Chapter 1
Introduction: Whiskers and Their Role
in Component Reliability

Quantum Physics means anything can happen at any time for
no reason.
Professor Hubert Farnsworth.

1.1 What Are Whiskers?

Metallic whisker formation first arose as a component reliability issue as early as
the 1940s. A metallic whisker is a single crystal filamentary eruption from a metal
surface. Multiple single crystalline filaments can join together and form a single
whisker. Most high-aspect whiskers are cylindrical in shape with average diam-
eters about a micron with lengths up to several millimeters. Whiskers are usually
generated on thin metal films (0.5 to tens of microns) which have been deposited
on a substrate material, though whiskers have also been observed infrequently to
grow from bulk materials. Whiskers can be straight, kinked, or even curved.
Metallic film deposits can also have other types of eruptions that are quite different
in appearance from the high aspect ratio whisker eruptions. These are commonly
referred to as flowers, extrusions, hillocks and volcanoes. Generally, they are of
lower academic interest when compared to the longer, high aspect ratio whiskers
this thesis addresses.

Most of the work presented here will focus on Sn whiskers, since they are the
dominant whiskering problem for electronic components today. Sn, however, is
not the only existing whisker-forming material, for cadmium, zinc, indium, alu-
minum, gold, lead, and silver have also been observed to produce whiskers.

1.2 History of Whiskering

Metallic whisker formation first became a problem and a subject of interest as
early as the 1940s, right after World War II. Electroplated cadmium was the first to
grow whiskers long enough to short out adjacent capacitor plates in electronic
components, first reported by Cobb in [1]. In 1948, Bell Telephone Corporation
experienced failures on channel filters used to maintain frequency bands in multi-
channel telephone transmission lines. Failure analysis quickly showed that Cd
whisker formation was the root cause of the channel-filter failures. Bell
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Laboratories then initiated a series of long-term investigations into the general
topic of whisker formation, which was first reported in 1951 by Compton et al. [2].
The research established that whisker formation occurred spontaneously, but not
only on Cd electroplating. Whisker growth was also found on electroplated zinc,
Sn, silver and even on Al casting alloy. The Compton et al. paper provided the first
summary statements that would be used as a guide to future whisker research. The
conclusion was that whisker growth is not limited to electrodeposited coatings and
may also be found on solid metals. Much of the research since the 1951 Compton
paper has focused on electroplated Sn and Sn-alloys on various substrates, since Sn
and Sn-alloy electroplating became the plating of choice for electronic compo-
nents due to the favorable combination of contact resistance, corrosion resistance,
low cost, and solderability.

In 1959, Arnold published a paper [3] detailing the beneficial whisker miti-
gation effect observed when alloying Sn plating with Pb. He noted that, while Sn—
Pb alloys will whisker if subjected to high compressive stresses (a conclusion we
have also found), it is rare otherwise. After his article, the predominant mitigation
strategy for Sn plating in the US electronics industry for the next 50 years became
the co-deposition of Pb into the Sn electroplating process. A few years later (1964)
this result was reinforced by Pitt and Henning [4], who observed whisker growth
due to clamped-pressure environments on hot-dipped Sn and 50 %Sn-50 %Pb
deposited on copper (Cu) and steel substrates. The observed whisker densities
decreased with increasing Pb content.

In 1974, a review article [5] was published by Britton of the Tin Research
Institute (now known as the International Tin Research Institute (ITRI) Ltd.) in
collaboration with Bell Labs, which stated that Sn—Pb deposits at least 8 um thick
(either matte or bright) are probably safe and suitable for most purposes where
whisker growth may be a hazard. It claimed that a Pb content of 1 % is sufficiently
effective to prevent whiskers but better to select a Sn—Pb process with a larger
developed Pb content, which again supported Sn—Pb alloy as the recommended
alloy of choice.

