Zo(Ohms) 100 79 64
L(nH/in) 1638 1361  10.88

15.9.1 Reliability versus Quality

Reliability here is defined as the ability of a
device or electronic package to performits in-
tended function over the operating life of the
system. Reliability does not require perfec-
tion, but operation within predefined failure
limits, such as at end of life (EOL) or 95% of
the units survive (i.e., not fail) at EOL, or the
failure rate specified as some percentage per
thousand power on hours. The mathematical
treatment of reliability is beyond the scope
of this discussion, but are many excellent
texts are available on the subject. Frequently
“Quality” is used interchangeably with “Re-
liability.” Quality is defined in this chapter as
the ability to meet specified dimensions and
tolerances, or “fit and finish.” It defines how
a part appears or performs when it leaves the
factory. Reliability on the other hand pertains
to how a well a part performs in the field.
To illustrate the difference, consider a hypo-
thetical example of a new lap top computer.
The case is a snappy pewter, better appear-
ance than the standard black offerings, the
screen is bright and easily viewed in direct
sunlight, the keys have a crisp snap to your
finger pressure, the microprocessor flashes up
the required information is fractions of a sec-
ond. However the hard drive crashes every
few months. This is an example of good qual-
ity (materials, workmanship) but poor relia-
bility (functionality).

15.9.2 Bonding in PBGA Packages

15.9.2.1 Wire bonded die For plastic ball
grid array chip carriers, there are two basic
ways to attach a chip to the package. The
most widely practiced method is by wire-
bond, where fine wires individually connect
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chip bond pads to corresponding fingers on
the chip carrier. The chip is typically attached
to the carrier with a conductive epoxy or “die
bond” material. There are two basic wire-
bond designs, a chip-up version where the
device is on the opposite side of the PBGA
solder balls, and a chip-down version, where
the device is mounted on the same side as the
PBGA solder balls. A chip-down device is
usually attached to a heat spreader and capa-
ble of a higher thermal dissipation than chip-
up packages. There appears to be no differ-
ence in performance.

Wire-bond chip plastic carriers have been
produced in various sizes and material com-
positions for many years. Even with the antic-
ipated increase in production volumes of
flip-chip and direct chip attach (DCA) pack-
ages, wire-bond carriers remain the princi-
ple interconnection technology. The reasons
for this are the existing large wire bonding
infrastructure and the fact that wire-bonded
packages can be used for many different chip
designs. That is the same package can ac-
commodate moderate differences in chip di-
mensions, and the assembly process steps are
very well defined. Also, from a reliability per-
spective, packages which utilize wire-bonded
chips are well understood without unknown
failure modes.

15.9.2.2 Flip chip bonded devices For flip-
chip carriers, each package must be uniquely
defined and cannot be used with different size
chips. From a reliability perspective, some
questions require resolution before flip-chip
plastic packages enjoy the same success as
wire-bond modules in standardized stress
tests. Specifically, there is a difference in ther-
mal expansion coefficients between a chip
and the chip carrier. When a device is turned
on, the chip attains a higher temperature than
the chip carrier. Even though a chip has a
much lower expansion coefficient compared
to laminate materials, sufficient strain can
be generated between the two materials to
cause a fatigue failure mechanism to develop.
An underfill material is typically applied be-
tween the die and the chip carrier to greatly
enhance fatigue resistance. The adhesion to
both the die and chip carrier surfaces must

be good in order for underfill materials to be
effective.

From a card-level reliability perspective,
the modulus of an underfill is the most crucial
parameter. The overall influence is so great
that it changes the effective coefficient of ex-
pansion for the area beneath a chip which is
visibly distorted. The stress distribution af-
fects the PBGA solder joints under the chip
outline and causes these to experience pre-
mature failure which is different than ceramic
where early failure occurs in joints located
near the outside edge of a module.

15.9.3 Standard Stress Tests

15.9.3.1 Acceptable approach The wire-
bond PBGA module has been extensively
tested and improved until both the individ-
ual module and the module assembly provide
excellent accelerated stress test results. Be-
cause of the international nature of the elec-
tronics business, a set of standard tests has
been developed to stress packages, and are
generally accepted by producers and users
alike. It should be understood that passing
these tests in not a universal guarantee that
plastic chip carriers will meet all reliabil-
ity requirements over the expected life of a
product. However, given the complex nature
and effort that would be required to evalu-
ate every application individually, standard-
ized testing is a very acceptable solution. The
following tests and test descriptions repre-
sent the standardized accelerated stresses ap-
plied during a module qualification with the
observed criteria for each test [15,16,17,
18,19,20,21].

15.9.3.2 Preconditioning  Precondition-
ing simulates the exposure that a device may
experience including environments without
humidity control prior to card assembly.
When a protective storage bag is opened,
plastic components absorb moisture from
the air. During assembly, the component
temperature is typically 220°C or greater,
releasing moisture very rapidly to produce
steam, which places a severe stress on the
internal structure of a plastic package due
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to the pressure generated. Failures that
occur during assembly are known as “pop
corning”. JEDEC [16] specifications define
tests to determine the sensitivity of products
to unprotected storage conditions. Level 1
[16] allows a component unlimited exposure
whereas Level 6 is the least moisture resis-
tant condition where the component floor
life exposure is generally less than 24 hours.

Module test. All modules should be pre-
conditioned to their appropriate JEDEC
Level prior to any stressing, Preconditioning
consists of drying a component to a base level
then placing the part into a humidity chamber
defined by the qualification level desired. Af-
ter exposure for a specified time period, the
parts are sent through a reflow oven 3 times to
simulate card assembly. Sonoscans are taken
of the module before and after precondition-
ing to determine if any delamination or voids
developed during the test. It is expected that
changes in module condition do not occur.

15.9.3.3 Accelerated stress tests After
preconditioning, plastic BGA-like compo-
nents can be exposed to a variety of stress
tests to determine their ability to withstand
specific conditions.

Pressure pot test. This test is designed to
demonstrate the ability of a component to
withstand very high temperature and humid-
ity. The standard conditions for a Pressure Pot
(PP) test is 121°C for 96 or 168 hrs. This is an
extremely aggressive test, with particular em-
phasis on the integrity of resins, adhesives, or
components that are sensitive to a very hu-
mid environment. Fails normally consist of
blistering or delamination in a package, but
some active devices are adversely affected by
a PP exposure. There has been a trend in the
industry to extend the PP test past 168 hrs to
demonstrate superiority of a specific product
over a competitor. Given the extreme nature
of the test, there is no practical advantage to
do this since a 96-hr exposure is more than
adequate for nearly all applications.

Wet thermal shock. This test is designed
to examine the effect of stresses placed on

package interfaces caused by the expansion
of dissimilar materials. The test consists of
two chambers, one with a high-temperature
liquid, the other with a very low tempera-
ture liquid. The components are cycled be-
tween each, allowing time for the parts to
reach equilibrium while in each bath. The test
has a very high acceleration factor because
the liquids allow a very rapid heat-transfer
into or out of a component or assembly. The
most common stress conditions are —55°C to
125°C although other conditions are given in
the JEDEC A-106. A common failure mode
is at the interface between a silicon device
and encapsulation material. The failure is de-
tected as a Sonoscan void, or less frequently,
as an electrical failure. Electrical failures are
detected as an open circuit where the fail-
ure is a cracked printed wire or broken wire-
bond. The usual procedure for this test is to
electrically test and conduct a Sonoscan on
the parts before test, and electrically test af-
ter 100, 200, and 300 cycles. Sonoscans are
normally performed after the final stress cy-
cle to determine the presence of cracks or
delaminations.

Thermal aging. This test is designed to
determine how both plastic components and
metallic interfaces react to high tempera-
ture. This is normally performed at 150°C
for 1000 hrs, with intermediate readings at
250 and 500 hrs. The test accelerates changes
that normally occur over the lifetime of a sys-
tem under operational conditions. It is often
referred to as the High Temperature Stor-
age Life test (HTSL) and causes degradation
of plastic materials, interface failures due to
poor adhesive, or release of harmful gasses
from plastic materials that attack copper cir-
cuitry. The high temperature condition ac-
celerates metallic diffusion processes such as
tin from eutectic Sn-Pb solder to react with
copper traces. It can also cause aluminum
and gold diffusion at chip ball-bonding in-
terfaces to form a destructive intermetal-
lic compound referred to as “the purple
plague.”

Accelerated thermal cycle test. This test
is a moderated version of the wet thermal
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shock (WTS) test but is usually performed
for 1000 cycles instead of 300. The tempera-
ture conditions are usually the same as WTS
(—55°C to 125°C) although there are some
industry requests for a —65°C to 150°C tem-
perature interval. The ATC test is designed to
address interface integrity similar to a WIS
test. The testing can be performed utilizing
one or two units. The single-unit test, the pre-
ferred method, consists of a hot and cold zone
with an elevator to move test parts between
these zones. Transfer times are very short, so
acceleration factors can be large, and the test
parts are held at the temperature extremes
until they attain a set temperature for a spec-
ified dwell period, then the parts are cycled
to the other temperature extreme. Parts are
electrically tested and a Sonoscan performed
at the start of the test, and at 250, 500 and
1000 cycle periods.

15.9.3.4 Temperature and humidity Elec-
tronic components are exposed to moderate
temperature and humidity conditions with an
applied bias to determine the suseeptibility
for ionic contaminants to migrate between
traces and cause electrical short circuits.

Temperature/humidity/bias (THB). The
standard test utilized to determine resistance
to migration is conducted at 85°C and a rela-
tive humidity (RH) of 85% for 1000 hrs with
the application of an electrical bias applied
at risk sites. A risk site is defined as adja-
cent conductors with a minimum clearance
between them.

Another, more accelerated version of the
standard THB test is called HAST for Highly
Accelerated Stress Test. The usual conditions
for HAST are 130°C at 85%RH for a 96-hour
duration. The normal procedure to conduct a
THB test is to place the devices into a cham-
ber, allow the humidity to stabilize for 24 to
48 hrs, then turn on the bias. Parts are re-
moved from the chamber at set intervals, nor-
mally 250, 500 and 1000 hrs.

Inboth cases it is prudent to utilize current
limiting resistors in a test circuit so poten-
tial failure sites are not blown out. Test cur-
rent should be limited to one micro amp or
less.

Assembly test specifications. In addition
to module testing, it is good practice to eval-
uate the module assembled to representative
cards to evaluate how the PBGA solder joints
perform during standard accelerated thermal
cycle (ATC) testing. The test conditions can
be identical to the module ATC stress, —55°C
to 125°C. The conditions can be reduced to
minimize failure within cards which are not
related to assembly, such as via and inner-
plane connection failures. Electrical readouts
are normally conducted at 250, 500, and 1000
cycles. Some manufactures prefer testing at
a reduced temperature interval but with ad-
ditional numbers of temperature cycles, e.g.,
0°C to 100°C for 3500 cycles. :

Experience has shown that modules may
pass module tests, but fail when the assem-
bly is tested as a unit. The principal assembly
failure location is usually the PBGA solder
joints. It has been determined that normal
assembly practices such as reworking adja-
cent modules on a board, the presence of a
heat sink assembly, and double-sided assem-
bly often have a significant impact on module
solder-joint life.

Card level assembly. This test is normally
performed by initially preconditioning mod-

ules through the required JEDEC stress, then -

passing the packages through two of three re-
flow exposures. The third reflow stressis used
to actually attach the components to a test
card. There are several factors to take into
consideration from a card assembly point of
view.

1. Card similarity-The test card assembly
should be similar to the application assembly
with regard to thickness, construction materi-
als, solder pad design, inner planes, and back
side component simulation.

2. Solder mask-Solder joint fatigue life of
PBGA components is greatly affected by
the use of solder-mask capture pads on the
card surfaces. The solder mask constricts the
solder joint, forming stress-raiser locations
when an assembly undergoes temperature cy-
cling stress conditions.

3. Adhesive-Also, that the adhesive used
to attach heat sinks can greatly reduce
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assembly life because the bonded structure
is much stiffer than a organic-based mod-
ule. This composite structure exerts a greater
shear. force on corner joints causing early
fails.

4. Rework-Rework of adjacent or back-
side components can induce bending stresses
into the assembly that result in a greatly re-
duced product life.

15.9.4 Handling Concerns During Test

During areliability test, module fails can be
induced in an otherwise acceptable compo-
nent by poor handling procedures. Physical
damage can be caused in a variety of ways,
tainting the test result. With the advent of
reduced solder ball pitches migrating from
1.50 mm to 1.27 mm, to 1.00 mm, and be-
low 0.75 mm, solder balls are smaller, bond
pads on components are smaller, the circuits
are thinner and narrower compared to older,
less dense products. Components are becom-
ing increasingly more fragile so care must be
exercised when handling them during stress
tests.

15.9.4.1 Insertion and extraction of mod-

ules fromsockets Cracksin printed circuitry,
encapsulation or in an organic carrier itself

can be caused during the measurement phase

of testing if the carrier is flexed during inser-

tion or extraction from a test socket. The flex-

, ing motion, which is not typical of an actual
i circuit application, is caused when a plastic
BGA-like component is placed into or re-

moved from a socket attachment mechanism

that is not fully in a released position, thus

is forced into or out of a socket. The same

i problem applies when a module is inserted
or removed from a test socket at an angle

(i.e., not parallel) to the action of the socket.

In addition to cracks introduced into a

module by handling, solder balls can be
sheared if the module is not inserted or re-

moved from test sockets squarely. The sliding

motion of the module over a socket can intro-

. duce cracks and may even tear solder balls off
! a PBGA module. The most vulnerable solder
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balls to be sheared in this manner are those
along the module edge.

15.9.4.2 Use of excessive force for retention
intestsockets During qualification testing, it
is possible for solder balls to corrode. In order
to make good electrical connections for the
portions of a test utilized to determine mod-
ule electrical continuity, some test personnel
exert excessive force on a module to drive
the socket test probes into the solder balls.
Excessive force causes plastic chip carriers
to warp and induce cracks in the substrate,
circuit wiring and encapsulation. It can also
cause the stiffener to delaminate in cavity-
down packages.

15.9.4.3 Use of abrasive cleaners for BGA
solder balls The proper procedure for elec-
trical test is to clean the solder balls prior
to electrical tests to ensure good circuit con-
tinuity. However, when the solder balls are
cleaned during qualification testing, abra-
sives such as sand paper should not be used
since solder balls can be sheared due to the
excessive and uncontrolled force applied. In
addition, the use of an abrasive such as sand
paper wears down a solder ball, possibly to
the point where it no longer makes contact
with the socket probe, causing a failure mode
not attributable to the module.

15.9.5 Results of Reliability Testing

The results of reliability testing using a
standard methodology, such as that defined
by JEDEC, provides quantitative data to
determine if a design consistently meets a set
of defined requirements. However, failure to
pass all tests does not necessarily imply that
the module is not suitable for an application.
Various types of failure observed due to
accelerated stress testing laminate ball grid
array products are noted in the following
sections.

15.9.5.1 Fatigue failure Thehighestprob-
ability failure location for ceramic and plas-
tic BGA-like packages differ. For ceramic
BGA-like carriers, solder joints farthest
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Fig. 15-24 Photograph of the solder joint array
side of a flip-chip plastic laminate subjected to ac-
celerated thermal cycle stress testing. Some PBGA
solder joints failed (light appearence) located di-
rectly below or close to the chip outline on the top
side. The chip was underfilled. (Courtesy of IBM
Corporation).

removed from the center fail first because
they obey a distance-from-neutral point (lo-
cation is dependent of temperature, normally
the geometric center) failure relationship.
That is, the farther a solder joint is from
the neutral point, the greater the strain, and
so too the greatest probability for fatigue
failure. The strain is caused in part by the
mismatch coefficients of thermal expansion
(CTE) between a ceramic BGA carrier and
the card to which it is mounted. But, this is
not the case for plastic BGA-like components
since the chip encapsulation and chip itself
can significantly influence the local CTE of
a laminate, especially if the laminate is thin.
Accordingly, for a plastic BGA the package
solder joints most prone to fatigue failure are
those directly below the die outline, as shown
in Fig. 15-24.

15.9.5.2 Laminate degradation  Unlike
ceramic carriers, laminate carriers are not
impervious to the ingress of fluids, includ-
ing water, which can cause degradation es-
pecially under the action of temperature and
electrical bias. When problems occur it is
not unusual that it involves a discontinuity:
resin/fiber interfaces of a laminate, plated
through hole (PTH) interface, intersections
between circuitry, etc. For example, Fig. 15-25
depicts the horizont ¢ cross-section through
a test card used for assembly insulation

Fig. 15-25 Photograph of a flat (horizontal)
cross section of a laminate subjected to a T/H/B
(130°C/85%/3.3V) test. Some fiber bundles were
observed to delaminate from the base resin.
(Courtesy of IBM Corporation).

resistance measurements. Modules were
soldered to a typical card, and the assembly
placed in a test chamber, 130°C/85%RH
with a 3.6 v bias. After 24 to 48 hrs, leakage
was discovered on many modules. Failure
analysis confirmed that the modules were not
failing, but that the leakage was confined to
the test card. Flat (horizontal) cross sections
through the card showed that fiber bundles
delaminating from the base FR4 resin
(Fig. 15-25), probably the result of drilling

parameters. The bundles connect power

planes and through vias. With time and
applied bias, leakage paths develop between
the vias causing a module to register as a fail.

15.9.5.3 Plated through hole related
failures Another laminate-related failure
mode observed is plated through hole
cracks found in carriers and boards that
experience repeated thermal cycles as shown
in Fig. 15-26. The figure is an example of
a cracked PTH in an assembly test card, a
10-layer FR4 laminate, 0.065” thick. A 35-
mm module was assembled to this card and
placed into a —40°C to 125°C accelerated
thermal cycle chamber. Fails were detected
between 750 and 1000 cycles. Failure analysis
indicated that the fails were cracked PTH
connections in the test cards caused by
Z-axis expansion. Failures of this type can
be caused by poor quality copper plating or
brittle copper. The PTH copper ductility is a
parameter that should be specified for and
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Fig. 15-26 Photograph of a vertical cross section
showing cracks in a copper plated through hole
in a test card subjected to an accelerated thermal
cycle (ATC) test. (Courtesy of IBM Corporation).

discussed with a board vendor in applications
where via fatigue due to thermal cycling of a
laminate carrier or board could be an issue.

15.9.5.4 Wire bond die attach issues For
those PBGA-like packages with a wire bond-
ed die, an issue that continues to be important
is the die attachment process, as it for other
wire bonded plastic packages. For example,
Fig. 15-27 is a sonoscan of a cavity wirebond
module showing cracks at the edge of the wire
bonded die. The cracks caused several wires
to sever resulting in electrical test network
open circuits. Subsequent failure analysis
indicated that the delamination and cracks
were caused by excessive die bond material

Fig. 1527 Sonoscan photograph of a wire-
bonded die mounted in a PBGA chip carrier. The
scan indicates delamination and cracking at the pe-
riphery of two edges of the die. (Courtesy of IBM
Corporation).

Encapsulation

b2

Fig. 15-28 Photomicrograph of a vertical cross
section of a wirebonded attachment to a laminate
chip carrier. Excess die bond material formed a
fillet high on the edge of the die (nearly to the top
of the die). Cracks and delamination are indicated.
(Courtesy of IBM Corporation).

squeezing out from under the die, forming a
fillet on the edge of the die (Fig. 15-28) that
very nearly extends to the top of the die. The
delamination is barley visible between the
die bond material and encapsulation. Some
small cracks are seen in the material itself,
most likely due to the difference in expansion
coefficients between die encapsulant and die
bond material. No delamination or cracking
has been identified under nominal die bond
squeeze out conditions.

15.10 Applications

PBGA substrates offer significant advan-
tages over competing quad flat pack (QFP)
technologies. These advantages include
impedance control, power planes and ad-
vanced thermal management. As with any
technology, the advantages can be underuti-
lized, but available for the knowledgeable
designer.

15.10.1 “Simple” Chip Up and Cavity Down
Designs for Wire-bond Packages

“Simple” designs can be defined as those
which can be layed out by a design tool
without human intervention. A net list is
loaded into a design system which provides
a completely wired substrate. Simple wire-
bond package designs mimic quad flat packs
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(to Wire Bond Pad)
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Grdund Bus
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Fig. 15-29 Schematic depiction of a 1SOP layout with electrical shield wires.

and provide a point-to-point wire out. These
packages are typically 1SOP cavity or 2S0P
chip-up designs that generally have power
and ground BGA placement limitations be-
cause of the lack of internal power planes.
Also, wiring is constrained because it must
be routed around the power and ground dis-
tribution. 1SOP packages are the most con-
strained “simple” designs, since power con-
nections are typically required to be placed
on the diagonals in the corners of the module.
The placement of the power and ground con-
nections in the corners maximizes the surface
metallization available for distribution while
minimizing the impact on signal wiring as
depicted in Fig. 15-29.

15.10.2 “Complex” Chip Up and Cavity
Down Designs for Wire-bond
Packages

“Complex” PBGA designs run the gamut
from wires that cross to signal isolation and
multiple wire-bond tiers used to segregate
signal busses. Developments in fine-line
wiring and small hole drilling technologies
have opened the door to nearly uncon-
strained design capability. Obstructions
caused by bond fingers, power and ground
rings, BGA sites on cavity-down packages,
and size of the land surrounding a via are all
design constraints. Complex designs can be
the result of a module-size reduction, such
as a change from a 672-1/0,45-mm module on

a 1.27-mm BGA pitch, to a 35-mm module
on a 1.0-mm BGA pitch. A design shrink,
common in microelectronics, can cause se-
vere wiring and feature congestion. In gen-
eral, complex designs cannot be completed
by an automated design system without the
aid of designer intervention [22].

