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Abstract

A single printed circuit board includes thousands, sometimes even hundreds of
thousands, of solder joints. The failure of even a single solder joint is usually enough to
compromise the functionality of an electronic device or system. PbSn solder had been
the standard material for these joints until various regulations around the world began to
limit Pb use. SnAgCu and related alloys are quickly replacing PbSn, but much still needs
to be understood and controlled. None of the paradigms for understanding the mech-
anical response of PbSn alloys is applicable to lead-free alloys. Much of the surprising
behavior of SnAgCu solder arises from the complex and fascinating nature of its solidi-
fication behavior. In this article, the impact of solidification on the microstructure and
therefore the mechanical properties of these solder joints will be addressed in the
context of microelectronics processing. The need for better simulations of SnAgCu
solder behavior will also be examined. Notably, modelers will have to account for a
variety of new parameter dependencies not previously considered.

Overview

Most microelectronics products rely
largely on solder for critical electronic and
mechanical connections between individ-
ual devices and printed circuit boards.! A
single board includes thousands, some-
times even hundreds of thousands, of sol-
der joints. The failure of even a single
solder joint is usually enough to compro-
mise the functionality of an electronic de-
vice or system. Turning a device on often
causes differential thermal expansions
that can only be accommodated through
significant plastic deformation of the sol-
der joints and thus eventually leads to
thermal fatigue. Joints must be able to sur-
vive mechanical loading caused by vibra-
tion, bending, or dropping. Predicting and
controlling the reliability of the billions of
solder joints formed in the automated
manufacturing of a typical, high-volume
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product requires a thorough understand-
ing of solder joint mechanical properties.
In particular, the variability of the proper-
ties of solder must be understood and
controlled.

Until recently, the vast majority of joints
were formed using SnPb solder. There are
many good reasons for this, including the
high ductility and mechanical robustness
of this material. A fortuitous benefit of this
alloy is that the resulting joint proper-
ties are relatively insensitive to variations
in composition, pad finishes, process pa-
rameters, and so on. This is critical to an
industry that relies on the automated man-
ufacturing of a tremendous number of elec-
tronics assemblies under a large variety of
conditions. Despite these advantages, the
electronic industry’s successful dependence
on SnPb solder is ending.!

Anumber of legislative initiatives around
the world have called for the elimination
of Pb from a range of products because Pb
has deleterious health factors.! Curtailment
of Pb use in different products in the United
States began decades ago with the ban of
Pb in products such as paint and gasoline.
Companies in other countries (for instance,
many in the Japanese electronics industry)
began to introduce some Pb-free products
years ago and realized significant commer-
cial success.

As consumer demand for Pb-free prod-
ucts grew, the prohibition of Pb in products
with a less immediate effect on the envi-
ronment was considered. Notably, the
European Union outlawed the use of Pb in
most electronics produced after June
2006.! The result of this legislation is com-
monly referred to as the RoHS Directive,
which stands for “the restriction of the use
of certain hazardous substances in electri-
cal and electronic equipment.”’ Although
some products are initially exempted from
this legislation, they will likely be subject
to similar restrictions within a few years.
Other products, such as military and med-
ical ones, may technically remain exempt
beyond that time, but eventually a loss of
infrastructure will likely force them to switch
to Pb-free soldering as well. Given this sit-
uation, much of the industry is converting
to Pb-free solder on a worldwide basis.

A very large number of solder alloys
have been developed and characterized as
potential replacements of SnPb, but so far
only near-eutectic SnAgCu, SnAg, and SnCu
are acceptable to industry, with near-
eutectic SnAgCu (SAC) compositions used
most often. The eutectic-phase mixture
(Sn-3.5wt%Ag-0.9wt%Cu) contains three
room-temperature phases: Sn, CusSns, and
Ag;Sn? These SAC alloys have serious
drawbacks; notably, their higher melting
points have led to a demand for more ro-
bust (and therefore expensive) packages
and printed circuit boards. Pb-free SAC
solder joints were initially believed to be
more reliable in thermal cycling, but that
assessment was based on test procedures
that did not properly account for the very
different properties of the Pb-free alloys.
Most recently, there has been a growing
recognition that the detailed properties of
these new alloys tend to be much less repro-
ducible under manufacturing conditions.