In 1975-1976, a set of publications by Dunn [6, 7] of the European Space
Agency strongly recommended that surfaces which are prone to stress-induced
whisker growth (such as Sn, Cd, and Zn) be excluded from spacecraft design. The
alternative finish suggested, of course, was a Sn—Pb alloy of 60Sn/40Pb. Dunn was
the first to suggest that pure Sn plating should not be used for critical applications,
such as spacecraft. However, no mandated or regulatory position was taken rel-
ative to Dunn’s recommendations, which proved to be very unfortunate in future
years, as several significant reliability failures occurred in US Air Force equipment
which were attributed to Sn whiskers.

In 1986, Nordwall [8] and Capitano and Devaney [9] discussed the US mili-
tary’s first experience with whiskers growing from Sn-plated hybrid circuits. The
whiskers were breaking off, falling into active circuitry and causing intermittent
operation. The USAF discovered the problem while screening 12 years old failed
radar systems. Analysis showed numerous bridging whiskers (up to 2.5 mm long,
some of the longest whiskers observed in electronic circuits) which had shorted out
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the circuitry. A few years later, in 1989, Corbid [10] of Hi Rel Laboratories
examined the use of Sn in miniature electronic packages. He claimed that
reflowing did not prevent whisker formation as previously noted in earlier studies
on assembled circuits. The question of whether reflowing (melting solder during
circuit assembly) helps to prevent whiskers remains a research topic and is still
debated today.

In 1990, Cunningham and Donahue [11] of the Raytheon Company presented a
paper at the SAMPE Conference on Sn whiskers, which compared whisker growth
from Sn and Sn—Pb alloy films subjected to mechanical stresses at elevated tem-
peratures. The results showed that the process which produced the fewest whiskers
was 60/40 Sn/Pb with reflow, which again, combined an elevated temperature with
Pb-containing Sn. The first published paper from a connector company that dealt
with reliability problems involving Sn whiskers was a 1993 work by Diehl [12]
from Burndy Connector Corporation. Diehl also concluded that the addition of Pb
was necessary to insure that Sn electroplating would not produce whiskers. His
directive was subsequently adopted by all of Burndy Corporation’s Sn plated
connector products.

In 1999, whisker problems arose in ultrafine pitch circuits, reported by Ishii
et al. [13]. The ultrafine circuits referred to a pitch of 50 pm, corresponding to a
lead-frame spacing with gaps of 20 pum or less between adjacent leads. The pure
Sn lead-frames were experiencing a high incidence of shorting due to whiskers
(the problem was reported to be mitigated by annealing at 150 °C for 2 h).

At the beginning of the 21st century, General Electric [14] issued a service
bulletin stating that whisker problems had been found on certain GD relays in field
service for over 10 years. The recommended corrective action was to brush off and
vacuum up the removed whiskers. Around the same time (2001), in a different case
study, Stevens [15] of the Foxboro Company reported whisker-induced relay
failures (used in nuclear facilities). After eight years in service the relays failed due
to Sn whiskers. The relay finishes where originally Sn—Pb, but due to cost savings
the finishes had been switched to pure Sn in 1983. Since the failed relays were
used in nuclear facilities, a total field replacement action was initiated
immediately.

In 2002, the Government-Industry Data Exchange Program (GIDEP) issued an
Agency Action Notice on Sn whiskers authored by Khuri [16] from the Depart-
ment of the Navy to remind the electronics industry of the potential risks asso-
ciated with the use of pure Sn-plated finished on electronic assemblies. The notice
recommended that pure Sn finishes be avoided at all costs and that the use of Sn—
Pb solders be utilized. Due to current mandated regulations involving use of Pb in
electronic assemblies, it has become more difficult to solve the whisker problem by
use of Pb-containing alloys. We discuss this subject in the next section.
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1.3 Impact of the Lead-Free Movement