15.10.2.1 Crossing signal lines Signal
lines that cross can be resolved several ways.
A signal trace can be run behind wire-bond
fingers and escaped between two fingers at
a location which allows access to connect
to the desired BGA site (see Fig. 15-4 in
Section 15-3). A wire can also be run to the
edge of a module and looped around the
outermost BGA site or sites and returned to
the desired BGA site. Yet another method is
to utilize an additional signal layer to cross
over to the desired site. In this case, it is
possible, although not desirable, to use a
power plane to achieve the desired wiring.
Examples of the methods described to avoid
crossing signal lines are also depicted in
Fig. 15-3.

15.10.2.2 Signalisolation Signalisolation
can be achieved several ways. Among these is
to shield the signal using a strip line, or other
similar technique where parallel reference
lines surround the signal to be isolated. An-
other method locates the signal requiring iso-
lation on a separate wiring plane, which can
be a power plane. For example, a tiered-cavity
part can have a signal plane designated for
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isolated signals where strip lines or isolation
could be provided. The simplest approach but
least likely to provide a high degree of sig-
nal isolation from electrical noise sources is
to provide sufficient distances between signal
lines. This is an acceptable approach if there
is adequate space and requirements are not
demanding.

15.10.2.3 Tiers for segregation Tiered-
cavity substrates allow the grouping of busses
on different layers providing the designer the
ability to group signals for optimized card
wiring. These groupings can place the signals
along a module edge, within a specific row or
column, in a block, or within a specified quad-
rant. Obstructions to wiring on a specific layer
are typically not a problem for designers us-

ing this type of package.

15.10.3 Card Level Effects on
Package Design

Problems associated with bus structures on
cards and boards can have animpact upon the
design of the substrate. For example, applica-
tions with pre-defined I/O to interfaces such
as connectors that require the signals on the
card to bein a particular order. Problems with
this pre-definition occur when the circuitry on
the chip cannot be designed to meet the card
and board requirements when using standard
substrate wiring. In order to meet the require-
ments of both the chip and the card wiring,
the substrate must be able to “cross” wires
to resolve any conflicts. Section 15.10.2.1 dis-
cusses crossing wiring to meet these needs.

Other considerations are found when using
fine pitch BGA grids. For example, a 1.27 mm
grid which can support two lines per wiring
channel using 5 mil lines and space with a
4.5 mil protective coating tolerance can only
support 1 line per wiring channel when using
a 1 mm grid. The hidden effect of this comes
when analyzing the clearance holes required
in the inner planes of the card. If, for exam-
ple, a five row design is used on a card with
40-mil (1 mm) clearance holes, and only one
line per surface channel of wiring is possible,
the inner two rows of connections can never

be connected to the card power planes be-
cause the clearance holes will provide per-
manent, 10 percent isolation. Signals run to
the back side of the card will fill the wiring
channel with two lines, effectively isolating
the fifth row of connections.

The solution to this problem can be found
in either of two design concepts: the first to
limit the perimeter rows to four in order to
allow wiring to exit under the module or, the
second, is to use a technology, such as a build
up layer which does not use a drilled via to
escape the inner rows of signals.

15.10.4 Fine Pitch Applications

Emerging fine-pitch wiring technologies
allow designers to create structures not pos-
sible using older, coarser wiring rules. These
structures include for example, fine wire-
bond finger pitches, increased wires per BGA
channel on cavity-down substrates, parallel
shielding wires (most beneficial on 1SOP de-
signs), and reduced BGA pitches in high-1/O
PBGA substrates [23].

An example, depicted in Fig. 15-29, shows
signals isolated from one another with ref-
erence lines connected either to power or
ground. This design utilizes a fine-pitch
wiring technology to provide reference volt-
ages for signals in a 1SOP structure that elim-
inates the need for a multi-layer cross sec-
tion for electrical impedance and cross talk
control.

15.10.4.1 Reduced wire diameter implica-
tions Off-die pitch reductions of wire-bond
products correspondingly necessitate a re-
duction in the wire diameter used to make
connections between the die and substrate.
However, thinning the wire adversely affects
the electrical characteristics of the connec-
tions by increasing resistance and inductance,
and also the mechanical properties by soft-
ening the wire, making it more susceptible
to bowing during encapsulation and causing
electrical shorts.

Passivation opening relationship. The
opening in the passivation located directly
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above the wire-bond pad metalization on a
die is directly proportional to the wire diam-
eter used for bonding. A first-order approxi-
mation of an appropriate wire-size diameter
is one-half of the passivation opening, so a
30-micron diameter would be suitable for a
60-micron diameter opening, a 25-micron di-
ameter wire for a 50-micron diameter open-
ing, and so on. This approximation does not
take into account tolerance variances in pro-
duction, differences in tooling and the like.

Effect on electrical characteristics, The
effects of decreasing wire-bond diameter
are illustrated in Fig. 15-30 which depicts
a normalized plot of electrical parametrics
(resistance or inductance) as a function of
wire diameter. It indicates as the passiva-
tion opening decreases from approximately
60-microns to 35-microns (and wire diame-
ter reduction from 30 to 17 microns per the
above relationship) there is a corresponding
more than 3-fold increase in electrical resis-
tance and inductance. The increase in resis-
tance due to wire-diameter reduction can be
the dominate factor in degrading the electri-
cal characteristics of a package.

Effects on mechanical characteristics.
Decreasing wire-bond diameter also de-
grades mechanical propeities. The strength of
the wire and its ability to resist bending (sag-
ging) or breakage is reduced as it is thinned.
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Fig. 15-30 Effect of decreasing wire bond wire
diameter on increasing electrical parasitics (i.e.,
reducing electrical performance).

The strength of the wire-bond connection to
either the die or substrate is also reduced be-
cause of the reduced bond area. A reduction
in wire diameter can cause other adverse elec-
trical effects such as shorts caused by drooped
wires that contact each other, or an open
circuit resulting from wire breakage.

15.10.4.2 Tradeoffs between staggered and
in-line wire bonding Staggered wire-bond
patterns on a die provide an effective way
to alleviate many of the mechanical and
electrical concerns associated with wire-bond
diameter reductions for in-line connections.
However, correcting some adverse electri-
cal effects in the package results in prob-
lems at the die level. For example, as noted
in Table 15-7, electrical performance can be
severely impacted by the increase in circuit
inductance given the high-frequency switch-
ing of modern silicon devices. In order to
minimize the electrical degradation caused
by wire bonds, high-density products use a
double row of die-bond pads to allow for an
increase in bond-wire diameter. If the same
conditions used to construct Table 15-7 are
applied to a double bond-pad design, while

using the same 50-micron diameter wire as .

an electrical reference, it can be shown (ignor-
ing on die effects) that electrical performance
can be significantly improved by reducing the
circuit inductance (Table 15-8).

Limitations. If the example in Table 15-8
is modified to reflect real silicon by requir-
ing spaces between circuit features and es-
cape from outer bond-pads instead of a Z-
axis escape into the device, it would cause
additional on-die mechanical trade offs that
affect electrical performance. Constraints oc-
cur at the inner row of die bond pads, where
decisions regarding the space between con-
ductors and the width of conductors affect
the pad to which a wire-bond wire is con-
nected. This is illustrated in Fig. 15-31 where
two side-by-side bond pads are shown with
a circuit trace. Figure 15-32 shows the ef-
fect various wire-bond pitches and bond-pad
widths have on the circuit trace width, assum-
ing a 5-micron space between the pad and
circuitry as indicated in Fig. 15-32. There are
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Inner Row Surface
Wiring

Inner Row Die ___
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Chip Edge Bond Pad

Fig. 15-31 Schematic depiciting straggered wire
bond pads on a die.

diminishing returns regarding electrical per-
formance as the wire-bond pitch approaches
40 microns because of the reduced wire diam-
eter and circuit-trace width on a die. In both
cases, (wire-bond wire or circuit trace) the
increase in resistance and inductance caused
by decreasing the metal diameter and width
respectively results in a circuit that has poor
electrical performance.

Just as wire-diameter reductions signifi-
cantly effect module electrical performance,
itcanalso severelylimit module assembly. Al-
though assembly can be achieved with small
wires, wire droop and wire sweep during
encapsulation can cause electrical shorting,
open circuits due to breakage.

Effective pitch advantage. The staggered
pattern of die pads essentially allows two
rows of coarse-pitch connections to be com-
bined to provide an effective off-die pitch

equivalent to a single row. For example, a
120-micron, single-row pitch translates to a
60-micron effective pitch using two staggered
rows. The drawback to a staggered-row con-
cept is that there is a die-pad size reduction
penalty. That is, the requirement to provide
the widest circuit trace possible from an outer
die pad to the chip circuitry dictates that the
inner bond pad be reduced in size, as shown in
Fig. 15-33. In order to achieve connections to
outer pads, the inner pads are required to be
smaller, necessitating a reduced wire diame-
ter. There is a benefit to using a staggered pad
pattern if the wire diameter shrinks less on a
percentage basis compared to the in-line pat-
tern of the same pitch. For example, a sixty-
micron inline pad pattern that requires a fifty-
micron passivation opening would use a wire
of less than 25 microns in diameter while a
staggered pattern of 120 microns (sixty effec-
tive) would typically use a passivation open-
ing of atleast 65 microns allowing a 30 micron
diameter wire.

Assembly concerns. Even though the
electrical properties and mechanical strength
of a wire-bond is improved utilizing a stag-
gered pad pattern due to the wider wire
diameter allowed, the pad configuration nev-
ertheless presents some significant assembly
concerns, such as crossing wires. Addition-
ally, depending upon the substrate design,
wire-bond loop heights can potentially
double, causing encapsulation concerns,
especially for cavity-down parts. Some sub-
strate designs also stagger bond fingers on the
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Fig. 15-32 Effect of bond pad width on the circuit trace width between inner bond pads for various

pad widths.
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Fig. 15-33 Schematic representation of reduced
metallization between staggered wire-bond pads.

laminate carrier, causing yet an additional in-
crease in wire-loop height. Some examples
for potential wire crossings are illustrated in
Fig. 15-34. This problem arises because the
laminate bond-finger pitch is greater than the
on-die, bond-pad pitch causing wires to be
fanned out in the corners of a die. As shown
in the figure, it is possible to lay wires on
top of each other creating the risk of elec-
trical shorts if a symmetrical stagger is uti-
lized. However, this situation is avoided with
a variable stagger pad pattern, as depicted in
Fig. 15-35. By appropriately positioning or
stacking die pads in a revised pattern, the
wires no longer cross. The use of a stacked
pattern becomes increasingly more impor-
tant as the effective off-die pitch decreases,
as noted in Fig. 15-35.
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e

Fig. 15-34 Schematic representation of vari-
able/staggered pitch die bond pads. Features indi-
cated are: (a) crossing wires, (b) overlapping wires,
(c) preferred design, and (d) die bond pads.

Stacked Fuli 46 Degree

Pads Si:}ger

;

Bond-Pads \ \
Fig. 15-35 Schematic depicting a variable die
bond-pad stagger.

15.10.5 Flip-chip applications

Techniques applied to routing chip-carrier
signal wires previously discussed in Sections
15.10.1 and 15.10.2 in the case of wire bonded
packages also apply to flip-chip chip-carrier
designs. However, there are additional tech-
niques which only apply to flip-chip chip
carrier designs discussed in this section.

Presently plastic technologies are evolv-
ing to provide Z-axis escape of signals into
the internal wiring layers in a manner simi-
lar to those found in ceramic substrates. Ad-
vanced products, describedin Section 15.5.2.4
are providing this capability. However, prod-
ucts with lesser capabilities, such as plastic
BGAs aimed at the commodity market with

wide lines and spaces, test the imagination .

of designers due to limitations of these prod-
ucts in their capability of escaping wires from
underneath a chip.

15.10.5.1 Low I/O flip-chip applications
Most low I/O flip-chip applications use a sin-
gle perimeter row of connections between
the chip and substrate. The C4 grid typically
is on a 10-mil pitch with 5-mil solder-joint
pads. Commodity substrates, whose lines and
spaces are typically greater than 3.5-mils, do
notsupport wires between pads. If a die is suf-
ficiently large, a second inner row of solder
pads can be used and mated to vias located
underneath the die. Usually these connec-
tions are for power and ground since many
flip-chip (C4) pads may be connected to a
single common via, relieving congestion be-
neath a die. It is also possible to wire a limited
number of signals directly under a die if there
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is sufficient depopulation of the flip-chip
array to eliminate congestion underneath
the die.

15.10.5.2 Medium I/O flip-chip applica-
tions Technologies that provide greater
wiring capabilities require the strategic place-
ment of signals and power/ground connec-
tions. In order to support the higher wiring
densities of these technologies (discussed in
Section 15.5.2.3) where the escape is achieved
on the chip carrier surface directly beneth
the die, provision must be made to allo-
cate sufficient power vias necessary to oper-
ate the chip. The schematic representation
of Fig. 15-14 depicts this concept. The in-
ner power and ground connections are used
in conjunction with power and ground sites
located at the perimeter of a device.

15.10.5.3 High I/O flip-chip applications
Advanced plastic chip carrier technologies

‘provide nearly limitless combinations of

power and signal patterns that are allowed
because of the advanced via-formation and
fine-line circuitization technologies utilized.
Even dense arrays can be escaped without the
constraints imposed by surface wiring. This is
possible because laser-drilled vias can be as
small as 2-mils in diameter. The accuracy of
laser drilling also permits significant reduc-
tions in feature (land) sizes which allow vias
to be placed in C4 pads or in a standard “dog-
bone” card design format. These advanced
substrates exhibit enhanced electrical char-
acteristics because the materials have lower
dielectric constants and an overall reduction
in thickness. High-performance transmission
lines and differential pairs are easily con-
structed using these advanced materials.

15.11 Future Extension of PBGA Packages

The future extension of PBGA packages
may take on many different forms. High num-
bers of I/O may force a switch to flip chip
if techniques are not found to economically
increase the number of wires assembled to
a die.

15.11.1 Limitations of Wire Bond Packages

The total I/O count of wire bond pack-
ages will be limited, not only by the sub-
strate and its ability to provide bond fin-
gers at a reasonable distance from the die
and in a reasonable number, but by the abil-
ity of assemblers to connect the additional
wires to the die. Also, the limits of accept-
able electrical performance are being ap-
proached with smaller wire bond wire, as
previously discussed, therefore solutions that
provide superior electrical performance will
be required if additional signal I/O is to be
obtained.

Since the total number of I/O on a wire
bond package is directly proportional to die
size and effective wire bond pitch, and elec-
trical performance is degraded with smaller
wire diameters, wire bond packages will be
limited in total I/O until such time as silicon
allows a ‘Z’ axis escape from die bond pads.
The ‘Z’ axis escape is required to bypass the
congestion of the inner rows of bond pads
which narrows the on chip wiring from the
pads to unacceptably narrow widths. This ad-
vancement will only provide a short exten-
sion to the life of high I/O wire-bond ap-
plications by mitigating the effects relating
to electrical performance. However, just as
printed circuits made discrete wiring nearly
obsolete in electronic products such as ra-
dios and televisions, flip-chip interconnec-
tions will do the same to wire-bond products
because the costs associated with the prolif-
eration of wires, such as yield loss, will exceed
the cost of printed interconnections that are
found with flip-chip.

15.11.2 Benefits of Flip Chip Applications

The future of PBGA packages is clearly
with Flip Chip applications. Very high I/O
counts will be achieved with the use of an
area array, which is not practical with a wire
bond solution. Further more, unlike the wire
bond solution, which will surely degrade in
electrical performance with high numbers
of I/O, the flip chip solution will provide
better power distribution and better signal

EX. 1004 - Page 37




612 15  Plastic Ball Grid Array

performance, both due to the elimination of
the discrete wire connection to the substrate.

15.11.3 Challenges to Overcome for
Flip Chip PBGA Packages

In order for flip-chip PBGA packages to
be available to solve the electrical problems
defined above, the packaging industry must
invest in new infrastructure to support the
volume production that will be required for
high-performance organic packaging.
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18.1 Introduction

In the last three decades, many in-
novative microelectronics packaging and
interconnection-related technologies, such as
tape automated bonding (TAB), flip chip,
multi-chip modules (MCMs), and ball grid ar-
rays (BGAs), have been developed, applied,
and demonstrated in a variety of electronic
products. The demand for high-density, high-
performance, high-function, portable con-
sumer electronics continues almost undi-
minished. The ever-increasing demand for
product performance, versatility, and minia-
turization, resulted in significant advances in
semiconductor device power, performance
and pin count. These, in turn, have imposed

" significant challenges upon electronic com-

panies to provide even more compact, cost-
effective, and reliable products [1,2].

18.1.1 Background

Chip scale packaging (CSP) is a relatively
new packaging technology innovation that
was first introduced to industry in approx-
imately 1993. The chip-scale concept was

simultaneously proposed by Junichi Kasai of
Fujitsu and Gen Mukarami of Hitachi Ca-
ble [3] and was demonstrated by Mitsubishi
Electric about ten years ago.

18.1.2 Utilization

CSPs can be viewed as an enabling tech-
nology for near-term miniaturization for the
high-function mobile information processing
industry. CSPs are used in a variety of appli-
cations where /O requirements range from
20-289 1/0, encompassing global position-
ing systems (GPS), flash memory, SDRAM,
RDRAM, digital signal processors (DSP),
and some logic and ASIC devices. Figure 18-1
indicates that nearly a 90% package area
reduction is attainable by migrating from a
quad flat pack to a bare die. The technology
is believed to be a low-cost alternative to flip-
chip attach (FCA) since it may not require
underfilling for many applications.

Chip scale packaging has become a very
important single-chip packaging technology
because an integrated circuit (IC) device can
be packaged in a format that is much lighter,
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Fig. 18-1 Schematic depicting a comparison of
board area requirements necessary to support var-
ious components and a bare silicon die.

thinner, and smaller than conventional IC
packages (Fig. 18-1). Several, system man-
ufacturers have adopted CSPs for use in
portable products such as notebook comput-
ers, cellular phones, and digital camcorders
[4-10].

18.1.3 CSP vs. DCA/Conventional Packages

CSPs offer an alternative or an intermedi-
ate solution to flip chip or direct chip attach

|
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technology by enabling the use of current sur-
face mount assembly equipment. In a num-
ber of applications an underfillis not required
for reliable performance. In fact, the under-
fill process is a major drawback of direct chip
attach (DCA, i.e., flip chip on board) techno-
logy. In general, CSPs exhibit improved elec-
trical performance over other packages, and
are ideally suited for portable products where
size, weight, and robustness are important
considerations. A footprint comparison be-
tween various BGA and CSP packages,
and flip-chip dice is shown in Fig. 18-2,
where the bottom sides of the packages are
depicted.

The solder balls on area array CSPs
collapse to a stand-off height approximately
60 percent of the original ball diameter dur-
ing solder reflow attachment. Full arrays with
selectively removed solder balls and peri-
meter arrays are typical. Ribbon bonding
connects circuitry on a polymer interposer to
a die in some designs. While the definition of
CSP seems to emphasize the size, the design

Fig. 18-2 Photograph that depicts the comparative size of chip scale and BGA package outlines and

footprints.
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and cost of the package depends more on ball
pitch.

18.1.4 This Chapter

This chapter is intended to provide an
overview of CSP technology including design
options and its effects on manufacturabil-
ity and reliability, key enabling technologies,
typical assembly processes, applications, sup-
pliers, and assessment of various CSP tech-
nologies [11,12]. Also discussed are the cur-
rent limitations to CSP application, future
trends, and key enablers.

18.2 Chip Scale Package Definition

Chip scale packaging is a single-chip com-
ponent technology that packages an IC
device in a format that is either of the same
size or only slightly larger than the IC it-
self. The Electronic Industries Association
(EIA) and the Institute for Interconnecting
and Packaging Electronic Circuits (IPC) have
jointly set forth a description in the pro-
posed standard, J-Std-012, “Implementation
of Flip Chip and Chip Scale Technology.” In
Section 1.2 of the standard it states:

“Chip scale technology is categorized as semicon-
ductor chip structures that have been made robust
to facilitate the ease of chip handling, testing, and
chip assembly. The chip scale technologies have
common attributes of minimal size, no more than
1.2X the area of the original die size, and are direct
surface mountable” [13].

18.2.1 Current Practice

Current practice often stretches the stan-
dard definition and this is the case with the
CSP definition. Although not technically
correct, in practice the term CSP is often very
loosely applied to most area-array packages
having a pitch of 1.0 mm, 0.8 mm, 0.75 mm,
or 0.5 mm, as compared to flip-chip dice
whose pitches are 0.5 mm or less. Leaded
CSPs are often mistakenly excluded when
describing CSPs.

18.3 Package Design Options

Almost 100 different types currently ex-
ist in the market with a variety of designs
and material sets [14,15]. As an example,
Table 18-1 lists key features and references
for a number of these CSP designs. They have
common attributes of minimal size; no more
than approximately 1.5X the area of the orig-
inal die size, and are directly surface mount-
able. These packages are designed to be as-
sembled using conventional assembly tools
and solder-reflow processing. Thus, CSP tech-
nologies target the form factor, high density,
and high performance of direct chip attach-
ment, but with a mechanically protected body
vseful for handling and burn in, and not re-
quiring underfill in many cases.

