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Abstract There are important logistical and techno-
logical issues that confront the electronics industry as a
result of implementing lead (Pb)-free technology to
comply with the European Union’s (EU) ROHS
Directive effective July 1, 2006. This paper focuses
on the technological matters that pose the greatest
potential risk to the reliability of so-called high-per-
formance (H-P) systems (i.e., servers, storage, network
infrastructure/telecommunication systems). The Euro-
pean Commission (EC) specifically granted a special
use of lead (Pb) in solder exemptions, independent of
concentration, for applications in H-P systems. The
intent was to preserve the reliability of solder joints,
particularly flip-chip solder joints. H-P systems per-
form mission-critical operations, so it is imperative that
they maintain continuous and flawless operation over
their lifetime. H-P systems are expected to experience
virtually no downtime due to system failures. This
paper discusses several major technological issues that
impede the implementation of Pb-free solders in H-P
systems. The topics discussed include solder compati-
bility and the reliability risks of mixed solder joints due
to component availability problems. The potential
effects of microstructural factors, such as the presence
of AgsSn platelets, and ways to eliminate them are
described. Also discussed are the effects that stress-test

K. J. Puttlitz (P<)

Puttlitz Engineering Consultancy, LLC, Wappingers Falls,
NY 12590, USA

e-mail: KJPuttlitz@aol.com

G. T. Galyon

IBM eSystems and Technology Group, Poughkeepsie, NY
12601-5400, USA

e-mail: Galyon@us.ibm.com

parameters have on the thermal-fatigue life of several
Pb-free solders compared to eutectic Sn—Pb. Another
issue discussed involves the effect that tin’s body-
center tetragonal (BCT) crystal structure has on sol-
der-joint reliability, and the complete loss of structural
integrity associated with an allotropic phase transfor-
mation at 13.2°C, referred to as tin pest. Yet another
important consideration discussed is the tendency of
pure tin or tin-rich finishes to grow “whiskers” that can
cause electrical shorts and other problems. Finally, the
paper notes the potential for electromigration failures
in Pb-free, flip-chip solder joints. Based on the current
status of the issues discussed, it appears likely that the
exemption allowing the use of lead (Pb) in solder will
need to be extended by the EC when scheduled for
review in 2008, and perhaps well into the future.

1 Introduction

The European Union (EU) legislation, “‘Restriction of
the Use of Certain Hazardous Substances (ROHS) in
Electrical and Electronic Equipment” (Directive 2002/
95/EC) effectively bans the use of lead (Pb) and several
other substances in electrical products. This paper
contains references to “lead-free” solder alloys which
has become an industry-standard term meaning that
the solder should contain less than the ROHS Direc-
tive limit of 0.1 wt% (1,000 ppm) for lead (Pb). It does
not mean that the solder alloy will necessarily contain
no lead (Pb) at all. The worldwide effort to eliminate
the banned substances, particularly Pb, has surfaced
some significant logistical and technical challenges to
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the electronics industry. How to disposition Pb-bearing
inventory? How to easily distinguish and maintain
separation of converted and Pb-bearing parts to avoid
confusion and costly errors on the manufacturing
floor? What due diligence procedures should be fol-
lowed to assure compliance and avoid potentially
severe legal repercussions? How to establish the nec-
essary supply-line partnerships and controls to assure
the continuous availability of truly compliant parts?
While these logistical matters are important it is the
technology-based issues that pose the greatest concern
due to their potential impact on reliability. No widely
accepted “‘drop-in” Pb-free solder replacement for
eutectic Sn—Pb has been identified as yet. Only sparse
laboratory test data was initially available for the sev-
eral Pb-free solder candidates being evaluated across
the global electronics industry, and the melting point
for most of the lead-free solders is about 30°C higher
than the melting point of eutectic Sn—Pb. In addition, it
has not been possible to infer reliability performance
for the lead-free solders from the existing Sn—Pb reli-
ability data base because the metallurgical character-
istics of high-lead content and eutectic Sn—Pb solders
are significantly different compared to Pb-free solders.
Based on these considerations the EC provided several
solder-usage exemptions when the legislation was ini-
tially enacted and since then has granted several
additional exemptions requested by the electronics
industry. From the outset the EC recognized that there
was a special class of electronic products (e.g., servers,
storage, network infrastructure/telecommunications
equipment) used in mission-critical operations whose
operational integrity and reliability had to be pre-
served. Reliability greatly depends upon individual
solder joint integrity. Of particular concern are
flip-chip solder joints owing to their importance in
high-performance circuits and the harsh mechanical
conditions they must endure: e.g., exposure to repeated
shear stress fluctuations resulting from the coefficient
of thermal expansion (CTE) mismatches between the
materials on either side of the solder joint. The EC did
not provide a permanent exemption for the use of Pb
in solder for high-performance products, but did agree
to review the matter every 4 years starting in 2008.
Another reliability concern is associated with the
implementation of lead-free solder attachments in-
volves the mixing of leaded and lead-free solders.
During the initial transition phase it will be inevitable
that electrical components with leaded (Pb) solders
on their attachment points will be used in lead-free,
solder-attachment processes. Mixed-solder joints can
result in severe reliability problems. Several other
significant technical issues existed at the time the
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legislation was enacted that also helped prompt the EC
to grant the continued use of lead (Pb) in solder
exemption. While progress has been made in some
cases, in others the problems are inherent and must be
sufficiently characterized in order to determine if a
“safe”” operating condition or window can be estab-
lished. For example, the wettability of all the most
popular Pb-free solder candidates is less than Sn—Pb.
There are solidification peculiarities associated with
Sn—-Ag-Cu or SAC alloys that can result in the pres-
ence of large AgiSn platelets randomly oriented
throughout the microstructure under conditions similar
to those often encountered during manufacturing. The
thermo-mechanical fatigue characteristics for SAC
solders have been found to be very different compared
to Sn-Pb solders. There are several other lead-free
solder issues that did not exist with Pb-Sn solders
which are directly related to tin’s crystal structure.
Pure tin undergoes a phase change at about 13°C that
results in a condition called “‘tin pest” that literally
causes the tin to disintegrate structurally into a dust-
like powder. Still another very serious reliability con-
cern is the tendency for tin electroplated finishes to
form filamentary growths called whiskers. These
whiskers are conductive and have caused electrical
shorting in several mission critical applications
involving heart pacemakers, space capsules, and mis-
sile control systems. For many decades lead has been
added to electroplated tin finishes to mitigate or reduce
the tendency to form whiskers. The elimination of lead
will, unless otherwise mitigated, significantly increase
the risk of whisker shorting failures. Finally, solder-
joint electromigration resistance is becoming increas-
ingly more important due to increased electrical cur-
rent levels associated with high-performance electrical
circuits.

2 Mixed solder joints
2.1 Reliability implications due to parts availability

The ROHS lead elimination directive will have a sig-
nificant impact even for those manufacturers (e.g.
medical, military, server, telecommunication, storage)
whose products are permitted continued usage of lea-
ded (Pb) solders. Manufacturers who purposely choose
not to be compliant will also be impacted. The high
volumes associated with parts utilized in certain con-
sumer-electronic products will dictate that a particular
component is solely manufactured as a Pb-free version
[1, 2]. The demand for most Pb-free part numbers will
be so great in relation to their leaded counterparts
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that many suppliers will elect not to support both lead
(Pb)-bearing and lead-free versions of the same parts.
Some suppliers (e.g., Infineon) have stated plans to
continue providing leaded products to customers
whose markets allow them to use lead-bearing parts
[3]. Shortages of some Pb-free part numbers are
anticipated early on presenting consumer-electronic
manufacturers with product development and market
introduction challenges that will eventually dissipate
[4]. More serious will be the unavailability of some key
Pb-bearing parts by manufacturers of high-perfor-
mance products who plan to invoke the exemptions
provided to assure the reliability of those products as
intended, or entities that simply wish to remain non-
compliant. Some degree of mixed (i.e., hybrid) metal-
lurgical solder joints raises the potential for serious
reliability problems. This situation is particularly ironic
because the reason for granting the lead-usage
exemptions was because of the uncertainty associated
with the reliability of Pb-free solder joints [5]. The
currently available reliability data base for hybrid sol-
der joints is even more scant than that for lead-free
solders.

2.2 Component and process compatibility

There are eight solder joint types that can be created
during solder reflow operations (Table 1) as a result of
solder composition variations between the component
attachment point (i.e., lead-frame finish or solder ball)
and the solder paste.