Whereas the two-phase SnPb solder can
be modeled as a homogeneous and isotropic
material, with reasonably well-known con-
stitutive relations, accurate modeling of
the mechanical behavior of a SnAgCu sol-
der requires more careful accounting of its
microstructure evolution.®* The thermo-
mechanical response of SnAgCu solder is
dominated by that of the Sn, as opposed to
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the softer Pb material in PbSn solder, and
most SnAgCu solder joints are composed
of essentially a few large Sn grains.>”’
Given the marked anisotropies in the ther-
mal expansion coefficient® and Young’s
modulus® of Sn, which vary by a factor
of two or three with crystal direction, re-
spectively, the morphology and orienta-
tion of the Sn grains are critical parameters
in determining the thermomechanical re-
sponse of SnAgCu solder joints." Fur-
thermore, Sn reacts to form intermetallic
compounds with metals found in Pb-free
solder joints (e.g., Ni, Au, Cu, and Ag), re-
sulting in effects such as dispersion hard-
ening. Thus, evolution of the precipitate
microstructures, the Sn grains and their ori-
entations, and the intermetallic compounds
formed at solder/metallization interfaces
must be considered.

The implementation of Pb-free solder in
microelectronics has thus created signifi-
cant new challenges.! The majority of manu-
facturers have already made the switch,
but fully controlling and predicting the
properties, performance, and reliability of
these materials will require a fundamental
understanding of the parameters that af-
fect the thermomechanical response of
SnAgCu solder joints.>™ In this article,
the impact of solder solidification on the
microstructure and, therefore, the mechan-
ical properties of these solder joints is ad-
dressed. The need for better simulations of
SAC solder behavior is also examined; no-
tably, modelers must account for a variety
of new parameter dependencies not previ-
ously considered.”

Impact of Solidification of
SnAgCu Solder Joints on
Microstructure

Much of the surprising behavior of SAC
solder joints arises from the complex and
fascinating nature of its solidification be-
havior. Sn undercools significantly in SAC
solder joints, often dramatically affecting
final solder joint microstructure. The nature
of this solidification event is illustrated in
Figure 1, a three-dimensional rendering of
the liquidus surfaces for the Sn, Cu,Sns,
and Ag;Sn phases that form upon cooling
in this ternary system. A composition ver-
sus temperature cooling trajectory is super-
imposed upon these surfaces in Figure 1
for the Sn-3.9Ag-0.6Cu solder composi-
tion. An idealized trajectory for this mate-
rial is shown in red, for the unlikely case of
solidification occurring at near-liquidus
temperatures, with the final solidification
at the eutectic composition. A more realis-
tic extension to this trajectory is shown in
white, reflecting the observed dramatic
undercooling of Sn and the distillation of
the undercooling Sn-Ag-Cu liquid toward
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Figure 1. Three-dimensional rendering of the liquidus surfaces for the phases of the SnAgCu
eutectic in the Sn-rich region of the Sn—Ag-Cu ternary phase diagram. Surfaces are
extrapolated to temperatures below equilibrium to reflect possible undercooling (Sn, in
particular, is prone to undercooling). An idealized composition/temperature trajectory for a
typical SnAgCu solder is shown by red arrows; in this unlikely case, solidification occurs at
the eutectic composition. A more realistic extension to this trajectory is shown by white
arrows, reflecting the undercooling of Sn and the distillation of the undercooled Sn-Ag-Cu
liquid toward pure Sn.

pure Sn. Significant Sn undercooling of |- - .
20°C-80°C in SnAgCu solder melts is o e
generally observed, leading to significant - g
ramifications on the final microstructure.
The large degree of undercooling of Sn | ~ = : o
in SAC solder joints results in some unusu- |-~  CUSh. Rt
ally large primary precipitates of CugSnsor ~ ['= = ¢ Y eRhs < o e AR RE
Ag;Sn, as shown in Figure 2. Fabrication |+ = &
of these solder joints involves heating the e P T i
solder approximately 30°C above its melting e,
point'®Y for ~1 min. Although the melting | = | AgsSn —
temperatures of near-eutectic SnAgCu RPN B . .
solder are approximately 217°C, larger
CueSns; and Ag;Sn precipitates in the sol-
der sometimes do not finish dissolving
after 1 min at 250°C. Thus, for realistic
cooling rates (approximately 1°C/s), such
unmelted, and hence primary, precipitates
often have tens of seconds to grow in an
undercooled Sn-based liquid matrix. As
the degree of undercooling increases, the
composition of the remaining liquid be-
comes more Sn-rich, following the white

Figure 2. Optical micrograph of a
Sn-3.9Ag-1.4Cu solder sample cooled
at a rate of 0.1°C/s from a temperature

arrow trajectory in Figure 1. Th‘}S/ varia- of 250°C. The few primary precipitates
tions in the degree of undercooling, such are identified. Many much smaller

as those associated with variations in sol- secondary precipitates are visible in a
der volume, lead to significant variations Sn matrix.
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in the volume and number of secondary
precipitates and also the mean dendrite
arm size (Figure 3).