We have shown that, since the late 1940s when Sn and Sn-alloys were chosen for
use in electronic circuits (instead of Cd), there have still been several reported
incidents of Sn whisker failures in electronic systems containing pure Sn plating.
Further, it was clear from the early work on whiskers that one of the best and most
reliable solutions to mitigate Sn whiskers was to use a Sn—Pb alloy instead of pure
Sn. Enter governmental regulations involving the use of Pb in electronics products.
The European Union legislation “Restriction of the use of Certain Hazardous
Substances (RoHS) in Electrical and Electronic Equipment” required the elimi-
nation of Pb (less than 0.1 wt%) from electronic devices by July 2006 [17]. The
most non-disruptive and economical way of complying with the RoHS directive
was to replace Sn—Pb with pure Sn [18, 19]. This led to the need for higher
confidence in high Sn content plating, since the generally accepted whisker pre-
vention method (additives of Pb) was to be flushed out.

The rationale behind RoHS was the exponential sales growth in consumer
electronics such as computers and cell phones. Along with the explosive growth of
electrical units in the field was the problem of how to dispose of them at their end-
of-lifetime. Electronics are thrown away and replaced with the newest and latest
versions with increasing frequency. Millions of Pb-containing circuit boards from
disposed electronics are dumped into landfills. The RoHS concern was that Pb in
the buried electronics could migrate into municipal water supplies, which in turn
spawned the worldwide Pb-free movement, culminating in the RoHS regulations.
The Pb-free regulations currently affect nearly all electronic products (an excep-
tion is granted for certain high-reliability military use devices). Sn whiskers have
therefore re-emerged as a major reliability concern in electronic systems. The
problem has further been exacerbated by the continued industry demands for
smaller and faster devices, with higher packing densities and smaller critical
dimensions. Under these conditions, whiskers pose even more of a threat.

1.4 Reported Sn Whisker Failures

There are a variety of ways whiskers can lead to electronic device failure.
Numerous failures have been attributed to short circuits caused by tin whiskers that
bridge closely-spaced circuit elements maintained at different electric potentials.
Whiskers can typically conduct a current of ~ 10 mA before melting. If the cur-
rent through the whisker is less than this threshold value, then the failure mode is
usually a permanent short. However, but if the current is greater than the threshold,
the whisker melts and create an intermittent short. Applications with very high
levels of current and voltage may cause whiskers to vaporize into a conductive
plasma of metal ions. These plasmas are capable of carrying hundreds of amperes,
which can lead to catastrophic damage. The arcs can be sustained for several
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seconds until interrupted by circuit protection devices. It has been shown [20] that,
as the air pressure is reduced, less power is required to initiate and sustain a
whisker-induced metal vapor arc. Metal vapor arcs in vacuum have blown fuses on
several commercial satellites, rendering the spacecraft non-operational. The small
diameter and long length of many whiskers also make the whisker susceptible to
fracture. If fracture occurs, then the whisker can drop onto neighboring portions of
the circuitry and interfere with the operation of devices that weren’t growing
whiskers. Clearly, whiskers can lead to device failures in many ways including but
not limited to these discussed above.

Sn whiskers have been observed in numerous electronic assemblies. Figure 1.1
illustrates a few representative cases. Figure 1.1a shows Sn whiskers on pure Sn-
plated connector pins, observed after ~ 10 years old in 2000 [14]. In Fig. 1.1b
whisker growth appears on matte Sn-plated microcircuit leads (2002), which
created failures in the electric power utility industry for over 20 years [21]. Sn
whiskers have also been observed on the exterior surface of Sn-plated electro-
magnetic relays (Fig. 1.1c), creating shorts between terminal-to-terminal, termi-
nal-to-header, case-to-another component, and even whisker-to-whisker. Whisker
growth has also occurred on the interior surfaces of electromagnetic relays, seen in
Fig. 1.1d. In this case, whisker growth up to 3 mm in length was found on the Sn-
plated steel armature (observed on ~ 14 year old parts). In 2001, whiskers were
seen sprouting from pure Sn-plating over Ni terminals on ceramic chip capacitors,
shown in Fig. 1.le. The capacitor was mounted by conductive epoxy inside a
hermetically sealed hybrid and subjected to ~200 thermal cycles (—40/90 °C).
Whiskers can also be found inside the lid of the Sn-plated microcircuit packages,
shown in Fig. 1.1f, found in 1998. Sn whiskers up to 2 mm long were observed
growing toward the inside of the package and several were reported to break loose,
creating intermittent shorts leading to field failures. These are just a few of many
examples where whiskers are terrorizing electronic devices. Whiskers have also
been responsible for failures in critical applications involving heart pacemakers,
space capsules, missile control systems, satellites, medical devices, aircraft radar,
nuclear and electrical power plants and much more. Table 1.1 lists a few of the
reported whisker-related problems in various electronic applications.