No compositional issues are introduced in cases
involving component lead finishes or solder balls and
solder paste of the same composition assuming the
solder joints are formed utilizing an adequate reflow-
temperature profile. A lead (Pb)-free component is
said to be backward compatible if it can be reliably
joined to a PCB utilizing eutectic Sn—Pb solder with a
standard Sn—Pb reflow-temperature profile. Similarly, a
Sn—Pb component is said to be forward compatible if it
can be reliably reflowed to a PCB using a Pb-free
solder paste and a Pb-free reflow temperature profile.
Both forward and backward compatibility can be
achieved for both Sn-Pb and Pb-free components

(Table 1) and such processes are practiced by many
major manufacturers [6, 7].

2.3 Forward compatibility

The forward-compatible lead-frame products with Pb-
based finishes are virtual drop-in replacements for their
Pb-free counterparts. But some caution must be exer-
cised. Pb-based components are designed to withstand
Sn-Pb reflow process temperatures, typically with a
maximum 230°C rating. Component manufacturers
have made appropriate material changes such that,
Pb-free components are capable of withstanding the
significantly higher Pb-free process temperatures. So
care must be exercised in assuring that the reliability of
a Pb-bearing component is not compromised when
subjected to the higher temperature (235-260°C) uti-
lized for a Pb-free reflow process. Care must also be
exercised in selecting a Pb-free solder paste that is
metallurgically compatible with lead (Pb) [8]. For
example, Pb-free solders containing bismuth (Bi) can
form a low-melting compound in the presence of Pb
that very significantly reduces the maximum-allowable
application temperature. Bismuth-containing solders
are successfully utilized by limiting the bismuth content
to about 5% maximum. Some manufacturers who fa-
vor bismuth solders due to their relatively low melting
points in comparison to the more commonly used SAC
solders. Lead-free solder paste compositions vary
considerably with respect to the various elements
combined with Sn, Cu, Ag, Bi, In, Bi and others.

2.4 Backward compatibility
2.4.1 Lead-frame components

Generally speaking manufacturers have found that
most lead-free surface finishes on lead-frame compo-
nents are fully backward compatible with Pb—Sn solder
and will not cause soldering or reliability problems [9]
in spite of their higher melting points. The thin plating
dissolves into the molten Pb-Sn solder volume,
providing backward compatibility. However, depend-
ing on the joint solder volume, it is sometimes necessary

Table 1 Solder joint

e Component Solder paste and reflow utilized
variations
Termination  Solder  Lead (Pb) free Tin-lead
Note: The reflow temperature  jeaq finjsh ~ Sn-Pb  Hybrid (forward compatible) Homogenous
range for eutectic Sn-Pb is Lead finish ~ Pb-free Homogeneous Hybrid (backward compatible)
typically between 220 to Ball Sn-Pb  Typically not forward compatible ~Homogeneous
235°C and 235 to 260°C for Ball Pb-free  Homogeneous Typically not backward compatible

Pb-free solder palstes
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to slightly increase the peak reflow temperature to
achieve good-quality solder joints [7]. Backward com-
patibility covers a variety of lead-frame components:
TQ, PQ, UQ, SO, VO, SOIC, PLCC, QFP, etc 10, 11].
It offers a valuable solution to manufacturers utilizing a
Sn-Pb assembly process who must incorporate one or
more lead-free components. They can do so with no
adverse affect on reliability with only minor changes in
the assembly process [10].

2.4.2 Solder ball terminals (ball grid arrays or BGAs)

As noted, the hybrid solder joints resulting from
plated lead-free lead-frame components are generally
considered a low reliability risk. But in the case of
Pb-free ball grid array (BGA) terminations the joint
reliability depends upon the homogeneity of the
microstructure as a result of the reflow conditions.
The issue here is that the melt temperature of the
Pb-free solder balls is significantly greater than that
for eutectic Sn—Pb solder paste. For example, Sn—
Ag—Cu (SAC 305) melts at approximately 217°C vs.
183°C for eutectic Sn—-Pb. As a result, the solder
spheres either partially melt or do not melt at all
during the Sn-Pb reflow process [2]. In general, it
has been demonstrated that if the reflow results in an
inhomogeneous solder joint due to only a partial
melting of the solder ball, the solder joints exhibit a
much-reduced reliability compared to standard
eutectic Sn—Pb BGA solder joints [12-15]. Incom-
plete melting of the solder ball can cause poor self-
alignment, open solder joints, and latent defects [15].
Conversely it was demonstrated for a wide range of
components with Sn—Ag—Cu solder balls, if the peak
reflow temperature was > 217°C and the time above
liquidus (183°C) was sufficiently long, complete
melting and mixing was observed in the solder joints
of CSPs [12, 13], PBGA-196, 256 [15], and CBGA-
937 components [14, 15]. These studies have shown
that the reliability of some fully mixed and homo-
geneous solder joints are equivalent to or better than
comparable Pb-Sn joints. Although some joints were
observed to be statistically worse than their Pb-Sn
counterparts, they were judged to not pose a severe
reliability risk compared to the high reliability risk of
joints with partially melted Sn—-Ag—Cu solder balls
[13]. Interestingly, the failure modes of both fully
and partially reflowed BGA solder joints in acceler-
ated thermal cycle (ATC) tests were observed to be
the same. Cracks initiated at the component/solder
interface and propagated through the region with
coarsened grains, i.e., areas of high stress concen-

@ Springer

tration. The lower fatigue life of partially mixed
solder joints was attributed to a reduced ability of an
inhomogeneous microstructure to dissipate the stress
[15]. Unfortunately, to achieve consistently homoge-
neous solder joints requires utilizing either a lead-
free or higher than normal tin-lead reflow profile.
The higher temperature itself has its own potential
for reliability problems associated with degraded
component and PCB materials.

Adjustments in reflow parameters may be neces-
sary based on ball size and composition since they
play a significant role in mixing kinetics. Large BGA
balls require longer times and higher temperatures to
adequately mix with Sn-Pb solder. SAC305 solder
balls require a 3-5°C higher reflow temperature than
SAC405 solder alloys. Under the same reflow
parameters (peak temperature, time above liquidus,
and solder paste/solder joint ratio) the mixed portion
of the solder joint is smaller in size for SAC305
compared to SAC405 [15]. In addition, excessive
voiding has been observed in BGA solder joints
based both on size and composition. For example,
voids were observed to occur within 1.0-mm and
finer pitch BGA balls, but to only occur minimally
with larger pitches (e.g., 1.27 mm). The cause of the
voids is not understood given that soak times of
60-120 s are normally ample to allow flux volatiles to
escape prior to solder reflow [9]. The incidence of
voiding was noted to be least for BGA solder
joints constructed from SAC405 solder balls and
paste, increasing with a mixture of SAC405 balls/
SAC305 paste, and worst for a mixture of SAC405
balls/Sn—-Pb paste. The pure Pb-free joints were
reflowed at 235-245°C, while the mixed solder joints
were reflowed at a 220°C peak temperature [14].

2.5 Processing
2.5.1 Pb-free finished lead frame components

As indicated in Fig. 1, a standard Sn—Pb profile can be
utilized to reflow attach Pb-free finished lead-frame
components. The optimum profile depends upon
additional factors such as component mass and distri-
bution (i.e., layout) on a board, board size, geometry,
etc. Semiconductor suppliers (e.g., National Semicon-
ductor) are recommending that board-level assemblers
adopt J-STD-020C to establish an industry-wide reflow
standard [16]. Owing to their backward compatibility
Pb-free finished lead-frame components can be utilized
along with Pb-based components without the need to
alter the standard Sn—Pb assembly process [8].
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Fig. 1 Schematic depicting
temperature profiles for
reflow attaching Pb-free
finished lead-frame
components with either Sn—
Pb or Pb-free solders (after
Ref. [10])

srature C

Reflow Profile for Tiny/Leod Board

Temperature (

2.5.2 Pb-free solder ball (BGA) terminated
components

The predominant position in the industry has been not to
create mixed BGA solder joints consisting of Pb-free
solder balls and eutectic Sn—Pb solder paste, because as
has been noted earlier, the resulting inhomogeneous
solder joint created by standard Sn—Pb reflow conditions
exhibits unacceptable fatigue characteristics. However,
the realities are that in many instances it will be almost
impossible to avoid Pb-free BGA mixed solder joints in
an assembly. Although the options are limited, these
joints can be made to be backward compatible. The most
desirable solution, although rarely available, is to reball
the components with Sn—Pb solder balls [9]. In the ab-
sence of that capability, steps must be taken to determine
the profile conditions (peak temperature, dwell time) that
have the least detrimental effects on the assembly mate-
rials and still capable of producing fully mixed and
homogeneous solder joints. Acceptable ATC test results
must confirm the adequacy of the mixed solder joints.