After the Sn nucleates in the SAC melt,
a sixfold, cyclic twinning growth process
generally occurs, resulting in a very large,
highly oriented Sn grain morphology."
Typical SnAgCu solder joints (Figure 4 and
Figure 5b) have essentially only a few Sn
grains, which grow dendritically from the
same nucleus by a cyclic twinning process
that results in only three orientations with
a common [100] axis. Recalescence, the tem-
perature rise associated with the release of
the latent heat of fusion, limits or elimi-
nates the nucleation of any other Sn crys-
tals during the short growth time.

Influence of SnAgCu
Microstructure on Pb-Free
Solder Joint Properties
Sn Grains

There is clear evidence for a distinct de-
pendence of cracking and failure of SnAgCu
solder joints on variability in solder joint
microstructures, in particular, on Sn grain
size and orientation of the large Sn

grains. 24181 A straightforward example
of this is provided in Figure 5, which re-
veals bright-field and crossed-polarizer
views of the cross section of a solder joint
that had undergone thermal cycling. As
indicated by the discontinuities in the sam-
ple surface (see the arrows in Figure 5a),
concentrated grain-boundary sliding de-
formation occurred across the middle of
this solder ball. This is very different be-
havior from that of a near-homogeneous
material, where maximum stress and de-
formation occur near the planar interfaces.

Deformation concentration along grain
boundaries is correlated with the presence
of large Sn grains, as illustrated in Fig-
ure 5b. This effect was also examined by
Matin et al.," who used crystal-based finite
element modeling (FEM) methods to model
thermomechanical stresses in polycrys-
talline microstructures with crystal-based
anisotropic material properties. With tem-
perature changes, von Mises stresses
depended strongly upon the Sn grain orien-
tation and morphology, leading to different
out-of-plane strains near the solder/metal-
lization interfaces and grain boundaries.”?

Figure 3. The number and size of secondary precipitates in the Sn matrix varies dramatically
with undercooling (as determined by solder volume), even for very similar SnAgCu
compositions. Backscatter composition-mode scanning electron microscope images of
three commercially provided solder joints are shown. All images are displayed at identical
magnification for comparison. Each image shows a portion of a different volume solder
joint: (a) Sn-3.5Ag-1.0Cu solder volume of 0.001 mm? (ball grid array); (b) Sn-3.5Ag-1.0Cu
volume of 0.01 mm? (chip-scale package); and (c) Sn-3.0Ag-0.8Cu solder volume of

0.23 mm? (flip chip). The mean dendrite arm widths were measured to be 6, 1.8, and 1.1 um
for samples in (a), (b), and (c) respectively. (From Reference 26.)
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Large variations in the failure rate of
SAC solder joints can result from varia-
tions in the orientation of the Sn grains
composing those joints. In one such study,
the orientations of Sn grains in near-eutectic
SAC solder joints were characterized after
thermal cycling and correlated with the
occurrence of fractures in these SAC sol-
der balls (Figure 6)." Crack locations were
noted and compared with the Sn grain
orientation, as determined from electron
backscattered diffraction orientation im-
aging scans. Samples with cracks had Sn
grains primarily oriented with the Sn c-
axis (the axis of highest coefficient of ther-
mal expansion) parallel to the component
and substrate planes. This reflects a clear
dependence of the thermomechanical re-
sponse of these solder joints on Sn grain
orientation, as samples with this orienta-
tion have the greatest possible thermal
expansion mismatch at the component in-
terfaces (near which most cracks formed).
Such a result directly contrasts with the
typical behavior of SnPb solder joints,
where the largest externally imposed
stresses, at the package corners, are much
more systematically correlated with initial
failure locations.