18.3.1 Distinction From DCA

‘The main distinction from direct chip at-
tach (DCA/FCA) is that there is still some
packaging involved. This is accomplished by
the addition of material layers, or interposers
between the silicon and substrate or board,
which serve as compliant members, space
transformers, and mechanical protection for
the dice. CSPs are categorized into four types

depending on the nature of the interposer

and construction: lead frame, flexible inter-
poser, rigid interposer, and wafer-level pro-
cessed CSPs as illustrated in Fig. 18-3. A brief
description of each type is provided in the fol-
lowing sections along with typical examples.
Information about CSP manufacturers, inter-
poser material, die-to-interposer connection,
and external-connection structure for each
CSP type is listed in Tables 18-2 through 18-5
[61].

18.3.2 Lead Frame

This type CSP utilizes custom-designed
lead frames, where the original purpose was
to provide a method of stacking chips to
enhance memory capacity. Since then a va-
riety of forms have come into existence,
among them are: Lead-On-Chip (LOC),

Table 18-1
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Table 18-1 Various chip scale package technologies described in the literature

Package
Supplier Pitch Outer Package Package

[Published Reference] Pins (mm) Contact Size (mm)  Thickness (mm)

Chip Scale <100 0.3-0.65 Pad 1.1-1IC 0.3 (discrete)-
[16,17,47] 0.75 (IC)

EPS <100 0.5,0.75, Land IC+1.0 Die + 0.63
[46,50,51,59] 1.0

Fujitsu [18-20,56] 16-352 05-127 Leadorball >1.1-IC >0.7

GE [21,54] <400+ Custom  Solder ball 1C Thinned IC + flex

IBM [22] 1500 0.5 Solder ball IC+10 34

LG Semicon 60 0.8 Lead IC+18 0.48-0.82
[23-25,133,136]

Matsushita 100 ~400 0.5-1.0 Pad IC+4 1.6
[26,27,28]

Mitsubishi 96, 256, 0.5-0.8 Stacked IC+(<0.6) IC+03
[29,30,31] 1024 solder ball

Motorola 40-150 0.8 Solder ball IC+ (<15~ 1.0
[32-34,48,55,58,172] 2.5)

NEC[35] 100 ~ 1000 0.8 Solder ball IC+(<1.0) <16

Nitto Denko [36] <100 0.5-1.0 Solder ball IC+(<04) Die+035

Sandia/Aptos 34-275 0.5-0.76  Pad or ball IC Die + Thin film
[37,131]

ShellCase [38,39] Peripheral  >0.25 Pad IC+01 03-0.5

Tessera/ Amkor/ 18 ~1000  0.5-1.0 Solder ball IC+ (<12) Die+ (0.3-0.5)
Shinko elec. or Ni/Au
[40-42,52] bump

TI Japan 62-176 0.5-0.8 Solder ball IC+2.0 12
[4,43,49,53,57]

Toshiba [44,45] 100 ~700  0.5-0.8 Pad or ball IC+(1-3) 1.0-12

Small Outline No Lead (SON), Thin Zero
Outline Package (TZOP), Bottom Leaded
Package (BLP), Land Grid Array (LGA),
etc. [62]. Consider the LOC version depicted
in Fig. 18-4 [63]. The device bond pads are
moved inward towards the middle of the chip;
the lead-frame terminations overlap on the
device, and are attached with a 100-micron
thick, double-stick adhesive tape. Electrical
interconnection between the device and lead-
frame is accomplished via Au-wire bonding.
The asymmetric package is then overmolded
with epoxy and a lead-forming operation per-
formed to give J or C-shaped leads. A bot-
tom leaded package (BLP) is a specific type
of lead-on-chip package of which there are
several variations predicated on whether the

device bond pads are located at the perime-
ter or middle of the device, and whether the
active side of the device is facing up or down.
This design accommodates larger chips than
are otherwise possible with a conventional
design. A good choice of the molding com-
pound is critical to preventing package warp
in the asymmetrical package. Suitable mod-
ifications of the encapsulation allows these
devices to be stacked as shown in Fig. 18-5
[64,65].

18.3.3 Rigid-Interposer Type

Rigid interposers provide an intercon-
nection path between the bond pads on
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(a) Lead Frame Type

IC\ Protective
layer

Seadling
Resin s :

Wirebond Leadframe”

Source: Fujitsu

(b) Rigid Interposer Type

(c) Flexible Interposer Type

—Chip
= Elastomer
v=a—— Bump Array

Source: Tessera

(d) Wafer Level Processed

IC Solder Bumps ré‘ce‘“p
PcB. Redistributed
Pads 0.5 mm
Pitch
Solder
+ Solder Balls Ball

Source: Motorola

Source: Sandia/Aptos

Fig. 18-3 Representations depicting the four main chip-scale package categories. (a) Lead-frame,
(b) rigid interposer, (c) flexible interposer, and (d) wafer level processed.

integrated circuit devices and chip-carrier
pads. They are classified in two groups,
namely organic or ceramic.

18.3.3.1 Organic Standard printed wiring
board (PWB) technologies are used to pro-
duce organic interposers. Process limitations
currently restrict PWB construction to 3-mil
lines and 3-mil spaces. Bismaleimide Triazine
(BT) resin is preferred over other board ma-
terials due to its superior thermal stability
compared to other common resin systems.

SLICC package. An early CSP version
described by Banerjee and Lall [66] desig-
nated Slightly Larger Than IC or SLICC
(Fig. 18-6), consists of an 8 to 12 mil thick
rigid organic carrier, e.g., FR-4 or BT resin.
The die, with 3 to 5 mil diameter, high-melt
(97Pb/3Sn) solder balls on a 10-mil pitch
are attached to the organic substrate with a
near-eutectic solder, and epoxy underfilled
for enhanced fatigue life. The board-level
interconnect is accomplished with 22.2-mil
diameter silver-containing, near-eutectic
solder (36Pb/62Sn/2Ag) balls attached to the

Table 18-2 Manufacturers of lead frame CSPs with varying die-to-interposer and

external connections

Die-to-Interposer External

Manufacturer Interposer Connection Connection

Fujitsu Lead frame Wire bond Lead
[18-20,56] (die face-down)

LG Semicon Lead frame ‘Wire bond Lead
[23-25,133,136] (die face-up)

TI-Japan Lead frame Wire bond Solder ball
[49,53] (die face-down)

Others: Fujitsu’s Bump Chip Carrier (BCC) [70],
Hitachi Cable’s Lead-on-Chip CSP (LOC-CSP) [70], etc.

Table 18-
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Table 18-3 Manufacturers of rigid interposer CSPs with varying interposer materials, and
die-to-interposer and external connections
Die-to-Interposer External
Manufacturer Interposer Connection Connection
Matsushita Ceramic (2 to 4 layers)  Flip chip with gold stud bumps  Land
[26,27,28] and silver-palladium adhesive
Toshiba Ceramic (1 layer) Flip chip with gold-gold solid Land or ball
[44,45] phase diffusion
Motorola PCB Flip chip Solder ball
[32-34,48,55,172]
IBM [22] Ceramic (multilayer) Flip chip Solder ball

Others: Amkor/Anam’s Chip Array [60], EPS’ NuCSP [51],

IBM’s FC-PBGA [70], etc.

substrate on a 32-mil pitch. Owing to the line
and space limitations of the FR-4 or BT resin
printed wiring board technology, the package
is limited to less than 200 I/O.

JACS package. A modified version of
SLICC package utilizes a die with Sn-Pb eu-
tectic balls and a semi-rigid glass laminate or
polyimide carrier. Double-sided wiring facil-
itates fan-in and fan-out circuitry. This pack-
age design is termed Just About Chip Size
(JACS) package [47] with several 0.8 and
0.5 mm-pitch, area-array and.perimeter array
configurations reported. :

QFN package. An example of rigid
organic interposer in a non-leaded CSP is the
Quad Flat No-Lead (QFN) package depicted
in Fig. 18-7. An 18-micron thick copper layer
wrapped around 0.55-mm thick BT substrate
is sequentially overplated with 10 um cop-
per, 13 pm nickel, and 0.4 pm thick gold.
The copper is to define the pad terminations.
The laminate outside edges are removed to
prevent shorting, and then punched out to
provide cylindrical surface terminations.
After device attachment and wire bond-
ing the package is encapsulated with an
epoxy-molding compound. The capillary ac-
tion of the semi-cylindrical terminations are

Table 18-4 Manufacturers of flexible interposer CSPs with varying interposers, and die-to-interposer

and external connections

Manufacturer Interposer

External
Connection

Die-to-Interposer
Connection

Tessera/Shinko/Amkor  Gold/copper on polyimide ~ Thermosonic gold-

Ni-gold bump or

[40-42,52] flex, bonded to chip with aluminum bond (die solder ball

elastomer face-down)

NEC [35] Copper/polyimide flex, Double bump bonding Solder ball
bonded to chip with (thru holes in polyimide
polyimide adhesive tape) (die face-down)

Nitto Denko [36] Gold/copper on polyimide  Thermosonic gold- Solder ball
flex (ASMAT), bonded aluminum bond with
to chip with TAPI* TAPI (die face-down)

GE [21,54] Copper/polyimide Laser drilled vias plated Solder ball

multilayer flex, bonded
to chip with adhesive

with copper (die face-
down)

Others: 3M’s Enhanced Flex CSP [74,171], IZM’s flex PAC [70],

TI-Japan’s uStar BGA [53], etc.

TAPI: Thermo-Adhesive Polyimide
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Table 18-5 Manufacturers of wafer level interposer CSPs with varying interposers, and

die-to-interposer and external connections
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Die-to-Interposer External
- Manufacturer Interposer Connection Connection
Chip scale On wafer interconnect Gold beam lead Land (silicon post)
[16,17,47] with epoxy (die face-up)
Mitsubishi Copper interconnect + On chip interconnect Stacked solder ball
[29-31] UBM + transferred inner (die face-down)
solder bump -+ copper pad
+ epoxy
ShellCase On wafer with glass plates Extended die pads and Land
[38,39] and adhesive plated metal (die face-down)
Sandia/Aptos Tow layers each of copper On chip/wafer Land, gold bump
[37,131] and polyimide interconnect or solder ball

(die face-down)
Others: Flip Chip Technologies’ Ultra CSP [81], Fujitsu’s Super CSP [56], Intarsia [107,179,180],

National Semiconductor’s uSMD [138], etc.

intended to enhance solder joint fillet forma-
tion. The package was reported to have sur-
vived 200 thermal cycles at —40 to 85°C, a
reasonable reliability for a leadless package
[67].

18.3.3.2 Ceramic Ceramicinterposersare
heavier than laminate interposers and also
have lower coefficients of thermal expansion
(CTE), which make them more compatible
with semiconductor dice but less compati-
ble with conventional printed wiring boards.
They can be produced with 2-mil lines and
spaces to provide greater routability and
hence lend themselves to CSPs requiring high

Tape,

(@
Encapsulant Lead

Lead Frame (]

Wire Bonds Silicon Device

Lead Frame Tape (9 Pb-Sn Plating

Fig. 18-4 Schematic of three bottom leaded
packages (BLP). (a) Tape Lead On Chip (LOC),
(b) Ultra-Thin Small Outline Non-leaded pack-
age (USON), (¢) S-BLP with device facing up and
perimeter IC bond pads.

wiring densities and I/O counts compared to
the laminate CSPs. Figure 18-3b shows an ex-
ample of this type of CSP, which is basically
a flip-chip, ball-grid array (FCBGA) pack-
age. However, rigid-interposer-based CSPs
can also have a wire bonded die, plastic
molding, and external solder balls (Fig. 18-8).
Table 18-3 ‘lists several examples of rigid-
interposer-based CSPs with varying inter-
poser materials, and die-to-interposer and
external connections.

Flip chip package. The IBM 21 x 21 mm
ceramic mini-ball grid array package is an-
other example of rigid-ceramic-interposer
CSP that is very similar to conventional ce-
ramic packages except for the 0.25 or 0.5-mm
pitch area-array interconnections (Fig. 18-9).
It consists of a multi-layer ceramic substrate
with Ni/Au pad metallurgy on both sides. The
flip-chip mounted device (10 x 10 mm) in-
tended for high-speed switching [68], utilized
standard high temperature (97Pb/3Sn) solder
balls with 0.23 mm pitch. Decoupling capac-
itors are also mounted on the top side. An
underfill material is used to enhance the C4-
joint fatigue life and an aluminum cap is used
to protect the device. In addition, the cap also
serves as a heat sink for thermal manage-
ment. A thermal paste is introduced between
the backside of the silicon and the metal cap.
The package I/O consist of 0.25-mm diameter

Fig. 18-5
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eutectic balls on a 0.5 mm pitch. Although
the package does not comply with the 1.5X
area CSP definition, it is smaller than stan-
dard BGA packages and so is referred to as
a mini-BGA. It has high I/O capability of up
to a 29 x 29 area array.

Process flows. A general process flow for
the fabrication of rigid interposer CSPs is
shown in Figs. 18-10 and 18-11 for wirebond
and flip-chip attached die respectively. De-
pending upon the nature of the substrate, the
device is either wire bonded or attached using
flip-chip reflow. Chips are protected by either
encapsulation with over-molding epoxies or
a metal cap attached with glass to metal seal.

Low CTE ceramic carrier. Another ex-
ample of the ceramic interposer is a Kyocera
233-1/0O package. Ceramic interposer pack-
ages should be carefully evaluated within the
context of product applications to ensure req-
uisite reliability due to the CTE mismatch
between the board and component. New ce-
ramic materials with CTEs in the range of
9-11 ppm/°C are slowly coming into use
[69,70]. Although this increases the CTE

——— — 757-94 |
|€— 586x6.15 ——| l

18 Chip Scale Package Technology 709

Solder

Die Pad

2 Stack \ C-Lead / 4 Stack

Fig. 18-5 Three dimensional packaging module (3DPM) constructed by stacking small outline C
leaded (SOC) lead on chip (LOC), bottom leaded packages (BLP).
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mismatch between a die and ceramic carrier,
it serves to make the normally large CTE dif-
ference between the ceramic carrier and PCB
more manageable. :

18.3.4 Flexible Interposer Type

Flexible-interposer CSPs utilize a flexible
substrate, e.g., flex-circuit material or tape, to
provide the interconnection path between die
and chip-carrier pads. Their fabrication pro-
cess flow is similar to rigid-interposer CSPs
(Fig. 18-10). A Tessera package (Fig. 18-12) is
the most widely used flexible-interposer CSP
design. Its construction consists of a poly-
imide tape with gold-plated copper circuitry
to transfer peripheral IC bond pads to an
array of solder balls located underneath the
die for external connections. The flexible in-
terposer relieves stresses induced due to the
CTE mismatch between the die and the PWB
[71]. Several versions are in use.

18.3.4.1 Three-layer tape version In
another version, the Texas - Instruments
MicroStar™ BGA (Fig. 18-13), a circuitized

97Pb/3Sn Balls
0.076-0.127 Dia.

Underfill

A =
0.21-031 <€ |0.51 Dia.
Cu-Ni-Au Pads 0.56 Dia,
- 08 o
36Pb/62Sn/2Ag 4> Circuit Board
Dimensions are in mm

Fig. 18-6 Schematic of slightly larger than integrated circuit carrier (SLICC) package.
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Encapsulation

Wire Bond Outer Lead

Fig, 18-7 Schematic of a quad flat no-lead (QFN)
package with a wire bonded die. (a) Top
view shows wire bond interconnections between
perimeter die pads and mating substrate pads.
(b) Side-view profile of the package.

three-layer polyimide tape is used as the in-
terposer. Fine line (40 microns) circuitry with
bond pads overplated with Ni/Au to facilitate
wire bonding, is provided on the top surface.
200-micron plated vias provide the intercon-
nection between the top and bottom layers.
The device is backside bonded to the flexible
interposer with nonconductive adhesive and
thermosonically wire bonded to bond pads on
the polyimide. It is then overmolded with an
encapsulant for physical protection. Eutec-
tic or near-eutectic solder balls are attached
to the plated vias on the bottom side of the
flexible interposer [72].

18.3.4.2 Enhanced flex The Enhanced
Flex CSP is to provide improved electri-
cal and thermal performance, and reliabil-
ity. In this case, the interposer is a circuitized
50-micron thick polyimide tape to which a
5-mil thick patterned copper interposer is ad-
hesively bonded. The die is adhesively at-
tached and then thermosonically gold wire
bonded to the interposer. The whole struc-
ture is overmolded with an encapsulant.

Silicon Die Encapsulation/Overmolding
Wire Bond

Ceramic Chip
Carrier

Die-Attach Adhesive

Solder Balls

Fig. 18-8 Side-view schematic of a typical rigid
interposer type CSP with a wire bonded die.
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Metat Cap Thermal Paste

Decoupling
Capacitors

Hultilayer
Ceramic
Substrate

0.5mm piltch, 0.25mm diameter
90Pb/10Sn solder balls

Fig. 18-9 Side-view schematic of the IBM 21 x
21 mm multilayer ceramic (MCC) rigid-interposer
type mini-BGA package containing a flip-chip die
and several C-4 attached decoupling capacitors,
(Courtesy of IBM Corp.).

Eutectic solder balls are attached to the un-
derside of the package for board level inter-
connection. Figure 18-14 shows a cross sec-
tion of a Flex-CSP [73,74].

18.3.4.3 Floating pad technology An ex-
tension to the flex-interposer design con-
cept is the floating-pad technology (FPT),
which involves 25-50 micron feature poly-
imide structural elements. In this design a
compliant micro-cup under the area-array
pads isolates the package from the board;
the microcup can either be air or elastomer
filled. Four conductive micro beams radiate

in a spiral pattern to connect the central ball

mounting pad to perimeter micro-via struc-

tures that interconnect to device pads. A -

Substrate (rigid)

{ Encapsulation/Overmolding—l

Cleaning - Flux Removal

Fig. 18-10 Typical process flow for fabrication of
a rigid-interposer type chip scale package with a
wire bonded die.
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Fig. 18-11 Conventional process flow for a rigid-

. interposer (ceramic) type chip scale package with

flip-chip die.

schematic cross-section of the floating pad
structure is shown in Fig. 18-15. Several al-
ternative structures such as S-shape, inter-
locking circles, etc., are possible in place of
the spiral arms. A conventional ball attach
process is used for mounting the solder balls.
Thus, the solder-joint stress is relieved ow-
ing to the flexible nature of the structure. It
was reported that this pad structure can be
integrated as wafer level CSPs. It was also
reported that multichip modules fabricated
with air-filled micro-cups exhibited —55 to
150°C thermal cycling reliability in excess of
5000 cycles [75].

18.3.4.4 Double-sided metallized films
Double-sided metallized films are also be-
coming available for use as interposers. They

Compliant
Ribbon
Bond

Elastomeric
Material -~ |

FR-4 PWB (CTE 15-18ppm/°C)
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provide a significant increase in routing den-
sity and facilitate chip stacking. Currently,
50-micron lines and 40-micron spaces are
used in production designs with 25-micron
via diameters. The technology has the
potential of producing 30-micron lines and
spaces [76]. Figure 18-16 illustrates a routing
scheme that allows five lines between solder
pads instead of just two by utilizing an
interposer metallized on both sides.

18.3.5 Wafer Level Process

In consideration of the CSP types previ-
ously described, namely custom lead, flex in-
terposer and rigid-interposer, individual de-
vices are attached to alead frame or substrate
structures that interconnect die pads on the
device to solder terminations at the board
level. Most CSPs are fabricated on an indivi-
dual basis independent of the type. How-
ever, with a wafer-level process, CSPs are pro-
cessed inlarge batches at the wafer stage. Two
methods are used.

18.3.5.1 General process/construction
schemes

Example A. In one case a wafer with
a large number of dice and substrates is
processed separately and individually tested
for electrical integrity. The good packages
and wafer are brought together and joined
in a sequence of process steps making all the
interconnections between the devices and
the packages. Solder balls that enable the in-
terconnections to the PWB are then attached
to the wafer assembly and then the packages
are singulated (i.e., divided into individual
packages). Figure 18-17 shows a wafer-level

Nubbins

Polyimide
Film

g Eutectic
Solder Balls

Fig.18-12 Schematic of flexible interposer chip scale package with ribbon bond. Compliant (ﬂekible)
interposer relieves CTE-mismatch induced stresses between die and organic carrier. '
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Encapsulant
Wire Bond

Package Size =
Chip Size + 80 mils
Chip Thickness = 11 mils

Total Thickness = 56 mils

/

Solder Ball

Chip

Interposer

_ CuPattern
(40 pm line/space)

~ TAB Tape (Polyimide)

Via {0.38 mm dia.)

(Near Eutectic, 0.5 mm dia., 0.8 mm pitch)
Tig. 18-13 Drawing of TI Japan’s Micro Star BGA™. (Courtesy of Texas Instruments).

process flow for the fabrication of the chip
scale packages [77]. Several process varia-
tions are in vogue depending on the fabri-
cator and material sets involved.

Example B. In a second case the wafer
is processed in a manner that is integral to a
wafer after electrical test. For example, the
wafer is spin coated with a first dielectric
layer and then the vias are patterned and
etched to expose the die bond pads. Then
the barrier metals (Ti/W) and seed (Cu)
metallurgies are sputtered. Subsequently, the
wafer is patterned and the interconnection
metallurgies (Cu, Ni) are plated. The barrier
and seed metals are etched and a second
dielectric coating is applied. Vias are then
patterned and etched to define solder-bond
pads on the interconnect metal. Barrier
and seed materials are again sputtered,
followed by patterning and plating of in-
terconnect metallurgies, namely Cu and
Sn/Pb solder. Finally, the barrier and seed
metals are etched and the plated solder is
reflowed to form solder balls for board-
level interconnections. After the wafer-level

Polyimide Polyimide Patterned Cu Interposer
Film Adhesive

Fig. 18-14 Cross sectional schematic of an en-
hanced, flex based, cavity up, CSP. A patterned
copper interposer improves thermal performance
and improved CTE matching with circuit board.

processing the wafer is singulated to yield in-
dividual packages. Wafer-level packaging is
adaptable to both perimeter and area-array
pads on a chip [37,78].