High-performance systems manufacturers will in the
main continue to use eutectic Sn—Pb to assemble their
PCBs. It will be inevitable that some components are
only available with lead-free terminations. Lead-free,
lead-frame components generally are not a concern
since they can be assembled utilizing standard Sn-Pb
processes (i.e., they are backward compatible). But
lead-free BGA components will be a source for con-
cern since they are not backward compatible. In some
instances it will be possible to achieve compatibility
through process and material modifications, while in
other cases it may not be viable to do so.

3 Reduced wetting characteristics of Pb-free solders

A variety of Pb-free solders have been investigated as
replacements for eutectic Sn—Pb solder. None of them can

be considered as a ““drop-in”’ replacement for eutectic Sn—
Pb. For reflow applications the consensus lead-free solder
choice is a near-ternary eutectic Sn—Ag—Cu alloy with, in
some cases, relatively minor additions of other elements.
A comprehensive review of Sn—Ag, Sn—Cu, Sn—-Ag-Cu,
Sn—-Ag-Cu-X, and Sn—Ag-X solders and solder joints is
available in the literature [17, 18]. Some unique Sn-Pb
solder attributes have made the search for a Pb-free sys-
tem with similar characteristics difficult. Sn—Pb is a binary
eutectic system with only one chemically active constit-
uent, tin (Sn). All the chemical bonds that Pb—Sn solders
form do so by the creation of intermetallic compounds
(IMCs) containing only Sn. However, lead (Pb) does play
animportant role by providing molten Sn—Pb solders with
a low surface tension value that is a major contributing
factor to the excellent solderability (i.e., wetting and
spreading) characteristics exhibited by Sn-Pb solders
[19]. For example, the surface tension of molten Pb is
450 dynes/cm (at Tyep = 326°C), and molten Sn is
550 dynes/cm (at Tiere = 232°C). The wetting character-
istics of eutectic Sn—Pb exceed those of all Pb-free solders
of current interest when soldered to the base metals
typically utilized in electronic assemblies (Figs. 2, 3).
Minor elemental additions of Ag, Bi, Cu, In, Sb, Zn, etc.
are used to lower the melt temperature and to enhance
the mechanical properties of many lead-free solders.
However, these alloy additions also significantly degrade
solderability characteristics. Consider for example the
binary solder Sn—58Bi utilized for applications requiring
good wettability and a low-melt temperature. As shown
in Fig. 4, a 1% addition by each of several alloying ele-
ments results in a moderate-to-significant loss in wetta-
bility (i.e., higher contact angle). The reliability
implications related to reduced wetting characteristics is
an unknown. This is just another example from a long list
of technology concerns associated with the implementa-
tion of lead-free solders for high-performance systems
assembly operations.
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Fig. 2 Comparative spreading area measurements for several
lead-bearing and lead-free solder alloys on copper utilizing a
resin flux. Near-eutectic Sn—Pb exhibited better wetting (i.e.,
greatest spreading area) compared to all Pb-free alloys tested
(after Ref. [20]) (courtesy of CRC Press)
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Fig. 3 Equilibrium wetting contact angles of several Pb-free
solder alloys under various reflow conditions. (a) Cu substrate
with RMA (GF-1235) flux (from Drewin et al. [21]). (b) Cu
substrate with RMA (Alpha 611) flux ~40°C superheat over the
liquidus temperature (from Vianco et al. [22]). (¢) Cu substrate
with RMA flux at ~30°C superheat over the liquidus temperature
where the liquid alloy is dispensed onto a heated substrate (from
Pan et al. [23]). Eutectic or near-eutectic Sn-Pb exhibits better
wetting (i.e., lowest contact angle) compared to all Pb-free
solders tested, under all test conditions (courtesy of CRC Press)
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Fig. 4 Comparison of the contact angles of eutectic Sn—Bi and
individual 1% ternary element additions when reflowed on Cu at
a 200°C peak reflow temperature and using Kester 197 rosin flux.
In each case a 1% ternary addition resulted in reduced
wettability (i.e., increased contact angle) compared to the binary
Sn-58Bi solder alloy (from Ref. [24], courtesy of CRC Press)

4 Solidification and microstructure of near-eutectic
Sn—-Ag-Cu alloys

4.1 Highly non-equilibrium structure

The Sn—-Ag—Cu eutectic composition is thought to be
Sn-3.5Ag—0.9Cu with a eutectic melting point at 217°C
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[25, 26]. Some commercially available, near-eutectic
alloys are: Sn—-4.0Ag-0.5Cu and Sn-3.8Ag-0.7Cu.
These near eutectic Sn—Ag—Cu alloys consist of three
phases (f-Sn, Ags;Sn and CueSns) that form immedi-
ately upon solidification from the liquid state. Both the
Ag3Sn plates and CugSns rods formed are intermetallic
compound phases. However, none of the phases are
present in the amounts predicted by the equilibrium
phase diagram since they are not formed as an equi-
librium microstructure. The intermetallic compound
(IMC) phases nucleate and grow with minimal und-
ercooling. These pro-eutectic phases may undergo
excessive growth under slow-cooling conditions due to
the fact that they continue their growth from the liquid
state until the molten solder has been sufficiently un-
dercooled by 15-30°C. Undercooling is required to
nucleate f-Sn crystals from the liquid phase. By com-
parison tin-lead based solders only require a small
amount of undercooling to initiate solidification. Once
f-Sn nucleates solidification occurs very rapidly with a
dendritic morphology. A typical Sn—-Ag-Cu solder
joint substantially solidifies in less than a second after
p-Sn nucleation commences and with $-Sn dendrites
forming more than 90 wt% of the solder joint [27]. The
eutectic intermetallic phases (AgsSn and CugSns)
nucleate simultaneously from the liquid located
between impinging f-Sn dendrites. These IMC phases
are manifested as fine-precipitate particles that outline
the dendritic f-Sn grain’s structure. The microstructure
of a slow-cooled BGA solder ball depicted in Fig. 5 is
typical of the highly non-equilibrium structure formed
as a result of the events described. The dendritic -Sn
structure noted is very evident in Fig. 6. It was
observed that as-solidified BGA solder joints approx-
imately 900pum (0.035 in.) in diameter are typically
composed of 1-10f-Sn grains [28], with an average
of about eight grains. The small number of grains,
together with the anisotropy of f$-Sn, are reasons to
anticipate mechanical property variations for Pb-free
solder joints. The reliability impact from these
mechanical property variations is, as yet, unknown.

4.2 AgsSn plates
4.2.1 Observed effects

The presence of Ag;Sn platelets were reported to have
adverse effects on the plastic deformation properties of
solidified solder joints [29]. Henderson et al. [28] sub-
jected BGA solder joints to thermo-mechanical testing
(0-100°C) and observed strain localization and large
strains due to grain boundary sliding at the boundary
between the Ag;Sn and f-Sn phases. The orientation



Lead-Free Electronic Solders

353

Fig. 5 SEM micrograph showing the typical microstructure of a
slow-cooled Sn-3.8Ag-0.7Cu alloy in a BGA solder ball at two
magnifications. The tin dendritic arms (light appearing phase) in
(a) are surrounded by Ag;Sn and CueSns particulates as is clearly
evident in (b) that decorate the f-Sn phase (after Ref. [27])

Fig. 6 Scanning electron microscope (SEM) image of a slow-
cooled test sample of Sn—3.8Ag-0.7Cu solder alloy lightly etched
to reveal the dendritic growth structure of the f-Sn phase (after
Ref. [27])

of some plates were conducive to causing the top
portion of some solder joints to shift relative to the
lower portion as shown in Fig. 7. Strain localization at
the f-Sn/Ag;Sn boundary was also observed earlier by
Frear et al. [30].