Similar results have been observed in
other studies. Optical examination of cross
sections of a large number of individual
SnAgCu solder joints after cycling revealed
a greater variability from joint to joint in
the rate of damage propagation than found
in PbSn samples.®® The locations of the

Figure 4. Optical micrograph with
crossed polarizers of a Sn-1.65Ag-0.59Cu
sample, cooled at a rate of 0.01°C/s
from a temperature of 250°C. This more
clearly corresponds to a sixfold cyclic
twinning (across [101] planes) growth
mechanism.
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solder balls that revealed cracking in
SnAgCu arrays varied more than in PbSn
arrays.” Furthermore, the observed mean
value of time to failure can vary signifi-
cantly, if not dramatically, with variations
in thermal history. Hence, Sn crystal orien-
tation can have a large impact on damage
evolution in Pb-free solders. Thus it is
quite difficult for practitioners to predict
the relationship between accelerated ther-
mal cycling tests and behavior in service.

Impact of Dispersion/Precipitation
Evolution on Hardness, Strength,
and Creep Properties

None of the paradigms for understand-
ing the mechanical response of SnPb al-
loys are applicable to Pb-free alloys.?° For
instance, crack propagation has been ob-
served along large primary precipitates (see
Figure 7) in SAC solder joints. Such pre-
cipitates are not found in SnPb alloys. In
general, as solders operate at temperatures

100 pum
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Figure 5. Optical micrographs of a cross section of Sn-3.5Ag-1.0Cu solder joint thermally
cycled between 0°C and 100°C. (a) Bright-field image and (b) image taken with crossed
polarizers. Different Sn grains are delineated. The arrows indicate surface discontinuities
associated with grain-boundary sliding along a Sn crystal boundary that subtends the
solder joint (between the arrows).

i ————
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Figure 6. Maps of the orientation of the c-axis of Sn for a row of 11 cross-sectioned SnAgCu
solder balls in a thermomechanically cycled package. The orientations of the c-axis are indi-
cated by color (see key in figure), with purple corresponding to the c-axis perpendicular to
component and board, and orange-red corresponding to the c-axis parallel to component
and board. Cracks were observed in four of the optical micrographs; these samples are

labeled “crack.” (From Reference 29.)
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above half their melting temperature, me-
chanical properties such as hardness and
strength are best understood in terms of
creep or hot deformation. The creep prop-
erties of SAC solders are dominated by
those of precipitate-hardened Sn, which
exhibits a very different behavior than SnPb
solder. Secondary precipitates (e.g., CusSns
and AgsSn) are the principal hardening
agents in SnAgCu Pb-free solders. These
Sn-based SAC-based alloys show stress ex-
ponents from 5-9, implying that creep is
controlled by dislocation climb impeded by
precipitates, with low activation energies
commonly attributed to pipe diffusion.**

Because the volume fraction of inter-
metallic compound precipitates in these
Sn-based alloys is small (~5%), the mor-
phology (size, and hence spacing, or num-
ber per unit volume) of the precipitates has
alarge impact on the creep properties. This
morphology is extremely sensitive to de-
tails of composition, cooling rate, solidifi-
cation temperature, annealing times, and
annealing temperatures (see Figure 3), all
of which cause significant variability in
mechanical responses of the solder to stress.
Large solder balls tend to experience
relatively modest undercooling so they
produce relatively coarse secondary pre-
cipitates, whereas small solder balls tend
to have deeper undercooling and produce
much finer secondary precipitates.®® Given
that the tensile strength of SnAgCu alloys
increases with increasing cooling rate be-
cause of the production of finer and more
closely spaced precipitates, both the cool-
ing rate and the ball diameter affect the
strength. 3%

The microstructure and resulting solder
joint properties can also vary strongly with
subsequent aging, annealing, or thermal
cycling.” The as-solidified microstructure
will coarsen, even at room temperature,
reducing the hardness and strength of the
solders. %% After water quenching and
aging at room temperature, the tensile
strength of cast bars decreased from 60 MPa
to 45 MPa after 35 days.® The coarsening
rate of finer structures is fast because of the
smaller diffusion distances between pre-
cipitates and the higher chemical potential
of small radius of curvature precipitates.
Thus, finer structures will be harder at first
and soften more quickly in response to
mechanical or thermal energy input. The
rate of coarsening in thermal cycling can
be enhanced in comparison with isother-
mal aging because of stress-enhanced dif-
fusion, as well as changes in the solubility
limit of Sn with temperature that enable
partial dissolution of precipitates at elevated
temperature. Considering all of the vari-
ables that affect the microstructure and
thus the thermomechanical properties of
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Figure 7. Flip-chip solder joint after
thermal cycling. Early failure along (and
through) a large Ags;Sn platelet.