Example C. In yet another wafer level
fabrication scheme, a layer of polyimide is
first deposited on the wafer passivation layer
and Ti/Ni metallurgy deposited on the alu-
minum pads providing a first-level intercon-
nection. Copper traces and bond pads are
patterned using photolithography in a man-
ner that allows the peripheral I/O on a device
to be redistributed to the package area array
I/O. Thick copper of approximately 90 ;+m on
under bump metallurgy of nickel, and solder
are sequentially plated on the redistribution

Via

Solder Mask

Interconnect

Bond Pad-
Fig. 18-15 Schematic of a flexible interposer
CSP that utilizes a floating pad technology to sig-
nificantly enhance the board-level solder joint fa-
tigue life. (a) Top view. (b) Cross section of pack-
age construction.
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2 Metal Layers

Polyimide
Dielectric

Solder Balls

Fig. 18-16 Schematic illustrating a significantly
enhanced routing capability by utilizing a flexi-
ble interposer metallized on both sides. (Source,
Sheldahl [76]).

bond pads. The process is completed by en-
capsulation with a molding compound, singu-
lation and eutectic solder ball attachment to
the under bump metallurgy (UBM) [79,80].

18.3.5.2 Ultra CSP So-called Ultra-CSP
packages utilize a two-layer dielectric (Fig.
18-18) system of benzocyclobutene (BCB).
The first layer of BCB (10 microns) is ap-
plied to the device, exposed and developed to

‘provide a passivation and planarization layer.

Al/Ni/Cuis then sputtered and etched to con-
stitute traces and an under bump metallurgy.
A second BCB layer is similarly applied to
provide passivation and redistribution wiring
and definition of the solderable areas for the
subsequent ball attachment. The CSP is then
lapped if necessary and solder balls (250-450
microns) are attached. The wafer is then sin-
gulated to yield individual devices [81,82].

Wafer Package Completed Wafer
-Ring Pellicle -Barrier Metal
-Multi-layer Wiring -Area or Perimeter Pads

Package Probe .

1 Assembly
- Align

Wafer Probe

- Join Package & Wafer
- Encapsulate

1

Solder Sphere Attach

- Apply Solder Mask

- Place Solder Spheres
- Reflow

Singulate
- Mark
- Ship

Fig.18-17 Manufacturing process flow for wafer-
level chip scale package fabrication.

@ 'l;";ﬁ F*‘/j BCB1 Layer
[ —— i UBM
o 7 r“_‘/l Al/NiV/Cu

BCB2 Layer
Y,

Fig. 18-18 Schematic representation of the fab-
rication sequence for Ultra CSP construction.

18.3.5.3 WAVE technology Another
wafer-level packaging technology is called
Wide Area Vertical Expansion (WAVE)
technology [83] and provides circuit inter-
connection at the wafer level. An interposer
layer is created and attached to the wafer
in a mass joining process. Interconnection
between the die and circuit interposer is
accomplished through “compliant vertical
links” or S-shaped Cu wires. After attach-
ment, the assembly is expanded vertically
and a Jow modulus encapsulant is injected
into the cavity. Solder balls are then attached
on the bottom side, followed by test, burn-in,
and singulation. The compliant layer and Cu
leads are to provide increased stress relief to
compensate for the CTE mismatch between
the die and circuit board for enhanced solder-
joint life.

18.3.5.4 Enhanced BCC packages Chip
scale package technology is still evolving
and maturing. For example there is an effort
underway to eliminate interposers alto-
gether and the concept is called Bump Chip
Carrier (BCC) and enhanced Bump Chip
Carrier (BCC**). These are interposerless
technologies.

Bump Chip Carrier CSP design was de-
signed for radio frequency communication
[84]. This design does not use an interposer
(Fig. 18-19); instead a copper lead frame ma-
terial is etched out to form lead terminations
and cavities for the semiconductor device.
The etched concave surfaces are sequentially
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B

;) Die attach

f) Wire bond

a) E aﬁsulate

h) Etch leadframe to remove

Fig. 18-19 Schematic of the process flow for the fabrication of Bump Chip Carrier (BCC) chip scale

packages.

plated with Au (50 A), Pd (0.1 micron), Ni
(0.5micron), and Pd (0.5 micon) metallurgies.
These metallurgies provide relevant surfaces
for wire bonding, diffusion barrier, die attach-
ment, and solderability. The die is mounted
in the central cavity with a silver paste, then
connected to the terminals and the brim for
grounding with Au wire bonds. Gold stud
bumps bonded to the terminals provide ade-
quate strength. The lead frame with the wire
bonded device is overmolded with a suit-
able epoxy. The lead frame is then etched
out using the plated metal as a resist. The
overmolded wafer is singulated to yield dis-
crete packages. The plated bumps/studs act as
the interconnection medium to the printed
wiring board. This interposer-less construc-
tion combined with a high filler content
(90%) bipheny! epoxy mold compound was
reported to provide a thermal cycling reli-
ability of 1200 cycles at —65 to 125°C [85].
Since conventional high volume PWB manu-
facturing processes are used this package is
considered to be very cost effective. Typi-
cal applications include phase-locked loop
synthesizers.

18.3.5.5 Commercially-available ~ CSPs
Several wafer-level redistribution chip scale
packages are available in the industry.
These include Chip Scale’s micro-SMT,
EPIC’s chip scale package, Fujitsu’s super
CSP, Mitsubishi’s CSP, National Semicon-
ductor’s microSMD, Sandia Laboratories’

miniBGA (Fig. 18-20), Shellcase’s Shell-
PACK/ShellBGA [86], and many others.

18.3.6 Comparison of CSP Designs

The four major types of CSP approaches
are summarized in Table 18-6, with each
CSP approach having its own advantages and
disadvantages. Lead-frame-based CSPs have
the advantage of a relatively mature infra-

structure, but are basically a solution for ICs’

with low pin counts, usually less than 50. Rigid
interposer-based CSPs evolved mainly from
conventional BGA packages and usually
have the largest foot prints among the four
CSP approaches. Flexible-interposer-based
CSPs are among the most popular and recog-
nized type. However, the manufacturing cost
associated with their relatively complicated
structure is a key factor as to whether flexible-
interposer CSPs will eventually become the
mainstream CSP approach. Each CSP struc-
ture must be carefully evaluated in terms of
the board structure, surface finish, and envi-
ronmental requirements for each application.

18.4 CSP Board-Related Issues

18.4.1 Standardization and Availability

Manufacturable CSP components must
conform to several design specifications. The
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lyimid
Polyimide Cu Redistribution

Aluminum

Solder Ball

usm

Passivation

Fig. 18-20 An example of on die/wafer pad redistribution. The figure shows a miniBGA made for
Sandia by Aptos. The die is approximately 10 mm (0.4”) square with 275 redistributed pads at a solder
ball pitch of 0.5 mm (0.020”). The upper left of the figure shows the top view of the die with redistributed

pads, the upper right shows an enlarged view of one

die corner, and the lower part illustrates the cross

section of the redistributed die (or miniBGA). The symbol of UBM stands for under bump metallurgy.

J-Std-012 noted earlier [13,47,87] is by no
means complete, but does detail such things
as shipping and handling methods, contain-
ers, test and burn-in requirements, while
component size and thickness remain to
be standardized and specified. Some effort
has been made to standardize the package

outlines by the JEDEC JC-11 committee.
JEDEC publication 95 and EIA publication
PDP-100 list recommended package outlines
and tolerances [88]. Reference to supplier
drawings is also recommended as devia-
tions from the JEDEC dimensions do occur
[89].

Table 18-6 Comparison of the most common CSP design approaches

Lead Rigid Flexible Wafer Level
Criteria Frame Interposer Interposer Processed
I/O type Periphery  Array or periphery  Array or periphery  Array or periphery
Pin count Low Medium to high Low to medium Low to medium
Footprint 10t02.0 >12X <or>12X ~1.0X
(pkg/chip)
Typical 09to 1.5 1.0t02.0 0.8to12 03t01.0
thickness (mm)
Outer 04t00.65 05t01.0 0.5t01.0 02t00.8
lead/ball pitch
(mm)
Infrastructure Good Some Limited Limited
Estimated § Low to Medium Medium to high Low to medium
medium
Production Some Minimum Some Least
(as 0f 4/99)
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18.4.1.1 Die shrink considerations Ad-
herence to standard package outlines can
help address die shrink and obsolescence
issues. Semi-conductor manufacturers are
continually refining and enhancing their
processes to improve wafer yields. Reducing
feature size allows an increase in the number
of die for a given wafer area. As this occurs
the original die size may no longer be
available, so a package must be designed to
accommodate die shrinks without requiring
a board redesign.

18.4.2 Board CTE

High-reliability applications often expose
a card assembly to challenging temperature
conditions combined with severe mechan-
ical stresses. Key among design concerns
are the solder-joint strains induced due to
the coefficient of thermal expansion (CTE)
mismatches between components and the
printed wiring board. Coefficient of thermal
expansion mismatches greater than 4 or 5
ppm/°C can limit the reliability of the as-
sembly. The situation is aggravated by di-
rect die attachment to the PCBs, ceramic chip
carriers, increased foetprints, larger die, and
greater thermal excursions. Methods for re-
ducing the board CTE include the incorpora-
tion of Kevlar® fibers, adding ceramic fillers
into the board materials, and embedding
low CTE metals such as copper/invar/copper

7™~

(CIC) foils at various layers within a board.
For example, using metals with .CTE near
5 ppm/°C in combination with board mate-
rials where CTEs are near 20 ppm/°C can re-
duce the global CTE of a board to a range of
9to 11 ppm/°C.

18.4.3 CTE—Compensated Boards

Use of embedded low CTE materials can
create internal stresses within a PCB. Surface
preparation and adhesive selection are cri-
tical steps in the board fabrication and must
be well addressed to prevent premature layer
separation within the PCB. Vendors experi-
enced with producing these boards should be
consulted to avoid application errors. As an
example Fig. 18-21 shows a board delamina-
tion which resulted from a poor bond to low
CTE materials under an area-array package.
Passing the board through the 210°C reflow
temperatures was sufficient to cause the in-
ternal layer separation. The resulting bulge
in the board caused opens on one side of the
area array component. The delamination was
not due to popcorning as proper drying and
handling procedures were observed.

18.4.4 Solder Mask Issues

For area-array package assembly there are
two prevalent solder mask configurations
on land pad designs that are employed

~ Open Solder Joints

Ceramic Chip
Carrier

Circuit
Board

Fig. 18-21 Photograph of a delamination due to poor bond strength of board layers to low CTE
materials built into the circuit board laminate. The resulting bulge lifted one end of the fine pitch
ceramic area-array chip carrier (background) off the board during first pass reflow.

Fig. 18-22
initiation t:

throughot
defined (S
(NSMD)

signs can
round pac
of prefere
both desij
strongly ¢
padsforb
The choic
on the pr
ment, the
budgeted

18.4.4.1
With SM
per pad is
der mask.
opening i
accuracy
tration to.
may be sl
solder m:¢
an increa
improved
sus NSM
intersecti
vides a hi
fatigue c1
mal cycli

18.4.4..
(NSMD)
solder mi

EX. 1004 - Page 54




n a board.
CTE near
ard mate-
°C canre-
arange of

s

terials can
B. Surface
n are cri-
and must
iture layer
TS experi-
should be
ors. As an
delamina-
nd to low
7 package.
°C reflow
se the in-
ing bulge
ide of the
ation was
rying and
1

there are
gurations
xmployed

low CTE
fine pitch

Non Solder Mask Defined

18 Chip Scale Package Technology 717

Component

Solder Mask
Defined Pad

Crack
Initiation

| PWB

Solder Mask
Defined

Fig. 18-22 Example of partial solder mask defined pad due to poor solder mask registration. Crack
initiation typically occurs at solder mask contact area.

throughout the industry, namely, solder-mask
defined (SMD) and non-solder mask defined

(NSMD) lands. SMD and NSMD pad de-

signs can be used with any shape land pad,
round pads being the most common. In terms
of preferences there are those that believe
both designs to be acceptable and those that
strongly advocate non-solder mask defined
pads for better thermal cycling reliability [90].
The choice of pad designs primarily depends
on the product design, application environ-
ment, the package pitch, PWB materials, and
budgeted fabrication costs.

18.4.4.1 Solder mask defined pad (SMD)
With SMD land pads, the underlying cop-
per pad is larger than the opening in the sol-
der mask. Pad dimensions are defined by the
opening in the solder mask and its positional
accuracy is influenced by solder mask regis-
tration tolerances. Also, copper pad adhesion
may be slightly better due to the overlapping
solder mask. Advocates of SMD pads claim
an increased solder-joint height resulting in
improved reliability of the solder joints ver-
sus NSMD solder joints [90]. However, the
intersection of the solder and the mask pro-
vides a high stress region where initiation of
fatigue cracks is likely to occur during ther-
mal cycling.

18.4.4.2 Non-solder mask defined pad
(NSMD) NSMD pads are isolated from the
solder mask by an annular ring and defined

only by the design and the copper-etch char-
acteristics. Typical annular rings or solder
mask openings provide a clearance between
the land pad and the edge of the solder mask
of approximately 0.06 mm (2.5 mils). Good
registration of the solder mask is important
and a consistent 1 to 2-mil wide clearance
ring between the mounting pad and the mask
edge is desired. Poor solder mask registra-
tion can cause partial solder mask defined
pads, which leads to early crack initiation and
propagation at the point of contact between
the solder mask and the solder joint during
thermal cycle conditions (Fig. 18-22). Annu-
lar rings with less clearance can also restrict
uniform formation of solder around the edge
of aland pad. One study has shown this condi-
tion to contribute to the formation of cracks
in the laminate [91]. Advocates of NSMD
pads claim the stress concentrations where
the edge of the solder mask and a solder joint
make contact is aggravated by the z-axis ex-
pansion of the solder mask during thermal
cycling, resulting in lower reliability. For de-
tailed discussion of solder masks and their
effect on reliability see Chapters 19 and 18
respectively.

For a 0.76-mm pitch package assembly a
0.30-mm (12-mil) diameter pad is generally
used. For a SMD pad, if the solder mask over-
laps on the pad by 1 mil, the actual copper
land will be 14 mils. That leaves 16-mil space
between the pads. This implies it can accom-
modate one 5.3-mil line with 5.3-mil space per
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Non-solder mask defined pads

Solder Mask

Dog bone pad Via in Pad

Fig. 18-23 Illustrated top view of dogbone and
via in pad designs.

channel. On the other hand if one chooses
a NSMD pad, a 12 mil pad provides 18-mil
space between the pads and allows a one 6-
mil line with 6-mil space per channel. Five mil
to 6 mil lines and spaces are common in the
PWB industry.

18.4.5 Mounting Pad Design

Two types of mounting pad designs are
commonly used, namely the dogbone pad
and via-in-pad. Dog-bone traces or via-in-
pad board constructions (Fig. 18-23) can
use either the SMD or NSMD configura-
tions. Dog-bone describes offset via and land
pads joined together by a trace while via-
in-pad designs place filled vias directly in
the land pad. Via-in-pad designs shorten

a)

the signal routing, improve thermal trans-
fer, and allow for increased pad diameters
or increased signal routing density, but are
typically much more costly than dogbone
designs.

Figure 18-24 shows a cross sectional view
of each pad design. In these examples the
vias were filled with adhesive and plated over
with Cu. Filling and overplating of vias is a
required step for via-in-pad. Unfilled blind
vias are associated with the risk of increased
voiding, solder scavenging into the via and
the effects of expanding gasses during reflow.
Open vias allow the solder to pass through
the board and exit through the back side of
the via resulting in unpredictable solder vol-
ume in the joints, voiding, and low component
stand-off height (Fig. 18-25).

18.4.6 Build-up Technology

Migrating to smaller pitch components
requires finer lines and spaces, and smaller
vias are required than are possible with
conventional PWB fabrication technology.
It is possible to drill 8-mil diameter holes
in thin boards (less than 40 mils thick)
utilizing conventional technologies, but with
reduced yields. However, industry is moving
toward adopting emerging technologies
variously called Surface Laminar Circuitry
(SLC), Micro Via technology, Build-up

b)

Fig.18-24 Crosssection of two pad designs. Dogbone (a) shows the offset solder joint connected to the
via. (b) One type of via in pad construction. In this example the vias were filled with epoxy, planarized,
and plated over with Cu.
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Component

Solder
Joint

Circuit board

Bottom side

Fig. 18-25 Voiding in area array solder joints with through hole via-in-pad system, (1) with normal
via barrel plating quality, (2) with poor via barrel plating quality. All examples show that solder flowed
through the open vias, accumulating on the bottom side of the circuit board resulting in a reduction of
the solder joint height. (Photo courtesy of Ning-Cheng Lee, Indium Corp.).

multi-layer technology, Redistribution Layer
(RDL) technology, ALIVH, etc. Vias are
produced by non-mechanical means such as
laser, photo-defined, or plasma techniques.
With these techniques it will be common
place to produce 5-mil vias on 10 or 12-mil
pads, 4-mil lines and spaces on external lay-
ers, and 5-mil vias on 14-mil pads, and 3-mil
lines and spaces [92,93]. Table 18-7 provides
the nominal dimensions, for the pad diam-
eter, via size, line widths and spaces, etc.,
for several foot print pitches. For a detailed
discussion of build-up technology to increase
board-level densification, see Chapter 7.

18.4.7 Surface Finish

Surface finish must be considered at the
time of component selection. Different com-
binations of solder ball metallurgy and board
surface finish may require modifications of
the component-attach reflow conditions us-
ing eutectic Sn/Pb solders. Difficulties with
incompatibilities may result with the intro-
duction of lead-free solders.

18.4.7.1 Solder joint embrittlement Brit-
tle intermetallic growth associated with in-
creased weight percent of Auand Agin Sn/Pb

Table 18-7 Typical circuit board dimensions for CSPs with various footprints

Pad Recommended
Pitch Diameter  Via Diameter Line Width Line Space Board
mm (mils) mm (mils) mm (mils) mm (mils)  mm (mils) Technology
1.27 (50) 0.66 (26) 0.45 (18) 0.15 (6) 0.15 (6) Conventional
1.00 (40)  0.50 (20) 0.35 (14) 0.15 (6) 0.15 (6) Conventional
0.80 (32) 0.40 (16) 0.28 (11) 0.127 (5) 0.127(5)  Conventional
0.76 (30) 0.38 (15) 0.20 (8) 0.127 (5) 0.127(5)  Conventional
0.50 (20) 0.28 (11) 0.15 (6) 0.10 (4) 0.10 (4) Micro via board
0.40(16) 023 (9) 0.10 (4) 0.075 (3) 0.075(3)  Micro via board
030(12)  0.178(7) 0.075 (3) 0.075 (3) 0.075(3)  Micro via board
025(10)  0.125(5) 0.05 (2) 0.075 (3) 0.075(3)  Micro via board

EX. 1004 - Page 57




720

solders is well documented in industry [94].
The increased weight percent of Au and Ag
in the solder joints is often the result of excess
plating thickness on the surface finish of the
board. The condition can be aggravated when
these metals are also contained in component
solder spheres.

18.4.7.2 Reflow profile modification Sur-
face finish may require modification of the
solder-attachment reflow profile. For exam-
ple, it has been reported that palladium fin-
ishes require longer dwells above the reflow
temperature and an increase of the peak re-
flow temperatures [95]. Lead-free solders un-
der consideration may require new board fin-
ishes and peak reflow temperatures of 245°C
or higher in order to form the most consistent
and reliable solder joints [96]. Modifications
to reflow profiles utilized throughout the in-
dustry for standard eutectic Sn/Pb (220°C
peak, 60 to 90 seconds dwell time) which
result in an increased peak temperature or
dwell time can have significant board and
component reliability implications. Choice
of the surface finish and the component
metallurgy must be made with due con-
siderations to the effects on the assembly
processes, other temperature sensitive com-
ponents on the assembly, and the board level
reliability.

18.4.7.3 Pressure contacts Another con-
sideration is the selection of a surface finish
for the use of spring contacts in the assem-
bly. These contacts typically require a Ni/Au
interface. Selective plating of the spring con-
tact areas with the Ni/Au finish and using an-
other finish on the rest of the board can solve
many other problems but will increase the
board cost. Another issue with selective plat-
ing is finding a board vendor that will offer
this option.

18.5 Pre-Assembly Issues

18.5.1 Board Moisture

Cycle time reduction is a key element to re-
duce production costs. Developing a strategy

18 Chip Scale Package Technology

with vendors to protect circuit boards from
moisture exposure and contamination can
eliminate hours of cycle time. Receiving low-
moisture content boards and providing low-
moisture storage can eliminate the need
for drying prior to reflow, significantly re-
ducing cycle time. However, drying should
always be conducted if in doubt as to the
board exposure to moisture. The drying cy-
cle depends on the board material, thickness
and outside dimensions but is typically about
4 hours at 120°C. Dry boards should be pro-
tected from moisture reabsorption until just
prior to assembly.

18.5.1.1 Moisture removal Chip scale
packages usually are not hermetic and the
moisture sensitivity level must be noted.
Out-of-package life or outlife must be
tracked to prevent popcorning and package
delamination during the board-level assem-
bly reflow. Moisture sensitivity typically
increases with die size. Components should
be packaged and labelled according to
EIA/JEP113 and handled per J-STD-020,
Class 1 to 6—(Classification 1, not moisture
sensitive, to 6, very sensitive). Any compo-
nents, which exceed their specified outlife,
require a bake cycle of 125°C for 24 hours
prior to exposure to a reflow process. Com-
ponents packaged in tape and reel format
require 192 hours at 40°C. Even with the
lower temperature, cover tape adhesion can
be adversely affected. Proper packaging
and repackaging procedures can eliminate
the need for drying cycles. Implementation
of an aggressive dry-storage policy using
desiccated moisture-barrier bags is strongly
advised whenever possible.