1.5 Literature Survey of Factors Influencing
Whisker Growth

There is currently no general consensus on the underlying mechanism(s) of
whisker incubation and growth. The science of whiskering is still being worked
out. A great deal of controversy and contradictory information regarding the key
factors that affect whisker formation still exists. Several attempts have been
undertaken/currently running to develop accelerated test methods to determine the
propensity of a particular system and its environment to form whiskers. To date,
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(a) (b)

Fig. 1.1 Examples of whisker growth in electronic assemblies. a Sn-plated connector pins. b Sn-
plated microcircuit leads. ¢ Exterior surface of Sn-plated electromagnetic relays. d Sn-plated steel
armature on interior of electromagnetic relay. e Sn-plating over Ni terminals on ceramic chip
capacitor, and f Inside lid of Sn-plated hybrid microcircuit package {(b-f) reprinted with
permission from NASA Goodard Flight Center (November 2003) [21]}

however, there are no universally established test methods for evaluating whisker
susceptibility. In fact, much of the experimental data compiled throughout the
years has produced contradictory findings regarding which factors accelerate or
even retard whisker growth.
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Table 1.1 List of various reported whisker problems (1986-2003) [21]

Years Application Industry Whiskers on?

1986 Heart Pacemakers Medical (RECALL) Crystal can

1986 MIL Aircraft radar Military Hybrid package lid
1987 MIL/Aerospace PWB MIL/Aerospace PWB traces

1988 Missile program “A” Military Relays

1989 Missile program “B” Military Electronics enclosure
1992 Missile program “C” Military Xsistor Package + Standoff
1993 Govt. electronics Govt. systems Transistor, diode, lug
1996 MIL aerospace MIL aerospace Relays