SnAgCu, it is understandable that practition-
ers experience surprises with this material *

Attempts to Control SnAgCu
Solder Joint Microstructure

A number of efforts are underway to al-
leviate some of the effects outlined in the
previous sections, for instance, by control-
ling the solidification of Sn during solder
joint fabrication. Thus many studies®*!
have examined the effect of other alloying
elements (such as Ni or Zn at the 0.05%—
0.5% level) in SnAgCu. Zn is very effective
in reducing the degree of undercooling of
Sn in SnAgCu and thus reducing some of
the associated variability of the solder mi-
crostructures and reducing the dissolution
rate of Cu pads. Unfortunately, even with
enhanced nucleation of Sn, only one or a
very few Sn grains were observed in these
solder joints. Furthermore, Zn forms dif-
ferent intermetallic compounds at the con-
tact pads when it reacts with Cu, Ni, and
Au. Zn is particularly effective in prevent-
ing occasional voiding in the Cu;Sn layer
on Cu pads, so interest in this element re-
mains high. The addition of Ni has a lesser
effect on undercooling and intermetallic
formation, but it does modify the interfacial
intermetallic thicknesses and harden the
solder slightly. Ni may enhance the forma-
tion of more uniformly spaced (Cu,Ni),Sn;
precipitates that may reduce microstruc-
tural variability.** However, Ni apparently
enhances voiding in the Cu;Sn. Finally, a
decrease in the Ag content of SnAgCu can
limit the maximum sizes of primary pre-
cipitates (large precipitates can result in
strongly variable effects on crack propaga-
tion). Nevertheless, until recently, the most
common alloy had 3.8-4.0 wt% Ag, but
there is an ongoing trend toward lower Ag
content (perhaps as low as 1 wt%), because
of the associated greater ductility. Eutectic
SnCu is a likely favorite for flip-chip
applications.
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Toward the Development of More
Realistic Constitutive Relations

A better understanding and control of
SnAgCu microstructures is needed before
rules for controlling it can be used by de-
signers. Both modeling and experimental
investigations of the mechanical response
of solder joints as a function of solder joint
microstructure, in particular, Sn grain mor-
phology and all the factors that influence
it, are necessary. To date, isotropic phenom-
enological models exist that can treat sol-
der alloys in an average manner.*** Such
models are valuable for system-scale de-
sign purposes, but they cannot capture the
heterogeneous behavior observed in indi-
vidual solder joints. To effectively predict
failure processes in a particular joint (and
thus have the ability to predict early failures),
a more physically based anisotropic material
model is needed, which includes details of
operative slip systems and recovery proc-
esses. Models of individual joints with
realistic microstructures could have bound-
ary conditions imposed, based on the dis-
placement history determined from a
system-scale computation that uses scalar
(average) properties to provide boundary
conditions for deformation of a specific
joint.® Although there is some identification
of crystal-scale properties,*** much work
is still needed to identify and express slip
system-based deformation, recovery, grain-
boundary sliding, and recrystallization proc-
esses in quantitative forms at the crystal
scale. Attempts to model and interpret re-
sults require substantial simplifications that
must be interpreted with full cognizance
of these assumptions. Most importantly, it
is clear that forays in modeling this com-
plex crystal system must be attempted and
that experimental data needed for consti-
tutive modeling at the grain scale must be
obtained, analyzed, and understood before
reliability models based upon physical
understanding can be developed.

Conclusion

The introduction of Pb-free, SnAgCu
solders into the marketplace will continue
to cause unanticipated failures that cannot
be predicted by existing phenomenologi-
cal models or accelerated tests. It is impor-
tant to assess such failures rigorously and
to identify the contributions of precipitate
morphology, interface evolution, grain-
boundary characteristics, and Sn crystal
orientation to failure (all of which depend
on the solidification path). It is also impor-
tant to further identify worst-case scenar-
ios for SnAgCu solder joints, such as the
c-axis parallel to the interface (as shown in
Figure 6), and to determine the statistical
probability of forming worst-case mi-
crostructures during manufacturing. To the

extent that worst-case microstructures
cannot be eliminated, lifetime can only be
accurately assessed if these microstruc-
tures are included in models. This requires
the development of physically based so-
lidification and deformation models as well
as the ability to reproduce the worst-case
scenarios intentionally for testing. Funda-
mental experimental research is central to
support the development of such models
and capabilities.
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