4.2.2 Factors that control Ag;Sn plate formation

Extensive studies were conducted [28, 31, 32] to
determine the controlling factors for AgzSn platelet

Fig. 7 Vertical cross-section view of two solder joints that
exhibit large strains localized at the boundary between a Ag;Sn
plate and $-Sn phase subsequent to an accelerated thermal cycle
(ATC) test conducted at 0-100°C. The top portion of the solder
joint has shifted in relation to the bottom portion along the
Ag3Sn/f-Sn boundary in each of these joints (after Ref. [28])

formation in near-eutectic Sn—Ag—Cu solder alloys. Of
interest was the relationship between typical joint
assembly cooling rates (0.2—4.0°C/s) and Ag;Sn plate-
let formation. Results showed that cooling rate had a
significant effect on AgsSn platelet formation utilizing
0.88 mm diameter Sn-3.8Ag—0.7Cu BGA solder joints
mounted on electroless Ni/immersion Au-plated pads
on an organic chip carrier (Fig. 8). At low cooling rates
( < 1°C/s) AgsSn platelets grow large enough to span
the entire BGA cross-section. For cooling rates be-
tween 1.5 and 2.0°C/s the platelet size is much smaller
than the solder joint dimension, and at very fast cool-
ing rates ( > 3.0°C/s) platelet formation can almost be
completely suppressed [28]. By conducting similar
experiments with a hypoeutectic alloy, Sn-2.5Ag-
0.9Cu (Fig. 9), it was determined that Ag content has a
significant effect on AgsSn plate formation. Results
with this lower Ag content solder alloy showed that
Ag;Sn platelets rarely form, even at slow cooling rates;
but that large CueSns IMC rods appear [28]. Copper
content was found to have only a minor effect on
Ag;Sn plate formation [31]. But lowering the Cu con-
tent is beneficial in reducing the so-called ‘pasty
range’’; the temperature range between the liquidus
and solidus temperatures, where the equilibrium
structure is a mixture of liquid and solid phases. Cop-
per concentrations above the eutectic composition of
0.9 wt% in SAC alloys increases the pasty range [32].
Reducing the pasty range typically results in fewer
solder joint defects, such as pad lifting of plated
through holes (PTHs). A reduction in silver (Ag)
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Fig. 8 Microstructure of Sn—
3.8Ag-0.7Cu BGA solder
balls cooled from a 240°C
peak reflow temperature at
various cooling rates.

(a) 0.2°C/s, (b) 1.2°C/s,

(c) 3.0°C/s (after Ref. [28])

| 127 pm

Fig. 9 Microstructure of Sn—
2.5Ag-0.9Cu solder balls
cooled from a 240°C peak
reflow temperature at various
cooling rates. (a) 0.2°C/s, (b)
1.2°CJs, (¢) 3.0°C/s (after Ref
[28])

content is the current preferred method for eliminating
or minimizing AgzSn platelet formation. Rapid cooling
may not be possible or practical in a manufacturing
environment due to such things as large variations in
the size and thermal mass of components that result in
the introduction of excessive stresses in some assem-
blies and their solder joints.

5 Fatigue properties of Pb-free solders
5.1 Shear stresses due to CTE mismatch

Thermal-mechanical fatigue resistance is among the
most critical reliability concerns with the introduction
of lead-free solder joints. The ability to withstand
repeated deformations due to stresses generated by the
CTE mismatches between materials at the opposite
ends of solder joints is critical to the reliability of H-P
electronic equipment. Flip-chip and BGA solder joints
are particularly susceptible to thermal-mechanical
fatigue failure because there are some large CTE
differences amongst the materials that comprise these
assemblies (Table 2). For example, flip-chip solder
joints can experience moderate-to-severe thermally
induced shear stresses depending on whether they are
mounted on ceramic or organic (plastic) chip carriers.
The situation is similar for BGA solder joints where
the thermally induced stress levels also depend upon
whether the carrier material is ceramic or organic.
Thermal excursions result from machine power “on/
off” cycling and from operating between full and
reduced (i.e., sleep or rest) power modes utilized to
conserve power.
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5.2 Parameters that affect fatigue life

Numerous fatigue studies have been reported covering
Pb-free solder joints for several types of mounted
components exposed to a variety of stress conditions.
Some studies show that Pb-free, solder-joint fatigue life
far exceeds the fatigue life for standard eutectic Sn—Pb
solder joints [33]. However, other studies show that
eutectic Sn—Pb has superior fatigue life in comparison
to lead-(Pb)-free solder joints. For example, the Sn—
Ag—Cu solder joints of a 48-1/0O TSOP and 2512-sized
resistor cycled between 0-100°C, - 40-125°C, and
—55-125°C [34] had a fatigue life significantly less than
similarly tested eutectic Sn—Pb joints. Some of these
seemingly contradictory results in the literature may be
due to differences in the thermal-fatigue behavior of
near-eutectic Sn—Ag—Cu solder alloys compared to
eutectic Sn—Pb under various stress conditions. Such
differences were very apparent in a fundamental study
conducted by Bartelo et al.[35]. A comparison was
made between the thermo-mechanical fatigue life of
both Sn-3.8A¢g-0.7Cu (SAC) and Sn-3.5Ag-3.0Bi
(SAB) compared to eutectic Sn—Pb solder that served
as a benchmark, using ceramic BGA modules attached
to an organic card as a test vehicle. The initial test cycle
investigated was 0-100°C and three cycle times: 30, 60,
and 120 min. The accumulative failures in each case
were plotted lognormally as a function of their ther-
mal-cycle life, and then replotted to normalize all the
data relative to the Nso value of the Pb-Sn solder
joints, made to equal 1 for ease of comparison purposes
(Fig. 10a). N represents the number of thermal cycles
at which 50 percent of the test population failed, and
was used as the comparison value among the three
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Table 2 Coefficients of thermal expansion (CTE) values for materials of mounted BGA components

Material Approximate
CTE, ppm/°C
— Silicon 3
| Ceramic 6
(ALO3)
[~ Plastic 16-22
I Epoxy/Glass 16-22
(a) 0-100C; 30 min _ (b)— 0-100C; 240 min
»~B-SnPb  N50=1.00 . ~B-8nPb  N50=1.00 ]
”"'G-Snngl:u N50=2.05 © avd —€—SnAgCu N50=1.08 ]
1 [—=SnAgBi NSO:'(.Q}F —5-SnAgBi N50=1.37, 1
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Fig. 10 Accelerated thermal cycle (ATC) test results comparing
the thermo-mechanical fatigue life of two popular lead (Pb)-free
solders (Sn—3.8Ag—0.7Cu or SAC, and Sn-3.5A¢g-3.0Bi or SAB)

solder compositions. For the 0-100°C/30-min. test
condition, both the SAC and SAB alloys exhibited a
fatigue life approximately two times better than Sn—Pb
(2.05 and 1.9, respectively). For the longer 240-min.
cycle the fatigue life of both Pb-free solders was
markedly reduced with SAC nearly equivalent
to Sn-Pb, and SAB only marginally better
(Fig. 10b). Subsequently, the temperature cycle was
altered to —40°C-125°C (a AT = 165°C instead of
100°C). Both Pb-free alloys experienced further
reductions in thermal fatigue life relative to Sn—Pb due
to the increased temperature deltas and become worse
with increased cycle time (see Table 3). For example,
the comparative fatigue life of both Pb-free solders for
the 240-min cycle time was SAC-73% and SAB-96%,
with 100% representing equivalence with Sn-Pb. A

] = #IJ Ak 1 ;
NORMALIZED CYCLES TO FAIL
in relation to eutectic Sn—-Pb whose N5, was normalized to equal

1. The test conditions: 0-100°C cycle, cycle time (a) = 30 min,
(b) = 240 min. (after Ref. [35])

final test was conducted to determine if an increased
temperature range and/or an increased peak tempera-
ture was responsible for the loss in fatigue life, since
both stress-test parameters were increased in the prior
test. In the final test all test conditions utilized a con-
stant cycle time = 30 min, and a constant temperature
range (AT) = 100°C, but the peak temperature varied
(60, 100 and 125°C). As noted on the right side of
Table 3 both the SAC and SAB solders suffer a dra-
matic reduction in fatigue life relative to eutectic Sn—
Pb with an increase in peak temperature.