1998 Aerospace electronics Space Hybrid package lid
1998 Commercial Satellite #1 Space (Complete loss) Relays

1998 Commercial Satellite #2 Space Relays

1998 Commercial Satellite #3 Space Relays

1998 Military aerospace Military aerospace Plastic film capacitor
2000 Missile program “D” Military Terminals

2000 Commercial Satellite #4 Space (Complete loss) Relays

2000 Commercial Satellite #5 Space (Complete loss) Relays

2000 Power Mgmt modules Industrial Connectors

2001 Commercial Satellite #6 Space Relays

2001 Nuclear power plant Power Relays

2001 Hi-Rel Hi-Rel Ceramic chip caps
2002 Commercial Satellite #7 Space Relays

2002 Military aircraft Military Relays

2002 Electric power plant Power Microcircuit leads
2002 GPS receiver Aeronautical RF enclosure

2002 MIL aerospace MIL aerospace Mounting hardware (nuts)
2003 Commercial electronics Telecom RF enclosure

2003 Telecom equipment Telecom Ckt breaker

2003 Missile program “E” Military Connectors

2003 Missile program “F” Military Relays

That said, there are a number of commonly agreed upon variables that influence

whisker formation. Most researchers agree that compressive stress in the Sn film is
the fundamental driving force behind whisker growth [22]. This stress may be
intrinsic stress, which is stress distributed in the as-plated Sn film with its asso-
ciated texture (grain size and crystallographic orientation) [23, 24] or, extrinsic
stress, arising from chemical reactions between the Sn-film and the substrate alloy
(intermetallic compound formation), uneven diffusion between the substrate
material and tin film, mechanical processes such as bending, forming, and thermo-
mechanical stresses (CTE mismatch induced), plating chemistry (bright tin) and/or
impurities introduced during film deposition, oxygen diffusion and/or oxide for-
mation on the surface, and even storage or operating environment conditions (such
as corrosion possibilities). Figure 1.2 displays a multitude of factors that can
influence whisker growth.
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Fig. 1.2 The multitude of factors that can influence whisker growth

If the film stress is maintained at high levels for a sufficiently long period of
time, there is strong likelihood of a whisker growth event as a means to relax the
stress within the film beyond the extent possible by competing stress reduction
schemes. It is commonly thought that tensile stress retards whisker formation,
while compressive stress accelerates whisker formation. We offer additional data
on this question below, but it is likely that stress is not sufficient in itself to initiate
whiskers. The factors that affect whisker growth are conveniently grouped into a
few major categories: plating chemistry and process, deposit characteristics,
substrates, and environment.

When it comes to plating chemistry and the plating process there are many
concerns. First is the plating material. Pure Sn is the most commonly used whisker
prone plating material, but other Sn alloys (such as Sn-Cu and Sn-Bi) can also
generate whiskers. In fact, even the rare whisker producer, Sn—Pb, has been
observed to create whiskers under suitable circumstances. The use of “brighten-
ers” during plating can also greatly effect whisker growth. In general, bright Sn
films are more prone to whisker formation and growth than the so-called matte Sn
films. A matte tin film is a tin film that contains lower internal stresses and larger
grain sizes (typically of 1 um or greater) with a carbon content <0.050 %, while a
bright tin film has higher internal stresses and smaller grain sizes (typically
0.5-0.8 um) with a carbon content of 0.2-1.0 % [25]. Impurities in the plating
bath which get incorporated into the Sn film as defects may also enhance the
possibility of whisker formation. It is not completely known which impurities (and
concentrations) are the primary culprits, but Cu and C appear to be impurities that
make the tin film stress increasingly compressive [26]. Incorporated H or
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co-deposited C during plating may also influence whisker growth [27]. The current
density, bath temperature, and degree of bath agitation during the plating process
also affect whisker development.

Once deposition is complete, the deposited film characteristics play a role in
whisker formation. The grain size and shape along with the crystal orientation in
the microstructure of the film affect whisker growth [28]. Typically, the smaller the
grain size the higher the internal stresses in the film [29]. The grain size and shape
in turn become important when taking into account the grain boundaries.
Increasing the grain size of a deposited Sn film reduces the number of grain
boundaries, which slows both the self- and inter-diffusion rates in the film. Fewer
grain boundaries also mean fewer places for non-uniform intermetallic compound
(IMC) growth, which can reduce the stress in the system. The migration of sub-
strate atoms into the film usually act to increase stress in the film, enhancing
whisker growth. The self-diffusion of Sn along grain boundaries to the root of a
whisker supplies Sn atoms to push the growth upwards from the base of the
whisker. The predominant diffusion mechanism affecting whisker growth is
expected to be grain boundary diffusion [30]. However, in many cases, grain
boundaries are pinned within films so the diffusion rate is limited by the available
flux of vacancies with the film. Finally, the thickness of the deposited film can
influence whisker growth. Thicker layers of Sn (~7 um or greater) have greater
volumes and lower overall stresses which result in longer whisker incubation
times.