18.5.2 PWB Inspection

A sample of the circuit boards should be
inspected well in advance of the planned
assembly date. Discovering a board prob-
lem at or after assembly is costly in terms
of time, lost production, required rework
and in some cases, reduced reliability. Sol-
der masks should be inspected for regis-
tration and pad clearances, thickness, and .
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sufficient dam width over dogbone traces.
Board surface finish should be checked for
solder wettablity and the presence of defects
such as “black pads” on the Ni/Au finishes
(Section 18.8.4.2).

18.5.2.1 Planarity The highest probabil-
ity of successful assembly for all package
types occurs with flat boards so maintain-
ing planarity is a major assembly factor. De-
signing boards with layer pairs produces a
balanced lay up which is extremely impor-
tant in preventing board warp. Every effort
should be made to acquire boards with as lit-
tle warp as possible. Current standards allow
.0075 inches of warp per inch [97]. This is gen-
erally not a problem with CSPs given their
small size, but is of increasing concern as I/O
and package outlines increase.

Warp related problems. Board warp
often reaches maximum displacement dur-
ing reflow. This can be a source of intermit-
tent open solder joints. In these cases an as-
sembly enters the cooling zone after reflow
and an open solder joint begins to solidify
before the board is sufficiently cooled to re-
duce the warping. As the board continues to
cool and flatten out the solidified solder joint
makes contact and rounded surfaces become
deformed or flattened. The resulting solder-
joint shape and volume are essentially the
same as “good” solder joints but metallur-
gical bond may not have formed. If unde-
tected, the joint acts as an intermittent fail

in the field. Evaluation of board warp imme-
diately after exiting the reflow oven should be
included as part of a reflow-profile and new
job set-up procedure.

18.5.3 Component Inspection

18.5.3.1 Missingsolderballs Asamplein-
spection of components should be part of an
incoming inspection plan. Any missing sol-
der balls are an indication of a package ship-
ping or fabrication problem. When properly
attached to a package, a reasonable amount
of force isrequired to remove the solder balls.
Causes of missing solder balls include non-
wettable pads, poor pad/board adhesion, me-
chanical damage, oxidized solder ball surface,
and/or mere absence of ball in that location.
Figure 18-26 shows examples of “missing”
solder balls that separated from a component
(2) between the pad and solder ball and (b)
between the component and pad. It is pru-
dent to obtain shear strength data for a pack-
age lot with missing solder balls as it can be
related to a component quality issue. Shear
test data alone may not identify all issues but
can give early indications of a problem (see
Section 18.8.4.2).

18.5.3.2 Debris It is important to exam-
ine the packages for contamination in the
form of metallic or non-metallic particles
embedded in or on the surface (Fig. 18-27),
fibers, etc. Debris found on packages does not

Fig. 18-26 Photographs of solder ball separations. (a) Solder ball separated from the pad and (b) pad

separated from the ceramic chip carrier.
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Fig. 18-27 Photograph of typical debris some-
times found on area-array packages. (a) Embed-
ded metal particle, (b) dust from singulation, and
(c) lint. These pose a greater concern with chip
scale packages owing to their finer pitch.

necessarily cause failures [91]. The poten-
tial for contamination causing a problem de-
pends on the type of the contamination, pack-
age ball pitch, and the assembly process. But
the migration to finer pitch area-array will
aggravate the problem. As an example, a hy-
drophilic fiber, which is common contami-
nant, in contact with adjacent balls or joints
can cause an electrical short or reduce sur-
face insulation resistance to an unacceptable
value, or can cause corrosion or electromi-
gration in high-humidity environments.

18.5.4 Component Handling/Storage

Although CSPs are much easier to handle
than leaded components, they are not im-
mune to handling damage. The ductility of
Pb/Sn alloys requires that properly dimen-
sioned matrix trays be used for those CSPs
not available in tape and reel format. Addi-
tional cover trays should be acquired for low-
volume operations to prevent damage when
only a portion of the components in stock are
delivered to the line. Components returned
to storage or those issued to the line have a
greater risk for damage if they do not have a
cover tray.

Corner solder balls have the highest po-
tential for damage which typically occurs by
deforming the soft solder balls (Fig. 18-28).

Fig. 18-28 Photograph of a portion of a CSP sol-
der ball array showing deformed and flattened sol-
der balls resulting from improper handling.

Damaged solder balls can cause multiple
problems by exaggerating planarity-related
assembly issues, and lead to high rejection
rates or errors at placement and poor assem-
bly yields.

18.6 CSP-to-Board Assembly

The usual CSP outer lead/ball pitch is not
less than 0.5 mm, which avoids some board
assembly problems associated with fine-pitch
surface mount components. However, prob-
lems arise because CSPs are usually assem-
bled with other components as shown in
Fig. 18-29. The difference in heat capacity be-
tween CSPs and other components can make
the reflow process challenging, not to men-
tion the inspection of solder joints, cleaning,
and rework. Other assembly-related issues
include solder-volume specification and con-
trol, chip-carrier pad shape and size, solder
mask defined versus non-solder mask defined
pad [5,40,41,98-103], and solder ball height.
A typical CSP solder-joint cross-section with
dimensions is shown in Fig. 18-30. It is possi-
ble to manufacture robust CSP assemblies by
following appropriate procedures during the
assembly process [62,104,105].

18.6.1 Circuit Card Assembly Process Flow
A typical board-assembly-process flow for

a printed circuit board (PCB) mounted
with CSPs and conventional surface-mount
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Fig. 18-29 Photograph which shows the significant difference in size, and mounting height of a CSP
compared to a QFP and demonstrates the joint inspection limitations. Significant differences in thermal
mass present process challenges for reflow attach of different types of components on the same assembly.

components consists of the following steps:
Bake or dry the boards as required, screen
print, paste inspection, pick and place (for
passive devices or components with larger
lead or ball pitch), fine pitch pick and place
(for finer pitch components), reflow, clean
(optional), test, and rework. It should be
noted that as with leaded components, the

accuracy requirements will increase for the
pick and place equipment as pitch decreases.

One of the key selling points of the CSP
is that the chip-scale components do not
require the higher level of cleanliness, care
in handling, and bare-die issues faced when
using chip-and-wire or flip-chip die. CSPs can
be assembled using conventional screen print

Fig. 18-30 Vertical cross section of a typical CSP solder joint with the indicated measurements of

A =160 pm, B =190 zm, and C = 340 pm.
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and pick and place equipment using tape and
ree] formats.

18.6.2 Stencil Design for Paste Printing

Typical CSP pitches are 0.8 mm, 0.75 mm,
and 0.5 mm. These can be printed using con-
ventional screen print equipment and very of-
ten without modification to the process used
for BGAs, QFPs, and other surface mount
components. Solder paste pad diameters de-
crease proportionately as the pitch decreases
and can lead to solder paste print defects.
Limits of the solder paste/stencil combina-
tions are often evidenced by an increase in
defects such as insufficient or inconsistent
solder volume on the pads, conically shaped
solder bricks, pullouts, and/or rapid clogging
of the stencil apertures for the finer pitch
components. An assembly using exclusively
CSPs would be preferred. It is likely that sol-
der volume requirements for larger surface-
mount components will require the use of a
0.203 mm (.008”) or 0.15 mm (.006") stencil.

18.6.2.1 Area ratio An effective stencil
design tool that can provide an indication of
the release properties is the area ratio (AR).
The total wall area divides the area of the
designed aperture opening. An AR greater
than 0.5 was reported to provide good stencil
release and uniform solder paste height. The
technique works well with round or rectan-
gular apertures [106,107].

18.6.2.2 Aperture ratio In a vast majority
of cases 0.005” to 0.006” stencils, either chem-
ically etched and electropolished or laser cut
stainless steel with 1:1 pad to aperture ratio
are employed with success for assemblies us-
ing CSPs with pitches from 1.0 mm down to
0.75 mm [91]. As the pitch decreases from
1.0 mm to 0.75 mm pull out and conical
shaped solder bricks become more common.
Figure 18-31 shows the solder print for dif-
ferent pitch components on the same board
using a .006” stencil with 1:1 apertures. It
demonstrates one of the problems that can
occur when coarse and fine pitch CSPs are
combined on the same assembly. Thinner

stencils are required to optimize print qual-
ity for the fine pitch CSPs, but the thinner
stencils reduce the solder volume printed for
the coarse pitch components. Maximizing the
solder volume increases the reliability of the
CSP components [108] and any modifications
thatreduce the solder volume should be care-
fully considered in terms of product reliabil-
ity requirements before implementation.

18.6.2.3 Apertures Square apertures with
rounded corners, in combination with trape-
zoidal openings, are often recommended
for area-array components with pitches of
0.8 mm or less [109]. Paste release from aper-
tures with this geometry is greatly improved
over round apertures on fine-pitch compo-
nents. Paste volume is increased for higher
reliability, and the additional paste compen-
sates for a lack of coplanarity that can be
present on components. Some disadvantages
can be an increase in stray solder balls found
under components and a slightly greater po-
tential for bridging. Due to the low stand off
height of many CSPs, cleaning can be difficult
and a no-clean flux may be preferred to hold
stray solder balls in place.

18.6.2.4 Step downs The part mix com- .

plexity on the board must also be considered
in the decision to make any adjustments to
the stencil design. For example, populating
cards with components having a wide range
of pitches may require the use of step-down
stencils for fine-pitch printing. Modifications
to stencils in the form of step downs have
been successfully used but cause some incon-
sistencies in solder-volume in transition ar-
eas. For example a 0.15 mm thick stencil could
have a 0.102 mm or 0.127 mm thick step down
for 0.5 mm pitch components. Components
requiring higher volumes of solder may re-
ceive inadequate solder when fine pitch CSPs
are located nearby on an assembly.

18.6.3 Solder Paste
Type 3 (—325 to 500 mesh) solder paste

with 20 to 45 microns (diameter) solder par-
ticles has been demonstrated to be sufficient
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c)

d)

Fig. 18-31 Photographs showing the difference in solder print quality as pitch decreases from
(a) 1.0 mm, (b) 0.8 mm, (c) 0.75 mm, to (d) 0.5 mm. All were printed at the time on the same PWB using
a 0.006-mil stencil demonstrating one of the problems with a wide variation of component pitches on

the same assembly.

for board assembly of CSPs with solder-ball
pitches of 0.75 mm. Those CSPs with a finer
solder-ball pitch require modifications to the
print process. Reducing the stencil thickness
to .005” provides a better release and a more
consistent print. However the particle size of
Type 3 solder paste minimizes the actual num-
ber of solder spheres that fit into an aperture.
Type 4 solder paste with finer solder parti-
cles provides a higher solids loading in the
paste, and thus increases the post reflow sol-
der volume. Type 4 solder pastes are not a
dropin replacement for type 3 pastes; that is,
new processes, out-life control requirements,

" and reflow profiles must be re-established. It

is important to recognize that as the parti-
cle size decreases the total effective surface
area and hence the oxide content on the balls

increases; this may have some impact on sol-
derability and a more aggressive flux may be
required for proper solder-joint formation.
The cost of the Type 4 solder paste is also
higher than Type 3 [110].

18.6.4 Solder Paste Printing

Solder paste printing is one of the most crit-
ical operations in the assembly process as it
has a significant effect on assembly yields and
reliability. Solder paste bricks should be uni-
form in shape and volume across the entire
CSP pad pattern. Varjations in the solder vol-
ume can cause bridges, electrical opens, or
low volume solder joints that lead to early
failure. Also, the lack of a uniform solder
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volume makes it difficult to determine the
acceptable upper and lower limits for au-
tomated solder joint inspection. With area-
array components, only one defective solder
joint necessitates reworking a component.
The effect of the solder paste printing op-
eration on the assembly yields and ultimate
assembly reliability is significant [111]. Con-
sistently low defect and predictable reliability
result from proper control of print registra-
tion, solder volume, and solder paste outlife
(exposure in open jar or on screen). What
seem to be minor problems with print reg-
istration, or variation in paste volume for
example, can result in increases in bridging,
electrical opens, false or missed calls at x-ray
inspection, and lower solder-joint reliability.
Paste drying or the loss of volatiles and/or
moisture absorption in the solder paste can
lead to increased voiding and paste outlife
limits should be determined, monitored care-
fully, and not exceeded. Keeping the stencil
clean during printing is essential especially if
the time between prints is in excess of 5 min-
utes or if the unreplenished paste is used for
an extended time period. Periodically placing
the stencil in a washer is most effective and
should be used in conjunction with wiping to
prevent clogged apertures.

18.6.4.1 Fine line printing Solder paste
printing can be a challenge when dealing with
0.5 mm packages. Stencil thickness, shape and
aspect ratio of the opening, surface finish of
the board, and the paste characteristics all
can play a role in successful printing,. It is not
uncommon to have print efficiencies of less
than 60% on 0.5 mm pitch components. As
mentioned above, process modifications for
0.5 mm pitch components can include using
square apertures with rounded corners on the
stencil, decreasing stencil thickness to .004”,
and the use of Type 4 solder paste.

18.6.4.2 Pastevs. flux Insome cases CSPs
are assembled using flux rather than solder
paste. Assemblies using only flux may meet
some product requirements but not all, espe-
cially the high-reliability applications. The in-
creased height of the solder paste bricks com-
pared to flux paste alone, can help alleviate

problems with ball planarity, package: pla-
narity, board planarity, and board surface
finish flatness. Paste printing also adds sol-
der volume, can increase solder joint height,
and improves solder wetting of the pads
[112]. Addition of solder paste can play a
significant role in assembly yields, as well as
reliability,

18.6.5 Solder-Paste Print Inspection

Automated inspection of the solder paste
print is recommended for the assembly of
the area-array components, particularly CSPs
owing to their fine pitch. Missing solder paste
on a single pad requires rework since there
is no possibility for touch up. To ensure a
low-defect assembly operation it is impera-
tive to verify the presence, uniformity, and
correct solder-paste volume on the pads. Vi-
sual inspection of the paste print can be used
but is a slow process, prone to error, and
expensive. Automated inspection of the sol-
der paste print can be accomplished using vi-
sion, laser, or x-ray systems. The capability is
available on many screen printers but they
are relatively slow and often provide only
2D inspection. Solder-paste presence, smear-
ing, registration, and bridging can be verified
and measured with these systems. However,
significant height variation and even conical
shaped solder paste depositions may not be
identified. These inspection options on the
screen printers are improving but donot elim-
inate a bottle neck on a high-volume assem-
bly line as no additional printing can take
place during inspection.

18.6.5.1 Stand-alone systems Automated
stand-alone measurement systems can re-
duce the bottleneck at the printer. Inspec-
tions can be performed at the same time the
screen printer is printing another board or
panel and typically can complete the inspec-
tion in less time than it takes for the screen
print operation. X-ray inspection is an of-
fline operation that makes volumetric mea-
surement of each solder brick printed. The
method is effective but time consuming. It
requires operator intervention, removal of

the bo:
cantly i
the pic.
every a
even if
availab

18.6.6

Com
take pl
sible. L
the sol
drying
These
ing int
compo

18.6.
benefit
dice is
ing su
do no
tures «
lapsibl
on CS
erance
cies of
placen
Tacy o
capabi
andre
orequ
ond. T
one p:
pick a
crease
alignn
diame
ment
ment
a redi
for co:
goal,
as clo
the ris
alignr

18.¢
equip




e pla-
surface
ds sol-
height,
e pads
play a
well as

T paste
ably of
ly CSPs
>r paste
e there
asure a
mpera-
ity, and
ads. Vi-
be used
or, and
the sol-
1sing vi-
bility is
ut they
de only
, smear-
verified
owever,
conical
7 not be
on the
otelim-
: assem-
an take

:omated
can re-
Inspec-
:ime the
oard or
s inspec-
3 screen
s an of-
ric mea-
ed. The
ming. It
1oval of

18 Chip Scale Package Technology 727

the boards from the line, and can signifi-
cantly increase the time between print and
the pick and place operation. Inspection of
every area array solder pad is recommended
even if automated inspection systems are not
available.

18.6.6 Component Placement

Component placement and reflow should
take place as soon after screen print as pos-
sible. Delays allow changes to take place in
the solder paste through loss of volatiles or
drying of the paste and moisture absorption.
These changes may lead to increased void-
ing in the solder joints under the area array
components.

18.6.6.1 Required accuracy for CSPs A
benefit CSP components have over flip-chip
dice is that they can be placed with exist-
ing surface-mount equipment and therefore
do not require additional capital expendi-
tures or space on the assembly line. Col-
lapsible solder spheres are commonly used
on CSPs and allow greater placement tol-
erances owing to the self-centering tenden-
cies of the solder sphere [113]. Chip-shooter
placement equipment with a placement accu-
racy of 4+/—0.05 mm, has demonstrated the
capability to pick and place, CSPs (from tape
and reel) with solder ball pitches greater than
orequal to 0.75 mm at a rate of 4 parts per sec-
ond. This is a significant improvement over a
one part per second rate typical of fine-pitch
pick and place equipment [101,114]. The in-
creased rate is mainly due to an allowed mis-
alignment of approximately one half of a pad
diameter, which is corrected by self align-
ment during reflow. Higher precision place-
ment equipment (+/—0.05 mm) operating at
a reduced placement rate is recommended
for component pitchesless than 0.75 mm. The
goal, in any event, is to place components
as close to true position as possible to avoid
the risk of bridging that can occur with poor
alignment.

18.6.6.2 Vision systems Pick and place
equipment uses several different means

of aligning the component to the board,;
mechanical alignment, black-body vision sys-
tems, and array vision systems. Mechani-
cal alignment and vision systems using back
lighting or black-body/binary alignment, reg-
ister on the edge of the package and do not
consider the alignment of the solder ball ar-
ray. Vision systems using array vision com-
bine component alignment of the solder ball
array with capabilities for solder ball pres-
ence verification. Acceptance of the pack-
age using array vision systems is based on
the recognition of a minimum percentage
of the total number of solder balls on each
package, allowing for recognition of dam-

“aged or missing solder balls while aligning

the solder ball array. Setting the threshold
acceptance limit to 100% usually results in
a high percentage of false rejects particu-
larly on the high I/O components. Careful
adjustment of sensors can minimize rejec-
tions but inspection of the BGA to board
alignment is strongly recommended prior to
reflow. ‘
Manufacturers of pick and place equip-
ment are improving methods for reducing
the number of false rejects with improved
sensors, algorithms, and lighting schemes and
through the use of multiple cameras.

18.6.6.3 Paste contact While placing
CSPs the solder balls do not have to make
contact with the board. Contact with all the
solder paste is sufficient and can be achieved
driving the solder balls only 0.05 mm into the
solder paste. Coplanarity of the CSP solder
balls is typically less than 0.05 mm allowing
all the solder balls to make contact using
these parameters. Driving the component
farther into ‘the solder paste increases the
risk of bridging.

18.6.7 Placement Inspection

A placement inspection prior to reflow is
the last opportunity to catch assembly prob-
lems without having to expose the boards
and components to a rework cycle. While
operator inspection of correct component
presence, alignment, rotation and polarity is
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often done for low-volume jobs, high volume
operations can take advantage of automated
inspection systems now available. These sys-
tems can be programmed to identify com-
ponents by outline and verify part numbers.
Components can also be checked for align-
mentto the pads, polarity, rotation, and orien-
tation. Although these systems require con-
siderable programming and fine tuning, they
are effective in pin pointing errors introduced
into a run by installation of a new reel or
matrix tray with improperly oriented compo-
nents, as occasionally occurs in high-volume
operations. In low-volume high-mix opera-
tions where the number of setup changes oc-
curring in a shift can cause confusion, these
systems can catch and reduce defects before
the boards are reflowed.

18.6.8 Reflow Attachment/Effects

Convection reflow has been shown to be
very effective in providing uniform heating
of components and PWBs during the reflow
process. Measurement of the board and com-
ponent temperatures in the product form fac-
tor is imperative to define effective reflow
profiles for manufacturing.

18.6.8.1 Factors that affect profile Heat-
ing uniformity is affected by differences in
component mass, distribution of components
on a board, and PWB differences (e.g., mass,
material, stackup, dimensions, etc.), oven
type and number of zones, and fixturing. Pro-
files also vary due to solder paste flux chem-
istry. The manufacturer’s recommended pro-
file should be the initial baseline for each
board. Differences in flux chemistry, boiling
points, activation temperatures, reflow atmo-
sphere, etc., necessitate matching the thermal
response of board and component configu-
rations to a paste manufacturer’s processing
temperature recommendations. This should
minimize defects such as partial reflow, sol-
der balling and voiding. Each of these de-
fects can influence the reliability of the sol-
der joints. Proper solder reflow is not a trivial
process and careful attention should be paid

to achieving optimum results for each board
design.

18.6.8.2 Profile Improper time and/or
temperature at the preheat, flux activation,
reflow, and cooling steps can create defects
in the solder joints. Most components and
board materials have been tested and are
approved for eutectic Pb/Sn reflow process-
ing. Reflow temperatures should not exceed
220°C without testing to quantify the effects
of the higher temperatures on the boards,
components, and assembly reliability. Slow
cooling rates (<5°C per second) can result in
a coarsening of the solder grain structure and
increased separation of the Sn and Pb phases.