5.3 Effect of cooling rate

Microstructure plays a significant role in determining
solder joint mechanical properties. As previously

Table 3 Effect of temperature range, peak temperature, and cycle time on the fatigue life of two lead-free solders relative to Sn—Pb

Solder Fatigue life relative to Sn-Pb

—40°C to 125°C, AT = 30 min, AT = 100°C

165°C

4 Min 240 min —40-60°C 0-100°C 25-125°C
Sn-Ag-Cu (SAC) 0.84 0.73 2.32 2.05 1.25
Sn-Ag-Bi (SAB) 121 0.96 2.93 1.90 112

Based on Ref. [35]
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discussed, the solidification cooling rate has a large
effect on the near-eutectic Sn—Ag—Cu solder micro-
structure. A study [36] addressed the effects these
microstructural changes have on the fatigue life of
SAC alloys. Ceramic BGA modules were mounted to
organic cards with Sn—-4.0Ag—0.5Cu solder paste. The
Sn—-Ag—Cu solder ball compositions ranged in Ag
content from 2.1 to 3.8%. Parts from all compositions
were cooled from a 240°C peak temperature at two
rates, 0.5°C/s (slow) and 1.7°C/s (fast). The actual Ag
composition of the reflowed solder joints was calcu-
lated to be slightly higher (by 0.15-0.2 wt%) than the
BGA solder ball composition owing to the higher Ag
content in the solder paste. Three ATC test conditions
(0—100°C for 30 and 120-min. cycle times; — 40-125°C
for 42 min) were used. As a practical matter, the re-
sults of the 0-100°C ATC temperature range condition
was considered to be of particular significance because
it is the most widely used application range in com-
puter, storage and network infrastructure/telecommu-
nications systems which are the focus of this paper. For
the 0-100°C/30-min. cycle, the slow-cooled 3.8Ag alloy
exhibited the longest fatigue life, followed by the slow-
cooled 2.1 and 2.5Ag alloys. The fast-cooled 2.1Ag
joints exhibited the shortest fatigue life among the
conditions tested (see Table 4). For the 120-min. cycle
the trend was reversed, with the slow-cooled 2.1%-Ag
joints exhibiting the longest fatigue life, followed by
slow-cooled 2.5%-Ag and, fast-cooled 2.3Ag (and
0.2%-Bi) exhibiting the shortest fatigue life. In all
cases, the number of cycles to failure decreased upon
increasing the cycle time from 30 to 120 min, consistent
with the prior study. This points to the fact that near-
eutectic Sn—Ag solders require a much longer cycle
time (i.e., stress relaxation period) in order for the
maximum damage to occur, which is much longer than
required for Sn—Pb solder joints. Accordingly, if the
stress cycle used during ATC testing is too short, the

results are likely to be more optimistic than those
actually achieved under field conditions. It also implies
that longer test-cycle times are necessary for mean-
ingful Pb-free solder ATC testing in comparison to
Pb-Sn solders. The Pb-free solder fatigue life values
were even more drastically reduced for the - 40-
125°C, 42-min stress conditions (Table 4) due to the
larger temperature range (AT = 165°C compared to
100°C) and higher peak temperature (7 = 125°C). In
essence, under these severe test conditions, the fatigue
life of each test cell (i.e., solder alloy at a specific
cooling condition) was observed to be only about 1/3 of
its 0-100°C, 30-min condition fatigue life. This study
further demonstrates the complexities involving the
reliability of Pb-free solders, particularly the fatigue
characteristics of near-eutectic Sn—Ag-Cu alloys. For
example, based on the ATC data low-Ag content sol-
der joints provide a superior thermal fatigue life in the
case of 0-100°C, long-cycle time (120 min.) stress
conditions, but not for short-cycle time, nor the — 40 to
125°C condition, for which the slow-cooled, high-Sn
(3.8%) alloy was noted to perform best. This is in spite
of the fact that the slow-cooled high-Sn joints were
observed to contain large Ags;Sn plates oriented in
random directions, suggesting that other factors, such
as the stress conditions may be more important than
the presence of AgzSn plates in determining solder-
joint thermal fatigue life. Nevertheless steps to remove
Ag;Sn plates from a solder joint microstructure should
be taken since their presence is believed to pose a
reliability risk.

5.4 Benefits of low Ag

The benefit of reduced Ag content to avoid the for-
mation of AgzSn plates remains unclear. However,
what is clear is that low-Ag joints have a much reduced
fatigue life sensitivity to increasing cycle times. It

Table 4 Average fatigue life (Nso) determined from ATC failure data of Sn—-Ag—Cu BGA solder joints and their ranking

Alloy composition (cooling rate) ATC stress conditions

0-100°C 0-100°C —40-125°C

(30 min) Rank (120 min) Rank (42 min) Rank
Sn-3.8Ag-0.7Cu (Slow) 1,408 1 1,012 4 452 1
Sn-3.8Ag-0.7Cu (Fast) 1,164 5 982 5 392 4
Sn-2.5Ag-0.9Cu (Slow) 1,212 3 1,108 2 446 2
Sn-2.5Ag-0.9Cu (Fast) 1,200 4 1,054 3 384 5
Sn-2.5Ag-0.5Cu-0.2Bi (Slow) 1,212 3 953 6 407 3
Sn-2.5Ag-0.5Cu-0.2Bi (Fast) 1,130 6 934 7 376 6
Sn-2.1Ag-0.9Cu (Slow) 1,224 2 1,188 1 372 7
Sn-2.5Ag-0.9Cu (Fast) 1,064 7 1,012 4 384 5

After Ref. [36]
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was observed that low-Ag solder joint fatigue life
decreased less with increasing ATC cycle time in
comparison to joints with higher Ag contents [36]. Low
Ag content does provide a microstructure considered
to be more favorable to enhancing fatigue life. Near-
eutectic Sn—-Ag—Cu alloys with reduced Ag contents
have a lower volume fraction of eutectic constituents, a
higher volume fraction of the f-Sn dendrite phase, and
an increased Sn-dendrite size. These microstructural
changes have been observed to result in decreased
microhardness when Ag content is decreased [36]. The
creep deformation of near-eutectic Sn—Ag—Cu alloys is
understood to be mainly associated with the f-Sn phase
rather than the eutectic constituents [37]. A coarse
dendritic structure resulting from a reduced Ag con-
tent would be expected to exhibit an enhanced resis-
tance to the creep component of thermal-cycle tests
relative to similarly tested high-Ag joints.

In addition to being insensitive to cycle time, the
thermal-fatigue life of low-Ag solder joints was also
observed to be quite insensitive to cooling rate varia-
tions. This is a distinct advantage because they there-
fore are also less sensitive to variations in reflow
process conditions during manufacturing. High-Ag
content alloys such as Sn-3.8Ag—0.7Cu, exhibit high
sensitivity to cooling rate variations [36].

The above fatigue studies demonstrate that Pb-free
solder thermal fatigue behavior is very dependant on
the test stress conditions and much more so than sim-
ilarly tested Pb—Sn solders.

6 Tin crystal structure related anomalous behavior

There are fundamental crystalline structure differences
between Pb and Sn that directly effect physical prop-
erties. At room temperature Sn exists as a body-cen-
tered tetragonal (BCT) crystal structure, referred to as
white tin (f-Sn), compared to lead’s face-centered
cubic (FCC) structure.

The BCT Sn crystal structure is less symmetric than
the face-centered cubic Pb structure and is, therefore,
unable to as easily deform under stress. The BCT
asymmetry also results in anisotropic physical proper-
ties like the CTE. Differences in CTEs between adja-
cent tin grains create grain-boundary stress when
thermally cycled that can cause cracks to initiate at
grain boundaries and may result in solder joint failure.

Yet another difference between Pb-bearing and
pure Sn or some tin-rich solders is that the Sn-rich
alloys undergo a phase change at 13.2°C which is in the
middle of most ATC temperature extremes. When the
temperature dips below 13.2°C tin changes from BCT

Tin Allotropic Phase Transformation

Solid State

White Sn(B) Gray Sn (&)
BCT Structure 132°C) Diamond Cubic (DC)
13 Structure (see sketch)

Small Cube: side = a/2

@ Cube Corner Atoms
() Cube Face Center Atoms
@ Small Cube Body Center Atoms

a
a=b<c
* An atom at each corner
® An atom in the center of the structure

Fig. 11 Illustration depicting an allotropic transformation from a
body-centered tetragonal (BCT) to diamond cubic (DC) crystal
structure at 13.2°C

white-tin (f-Sn), with essentially metallic properties, to
a diamond cubic (DC) structure gray tin (o-Sn) with
essentially semiconductor characteristics (see Fig. 11).
Because of the very brittle nature of gray Sn and the
21% increase in volume that accompanies the trans-
formation, the material suffers a severe loss in struc-
tural integrity, and loss of thermo-mechanical fatigue
resistance due to the build-up of internal stresses that
result in fractures [38]. However, an extended period
below 13.2°C is necessary to initiate the tin pest
transformation. Consequently rapid temperature
cycling does not result in transforming white Sn to gray
Sn. But the transformation can occur in areas such as
airplane storage areas where temperatures typically
range between — 40 and 60°C. The surface has a rough
appearance and contains many cracks (see Fig. 12).
The f-Sn to «-Sn transformation also results in an
approximately 25 times increase in electrical resistivity
which is sufficient to cause failure in many sensitive
high-performance electronic circuits. The adverse
physical changes that accompany white tin’s allotropic
phase change to gray tin is referred to as tin pest. Tin
pest has not been observed for all Pb-free solder can-
didates and finishes (e.g., the Sn—Ag—Cu alloys) but it
has been observed in Sn—-0.7Cu [38]. Although Sn-rich
solders are prone to exhibit tin pest, minor additions of
certain alloying elements, particularly Bi and Sb, have
been proven to be effective in retarding the tin-pest
reaction. Tin pest is one of the new concerns brought
about by the use of Pb-free alloys that did not exist
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(a)