There are currently two principal whisker models that are thought to describe
whisker growth. Vianco and Rejent’s [31] whisker model proposes that the
underlying process behind whisker growth is dynamic recrystallization (DRX).
Numerous researchers have considered the possibility that whisker growth results
from recrystallization, but not specifically DRX [32, 33, 63]. The idea is that time-
dependent, creep deformation caused by compressive stress is the mechanism
which initiates DRX and then provides the mass transport necessary to sustain the
grain growth phase of DRX. Here the compressive stress does not explicitly cause
whisker growth by the bulk movement of material, but rather, the compressive
stress generates inelastic deformation, increasing strain energy, which initiates
DRX. Whisker growth from the surface is the result of the DRX.

DRX is an enhancement of static recrystallization. Static recrystallization
occurs when the strain energy of defect structures is reduced without additional
deformation occurring at the same time. In contrast, DRX is caused by the
simultaneous occurrence of deformation. The slower the strain rate, the more
likely it is for the deformation (strain energy build-up) and recrystallization (strain
energy loss) processes to overlap, thereby giving rise to DRX. Mechanistically, the
DRX process begins with the build-up of defects. The resulting increase of strain
energy provides the added driving force that initiates recrystallization either sooner
or, at a lower temperature, than would occur under static recrystallization. Once
the strain energy has exceeded a limit, the DRX process proceeds with the
nucleation of new grains (smaller than original grains). These new grains grow
under the driving force generated by the annihilation of the dislocation pile-ups
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Fig. 1.3 Schematic showing whisker growth under the DRX model. With kind permission from
Springer Science+Business Media: Vianco and Rejent [31], Fig. 1.5

and tangles, which removes strain energy from the material. Soon, the growing
grains, like the pre-existing grains, become susceptible to an increased defect
density at their boundaries under the applied stress. Dislocations pile-up and tangle
at these recently created grain boundaries causes them to become sites of new
grain initiation for possible whisker growth. This cycle continues until the stress
has been removed from the material.

Therefore, whisker development, as a form of DRX (Fig. 1.3), is a serial pro-
cess comprising of deformation that raises the strain energy, new grain initiation
and then grain growth (which is responsible for the whisker formation). The
sustained deformation under compressive stress drives the mass transport mech-
anism. The compressive stress creates dislocations that pile up at pre-existing grain
boundaries and the resulting strain energy increases to the point where new grains
are initiated. In this model the whisker does not grow from a pre-existing grain,
which is similar to the model proposed by Smetana [35], who offers a second
current principal whisker model.

In Smetana’s model, the atoms at the whisker grain boundary at the base of the
whisker are shown to be (on average) at lower energy levels (compressive stress
levels) than surrounding areas. This aids in the movement of Sn atoms without
requiring that they go to a higher energy state. The base of the whisker is the grain
boundary interface of the whisker with other whisker grains (not the surface of the
tin deposit in the area of the whisker grain). In this model, recrystallization is
necessary and there must be vacancies at the base of the whisker grain boundary;
otherwise, Sn atoms cannot move there.

Figure 1.4a shows columnar grain boundaries under compressive stress
(mechanical, CTE mismatch, IMC growth, etc.). After recrystallization
(Fig. 1.4b), oblique angled grain boundaries are created, which results in lower
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Fig. 1.4 Schematic of Smetana whisker model [35]

stress grain boundaries than the vertical grain boundaries. This is the source of the
stress gradient. Since grain boundaries are high vacancy sites with a low degree of
atom packing density, they may act as a source or sink for vacancies. Figure 1.4c
demonstrates diffused Sn atoms that have been driven into the oblique angle grain
boundaries due to the stress gradient. Since the grain boundaries are not fixed,
grain boundary sliding (creep) can occur along the boundaries. As more Sn atoms
diffuse into the grain boundaries (lower packing density), some atoms in the grain
boundary move into the whisker grain, which produces whisker growth directed
upward. A simplified schematic of resultant the whisker growth model is depicted
Fig. 1.4d. Depending on where the Sn atoms are introduced into the whisker grain
and if there are any pinned grain boundaries deciphers how the whisker protrudes
out from the surface (straight, bent, kinked, etc.).