The melting points of most lead-free al-
loys are approximately 40°C higher than eu-
tectic Sn-Pb, and with reflow temperatures
near 245°C. To minimize the impacts of these
higher temperatures it is necessary to use
steeper heating and cooling rates to limit the
exposure (dwell time) to both boards and
components. While this profile modification
helps limit the exposure time and temper-
ature, it increases thermal shock, decreases
temperature uniformity, and decreases the
time to form good solder joints (i.e., bond for-
mation, wetting, joint shape, etc.).

18.6.8.3 Atmosphere Although an air re-
flow can be utilized, a dry inert atmosphere
is recommended during reflow to eliminate
oxide growth. If water vapor is present dur-
ing reflow the tendency for the pad met-
als and solder to oxidize increases. Utilizing
an inert atmosphere minimizes the potential
for oxidation during the reflow process, thus
enhances solder-joint quality. The inert gas
should not exceed 100 ppm oxygen or water
vapor and 10 ppm or less for applications re-
quiring high reliability.

18.6.8.4 Effects of- -moisture The most
distinguishing feature of CSPs compared to
other IC packages is their smaller size and
weight, both a positive and negative attribute.
It is positive in the sense that little time
is required to heat a CSP component to
the reflow temperature; however, if heated
too rapidly, cracking and delamination of
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induced delamination (popcorning).

the package can occur. The chances of this
occurrinig are increased if absorbed mois-
ture collects along the interfaces of the die
and packaging materials.“Popcorning” is the
term used to describe packages that have
cracked/delaminated due to the rapid vapor-
ization of moisture inside a package during a
reflow operation. Cracks and delaminations
occur with an insufficient opportunity to dis-
sipate the pressure build up. Internal damage
can occur which is not detectable by visual
inspection, and which degrades the pack-
age performance or reliability. Thin, molded
packages (e.g., Thin Small Outline Packages
or TSOPs) are the most prone to this kind
of damage, but many of the CSP designs uti-
lize a similar structure. Popcorn-type failure
of a CSP is depicted in Fig. 18-32. The CSP,
part of a popular digital camcorder assem-
bly, was mounted on a small interposer card
and underfilled, then the sub-assembly was
soldered to the main board to promote relia-
bility by eliminating the need to underfill the
component if attached directly to the main
board. However, the assembly was not baked
out prior to being heated to reflow tempera-
tures, resulting in delamination between the
bottom side of the CSP, which is a poly-
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-

Fig. 18-32 X-ray image of a CSP that was improperly removed with a hot-air type rework system. The
dark gray region near the center of the component is solder that wicked into a void caused by moisture

imide film, and the underfill. Solder wicked
in and shorted several interconnects to-
gether in a void created by the delamination.
This shorting was only observable by X-ray
inspection.

18.6.9 Cleaning

No-clean, or low residue fluxes are ex-
tensively used in card-assembly operations
owing to their obvious cost advantages. This
is a trend that is expected to increase for
assemblies using CSP components and as
pitches decrease because of the difficulty
of getting cleaning fluid into the small gap
between a component and board. However
many assembly houses still clean flux residues
with aqueous or semi-aqueous solvents to
improve solder wetting characteristics (i.e.,
yields) and bonding of underfill materials,
or to meet contractual requirements that
demand no visible residues even if they are
benign. :

Most CSPs can be cleaned adequately with
conventional in-line cleaning systems. It is
advisable to work closely with both the sol-
der paste and cleaning equipment vendors.
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Cleaning fluid entrapment beneath CSPs is
common. Itisimportant to remove entrapped
fluids prior to packaging and especially if the
assemblies are to be conformally coated.

18.6.10 Assembly Inspection

Cost and cycle time reduction drive efforts
to eliminate inspections, however some in-
spection is usually required to monitor the
assembly process to ensure that it is in con-
trol. Inspections can be of a limited nature
on a small sample of low-cost boards to 100%
for high-value or high-reliability applications.
Visual, x-ray, and acoustic microscopy are
the three common post-assembly inspection
techniques. Automation is reducing the cycle-
time requirements for each of these tech-
niques. Although no technique guarantees
a defect-free assembly, each can be used to
identify an out-of-control process and mini-
mize defects that escape to the field.

18.6.10.1 Visual inspection Visual inspec-
tion can be used to evaluate a small quan-
tity or samples of assemblies but is ex-
tremely costly in terms of labor, cycle time
and escaped defects. Although inspection of
leaded components is reasonably effective,
only perimeter solder joints are visible on
area-array CSPs. Often evaluations are lim-
ited to partial views of the solder joints since
the line of sight is obstructed by neighbor-
ing components and low stand-off height
of CSPs. Visual inspection can be useful in
identifying process related problems such as
skewed solder joints or partially reflowed sol-
der joints. Line-of-sight and low stand-off
height limitation also restrict automated vi-
sual inspections of CSPs to component pres-
ence, registration, and orientation.

18.6.10.2 X-ray inspection X-ray inspec-
tion equipment offers the capability to in-
spect the interior solder joints on CSPs and
is a valuable tool for process development
and production solder joint inspection. There
are two types of systems available, transmis-
sion and laminography. An important aspect
of x-ray examination is its sensitivity to high

18 Chip Scale Package Technology

density boards and different core materials
embedded in the printed wiring board for
CTE constraint. Cores comprised of large
atomic weight elements such as molybde-
num, copper-invar-copper and the like ab-
sorb x-rays and render the technique less
effective. X-ray inspection can effectively
detect missing balls, solder bridges, grossly
inadequate solder joints and solder voids
(Fig. 18-32, white areas). Examination for
voids should be carried out judiciously since
power and frequency settings can either ex-
aggerate or underestimate the voiding effects
[32,33]. Also, marginally good solder joints
can be difficult to discern by x-ray techniques.
Cracks or poor wetting of a pad on a board
can remain hidden due to the limitations of
these systems.

18.6.10.3 Acoustic microscopy An in-
spection technique using ultrasonic energy at
the component level is termed acoustic mi-
croscopy owing to the capability to detect
extremely small defects and is another tool
used to detect defects in circuit board as-
semblies. This technique requires a coupling
agent, usually water, to provide a continu-
ous path for sound wave propagation. It can
be effective in identifying the location of any
discontinuities such as cracks, delaminations,
and voids, in components, underfill materi-
als, solder joints and boards. Ultrasonic en-
ergy must be introduced perpendicular to
the surface of inspection making inspection
of curved surfaces difficult. For CSP assem-
blies, the technique is currently best suited
for inspection of selected components with
similar construction and not every compo-
nent on the board. Variation in the acoustic
signal response from dissimilar components
may require numerous programs and/or fre-
quency changes to optimize the inspection re-
sults. The technique is very effective for low
volume or development operations, and fail-
ure analysis applications.

18.6.10.4 Voids Voids can be defined as
bubbles or cavities within a solder joint. Chip
scale packages can sometimes have voids in
the as-received solder balls, depending on the
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Voids
(light areas)

Vias

PWB Circuit
Line Traces

Fig. 18-33 Through transmission x-ray showing PWB features along with voided CSP solder joints.

ball-attachment technique. The reflow op-
eration can also cause voids during assem-
bly [115]. Several hypotheses have been pro-
posed for their formation: volatile species,
produced as a result of the thermal decom-
position of flux constituents, or oxide films
that get entrapped in the solder matrix, etc.
[116,117]. Reduction of metal oxides by flux
can generate species such as hydrogen, car-
bon dioxide, water vapor, etc., depending on
the nature of the flux. Volatile constituents
such as solvents in the flux paste, additives
for thixotropic modification, water vapor en-
trapped in the paste, and moisture exuded
from the laminate are also cited as sources
for voiding.

The reflow process parameters that influ-
ence void formation are: ramp-up rates, flux
activation temperature and activation dwell
time, maximum reflow temperature, dwell
time above reflow temperature, and ramp-
down rates. Ramp rates of 2-4°C/s are sug-
gested to avoid paste splashing. A linear cor-
relation between oxygen content in the 100
to 1200 ppm range in a reflow oven and the
extent of voiding has been observed. Surface
porosity also favors void formation as does
metal content and decreased particle size be-
cause both tend to increase oxide content
which in turn affects voiding. Elapsed time
between paste printing and reflow can also
have an effect on voiding. If the soak time is
not optimized, it may limit the expulsion time

of volatilized material leading to entrapment
[118]. Soak times of the order of 2.5 minutes
or slightly longer, and low peak temperatures
in the vicinity of 205°C seem to minimize
voiding, Figure 18-33 shows voids as seen un-
der CSPs using through-transmission x-ray,
and Fig. 18-34 using x-ray laminography.

18.7 CSP Rework

Controlling individual process steps re-
duces the additional cost and cycle time
incurred by rework. It has been shown that
reworked solder joints without the addition
of solder paste can meet and exceed the

Fig. 18-34 Void shown in x-ray laminography
image.
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Table 18-8 Partial list of rework equipment manufacturers

Company

Location Phone

Air-Vac Engineering Seymour, CT 203-888-9900
Advanced Techniques Co. Pennsylvania 215-364-5588
APE Corp Key Largo, FL. 305-451-4722

Austin American Technologies  Austin, TX

512-335-6400

Conceptronics Portsmouth, NH 603-431-6262
Fine Tech (Palomar Products)  Carlsbad, CA 619-931-3622
Manix Huntingdon Valley, PA. 215-953-9797
MRSI Chelmsford, MA 508-256-4950
OK Industries Yonkers, NY 914-969-6800
Pace- Laurel, MD 301-490-9860
PDR Microelectronics Pleasanton, CA 510-455-8602
SEC Moorpark CA 805-529-2293
SRT Westford, MA 508-392-0633
‘Wenesco Chicago, IL 312-973-4430

requirements for extended-temperature-
range applications, but the reduced solder
volume is likely to reduce the reliability
compared to non-reworked solder joints
[112]. However, where possible, additional
solder paste should be added when replacing
an area-array package [119]. Micro stencils
are commonly used for this purpose but can
be difficult due to limited space. It is also
difficult to hold a stencil steady, cover all
the openings in one sweep, and remove a
micro stencil cleanly. The practice and skill
required to master the art of micro stencil
printing should not be underestimated.

18.7.1 Rework Equipment/Tooling

Although there are a number of compa-
nies that manufacture equipment to rework
defective assemblies, only a few machines are
capable of reworking BGA components; and
even fewer for CSPs, which in most cases are
miniature, fine-pitched (e.g., 0.5 mm) area
array packages. A partial list of companies
offering equipment and/or tools for CSP re-
work is given in Table 18-8. Based on areview
of the literature and industry practice, the ba-
sic equipment features considered necessary
for reworking CSPs on a large-volume basis
are noted in Table 18-9. Most commercial sys-
tems utilize hot gas directed and contained
by nozzles designed for specific component

sizes and shapes. A vacuum tool inside the
nozzle holds a replacement component over
the rework site (see Chapter 20). The CSP self
aligns when the solder balls become molten.

18.7.2 Thermal Profile Monitors

A thermal profile must be established that
can be utilized for both removing a CSP and
attaching the replacement component. Ini-
tially, a multi-purpose test vehicle can be uti-
lized such as the one shown in Fig. 18-35.
This vehicle includes two component sites for
12.7 mm square, 188-pin daisy chain Tessera’s
uBGA®; along with four wire-bonded sites
and four flip-chip sites. The test vehicle shown
in the figure is 18-mils thick, contains 6 metal
layers, and is the size of a PCMCIA! card,
with a gold flash (0.1 pm thick) on a nickel
overplate. The hidden nature of CSP solder
joints requires careful thermal profiling to as-
sure that all solder joints are completely re-
flowed. In addition to profiling at CSP sites,
thermal measurements of the board and ad-
jacent components helps insure the rework
process does not functionally degrade other
portions of the assembly. As a final check, a
test vehicle should be constructed utilizing a
product card/board or one whose form factor
closely resembles the product for verification
purposes.

*Personal Computer Memory Card Industry Association
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Table 18-9 Basic features recommended for CSP rework equipment

Split-beam imaging

Allows the operator to see a magnified image of the bottom side of a CSP

system superimposed over the corresponding land pattern on the PWB during
alignment before placement (see chapter 20).
Separate light Used for viewing board and component, each independently controllable
sources by the operator.
Localized topside Either forced convection (flowing hot gas) or by radiation (focused infrared
heating beam) that is sufficiently localized to avoid adversely affecting nearby
components.

Auxiliary underside

Helps minimize board warpage that can occur due to the intense localized

heating and support topside heating. Using an auxiliary heating system to preheat the board
also minimizes the time and temperature required for localized heating
of the top-side components.

Universal tooling

Tooling must not be too sensitive to CSP configurations; i.e., the capability

of utilizing the same tool for a variety of shapes and sizes.

Positioning control

Coarse and fine positioning of the assembly repaired.

Software Configured for rapid set-up, thermal profiling, and process control.

Component size
Assembly size

Capability of handling components up to 1 inch square.
Capability of handling assembly sizes up to 300 mm x 400 mm (12" x 16").

result, thermal profiling of CSPs is typically
limited to monitoring the package rather
than joint temperature. The small size and
low thermal mass of CSPs make this an ac-
ceptable profiling approach. The test vehicle
is configured with the thermocouples (5-mil
gauge type K) installed on top of the
CSPs and the topside of the substrate/
chip carrier (125-mils away). Adjacent CSPs
are typically located 100-mils away.

Fig. 18-35 Photograph of a rework test vehicle. containing various types of components. Xs indicate

the
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Fig. 18-36 Typical thermal profile used for the 12.7 mm (0.5”) square uBGA component. Thermocou-
ple measurements were taken 1) on the PWB at a distance of 0.125” from the CSP, 2) on top of the CSP,

3) on an adjacent component.

18.7.2.2 Thermal profile A typical ther-
mal profile (Fig. 18-36) usually includes the
preheat, soak, ramp, reflow and cool-down
stages. In the figure the package tempera-
ture achieved a maximum of 223°C and the
period above 183°C (dwell time) is approxi-
mately 40 seconds. The average slope during
the heating cycle is about 1°C per second.
Also, the temperature of adjacent devices
and substrate/chip carrier in close proxim-
ity to a reworked CSP site (not shown in the
figure) is to be sufficiently low so as to mini-
mize adverse effects on functionality and reli-
ability, and avoid partially melting any solder
interconnections.

18.7.3 General Rework Process Flow

A typical surface-mount-component re-
work process consists of removal of a defec-
tive component, site dressing or prepara-
tion, addition of flux paste or solder paste,
placement of a new package and reflow.
In the case of CSP solder joints, where
hand touch up of the solder joints is not
feasible, rework implies replacement similar
to BGA replacement. Since CSP compo-
nents are much smaller in size than their

BGA counterparts, improved tools or a mod-
ified procedure may be required. Placement
accuracy is more critical but the removal
and reflow of CSP components is often eas-
ier than with BGAs due to their low ther-
mal mass. BGA rework design, process, and
equipment information may be found in ref-
erences 120-123, and is covered in detail in
chapter 20.

Once an acceptable thermal profile is es-

tablished, the process for reworking CSPs
that have not been underfilled proceeds as
follows:

@ Dryness of Assembly
Dry the assembly for 24 hours at 125°C
prior to any reflow soldering operation to
remove moisture from all plastic compo-
nents on the board and prevent popcorning
of the components or delamination of the
board.

e Avoid Flexure
The assembly is placed in the rework sys-
tem in a way that it will not flex when
moderate placement pressure is applied or
during exposure to a reflow cycle. When
assemblies are very thin, a pallet cut out
constructed of a heat-resistant material like
Delmat™ should be used.
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e Remove Defective CSP

Install the assembly in the rework machine
and preheat the board, apply tacky flux
paste and remove the defective device with
a pre-established thermal profile.

Remove Residual Solder

Apply additional tacky flux paste to the
site as required, lower the nozzle (without
a component loaded), and reflow the site.
When the pads are fully reflowed, the noz-
zle is lifted and a vacuum tool with a
Teflon® tip is used to remove excess sol-
der. A solder wick or other solder-removal
technique may be used for this step, but
non-uniform pad height is often the result.
Care must be taken not to damage the small
pads or solder mask. Nozzles are available
from several vendors that apply localized
heat to reflow the solder on the pads and at
the same time remove the excess through
a vacuum tube located at the center of the
nozzle. A fixed nozzle height produces uni-
form solder volume on the pads and mini-
mizes the risk of lifted pads and/or damage
to the solder mask.

Clean Flux

Remove residual flux with isopropyl alco-
hol and a lint-free swab or wipe. Vacuum
removal of the alcohol and flux mixture
can minimize spreading of the flux under
adjacent components and thereby simplify
cleaning,

e Assure Planarity

Inspect the site for pad uniformity. If the
pads appear to be non-uniform in height,
repeat the site-dressing process. It is very
important that the pads be uniform to avoid
coplanarity issues during the replacement
process.

e Avoid Contact

When replacing a component, great care
should be taken not to touch the ball side of
the device with bare hands as skin oils may
interfere with solder wetting. Vacuum pen-
cils and/or gloves should be used to handle
the components.

e Align Replacement CSP

The component is aligned using a split-
beam imaging system that allows the op-
erator to view an image of the compo-
nent bottom (i.e., solder balls) which is

superimposed on the corresponding board
pads. The beam splitter not only aids in as-
suring good alignment, but also allows the
operator to see any missing or deformed
solder spheres on the CSP and missing or
damaged pads on the board.
Apply Flux
Once the component is aligned, tacky no-
clean flux is applied to the site. It is im-
portant to use a “tacky” formulation or
flux paste rather than a liquid formula-
tion because liquid fluxes evaporate too
quickly. This step must follow the align-
ment step since applying flux prior to align-
ment causes viewing problems in the beam
splitter. Due to the small size of CSP com-
ponents, care must be taken not to apply
too much flux.
(a) Brush
A fine-tipped artist’s brush is ade-
quate for applying a suitable amount
of flux.
(b) Dipping
Excellent results have also been
achieved by “dipping” the compo-
nent into a known thickness of flux
paste. A batter bar or squeegee is
used to produce a uniform thickness
of paste. The paste height should be
approximately one half the height of
the solder balls on the package. This
step takes place before alignment of
the pads and component [124].
(c) Micro Stencils
Micro stencils can also be used to
print solder paste onto the pads.
However this requires a great deal
of skill to be successful. For those
skilled in the art, solder paste offers
an increase in solder volume and is
reported to improve the wetting and
formation of solder joints [112].

e Placement

A replacement component is placed us-
ing the same nozzle used for component
removal. Two different nozzle types, sim-
ilar to those shown in Fig. 18-37, may be
used for CSP placement. It is best to apply
some force when placing CSP components
to help overcome coplanarity differences.
However, force should eliminated prior to
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(a) |
Fig. 18-37 Two placement nozzle designs used in placing CSP components. (a) is specially designed
for 12.7 mm (0.5” uBGAs, (b) is designed for a range or uBGA and flip chip devices.

reaching reflow temperature to avoid com-
ponent collapse, and allow a component to
self center and assume a height determined
by the molten solder surface tension.
e Replacement CSP Reflow

Since the solder connections of CSPs are
typically beneath the component in an ar-
ray format, the solder joints are reflowed by
heating through the package rather than by
direct heating as is typical for peripherally-
leaded components. Some equipment man-
ufacturers claim there is an advantage to
using heated air directed beneath a compo-
nent to help assure that the entire compo-
nent achieves requisite reflow temperature.
Directing air underneath lightweight CSPs
can cause a component to shift leading to
skewed solder joints, bridging, or transfer
of the solder paste from one solder joint
to another leaving some joints with insuf-
ficient solder or an open. Direct heating
through the CSPs can also produce consis-
tent results.

(b)

A total rework time of approximately 20
minutes per CSP is not unusual. This includes
loading the assembly, removal of the compo-
nent, site dressing/cleaning, alignment, place-
ment and reflow. Profiles for removal and for
replacement may be different.

18.8 Reliability of CSP Assemblies

Although CSPs provide significant space,
weight, handling and performance advan-
tages for numerous applications, their re-
liability at either the component or board
levelis typically a concern to many engineers.
Tables 18-10 through 18-12 include many
CSP-related reliability tests and results cited
in references [4,5,31,43,58,125-138]. The ta-
bles indicate individual semiconductor man-
ufacturers have their own test methods and
test conditions depending upon their cus-
tomers’ needs and applications. These data
may not be directly applicable to every CSP
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application, but can serve as useful refer-
ences. Also, it is important to recognize that
CSPs of the same type from different suppli-
ers may have different material sets in their
construction.

18.8.1 Packaging Levels

Reliability of the chip-scale assemblies
needs to be addressed from several view-
points. First there is package reliability, then
there is board-level assembly reliability, and
finally there is the box or system-level re-
liability. While a package may successfully
pass a battery of reliability- tests, it may
experience fails when tested at the board
level because the interaction between board
and package characteristics may induce ad-
ditional stresses leading to product failures.
Additionally, when a printed wiring board is
incorporated into a box, depending on the
manner in which it is assembled and the
stresses it is subjected to, it may experience
stress distributions different from standard
tests and hence different failure mechanisms.
It is imperative to assess component reliabil-
ity at all levels of packaging.

Conventional reliability tests include ther-
mal cycling, thermal shock, pressure cooker
tests, temperature-humidity-bias, high-temp-
erature storage, etc., at the package level. At
the assembly-level, testing typically consists
of thermal cycling, ship-shock, drop-test in-
sulationresistance test, torque, and vibration.
At the box-level testing may include thermal

cycling, thermal shock, vibration and drop-

tests. The levels at which these tests are per-
formed generally depend on product and its
life requirements.