White(B ) Sn Gray (o) Sn

Gray () Sn

Fig. 12 Scanning electron micrographs of the surface of a Sn—-Cu
sample that has partially transformed from white (f) tin to gray
() tin. (a) Right side of the photograph shows the rough surface
of the transformed region (i.e., o-Sn) as contrasted with the
smooth surface of the untransformed -Sn on the left side. (b)
An enlargement of the right side of (a), i.e., transformed to «-Sn
(courtesy of IBM Corporation)

with the use of Sn—Pb solders in electronic products,
because Pb is among those elements that resist the tin-
pest transformation.

7 Tin-whisker issues and concerns

Metal whiskers are thin, hair-like single crystal fila-
ments that erupt from a metal surface (Fig. 13) and can
be straight, kinked and even curved. Some have a flu-
ted surface, while others do not. Most, if not all non-
noble metals grow whiskers under certain ambient or
near-ambient conditions. However, the greatest focus
is on whiskers that typically grow from tin-plated fin-
ishes due to their pervasive use in electronic assem-
blies. Whiskers grow in length over time, and can
become several millimeters long. Because they are
conductive, they can cause a number of failure condi-
tions. In high-impedance, low-current circuits a whis-
ker can cause a permanent short circuit which may
require as much as 50 mA to “burn out”. But whiskers
can also cause temporary, or intermittent, shorts prior
to being vaporized. Whisker vaporization can also
cause serious problems. For example, in some space
applications a whisker’s vaporization can create a
plasma with a current-carrying capacity of hundreds of
amperes. Tin whiskers can also have an effect even
when not causing short circuits. For example, in high-
frequency RF ( > 6 GHz) or in fast digital circuits (rise
time < 59 ps), whiskers can act as a conductive stub
(i.e., antennae) affecting circuit impedance and causing
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Fig. 13 A scanning electron microscope (SEM) image of a
whisker that grew from a bright-tin plated film (after Ref. [39])

reflections. In electromechanical systems, such as disk
drives, whiskers may break off and cause head crashes
or contaminate bearing surfaces. Similarly they may
contaminate the optics in electro-optical systems and
reduce the effective isolation for high-voltage compo-
nents in power-supply systems [40].

7.1 Tin plating types

There are several types of pure-tin plated coatings or
finishes (Table 5). Each tin finish type has characteris-
tics that result from plating conditions and the chemi-
cals added to the plating bath. So-called bright tins are
highly reflective due to their smooth texture and small
grain size. They are often selected for connector
applications because they possess good abrasion resis-
tance and a lower coefficient of friction relative to other
tin coating types. However, bright tins have a relatively
high residual film stress and are more prone to whisker
growth so they tend to be long (up to 5000 microns in
length). Matte tins have a dull appearance because of
their rough surface texture and larger grain size (typi-
cally > 5 pum). Matte tins are often utilized for PCB
and component lead finish applications. Matte tins are
much less prone to whisker growth than bright tins and
rarely grow greater than 500 microns in length. Satin-
bright films are intermediate in their appearance
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Table 5 Common types of

Comments/characteristics

due to rough surface texture

pure tin finishes and their Sn plating Appearance
characteristics Matte tin Dull appearance
Bright tin Bright, highly reflective

due to a smooth texture

Satin bright tin Brightness intermediate
between matte and bright Sn

Relatively large grains
Typically pm

Only Sn plating up to mid-1960s

Large polygonal grains
Usually extend through thickness of the film
Achieved by organic additions to the bath
Residual stress < bright Sn
Grows whiskers but < density and smaller
compared to bright Sn
Relatively small grain size
Typically < 1 pm

To achieve brightness add organic agents to
plating bath

Residual stress > matte Sn

Whisker growth more prolific than matte Sn,
longest whiskers

Stress is intended to be as close to zero

as possible

between matte and bright tins and are designed to have
a near-zero film stress. Tin plating has been the plating
of choice throughout the electronics industry since the
early 1950s. Around 1960 it became common practice
to add lead (Pb) to electroplated tin films to enhance
solderability and to mitigate whisker formation.

7.2 General areas of agreement

The European Union’s ROHS regulations require that
the lead (Pb) content be drastically reduced (to less
than 1,000 ppm) which exposes the end user to whis-
ker-related reliability failures due to whisker shorting.
These reliability concerns have caused a flurry of
research investigating whisker formation starting
around 2000 and still in progress today. Whiskers have
been a topic of scientific interest since about 1950 and
there are a significant number of whisker-related
studies described in the scientific literature [41]. The
great majority of the published research concludes that
compressive stress is the driving force for whisker
formation and that whisker formation is one of several
stress relieving mechanisms. The more recent research
does not contradict these historical findings relative to
compressive stress and the iNEMI (International
Electrical Manufacturer Initiative) whisker modeling
committee has taken the position that compressive
stress is, beyond any reasonable doubt, the driving
force for whisker formation and growth [42]. All pub-
lished works agree that diffusion is the mechanism by
which tin atoms move towards the whisker from adja-
cent regions, and most researchers believe that grain-
boundary diffusion is the specific diffusion mechanism

responsible for whisker growth. There is a (minority)
body of opinion that holds surface diffusion to be at
least partially responsible for some movement of tin
atoms towards the whisker-growth site. All published
researchers, without exception, acknowledge that
whiskers grow from the addition of tin atoms to the
base of the whisker and not from the addition of tin
atoms to the growth tip [43]. There is little or no
consensus on other aspects of whisker growth including
recrystallization, creep, grain boundary slip, and dis-
location mechanisms. Nevertheless, the basic tenet that
whisker growth is one form of stress relaxation is
generally accepted by the published research.

7.3 The role of recrystallization

Tin deformation has long been known [44] to acceler-
ate whisker formation, and if a deformation stress is
maintained through a clamping action the whisker
growth rate is accelerated by several orders of magni-
tude. A pure clamping action without deformation
does not appear to accelerate whisker formation [45].
When the clamping action results in plastic deforma-
tion it is observed that whiskers form at an accelerated
rate from the deformed material. Focused ion
beam (FIB) examinations of whiskers growing from
deformed material has shown that extensive recrystal-
lization occurs within the mass of the deformed mate-
rial and that whiskers grow from a grain (i.e., a whisker
grain) which is itself unique in morphology with
respect to both other recrystallized grains and the
parent grain structure of the as-deposited film [46].
This unique morphology can best be described as a set
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of oblique (i.e., at an angle), relatively straight-sided,
grain boundaries that intersect the surface at angles
between 30 and 60°. In cases involving deformed tin, it
is highly likely that whisker grains result from a
recrystallization event that itself was the result of tin
deformation. These straight-sided, oblique-angle
whisker grains are always observed with whiskers no
matter what the circumstances. However, for matte
and satin-bright tins without a clear deformation event
the oblique-angled whisker grains are not associated
with an obvious recrystallization event. Instead, the
matte/satin-bright whisker grains appear to form
directly from the columnar-grain structure of the
as-deposited tin. Most researchers acknowledge that
the deformation events and the whiskers that form
from very-bright tins involve a recrystallization event,
but there is no agreement on whether recrystallization
events play a role in whisker formation from matte and
satin-bright tin films.