Once Sn is deposited, it oxidizes. Sn oxide formation is thought to play a
significant role in whisker growth. In one theory, localized breaches in the surface
Sn oxide layer can provide a path for vacancies to diffuse into the film from the
ambient air, but only for a limited time (depends on the rate of re-oxidation of the
surface of the Sn film where the oxide was breached) [34]. Excess Sn present in the
system under any kind of compressive stress can move along grain boundaries that
are not pinned, such as in the vicinity of the oxide breach. The Sn can then reach a
nucleation site and begin to grow at that location and form whiskers.

Sn oxides can contribute to whisker production in other ways. It has been seen
that Sn oxide growth can be non-uniform [35-37], meaning there are holes in the
oxide or regions where the oxide is weaker, which favors whisker penetration
through the Sn oxide layer. Sn oxidation also may affect whisker growth by
creating extra stress in the film. As oxygen diffuses into the film and combines
with Sn atoms to form SnO or SnO, it can create extra stress in the film due to the
relative volume of Sn/SnOy within the film space. This extra stress contributed by
oxygen incorporation is expected to affect thin films more than thick films since
the thicker films have a larger volume over which to dissipate the stress. Generally,
the role of oxygen is complicated and not well understood, with many theories
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describing ways in which oxygen contributes to whisker formation. The role of
oxidation in whiskering is a controversial topic. Some go as far to say that the
surface oxide layer is a necessary condition for whisker formation [38] while
others believe that a surface oxide has minimal effect on whisker growth [39]. Our
work reported below on Au whiskers favors the latter perspective.

The substrate under the Sn film can greatly affect whisker growth. Different
substrate materials react differently with Sn or various Sn alloys in many ways.
Certain film/substrate combinations are likely to form interfacial intermetallic
compounds while other film/substrate combinations lack intermetallic compounds.
For example, Sn films on brass or Cu lead to concerns with unwanted stress
created by the formation of intermetallic layers. CugSns is a common intermetallic
interfacial compound which forms at a Sn-Cu boundary at ambient room tem-
perature. It is the dominant IMC between Cu and Sn [40] and is known to grow
faster with increasing temperature. The intermetallic layer is formed by Cu dif-
fusion into the Sn film through grain boundaries. Though IMC’s grow faster at
elevated temperatures, they can actually pose more of a threat at room tempera-
ture, since grain boundary diffusion is higher than bulk diffusion near room
temperature, creating locally limited Cu migration routes. This leads to the
characteristic, highly irregular Cu-Sn IMC, which creates localized, compressively
stressed regions within the Sn film. At elevated temperatures, bulk diffusion
increases and results in a more uniform IMC and less stress.

Molar volume differences can contribute to film stress and enhanced whisker-
ing. If six parts of Cu are mixed with five parts of Sn, the resultant CugSns has a
larger molar volume (10.6 cm3/m01) [41] than the molar volume of Sn. This can
lead to compressive stresses in interfacial areas. IMC effects become more com-
plicated at elevated temperatures where a neighboring intermetallic layer of CuzSn
may also form, though Cu;Sn intermetallic layers have lower molar volumes
(8.6 cm3/mol) [42] than CugSns and are not expected to create as much extra stress
within the film.

A host of environmental conditions have a major impact on Sn whiskering.
Everything from assembly line processes to storage conditions has been found to
influence whisker growth. Some variables of concern include the specific plating
process, temperature, temperature cycling, relative humidity, applied external
stress, current flow or electric bias, and even pressure since whiskers grow in
vacuum as well as under atmospheric pressure. Elevated temperatures and tem-
perature cycling affect whisker formation due to CTE mismatches and IMC for-
mation. Some studies report that thermal cycling increases the growth rate of
whiskers [37, 43], while others report no effects due to thermal cycling [44, 45].
Heat treatment processes include procedures of annealing, fusing, and reflow.
Annealing refers to a heating and cooling process typically intended to soften
metals and make them less brittle. According to studies, annealing should be
performed within 24 h of plating in order to be effective in mitigating whiskers due
to irregular IMC growth. Dittes et al. [46] have shown that Cu based lead-frames
should be heated to 150 °C for 1 h directly after plating. Due to bulk diffusion at
the elevated temperature, a less irregular and more continuous IMC layer forms,
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which results in less compressive stress. The grain boundaries of the Sn can shift,
resulting in larger grains and fewer grain boundaries [47]. The more regular IMC
layer results in a continuous diffusion barrier for further IMC growth, which slows
the formation of irregular growth by grain boundary diffusion at ambient condi-
tions [48].