18.8.2 Chip Carrier Effects

For example, the substrate for a CSP may
be rigid glass-reinforced bismaleimide tri-
azine laminate, polyimide tape, or alumina
type ceramic substrate with a wire bonded
die. Another construction may consist of a
polyimide tape with an elastomeric mate-
rial between the die and polyimide tape. The

TAB-type beam leads are bonded to the die
similar to a microBGA®. The construction
of CSPs has a significant influence on board-
level reliability. For example, it was shown
that a change in the base material for a CSP
from polyimide to BT resulted in higher re-
liability in a similar test [139]. This was at-
tributed to the thicker BT resin substrate
which provided a better CTE isolation of the
die from the solder joint. A similar CTE isola-
tion is provided by a silicone elastomer layer
in microBGA®-type packages. In the case of
CSPs with TAB-type ribbon bonds, package
failures have been found at the heel or in the
middle of a ribbon.

18.8.3 Board Effects

18.8.3.1 Thickness Board thickness can
play a significant role in the reliability of CSP
solder joints. Decreasing the board thickness
from 62-mils to 16-mils has shown as much
as 2X improvement in board level reliability
[140].

18.8.3.2 Single versus double-sided assem-
bly Chip scale package reliability can de-
pend on the manner of board population. The
fatigue life of double-sided assemblies sub-
jected to a condition A test (—30 to 100°C)
with mirrored packages is about half that
of single-sided assemblies. However, stagger-
ing the packages on double-sided assemblies
improved fatigue life [141].

18.8.3.3 CTE mismatch Circuit card as-
semblies with extreme CTE mismatch be-
tween the component and the board can
experience solder joint failures in as few
as 40 cycles in 0 to 100°C thermal cycling,
while CTE matched assemblies (e.g.,, ACTE
<5 ppm) survive in excess of 1000 cycles even
in —55 to 125°C [142].

Other factors such as via misregistration
or solder mask coverage on the pads can
aggravate a CTE mismatch problem while in-
creasing solder ball diameter or underfilling
canimprove the problem. For example, larger

solder balls generally enhance solder joint
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Table 18-11 Mini BGA solder ball shear data reported by various CSP suppliers

Thermal cycle Air to air,

(FR4 board level) 0 to 100 degree C
Thermal cycle Alr to air,

(FR4 board level) 0to 100 degree C
Thermal cycle Air to air,

(FR4 board level) —55 to 125 degree C

Test Specification Sample Size Results Comments
Ball shear — 4 wafers  Avg.=206g  PIdielectric
Ball shear — 1wafers Avg.=197g BCB

dielectric

12 dies 10to 40 cycles No underfill
12 dies >2000 cycles ~ With underfill
8 dies >500 cycles With underfill

reliability through an increase of solder vol-
ume and an increase in height. It has been
shown that the stress on the solder joint is
inversely proportional to the height of the
solder joint or in other words, less stress is
induced in taller solder joints.

18.8.4 Surface Finish Effects

18.8.4.1 Standard finishes Surface fin-
ishes of the printed wiring board and lami-
nate chip carrier can have a significant im-
pact on board-level reliability. The laminate
surface finish is organic solder preservative
(OSP) such as benzotriazole, imidazoles, or
polyalkyl benzimidazoles, nickel, immersion
gold over nickel, or in other cases the tin/lead
is plated over the barrier metal and reflowed
to form the ball. The barrier metallization
is typically Ti/Cu, AUNi/V/Cu, Ti/Ni or Ni.
Common PWB surface finishes are immer-
sion gold over nickel, hot air solder level
(HASL), OSP, white tin, or plated and re-
flowed Sn/Pb. The finish required for assem-

bling fine-pitch CSPs with an acceptable yield
requires a flat or planar surface.

18.8.4.2 Metallurgical factors OSP and
immersion gold over nickel are preferred for
fine-pitch CSP assemblies owing to the pla-
narity offered by these finishes, but they differ
inthe nature of the solder joints formed. With
both HASL and OSP, Cu-Sn intermetallic
constitutes the metallurgical bond between
the surfaces. In the case of Au over Ni, Ni-

Sn intermetallic constitutes the metallurgical -

bond. The gold helps preserve the solderabil-
ity of the surface and dissolves into the bulk
of the solder some of which precipitates as
dispersed Au-Sn intermetallics which slightly
strengthens the joint.

Gold thickness effects. Excessive gold
content (>3% wt) is deleterious, embrittling
the joint. Thus, Au thickness must be min-
imized for CSP applications. On the other
hand, very thin gold deposits can be porous
leading to the oxidation of the underlying
nickel thus producing a surface which is

Table 18-12 Mini BGA accelerated thermal cycling reliability tests

Die Pad Substrate Pad Test Results

Test Specification

Thermal cycle Alr to air,

(on Si substrate) 0 to 100 degree C
Thermal cycle Alr to air,

(on Si substrate) 0to 100 degree C
Thermal cycle Air to air,

(on Si substrate) 0to 100 degree C
Thermal cycle Air to air,

(on AL, O; substrate) 0 to 100 degree C

Au Adhesive and au  >1000 cycles
63Sn/37Pb  63Sn/37Pb >1000 cycles

-63Sn/37Pb  63Sn/37Pb >1000 cycles
63Sn/37Pb  5Sn/95Pb

>1000 cycles
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difficult to solder to. Migrating from 1.27-mm
pitch to 0.8, 0.76, and 0.5-mm pitch CSP as-
semblies, the gold intermetallic problem may
become even more severe. The solder vol-
ume is much smaller in these joints in com-
parison to a joint in 1.27-mm pitch package,
while gold thickness remains the same on
both the pads. Thus the effective weight per-
cent of gold in a CSP joint will be higher
than in the 1.27-mm pitch joint. It is im-
portant to be cognizant of this fact. A 0.8
to 1.27 micron Au layer has been recom-
mended for microBGA® and CSP pads. A
decreased Au thickness will increase the po-
tential for porosity in the film which increases
the chance of forming a non-wettable NiO
layer on the pads. An OSP surface may yield
a higher product life compared to a Ni-Au
surface on the PWB [143].

Black pad. In addition to oxidation, the
wettability of a pad surface is also influ-
enced by the phosphorous content in the
nickel [144]. Sporadic solder joint failures
by mechanical means have been reported in
the literature [145]. A so-called “black pad
condition” that affects the wettability of a
nickel surface was identified [146,147,148].
Advanced corrosion of a nickel surface by
the gold plating chemistry, induced by a
charge imbalance between PWB and the
ionicspecies within in the Au plating bath was
reported [149]. The consequence of the black
pad is partial to total nonwetting of an over-
plated nickel pad. This may resultin poor ball
attachment strength and hence either time-
zero fails or reduced reliability during testing
or in the field.

18.8.5 Effects of Solder Joint Voids

18.8.5.1 A problem or not The effect of
voids on solder-joint reliability has been a
subject of considerable discussion and in-
vestigation in the literature. Opinions range
from voids being stress arrestors to con-
stituting a very high risk of failure. Large
voids can affect not only the mechanical
robustness of the solder joints and their
thermal properties, but also influence the

Fig. 18-38 Metallographic cross section of a row
of organic carrier CSP solder joints, some of which
contain voids. The position of voids in a solder
joint, the size, and the location of the voided joint
in relation to the edge of the die (with organic car-
rier, DNP for ceramic) are important from a re-
liability perspective. The significance of voids de-
creases as the distance.

transmission of high frequency signals and
reliability in general [150]. In one study it
was indicated that voided areas up to 20%
of pad area did not have any negative effect
on plastic ball grid array board level reliabil-
ity. Solder joints with voids, it was indicated,
showed 16% better reliability [151]. Whether
voids create serious problems depends on the
number, size and location of the voids. For ex-
ample, Fig. 18-38 shows a condition in which
voids impact reliability and another where
the impact is insignificant due to the location
of the void.

18.8.5.2 Influences A joint with an en-
closed void will have a higher volume com-
pared to one without voids. The increase in
volume may be manifested as a slightly taller
joint. With an increased height one would
anticipate better reliability. The inclusion of
voids in a joint reduces its uniformity and
cross sectional area thus reducing the phys-
ical properties of the joint. The distribution
and location of voids is also a factor. Con-
sider for example situations where a number
of voids are lined up along a crack propaga-
tion path or a large void is located at the joint-
pad interface effectively reducing the bond-
pad area.

The number, size, and location and the
disposition of the voids is usually not
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predictable. Thus it is prudent to minimize
the occurrence of voids by the appropriate
choice of the paste and by process optimiza-
tion. Voids in chip scale package assemblies
can be a greater reliability risk compared
to other area-array packages owing to their
smaller joint size.

18.8.5.3 Standards There are no current
standards for acceptable levels of voids in
area-array assemblies. A proposed accep-
tance standard for all area-array packages is
that voids in the joint shall not exceed 20% of
the ball diameter. In addition no single void
should be at the exterior of the joint. Multi-
ple voids may be present in a joint as long as
the sum total of the voids does not exceed the
20% of the solder joint diameter [152].

18.8.6 Underfill Considerations

For application in harsh thermal mechan-
ical shock and vibration environments, chip
scale package assemblies may require reli-
ability enhancements through underfilling,
Underfilling CSP assemblies is very similar
to flip-chips attached to organic laminates.
Similar considerations apply. The integrity
of adhesion of the underfill material to the
solder joint, the package substrate, and
the board soldermask are important. Also,
the uniform distribution of the filler material
within the underfill matrix is important.
Settling of the filler may lead to an even
greater CTE mismatch at the interfaces than
without an underfill.

Adhesion of underfill materials to the
PWB, component and solder joint is critical
to the ability of the underfill to enhance re-
liability. The pressure cooker test is a con-
venient test to discover or force electronic
assembly failures in a short period of time
to eliminate weak links potentially detrimen-
tal to assembly reliability. Interfacial degra-
dation, swelling, delamination, and corrosion
can be detected and understood without re-
gard to acceleration factors that correlate to
field performance. Huang et al. have recently
reported the effects of underfill on the pres-
sure cooker test performance of Flip Chip on

Fig.18-39 Metallographic cross section of a CSP
solder joint surrounded by underfill after subjec-
tion to a pressure cooker test. Affected features
include (1) separated solder joint, 2) delamina-
tion at the underfill/die passivation interface, and
3) delamination at the underfill/solder interface.
Settling of the filler material in the underfill can
also be seen 4). (Courtesy of Yu-Wen Huang).

Board Assembly [153]. Figure 18-39 shows a
solder-joint crack, underfill/passivation layer
delamination, and underfill/solder delamina-
tion, indicating an interfacial adhesion weak-
ness. The presence of flux residues, contami-
nation, and the nature of underfill materials
can all contribute to such defects. The figure

depicts an example of filler settling in the un--

derfill, along with cohesive failures at each
interface and solder-mask delamination on
the board side. Epoxy under high-humidity
conditions, and the accompanying stresses on
the constrained underfill results in interfacial
failures.

18.8.7 Reliability Test Results

Puligandla et al. investigated the board
level reliability of 40, 32, and 30 mil pitch
packages [91]. Failure data were analyzed and
fitted to a standard two-parameter Weibull
distribution shown in Fig. 18-40. The first fail-
ures occurred at 1163, 1687, and 266 cycles for
the 156 I/O 40-mil pitch BGA, 144 1/O 32-mil
pitch BGA and 46 /O 30-mil pitch packages,
respectively. The Weibull plots of the three
types of packages indicate different slopes

R B S R T

Fig. 18-4
same tes
I/O com

with the
est slop
cates th
a small
for fine
hibit su
failures
144 ¥/ C
lamina
section

18.8.
Solder-
assemt
the pac
this pe
locatio
edgeo
abrupt
(CTE)
crack -
are frc
extren

18.8
of faili

EX. 1004 - Page 80




1 CSP
ibjec-
tures
nina-
;, and
rface.

I can
7).

WS a
ayer
1na-
eak-
ami-
rials
gure
s un-
each
n on
idity
ss0n
acial

oard
Jitch
land
ibull
fail-
sfor
L-mil
ages,
hree
opes

18 Chip Scale Package Technology 743

144, 156 and 46 I/0O BGA

99.0 Weibull
# = 144BGA [1]
90.0 % P=2, A=RRX-S
z‘é‘&* F=21 S=4
I T T A A T T T T ~ 156 BGA (2]
8 2 P=2, A=RRX-S
-(LE 50.0 z F=30 | $=0
2 FIE = 46CSP  [3]
=) g] 3 P=2, A=RRX-S
¥ F=44 | S=6
©
: 11
5 100 =
* Gt
50 ] —
1
[ [« T
Je |
1.0
100.00 10000.00

1000.00
# of Thermal Cycles to Failure (140 to +125C)

[1] B1=32.02, n1=1820.00, p=0.91
[2] B2=9.94, 12=1541.53, p=0.96

[3] B3=6.98, n3=450.33, p=0.98

Fig. 18-40 Weibull plot showing the relative reliabilities of three CSPs after thermal cycling on the
same test board. Failures for the 144 and 156 I/O components were solder joint failures while the 46

T/O components had internal ribbon bond failures.

with the 144 I/O package showing the steep-
est slope with a beta value of 31.9. This indi-
cates that most of the packages failed within
a small range of cycles. It is not uncommon
for fine-pitch area array assemblies to ex-
hibit such large beta values [17]. Two types of
failures were observed for both the 156 and
144 T/O packages: solder joint failures and
laminate failures described in the following
sections.

18.8.7.1 Expansion  mismatch  effects
Solder-joint failures on the 156 I/O package
assemblies were observed predominantly on
the package side. The ball mounting pads on
this package are solder mask-defined. The
location of the failures is in the vicinity of the
edge of the silicon, a region where there is an
abrupt change in the coefficient of expansion
(CTE) (Fig. 18-38). The severity of the joint
crack decreases the farther away the joints
are from this region as can be seen from
extremity joint marked N4 in the same figure.

18.8.7.2 Laminate failures Another type
of failure that is observed on this assembly is

laminate failures in the area adjacent to the
solder-mask defined pads on the package side
as shown in Fig. 18-41. Board-side cracks on
either side of the pad are also observed on the
non-soldermask defined pads. The location of
crack initiation is at the solder-mask termina-
tion on the laminate. In some cases the crack
propagates within the laminate structure and
along the glass epoxy interface (Fig. 18-42).

Typical failures on the 144 I/O package
were similar to those found on the 156 I/O
package. Solder fatigue cracks were most
likely to occur on the package side of the
board near the perimeter of the die as shown
in Fig. 18-38.

18.8.7.3 Effect of key factors Neuman
and Yuan reported a preliminary evaluation
of eight different daisy chained chip scale
packages in the 0.8 to 0.5-mm pitch range and
40 to 256 I/O for board level thermal cycling
reliability in 0 to 100°C. The devices were
attached to 1.57-mm thick FR-4 board with
eutectic solder and the ball diameters and
heights were in the range of 0.22 to 0.40 mm,
and 0.16 to 0.25 mm, respectively. Both
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Fig. 18-41 Metallographic cross section showing a crack on the CSP side through the solder mask and

up into the laminate carrier.

solder-mask defined and non-solder mask de-
fined pads with OSP finish were employed.
The two-parameter Weibull plots’ summary
for these packages indicated that the alpha
ranged from 96 to 3690 and the beta values
ranged from 2.68to 93.5. This study suggests a
considerable variation in board-level reliabil-
ity, and that the general reliability of CSPs is
lower than BGA packages whose ball pitch is
considerably coarser [154,155). Figure 18-43
shows the Weibull reliability plots of selected

Laminate
Cracks

Fig. 18-42 Horizontal and vertical cracks in the
FR4 board laminate after thermal cycling (—40 to
125°C). 1t is believed that contact of the high CTE
solder mask with both solder joints constrained the
x-y thermal growth resulting in a vertical force.

CSP packages and the variation in their reli-
abilities.

18.8.8 Reliability Comparisons

Caution needs to be exercised in compar-
ing board-level reliability data of CSPs even

if the investigations are carried out at the’

same stress levels/ranges and for the same
type of packages. Considerable variations ex-
ist in Weibull plot beta values, time to first
failures, etc.

18.8.8.1 Multiple factor variation There
are numerous variables that can affect relia-
bility making comparison of studies difficult.
Some of the factors that influence board-level
reliability are listed in Table 18-13.

(a) Failure criterin—Time to failure of
course depends on the failure criteria,
whether it is 10% resistance increase, a 20%
change, a spike lasting a predetermined dura-
tion, or a complete electrical open. The fail-
ure criteria among studies reported in the lit-
erature vary, so direct comparisons are not
always possible. '

(b) Thermal profile—Differences in ther-
mal profiles during testing such as rapid ramp
rates (i.e.,, in excess of 15 deg/min) may

I
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induce a different failure mechanism com-
pared to a lower ramp rate; an example is
trans-granular versus inter-granular cracks.
Inadequate dwell times can give rise to mis-
leading results because the internal structural
damage that the solder undergoes when re-
laxing during creep has not been given suf-
ficient time to occur. Rapid test cycles influ-
ence both crack initiation and propagation.

(¢) Pad geometry—Pad sizes and shapes
on boards and packages also influence

I I. ‘f (alpha = 3574, beta = 7.37)
. I Y Device <6>,0.20 NSMD
; | e il (alpha = 96.93, beta = 3.1)
. . it
. ) , LR ¢ Device <7>, 0.36 NSMD
1 ! AN (alpha = 432.3, beta = 11.8)
=1 ] 823 o o o oo
€ & RSR® 2 3888 g s
s 3338 8 s «  Device <8>, 0.20 NSMD
= 5

(alpha = 2839, beta = 3.6)

Temperature Cycles (0°C to 100°C)

Fig. 18-43 Two parameter Weibull plots of selected CSPs with varying I/O counts, pitches, solder
ball diameters, solder joint heights, and pad definitions. (Courtesy of K. Newman and M. Yuan of Sun

reliability. For example, pads with sharp cor-
ners are high-stress areas. A decrease of
mounting pad diameter from 16 to 12 mils
provides a 25% improvement in board level
thermal cycling reliability at —40 to 125°C
of 0.8 mm, 180 I/O chip scale packages
[89]. Actual results will vary with solder
volume.

(d) Solder volume—There are also com-
peting factors; a fixed solder volume re-
sults in a slightly higher solder joint on
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Table 18-13 Factors that have an effect on CSP solder joint reliability

Variable

Comment

Thermal profile; ramp-up,
ramp-down, dwell at extremities
Pad shapes
Pad sizes
Solder volume
Pad definition—solder mask
or non-solder mask defined
Solder mask registration
Surface finish

Intragranular vs. Intergranular with rapid ramp rates. Short
dwells don’t allow creep deformation.

Larger pads generally improve reliability.
Increased volume generally improves reliability.
Conflicting opinions on which design offers best reliability.

Partial solder mask defined pads are less reliable.
Planar surfaces recommended as pitch decreases. Defects

(porosity, black pad) cause poor wetting.

Solder alloy composition
alloys.

Card structure—number of
layers, material type

Card thickness

Single sided or double sided
assembly

Mirrored placement or back
to back components

Dummy solder balls

Moisture sensitivity level
rating of the packages

Application environment

Ductility and reflow processing temperatures vary between

CTE varies with resin system, volume percent of Cuin PWB,
and inclusion of low CTE materials.

Thin flexible boards can have improved CSP reliability.

Double sided boards are less flexible.

Boards are less flexible.

Added to corner locations on some CSPs.
Lower reliability with increased moisture sensitivity.

Reliability varies greatly depending on application

environment (A Temp, shock, humidity, etc.).

Lifetime requirement

Number of power and thermal cycles, or expected years of

service of each product alters the definition of “reliable”.

a smaller pad when compared to a larger
pad. While increasing joint height is a favor-
able reliability factor, a smaller pad also re-
quires less time to propagate a crack through
the joint. The relative effects of these and
other parameters should be carefully eval-
uated in the context of specific product
form factors and requirements. An opti-
mization of the pad design based on solder
volumes and the reliability requirements is
desirable.

(e) Flux vs. paste—Table 18-14 shows a
comparison of board-level reliability with
flux-only and with paste assemblies [112]. Re-
sults indicate improved reliability when CSPs
are attached using solder paste, which is due
in part to increased solder volume.

(f) Solder mask—Solder joints on non-
solder mask defined pads have been shown
to offer a slightly greater reliability com-
pared to those on solder mask defined pads
[156]. Occasionally one encounters reports

indicating either that there are no differences
between the two or that joints on SMD pads
are slightly better [156]. In such cases it is im-
portant to investigate other factors contribut-
ing to the discrepancy.

(g) Solder composition—While eutectic
solder is the predominant solder alloy for
board-level interconnections, the composi-
tion of the solder balls on the CSPs can
significantly alter the solder joint behavior.
Component solder balls often contain minute
additions of elements such as Cu, Bi, Sb,
Ag., etc. incorporated into the eutectic sol-
der to enhance reliability. These alloys may
not be compatible with the solder paste
or the metallurgy of component and board
terminations, further complicating reliability
comparisons.

(h) Card structure—Card structure can
also impact board-level reliability. Cards
with embedded cores for thermal manage-
ment may have a different local coefficient
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Table 18-14 Comparison of board level reliability test results of the microStar™ BGA with only flux
and with solder paste attachment process. (Courtesy Texas Instruments)

747

o With solder paste

Body Die Mois. Temp
u*BGA™ Size Size Soak Cycle
Package (mm) (mm) (JEDEC) (°C) Ocy 100 200 400 600 800 1000
144GGU 12x12 88x88 2 —40/125 0/32 0/32 0/32 0/32 0/32 0/32 0/32
' (0.8 mm pitch)
144GGU 12x12 88x838 3 —40/125 0736 0/36 0/36 0/36 0/36 0/36 0/36
(0.8 mm pitch)
o Without solder paste
Body Die Mois. Temp
u*BGA™ Size Size Soak Cycle
Package (mm) (mm) (JEDEC) (°C) Ocy 100 200 400 600 800 1000
144GGU 12x12 88x8.8 6 —40/125 0/56 3/56 1/56 4/56 9/56 25/56 38/56
(0.8 mm pitch)

of thermal expansion compared to the global
CTE. Thin cards generally are less rigid and
hence offer a better thermal-cycling reliabil-
ity compared to thicker cards. However, thin
cards may perform worse under mechanical
loading (shock, vibration, torque, etc.).
Typical mechanical stress tests performed on
consumer products are shown in Fig. 18-44.
Thin cards when populated on both sides
may act like thick cards due to added rigidity.
All the above factors influence the assem-
bly reliability so care must be exercised
in making strict comparisons among stud-

ies cited in the literature. However, even with

these variations, some trends have emerged.
CSP reliability is discussed in more detail in

Chapter

23.