7.4 Problematic conditions

A variety of practices and environmental conditions
have been identified that are known to exacerbate
whisker formation. For example, copper readily
co-deposits with electrolytic tin and forms CueSns
intermetallic particles that are dispersed throughout
the tin matrix. It has long been known that the
introduction of copper to a tin film in amounts
ranging upwards of approximately 100 ppm greatly
increases the tendency to nucleate and grow tin
whiskers. It appears that copper alloying increases the
built-in compressive stress state of the film and,
thereby, increases the probability of whisker forma-
tion [47]. Unfortunately, copper may be present in a
tin film even when it is not specifically requested. One
of the authors (G. Galyon) has dissected many sup-
posedly pure-tin films and found that they contain
significant amounts of copper. Invariably, these cop-
per-containing tin films were observed to have tin-
whisker formation problems. Temperature cycling is
also known to add stress to tin films and accelerates
whisker formation. In fact, many whisker researchers
utilize temperature cycling to induce whisker forma-
tion. The difference in the CTE between the depos-
ited-tin film and the base metal upon which it is
deposited (i.e. substrate) is the direct cause for the
stress buildup that occurs during temperature cycling.
Temperature-cycling induced stresses are particularly
problematic for tin films deposited on Alloy42
(Fe42Ni) substrates due to the large CTE differences
between film and substrate (23 vs. 10 ppm, respec-
tively). High-humidity environments (typically > 85%
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RH) accelerate whisker formation. The iNEMI group
investigating Sn-whisker formation capitalized on the
concept by utilizing a combination of temperature
cycling and high humidity environments [48] to induce
whisker formation. Their analysis showed that high-
humidity environments not only increase the average
surface oxide thickness, but that the conversion to tin
oxide can, in some localized areas, extend from the
film surface down to the film/substrate boundary.
Oxide formation should, and apparently does (al-
though no direct data exists confirming this fact), add
to the compressive stress state and, thereby, acceler-
ates whisker formation. Interestingly, tin deposited on
copper or copper-alloy base metal surfaces that
experience temperature cycling or temperature stor-
age in the absence of high humidity results in the
formation of pedestals. Pedestals are individual grains
that are converted entirely to a copper—tin interme-
tallic compound (CueSns). Pedestal grains are
observed to be scattered throughout the matrix of
pure-tin, columnar-like grains. The pedestals form
because for some unknown reason(s) certain tin
grains appear to have anomalously high bulk diffusion
parameters for Zn, Cu, and oxygen so they are readily
oxidized or diffused. Consequently these ‘‘special”
grains form what are termed as pedestals [46, 49].

Brass (Cu-Zn) surfaces are the most prone to tin
whisker formation. Zinc is an extremely fast diffuser in
tin and diffuses from the brass substrate to the tin-film
surface in significant quantities very soon after depo-
sition. A common mitigation practice for tin-plated
brass substrates is the use of a copper underlay
> 1.0 micron in thickness. However, the basis for the
effectiveness of a copper underlay is not understood
since there are no known studies that have addressed
this matter.

Tin-plated steel for cabinets and drawers is rela-
tively rare today. Zinc coatings are currently the
finish of choice for the steel sheet-metal industry. Tin
whisker formation is accelerated when steel sub-
strates are not adequately cleaned. The belief is that
a rusty (i.e., oxidized) steel surface induces stresses
within the deposited tin film to promote whisker
formation.

7.5 Mitigation practices

Whisker prevention (mitigation) in tin and tin-alloy
films is largely based on stress reduction. There are no
absolute preventative techniques. The objective is to
mitigate, or lessen the probability of whisker growth.
Several mitigation techniques that have been practiced
are noted in Table 6.
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Table 6 Tin-whisker mitigation practices

Practice Comments
Alloying
With Pb Banned by EU as of 7-1-06
With Ag, Bi Rarely practiced,
supported by iNEMI
Fusing Melt the Sn film, slowly
cool to relieve stresses
Rarely practiced
Annealing Typically heat to 150°C, 1 h

Widely practiced, supported
by iNEMI

Thin film between the base
metal and Sn-film layer

Widely practiced by connector
companies, supported
by iNEMI

Rarely practiced

Rarely practiced

Utilized for Sn films deposited
on brass base-metal surfaces

Use of underlay films

Nickel (Ni)

Silver (Ag)
Copper (Cu)

Pure tin plated films
Matte Sn Widely practiced

Not supported by iNEMI,
controversial

Rarely practiced

A lower stress variant of

bright Sn

Satin bright tin

These mitigation techniques are intended to modify
the tin stress state and so reduce and/or eliminate
tin-whisker formation. Each technique has some sup-
porting data. However, it is also true that not all the
experimental data supports the effectiveness of each
mitigation technique noted. Each mitigation technique
has its strength and weakness. The effectiveness of
several of these techniques is very dependent on
proper procedure and practice. Consider, for example,
underlays (whether copper, nickel, or silver) which
must be thick enough to provide good coverage of the
underlying base material. If the underlay is too thin the
tin film will come into direct contact with the copper
base metal at point locations, thereby negating the
mitigating effect of the underlay material. Typically
underlay thickness of > 1.0 micro meter are necessary
to be effective, a greater thickness may be necessary in
cases of surfaces with a high surface roughness.

The potential for tin whisker formation on tin-rich
finishes and the reliability risk they pose is too great to
recommend using these finishes in life-threatening
applications such as heart pacemakers or military avi-
onics. However, the reality is that manufacturers of
these and high-performance electronic products will
sometimes not have the ability to procure components
with non-tin based finishes. In these cases the authors
recommend that mitigation practices be adopted that

best minimizes the risk of whisker formation and
growth.

8 Electromigration concerns

There are several physical processes that can cause
solder joint mechanical and electrical properties to
degrade. One of these physical processes is electromi-
gration. Electromigration is a mass transfer phenome-
non resulting from the momentum-transfer between
moving electrons and the constituent atoms in the
conducting material. Electromigration is of particular
concern for flip-chip solder joints because of the strong
demand for continually increasing power levels and
ever-smaller solder joints. Current densities in flip-chip
solder joints are anticipated to soon reach
~2.74 x 10> A/em?, a level at which there is concern for
failures due to electromigration [50].

Conducting electrons are believed to collide with
diffusing metal atoms that are then pushed in the
direction of the electron flow as a result of those col-
lisions. The phenomenon can occur with any current
carrying metal but it is usually negligible and can safely
be ignored. It becomes a consideration in cases where
the diffusion rates are relatively rapid and the current
density is high; conditions not unusual for advanced
semiconductor devices and their flip-chip terminations
as utilized in high-performance electronic equipment.
“Effective charge” is a quantity that relates how dif-
fusing atoms interact with or absorb the impact of
conducting electrons, which itself is a complex function
of a metal’s atomic structure and is directly related to
the driving force for electromigration. For solder
materials, including tin, the effective charge is rela-
tively high [51]. Other important electromigration
factors are resistivity and current density. Conductor
lines or terminations consisting of material with a
combination of a high effective charge, one or more
fast diffusing elements, and experiencing a high current
density is a candidate for electromigration effects and
potential catastrophic failure.

8.1 Fast diffusers

Copper (Cu), silver (Ag), gold, (Au), and nickel (Ni)
are rapid diffusion elements in both Pb and Sn. These
elements are routinely utilized in electronic assemblies
for integrated circuits, printed circuit boards (PCBs),
and solder joint terminations including the under-
bump metallization (UBM) of flip-chip solder joints.
They also frequently form IMCs with Sn. Fast diffusers
occupy interstitial sites in the host-metal lattice. Lead
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(Pb) has a close packed, FCC lattice, whereas tin’s
body-centered tetragonal lattice (BCT) is not close
packed. Both Pb and Sn are large atoms and conse-
quently contain relatively large interstitial sites that
easily accommodate the much smaller noble and near-
noble metal atoms. Accordingly, it has been deter-
mined that these smaller atoms diffuse interstitially in
Pb and Sn and do not require vacancies in order to
jump (i.e., diffuse) [51].

8.2 Electromigration failure in flip-chip solder
joints

Electromigration effects in flip-chip solder joints usu-
ally result from the mass transport of a major solder
species (i.e., Pb) or alloying element. It is also possible
to have electromigration failures due to the mass
transport of a minor, fast-diffusing species.

8.2.1 Solder-related failure

Flip-chip, solder-joint electromigration failures where
the mass transport involves a major constituent are
usually the result of void formation. Large voids cause
a significant increase in electrical resistance with an
associated increase in temperature eventually leading
to an open circuit. Surface extrusions can also be cre-

Fig. 14 Scanning electron microscope (SEM) image that shows
the smooth surface characteristics of a lenticular-shaped void
that often involves the entire cross section of the chip via in
electromigration failures of flip-chip solder joints (after Ref.

