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Abstract:

To provide the benefits of higher 1/0 density,
smaller feature size, and better electrical
performance, a full-array 1.0-mm pitch BGA
package family were developed. Three package
options, termed as A, B and C, were investigated.
Each of these options has its own advantages and
disadvantages. Moiré Interferometry technique
was used to measure the effective coefficient of
thermal expansion (CTE) of these three options.
To more efficiently access package reliability, a
three-dimensional and non-linear finite element
method was established. This method has shown
good accuracy in predicting solder joint
reliability. Using this method, various factors
were studied including die size, package size,
package pad opening size, board pad size, solder
ball size, die attach thickness, pad design,
substrate thickness and board thickness. These
studies have given us a good understanding of the
effect of each factor and the direction to
improving solder joint reliability. The possible
optimum settings of paremeters were selected for
the packages. Finite element modeling was used
to determine solder joint reliability of the three
package options versus die size and package size.
Thus, a roadmap of solder joint reliability vs
substrate technology, die size and package size
was established. From this roadmap, a preset
reliability goal can always be achieved by
choosing the right combination of substrate, die
and package size.

Data:

Introduction

To provide packages with high-speed and high
I/O density, a 1.0-mm-pitch full-array BGA
family was developed. This family includes a
number of die sizes and package sizes with a
good proportion of large dies. Since it’s pitch is
1.0 mm instead of the more common 1.27 mm,
smaller solder balls and pads were used. All these
factors made the package’s solder joint reliability
a critical issue. Three package options, A, B and
C, were investigated. A, B and C represented
different substrate materials and package internal
structures. Accurate finite element modeling was

employed to fundamentally study the effects of
various important factors. Based on the results of
the study, the optimum settings of paremeters
were selected for the packages. Finite element
modeling was used to determine solder joint
reliability of the three package options versus die
size and package size. Thus, a roadmap of solder
joint reliability vs substrate technology, die size
and package size was established. From this
roadmap, a preset reliability goal can always be
achieved by choosing the right combination of
substrate, die and package size.

Package options

Three package options, A, B and C, were
investigated. Each of these options has its own
advantages and disadvantages. Moiré
Interferometry technique was used to measure the
effective coefficient of thermal expansion (CTE)
of these three options. The measured CTE across
the surface of each package options was shown in
Fig. 1. CTE of option C matches that of FR4
board very well. Option A has a great CTE
mismatch with FR4 board. Option B falls in
between. Finite element modeling was also used
to evaluate the viability of each option, which
will be discussed later.
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Fig. 1. CTEs of the three options measured by
Moiré Interferometry

Finite element modeling method
The modeling methodology and the life
prediction model in [1] were adopted to predict
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solder joint fatigue life. Because of the high
homologous temperature (ratio of operating and
melting temperatures in absolute scale) and slow
strain rates in actual service conditions, time
dependent creep is the primary deformation mode
for eutectic solder joints. Grain boundary sliding
and matrix creep are the major deformation
mechanisms considered in this methodology.
Readers are referred to [1] for details.

ANSYS® [2] was used for finite element analysis.
The modeling approach can be described as
follows: A one-quarter symmetric model of the
package was developed using eight-node 3-D
brick elements. This coarse model was first
analyzed wusing linear elastic analysis to
determine the location of the solder joint failing
first. The joint at that location was removed from
the model and the rest of the package was
analyzed as a substructure using linear properties
of solder. The substructure was analyzed for a
unit temperature increase resulting in a super-
element with a stiffness matrix and a load vector.
Finally, a detailed model of the solder joint at the
location of first failure was developed and a non-
linear creep analysis was done to predict the
accumulated creep strain per cycle. In order to
avoid the inaccuracy caused by interfacial
singularity, creep strains for a 0.025mm layer of
solder at the package-solder or solder-board
interface were used to predict mean fatigue life
instead of the maximum creep strain. The life
prediction model [1] was shown in Equation (1).

N, (0.02XESY +0.063XxES%) =1.0 0

Where N, is mean fatigue life, ES). and E. are

the accumulated equivalent, multi-axial creep
strains for grain boundary sliding and matrix
creep per cycle respectively.

Finite element modeling versus experiment

Various daisy chain packages have been tested
through thermal cycling. These parts comprised
of combinations of different die sizes, package

sizes and substrates. The daisy chain board used
was FR4 and 1.57 mm (62 mils) thick. The
thermal cycling profile is 0 — 100°C with a
frequency of 2 cycles per hour. The sample size
is usually 32. First failures normally occurred in
the solder joints under the corner of die due to the
constraint of die’s very low CTE (coefficient of
thermal expansion). See Fig. 2. The actual fatigue
life is obtained by fitting failure data using a log-
normal or Weibull distribution to predict cycles
to 0.1% fail. In general, the modeling process is
as follows: First, a simulation is run using the
designed nominal dimensions for each package;
then after board mounting, a part is cross-
sectioned and the actual dimensions are input to
the model for a second run. This way we can
know the difference between the design specified
dimensions and the actual ones and the
consequent effect on reliability. The comparison
between the modeling predictions and the actual
failure free life was shown in Fig. 3. The
modeling predictions matched the actual results
quite well. It also shows that option C has the
best board-level reliability.
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Fig. 2. First failure location
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Fig. 3. Modeling predictions VS actual results

Parametric study

Various parameters were studied to find their
effect on reliability using finite element
modeling. The results were reported below.