18.8.9 Assembly Guidelines to
Optimize Reliability

Based on industry experience and pub-
lished work [101,102,103], the guidelines for
board assembly of CSPs to enhance yield,
throughput and reliability can be summarized

as follows:

Mechanical
Stress Test

Evaluation Method

Board Bend

¢ 100mm »

61810101219} _

Continuous board bending test:
— Board: 100 x 50 x 0.8 mm

- Bending depth: 2-3 mm

— Bending rate: High / Std. / Low

Drop Impact

Continuous dropping test using

cellutar unit:

— Board: FR 4, Au/Ni finish

~ Dropping height: 1 m

~ Dropping direction: Transverse/
Longitudinal

Key Push

wuwieot

Continuous key push test:

— Board: FR 4, Au/Ni finish

- Load: 1.0kgf (strain: 1000ppm)
1.7kgf {strain: 1500ppm)

Fig. 18-44 Typical mechanical stress tests performed on consumer products.
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e Die size—As die size decreases reliability
increases for the same size of CSP.

® Solder ball diameter—As the solder ball

diameter increases (taller the stand-off),

reliability also increases, e.g., 0.45 mm is
better than 0.35 mm diameter for 0.8 or

1.0 mm pitch CSPs.

Dummy solder balls—on the four cor-

ners of a CSP can improve reliability (i.e.,

accelerated thermal cycling (ATC) test

life).

® Pud diameter on motherboard—The smal-

ler the pad diameter, the better the ATC

reliability, e.g., 0.30 > 0.35 > 0.40 mm di-

ameter for CSP48 with 0.45 mm diameter

solder balls.

Board surface finish—Electroless nickel

with less than 2.3 microns immersion

gold or organic solderability preservative

(OSP) is an acceptable board surface fin-

ish; HASL (hot air solder leveling) can be

an issue for CSPs with less than a 0.75 mm

solder ball pitch.

e CSP mounting position on motherboard—
From a reliability perspective a single-side
board is the best, followed by the staggered
two-sided board. The board with mirrored
two-sided CSPs is the worst.

® Mother board coefficient of thermal ex-
pansion (CTE)—Lowering the CTE dif-
ference between the CSP substrate and
mother board increases ATC reliability.

® Board thickness—A thin board increases
ATC reliability but may have reduced re-
liability under mechanical loading (shock,
vibe, torque, etc.); e.g., a 4-layer mother
board is stiffer than a 2-layer one.

® Others—Back light (part outline only) is
sufficient for pick and place; tape & reel is
the preferred shipping medium; x-ray can
be used for inspection of non-wet, shorts,
and missing balls.

18.9 Other Key Enabling Technologies
18.9.1 Build-up Technology
For high-1/O, fine-pitch packages with

small feature sizes one may be reaching
the limits of the current printed wiring

18 Chip Scale Package Technology

board technology in terms of providing req-
uisite line widths, line spacing, via sizes,
solder mask thickness, and precision and
accuracy of registration. The need for
microvia/redistribution layer technology is
becoming increasingly apparent. CSPs, such
as flexible and rigid-inter-poser type pack-
ages, require a high-density carrier techno-
logy to route all the connections from the
package underside, especially for packages
with a solder-ball pitch less than 0.75 mm
[45]. Examples of commercially-available,
high-density chip carriers are IBM’s Sur-
face Laminar Circuit (SLC)® and Hewlett-
Packard’s DYCO-strate® MCM-D/L tech-
nologies [157-163]. These and other build-up
technologies are discussed in Chapter 7.

18.9.2 Test and Burn-in Capability

Test and burn-in of high-density CSPs [5]
presents another challenge. With bare die it
is difficult to make and maintain contact to
small bond pads (<80 um) on a tight pitch
(~100 pum) over fairly large die-size areas
during temperature excursions. CSP technol-
ogy offers a relaxed pad pitch (no less than
0.5 mm) compared to bare die and therefore
alleviates this problem to some extent, but
does not eliminate burn-in and test difficul-
ties. Improved techniques are needed.

18.9.2.1 Need test sockets/carriers The
benefit of the relaxed pad pitch has not been
realized, as there is no widely accepted, cost
effective, socket available for array-type
packages with pads or balls on pitches less
than 1.0 mm. Several fine-pitch BGA sockets
are available [94,95], but prices are relatively
high (100s of US dollars) and their reliability
is not well demonstrated. There has been a
considerable effort within the industry to
develop and evaluate temporary carriers for
bare die, including solder-bumped. CSPs can
potentially take advantage of these carrier
developments. In addition, wafer-level test
and burn-in related activities [164] can speed
up the deployment of wafer-level processed
CSPs.
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18.10 CSP Related Consortia Activities

There are a number of CSP-related con-
sortia activities including those at Micro-
electronics and Computer Technology Cor-
poration (MCC), Jet Propulsion Laboratory
(JPL)[134, 165, 166], High-density Packaging
Users Group (HDPUG), Universal Instru-
ments [167], and IVF—The Swedish Institute
of Production Engineering Research [168] in-
vestigating availability and board-assembly
 reliability of CSP. MCC is also addressing re-
11ab1hty of various CSPs on high-density car-
riers utilizing micro-vias, the electrical and
thermal performance of CSPs and flip chips
with up to 1600 chip /O, and area-array pack-
age pitches down to a 0.65 mm. A schematic
drawing of the MCC fine pitch, area-array
test vehicle is shown in Fig, 18-45.

R R T L e L LT ] T
1 1
! |csp i 576 FPAA |
] ]
: K B un gPAA : B 5K FPSMD
25x25mm |, lam/
1
! [ ] lam/ceramic || ceramic =
, . 0.65mmpitch !
i {cse [ E ' 236
: - = = 1472 FPAA ubeA P
1 [cse | W[ csr ] 576 FPAA| !
i . - 16x16mm| 1| 25x25mm
1 lam/cer H lam/ceramic 236
i | 1| 0.65mmpitch csp | [UBGA
U vemrumpspet :
poossmeemessmenmmme- ]
1 ]
FPAASG0 .i FC1600 '
mm it .375mm ] 540"
cBeA2s o.5mmpitch | gt picch '
1.27mm pitc !
32mmx 32mm 1 = - :
1 1
B [ e |
FPAA265 ' 625 -fcsr q |
15mm == =K !
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FC £
SBGAS60 or AA ‘5
1mm PBGA320 CBGA700 a
42mmx 42mm 1mm pitch W
27mmx 27mm =
BC
X
Card Edge Connector 0.50"
- 540" > {

Fig. 18-45 Schematic drawing of a MCC fine pitch area-array test vehicle.

18.11 CSP Related Applications

Several types of CSPs have been imple-
mented into a number of electronic prod-
ucts that require light weight and small size
such as camcorders, personal digital assis-
tants (PDAs), and cellular phones [4-9].
Some excellent examples follow.

e Camcorder—Sony Camcorder introduced
a tiny liquid crystal display (LCD) Handy-
cam (DCR-PC7) with a 6.25 cm built-
in LCD monitor to the Japanese mar-
ket in September 1996. The palm-sized
camcorder measures 59 mm x 129 mm x
118 mm and weighs 500 grams (exclud-
ing the battery pack) making it the world’s
smallest and lightest consumer digital cam-
corder (with built-in LCD monitor). The
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low weight and small size in part is due
to utilizing 20 CSPs in the product, two of
which are from TI Japan [53,57]. They are
a 62-pin LST image memory package (9 x
13 mm) and a 100-pin LSI communication
analog package (10 x 10 mm). One NEC
CSP is used, a 208-pin LSI control pack-
age (10 x 10 mm). All devices have a lead
pitch of 0.5 mm. The remaining CSPs are
believed to be assembled by Sony Device
Manufacturing Division, which purchases
bumped bare die from Sony Semiconduc-
tor Division and other semiconductor sup-
pliers and assembles them into CSP pack-
ages. Sony CSPs used in their DCR-PC7
digital camcorder consist of IC periph-
eral I/Os, which are redistributed using
Au/Cu/Cr wiring. Electrical connection is
made between an area-bumped IC and an
organic chip carrier with high-lead solder
bumps. Since redistribution is handled at
the die level, wiring requirements for or-
ganic chip carriers are not very severe (an
advantage of this CSP structure). By choos-
ing CSPs instead of 0.5 mm pitch QFPs, the
required board area is reduced by almost
37%.

In addition, Sony’s Assembly Division
developed a CSP using a tape interposer,
with an elastomer layer between the die
and polyimide tape, which absorbs the
stress to enhance reliability. Thermal cy-
cle testing (—25 to 125°C, 1500 cycles) con-
ducted on this CSP resulted in no failures
[169].

® Personal Digital Assistant—Panasonic
(PDA) utilized a CSP in their JT-SI palm-
sized (136 x 93 x 19 mm) personal digital
assistant, which incorporates a 4.6-inch
mono-chrome touch panel LCD and
weighs 220 grams. The CSP has gold-stud
bumps formed on IC bond pads attached
to a low-temperature, co-fired ceramic
chip carrier (supplied by Kyocera) using
conductive silver-palladium paste. The gap
between the IC and chip carrier is filled
with a sealing resin. The interconnection
technology is well known in the industry
as stud-bump bonding (SBB), which
uses a conventional gold-wire bonder to
form gold bumps individually on the IC

18 Chip Scale Package Technology

bond pads. Solder paste is printed on the
backside of a ceramic chip carrier and
subsequently reflow attached to a board.
Panasonic adopted the same SBB structure
in the multi-chip module (MCM) used
in its Pronote Jet Mini (a sub-notebook
PC weighing 1.29 kg) introduced in 1995
and a single-chip CPU in Let’s Note (a
Pentium-based sub-notebook PC weighing
1.47 kg), offered in 1996.

Cellular Phones—The Sharp Digital Cel-
lular Phone SH201, made for NTT
DoCoMo (a Personal Digital Cellular ser-
vice provider), has four Sharp CSPs and
one from TI Japan. This is the first digital
cellular phone which utilized CSPs. The
SH201 measures 105 x 60 x 20 mm and
weighs 120 g. The four chip types used
in the cellular phone are gate array, mi-
cro controller, flash memory, and SRAM,
whose pin counts range from 28 to 128 pins.
Sharp’s CSP is similar to typical plas-
tic packages with a single-layer of poly-
imide and copper pattern on one side.
Sharp’s CSPs have a gold-wire bond in-
terconnection structure with array solder
bumps on the backside of a polyimide inter-
poser [132] and encapsulated with a trans-
fer mold resin. Sharp offers a variety of
CSPs with 0.8 mm or 1.0 mm pitch. Sev-
eral Sharp product divisions and portable
electronics manufacturers have adopted
Sharp’s CSPs into their respective products
[8,102].

The Nokia 8810 GSM .(Global Sys-
tem for Mobile Communications) cellu-
lar phone is another example of exten-
sive use of chip scale packages and the
utilization of microvia technology to en-
able the shrinkage of hand-held electronic
equipment. It measures 107 cm x 46 cm x
18 cm, and contains six devices that are
packaged in CSP format. The CSP types
include wire-bonded packages on flex, wire
bonded on rigid substrate, and TAB-tape-
type packages. The package sizes range
from 5 mm x 5 mm to up to 15 mm x
15 mm with /O counts in the range of
48 to 176. Both full array and perime-
ter array interconnections are utilized. The
carrier is a microvia substrate constructed
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of a traditional PWB subcomposite core
made of glass-filled epoxy layers with
mechanically-drilled holes and plated-

. through holes. The top and bottom sides
are laminated with a resin coated copper
(RCC) to constitute the microvia layer. Mi-
crovias are formed on the RCC layer by
laser ablation and then circuitized as re-
quired. The PWB is then coated with solder
mask using conventional PWB practices.
The microvias are 150 microns in diameter
and the finished board is about 750 microns
in thickness. The phone contains the radio
section on the top half and digital base band
section on the bottom half [170].

e Others—Both Panasonic and Sharp have
produced Camcorders with CSPs [8]. Casio
is developing CSP and flip chip technolo-
. gies to be incorporated into future digital
still cameras and other portable electronic
devices in which the company specializes.
Maxtor Corporation, a disk drive manufac-
turer, is evaluating the feasibility of incor-
" porating a high I/O ASIC CSP package into
a 2.5-inch drive [7].

18.12 Some Major Suppliers

A number of semiconductor manufactur-
ers have either started or announced plans
for volume supply of CSPs [4,9,11]. While
most CSP suppliers are located in Japan such
as Fujitsu, Hitachi, Matsushita, Mitsubishi,
NEC, Sharp, and Toshiba, there are a number

- of US. companies such as 3M [171], AMD [4],

Amkor [70], ChipScale [47], EPS [46,50,51],
Intel [126,130], and Motorola [48,55,172],
which are actively working on CSP-related
projects or products. In addition to the refer-
ences cited, more detailed information may
be found in references [4,11,12].

18.13 New Developments

Although the wafer-level processed
CSP (WLCSP) has not created a lot of
market activities, it can be a very competitive
approach for many applications especially

for low-pin-count devices (less than 100).
One of the major advantages of WLCSP is
that it offers a complete packaging solution
with the same form factor as solder flip-chip
direct chip attach (DCA) without the re-
quirement of underfill. Because processing
is conducted at the wafer level, the potential
cost saving can be substantial compared
to singulated or die-level packages [173].
One example is the approach of wafer-pad
redistributed demonstrated by Sandia’s
miniBGA made by Aptos (Fig. 18-20) [125,
131]. The approach represents a true die-size
packaging solution since all the die pads are
redistribution (fan-in) within the die area.
The copper/polyimide-based redistribution
technology illustrated by the cross-section
in Fig. 18-20 was fabricated using mature
thin-firm process with proven reliability.
Excellent electrical perfomance is achieved
due to the package profile, short lead length
and controlled dimensions. The reliability
performance of the package was also demon-
strated as shown in Tables 18-11 and 18-12.
In addition, the wafer-pad redistribution
process can easily be integrated into IC
front-end processes, reducing conventional
IC packaging process steps; e.g., no die
bonding, wire bonding or encapsulation.
Other examples include Fujitsu’s Super
CSPs [56] and FCT’s Ultra CSPs [174] which
use large solder balls to provide extra solder
joint height in order to alleviate the solder
joint stress.

18.14 Future Developments

The need for high-density portable elec-
tronic hardware will continue in the new
millennium. Higher I/O devices with lead
counts in excess of 2000 are likely to be com-
mon place. High-density, multilayer-laminate
technology for chip carrier as well as printed
wiring board will be needed. Owing to an in-
creased emphasis on environmental safety,
the use of lead in electronic assemblies will
be reduced and eventually eliminated. Alter-
native interconnection metallurgies will be
explored. Also halide-free PWB materials

will be incorporated.
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18.14.1 SLC Micro-Via Board Construction

‘As one migrates from 0.8 mm pitch CSPs
to 0.5 mm pitch packages conventional PWB
technologies with mechanically-drilled vias
do not satisfy the routing densities required
to accommodate CSP assembly. High-density
interconnect technologies for boards re-
ferred to as build-up technologies are mak-
ing their way into mainstream products. They
consist of organic carriers with via diam-
eters of .15 mm (6-mils) or less made by
non-mechanical methods, i.e., laser drilling,
photo-imaging, or plasma.

18.14.2 Lead Free Solders

In recent years the electronics industry
has witnessed an increased awareness on
the potential health hazards of lead and
efforts have been underway to decrease or
eliminate lead in electronic assemblies. Elim-
ination of lead implies exploration of new
interconnection alloys that would take the
place of the eutectic tin-lead alloy. A host of

binary, ternary, and quaternary metallurgical
compositions have been investigated. These
include Sn/Bi, Sn/Ag/Cu, Sn/Ag/Cu/Bi,
Sn/Ag, Sn/Ag/Cu/Sb, Sn/Ag/Cu/ln, Sn/Zn,
etc. Table 18-15 shows some of the likely
compositions and the melting points of
these alloys [175]. The Sn/Bi alloy has a
lower melting point than eutectic Sn/Pb and
may not meet the needs of the majority
of electronic assemblies but may be useful
for niche applications. Some compositions
under investigation have significantly higher
melting points.

Higher melting point alloys can have an
effect on the integrity of current printed
wiring boards, components, and packag-
ing materials; impact assembly-process
parameters; and ultimately affect product
performance and reliability. Currently, there
is no single drop-in replacement for eutectic
Sn-Pb solder. Applications of Pb-free solders
to chip scale package and assemblies have
been reported in the literature. In case of
CSPs compatibility between solder ball
alloy, solder paste, and board finish is im-
portant. Watanabe and Ano have described

Table 18-15 Some Pb-free solder alloy compositions

under consideration

Approx. Melting

Solder Alloy [177] Approx. Weight % Temp. °C
Sn-Ag Sn 98/Ag?2 220-226
Sn—-Ag Sn 96.5/Ag3.5 221
Sn—-Ag-Bi Sn 90.5/Ag2.0/Bi7.5 207-212
Sn-Ag-Bi Sn 91.8/Ag 3.4/Bi 4.8 208-215
Sn—-Ag-Bi Sn 93.5/Ag 3.5/Bi 3.0 206-213
Sn-Ag-Bi Sn 95/Ag 3.0/Bi 2.0 220
Sn-Ag-Cu Sn 96.3/Ag 3/Cu 0.7 217
Sn—-Ag-Cu Sn 93.6/Ag4.7/Cu 1.7 218
Sn-Ag-Cu Sn 95.5/Ag 0.5/Cu 4 260
Sn-Ag—Cu-Sb Sn 96.2/Ag 2.5/Cu 0.8/Sb 0.5 213-218
Sn—-Ag-Cu-Sb Sn 96.7/Ag 2/Cu 0.8 /Sb 0.5 216-222
Sn—-Ag-Cu—Zn Sn 95/Ag 3.5/Cu 0.5/Zn 1.0 221
Sn-Ag-In Sn 77.2/Ag 2.8/In 20 187
Sn-Bi Sn 42/Bi 58 140
Sn—Cu Sn 99.3/Cu 0.7 227
Sn-Sb Sn 95/Sb 5 239
Sn-Zn Sn91/Zn9 199
Sn—-Zn-Bi Sn 89/Zn 8/Bi 3 187-197
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board-reliability results of Sn-Ag based al-
loys with minor element additions. Ther-
mal cycle test results showed first fails in
the vicinity of 1000 cycles (—40 to 125°C)
[176]. In a related investigation of lead-
free solders for flip chip applications Elenius
demonstrated a proprietary alloy containing
Sn/Ag/Cu/In alloy to yield more robust sol-
der joints compared to Sn/Pb eutectic joints.
Non-underfilled solder joints with the new al-
loy performed better than Sn/Pb joints by a
factor of 1.5 when cycled from —50 to 150°C.
Underfilled joints lasted in excess of 1500 cy-
cles with no fails compared to 3 fails out of 40
samples in the case of Sn/Pb joints [177].

18.14.3 Alternative Board Materials

Halogenated fire retardants consist of a
family of chemicals called polyhalogenated
phenyl ethers. These class of compounds are
incorporated into plastic materials to make
them less flammable. However, it is alleged
that when materials containing these com-
pounds are disposed by incineration, they
generate compounds such as dioxins, furans,
etc., that are either known or suspected to
be carcinogens. Boards used in €lectronic as-
semblies typically contain tetrabromobisphe-
nol as a fire retardant. Other materials in this
category are polybrominated bisphenols and
polybrominated dipheny! ethers. The World
Health Organization considers the risk to the
general population from tetrabromobisphe-
nol to be insignificant. However, there is a
general emphasis on finding alternative safer
material.

In addition to finding alternative flame
retardants, emphasis on biodegradable ma-
terials for printed circuit boards is gaining
ground. Materials based on proteins such as
casein, carbohydrate materials such as cellu-
lose and chitin are being explored.

18.15 Summary

In general, CSPs are more user-friendly
than direct chip attach because CSPs are

packaged components that can be tested
and burned-in. CSPs can accommodate die
shrinks resulting from improvements in sil-
icon fabrication techniques while still offer-
ing a constant footprint to users. Flip chip on
board or direct chip attach [51,162,178,179]
is the ultimate choice for achieving the
smallest possible footprint and the high-
est electrical performance, but CSPs can
come close to the same performance at
a lower risk. Future adaptation of high-
I/O CSPs will be dependent on the avail-
ability of high-density chip carriers [163]
at a reasonable cost. CSPs appear to
offer the best combination of form fac-
tor, performance and ease-of-handling, as
demonstrated by increasing product adop-
tion of various types of CSPs by system
manufacturers.

Wafer-level fabrication coupled with em-
bedded encapsulant may blur the distinction
between chip-scale packaging and flip-chip
attach. It is anticipated that CSPs will be-
come ever more prevalent with the devel-
opment of improved organic laminates, bet-
ter and reworkable underfill materials, and
better design tools and test methodologies
that can take into account chip and substrate
complexities.
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