[51)
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ated by electromigration that cause short circuits [52—
54]. A shallow void is often formed with a lenticular
shape (Fig. 14), located at the interface of the solder
and IMC associated with the UBM terminal metal. The
geometry of flip-chip solder joints at the capture pad
and narrow chip-via region (Fig. 15) causes current
crowding, resulting in high local current densities,
about 50 times greater than the solder bump [55, 56].
The condition also causes the generation of heat (i.e.,
increased temperature) that further exacerbates the
situation. This is the mode of failure often observed
when the direction of electrical current flow is from the
chip to the chip carrier (Fig. 16a). But if the current
density is sufficiently high when the direction of cur-
rent flow is from the chip carrier to the chip, failure can
occur at the chip-carrier side of the solder joint as well
(Fig. 16b).

8.2.2 UBM-related failure

Electromigration failures can also involve degradation
of the underbump metallurgy (UBM) structure for flip-
chip solder joints; particularly if fast-diffuser elements
are incorporated in the structure. Fast diffusers result
in UBM dissolution and stress generation due to
excessive IMC formation that causes interfacial frac-
ture, and ultimately circuit failure [55, 57].

8.3 Electromigration in lead (Pb)-free solders

Electromigration data related to Pb-free solders is
sparse. It is known that Sn acts much like Pb as a host
for fast diffusers. Metals that diffuse rapidly in Pb also
diffuse rapidly Sn. But there are some important dif-
ferences between Pb and Sn with respect to diffusion.
One of the most important differences is due to tin’s
BCT lattice structure which results in anisotropic
diffusion properties. For lead (Pb) the diffusion

Shallow Lenticular Void

| 4 Chip Capture Pad

Chip Passivation

Layer Chip Via
Current Solder Bump
Crowding
in the Chip Pad Finish
Via Area X Terminal Pad

Chip Carrier

Fig. 15 Illustration depicting some aspects often associated with
electromigration failures in flip-chip solder joints
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Fig. 16 Photomicrographs of vertical cross sections of lead-free
flip-chip solder joints that have failed due to thermomigration
during testing. (a) Failure occurred near the chip via, the
direction of electrical current flow was from the chip to the chip

coefficient is independent of orientation, but not so in
tin where the diffusion coefficients are very different
for directions parallel (“‘a” direction) and perpendic-
ular (“‘c” direction) to the basal plane. This is also true
for self-diffusion. In the case of fast diffusers in tin, the
ratio of the a/c diffusion coefficient varies by a factor of
30-50 at 200°C [51]. A greater variation in electromi-
gration susceptibility may, therefore, be anticipated
among Pb-free solder joints due to these diffusion
coefficient orientation dependencies and the fact that
flip-chip solder joints typically consist of very small
numbers of individual grains (usually < 10). Electro-
migration test results for Pb-free flip-chip solder joints
have been quite favorable in comparison to eutectic
Sn-Pb. For example, in a test consisting of commer-
cially available electroplated Sn—Ag solder bumps with
a Ti/Cu/Ni UBM the data showed an electromigration
lifetime one order of magnitude greater in comparison
to eutectic Sn—Pb bumps at constant currents up to
800 mA and temperatures up to 165°C [58]. High-
performance electronic circuits utilize high-Pb (i.e.,
97Pb-3Sn) solder to benefit from both the superior
electromigration and fatigue resistances exhibited by
this material [59]. Another study was conducted [50]
comparing the electromigration resistance of Sn-3.5Ag
and 90Pb-10Sn flip-chip solder joints at similar current
density levels (3.5 and 4.1 x 10* A/em?). However, a
different set of temperatures were selected close to the
melting temperature of the test solders in an attempt to
hasten the failure process (185 and 202°C for high Pb;
122 and 155°C for Pb-free). The high-Pb solder joints
exhibited an electromigration lifetime approximately
four times longer than the Pb-free joints in spite of
being tested at a much higher temperature. The
Pb-free solder joints performed better than the eutectic
Sn-Pb solder joints investigated in the study cited
earlier [59]. Flip-chip solder joint dimensions are
steadily decreasing in response to the need for higher

carrier. (b) Failure occurred near the chip carrier, the direction
of electrical current flow was from the chip carrier to the chip.
(Courtesy of H. Longworth, IBM Corporation)

input-output (I/O) densities. At the same time, flip-
chip solder joints used in high-performance equipment
are experiencing ever higher current levels which are
soon expected to be 0.3-0.5 A or more per solder joint
[57, 60]. Although the available reliability data is
meager, what is available raises disturbing concerns as
to whether Pb-free solders possess the necessary elec-
tromigration (EM) resistance. Even at present current-
density levels it appears the reliability risk for lead-free
solders is too great. These reliability issues require a
much better understanding before Pb-free solders can
be relied upon to provide a safe level of EM resistance.

9 Summary/conclusions

This paper has discussed the major technological issues
impeding implementation of Pb-free solder materials
for high-performance electronic systems (i.e., servers,
storage, network infrastructure/telecommunications
systems) due to their potential negative reliability im-
pact. It was concluded that:

(1) The solder wetting characteristics of all the major
Pb-free solders currently under consideration are
worse than eutectic Sn—Pb; some of the Pb-free
solders are significantly worse than eutectic SnPb.
The actual reliability impact of lead-free solder
implementation is not well understood, but it is
generally agreed that sound solder joints can be
made with Pb-free solder. However, the process
window for the formation of acceptable Pb-free
solder joints is more restricted given the higher
melting points for most of these materials.

(2) The large degree of undercooling required to
nucleate the -Sn phase in Sn—Ag-Cu alloys gives
rise to a highly non-equilibrium structure in
relation to that predicted by the phase diagram.
In addition, under slow cooling conditions from
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the melt, very large randomly oriented Ag;Sn
platelets are formed throughout the solder joint.
There is some controversy as to whether these
platelets have an adverse affect on reliability. It is
generally felt that the Ag3Sn platelets are a reli-
ability risk and their formation can be greatly
reduced and even eliminated by reducing the Ag
content to approximately 3% or less.

The fatigue characteristics of the major Pb-free
solder candidates (SAC, SAB) are very depen-
dant upon test or application conditions (i.e.,
peak temperature, temperature range), and the
cooling rate during the solder attachment process.
Under some conditions the fatigue resistance of
SAB and SAC is superior to eutectic Sn—Pb; for
others it is approximately equivalent or markedly
worse. The stress-relaxation time constants for
SAC and SAB solders are far longer than those
for eutectic Sn—Pb. As a result, ATC tests whose
cycle times are too short will predict an overly
optimistic field life. It should be apparent from
these discussions that longer test times will be
required to adequately characterize Pb-free sol-
ders. Consequently, due to these additional
complications much more needs to be done to
fully understand the very important issue of
thermomechanical fatigue resistance in Pb-free
solder joints.

Tin’s BCT crystal structure gives rise to aniso-
tropic properties including the CTE, which is
expected to have a negative impact on flip-chip
solder joint reliability because they consist of few
grains (~10). The BCT structure is also less
capable of dissipating stress compared to lead’s
FCC structure and so maintains higher stress
levels for longer periods of time. Tin also trans-
forms to a very brittle DC structure when cooled
below 13.2°C and this phase change results in a
complete loss of structural integrity and a large
increase in electrical resistivity. The condition is
known as tin pest and is one that pure tin and tin-
rich solders are particularly susceptible to, but not
Pb-Sn solders.

Fine, hair-like filaments referred to as tin whis-
kers that can form on pure Sn or Sn-rich finishes
and often utilized on component lead frames can
cause electrical shorts and numerous other prob-
lems. Although the industry has defined several
mitigation practices that all serve to reduce risk,
none of them is an absolute guarantee to halt
whisker formation. Until one is determined, tin-
whisker formation will continue to be a major
concern for high-performance systems.

@ Springer

(6) With the continuous reduction in solder joint

cross sections, particularly those of flip-chip sol-
der joints, and the need for them to support
higher electrical current levels, resulting in higher
current densities, it is questionable whether Pb-
free solders are capable of reliably performing
their current-carrying task without degradation
due to electromigration. It is not sufficient that
they appear to possess better thermomigration
characteristics compared to eutectic Sn—Pb. Only
high-Pb solders appear to possess both the nec-
essary thermal fatigue and thermomigration
properties necessary to meet flip-chip solder joint
requirements.

In consideration of the findings in relation to all the

key issues discussed, it is concluded that the solder
exemption accorded to high-performance systems was
both necessary when granted by the EC and most
likely will require an extension when reviewed in 2008,
and perhaps well into the future.
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