Die size and package size

Fig.4 showed failure free life versus die size for
two package sizes. Two observations could be
made from this figure. The obvious one is that
solder joint fatigue life decreases with die size.
The other observation is that the larger package
gives better fatigue life than the smaller one. This
can be attributed to two reasons: one is that the
larger package has more solder balls to share
stress; the second one is that the larger package
has a smaller die-to-package ratio, thus more
compliant. To verify the accuracy of this
observation, two daisy chain packages with every
thing the same except the package size and
number of solder balls were built. The Weibull
plot was shown in Fig. 5. It is clear that the
27mm package had longer fatigue life than the
23-mm package.
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Fig. 4. Failure free life VS die size
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Fig. 5. Weibull plot of two packages

Package pad opening size

Pads are solder mask defined (SMD) on package
substrates and non-solder mask defined (NSMD)
on boards, thus solder joint failures normally
occur at SMD side due to the fact that SMD
causes higher stress concentration [3-4]. Since
package pad opening (defined by solder mask) is
the length that crack needs to propagate before
the solder joint totally fails, larger package pad
openings generally improve solder joint
reliability. For the case studied, fatigue life of the
solder joint tripled by increasing package pad
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opening from 0.45 mm to 0.60mm, as shown in
Fig. 6. In this case, board pad size was constant at
0.46 mm.
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Fig.6. Failure free life VS package pad opening

Board pad size

Three board pad sizes were modeled: 0.30 mm,
0.38 mm and 0.46 mm, while package pads were
0.38 mm. It was found that 0.30-mm pads
resulted in the longest solder joint fatigue life.
The results were shown in Fig. 7. It can be
explained as follows. Since package pads are
solder mask defined and board pads are non-
solder mask defined, stress tends to concentrate
more at the interface between solder joints and
package pads. Smaller board pads will shift more
stress towards the other interface between solder
joints and board pads, thus stress becomes more
balanced at both the interfaces, resulting in an
overall less stress.
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Fig. 7. Failure free life VS board pad size

Solder ball size

Finite element modeling indicated that 0.635 mm
solder balls would improve fatigue life by over
50% compared with 0.45 mm balls, see Fig. 8.
The actual test results matched the predictions
very well.
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Fig. 8. Failure free life VS solder ball size
Die attach thickness
Die attach thickness control is very important. Its

variation has profound effect on solder joint
reliability as shown in Fig. 9
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Fig. 9. Failure free life VS die attach thickness

SMD and NSMD

SMD and NSMD package pads were compared.
NSMD pad was predicted to improve solder joint
reliability by more than 100%. Identical daisy
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chain parts with SMD and NSMD pads were
tested. Packages with SMD pads failed first at
3600 cycles. The prediction is about 3400 cycles.
Packages with NSMD pads had no failures at
5000 cycles when the test was stopped. The
prediction is about 7000 cycles. The results are
shown in Fig. 10. Previous studies [3-4] have
shown the same trend.
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Fig. 10. SMD vs NSMD

Substrate thickness

For BGAs using BT substrate, substrate thickness
contributes greatly to solder joint reliability. 0.35-
mm- and 0.55-mm- thick substrates were
compared. It was found that 0.55-mm-thick
substrate resulted in close to 90% increase in
solder joint fatigue life as shown in Fig. 11. Two
daisy chain packages were tested. The one with
0.35mm thick BT substrate had first failure at
2600 cycles. The prediction is 2400 cycles. The
one with 0.55mm thick BT substrate had no
failure at 3700 cycles when the test was stopped.
The prediction is about 4700 cycles.
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Fig. 11. Failure free life VS substrate thickness

Board thickness

Nowadays, many industries use printed circuit
boards thicker than 1.57mm (62 mils), i.e., 2.36
mm (93 mils), hence the effect of board thickness
was also studied. It was found that 93-mil boards
could result in over 40% reduction in solder joint
fatigue life compared to 62-mil boards, see Fig.
12.
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Fig. 12. Failure free life VS board thickness
Roadmap
The parametric study has given us a good

understanding of the effect of each factor. An
optimum setting of each factor was selected for
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the development of the full-array BGA family.
Package options, A, B and C, were continually
studied. For each option, a plot was generated to
correlate solder joint reliability with die size and
package size using finite element modeling. Due
to propritary reasons, the plots will not be shown
here. These plots become a road map of substrate
technologies, die size and package size where the
preset reliability goal can always be achieved by
selecting the right combinations.

Conclusion:

An accurate three-dimensional and non-linear
finite element modeling has been established. It
has been used to systematically study the effect
of various factors on solder joint reliability of
BGAs. These factors include die size and
package size, package pad opening size, board
pad size, solder ball size, die attach thickness,
SMD or NSMD, package substrate thickness and
board thickness. The results of these studies have
provided guidance for the development of a
family of 1.0-mm pitch full-array BGAs. Three
package options were investigated. Using finite
element modeling, a road map of substrate
technologies, die size and package size was
developed. From this road map, a right
combination of die, package and substrate can be
easily chosen to ensure packages to achieve or
pass the preset reliability goal.
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