Fusing and reflow act similarly since they both melt and resolidify tin plating
under relatively slow cooling conditions. Fusing is a reflow procedure usually done
by dipping the tin-plated surface in a hot oil bath. By fusing Sn plating shortly after
deposition, whisker formation may be mitigated [49]; however, when IMC layers
form, the effectiveness of the fusing is reduced. In contrast to fusing, reflow, which
is done as part of the printed circuit board assembly process, has not always been
shown to be a successful whisker mitigation practice. In fact, some studies report
an increase in whisker growth [50, 51] during reflow without flux. These are just
some examples of the widely varying effects temperature can have on whisker
formation.

Relative humidity has been shown to play a complicated role in whisker
development. Some reports claim that moisture is not a contributing factor in
whisker growth while others observe that whiskers form more readily under high
humidity (>85 % RH) [52-54]. Humidity is thought to introduce stresses due to
the diffusion of oxygen from the surface into the film [55]. High humidity then
affects the thickness of the oxide film on the Sn leading to compressive stress [56].
High relative humidity is also thought to increase the rate of grain boundary or
surface diffusion, and can also lead to corrosion, which introduces additional stress
within the film [52]. Corrosion-assisted whisker growth caused by water con-
densation during high-temperature humidity testing or by water droplet exposure
has been observed [57]. Excessive localized surface corrosion leads to non-uni-
form oxide growth, which imposes differential stress states on the Sn film.
Whiskers have been found to nucleate in the corroded regions and continue to
grow even after removal of the condensed moisture. It is clear that humidity plays
a significant role in whisker production. Humidity and its frequently produced
offspring, corrosion, are still very much confounding factors in whiskering
requiring a great deal of careful work. We report below the results of a highly
controlled experiment on the effects of relative humidity on Sn whiskering.

Finally, the presence of an electric field or voltage bias has been found to affect
whisker growth in multiple ways. The extent and impact of electrical potential is
not fully understood [58] at the present time. However, NASA workers have
demonstrated that whiskers can bend due to the forces of electrostatic attraction,
which increases the likelihood of Sn whisker shorts [59]. A few studies have
shown that electrical currents accelerate Sn whisker growth [60] but this remains a
controversial subject; we report our study of the influence of current density on
whiskering below. More work is required to fully confirm and understand the
effects of electric field on whiskering.

In summary, there are multiple factors that play a role in whisker growth on any
given system and, unfortunately, a quantitative relationship between these vari-
ables and whisker growth does not yet exist. Over nearly a half century after the
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first observation of whiskers, there is still no generally accepted consensus for the
root causes of whiskers or a protocol for mitigation that is universally applicable
over all electronic assemblies. In spite of this, there have been several attempts by
the electronic industry to develop practices for whisker prevention and mitigation.
After the RoHS regulations effectively banned the use of lead in electrical prod-
ucts, the National Institute of Standards and Technology (NIST) became active in
Sn whisker research. NIST was one of the first agencies to specify whisker mit-
igation practices by the reduction of internal compressive stresses created by IMC
formation. In 2001, iNEMI also embarked on a series of experiments to find
accelerated tests (e.g., high temperature, humidity and thermal cycling) for tin
whiskers, where it quickly became clear that standard accelerated test conditions
were insufficient to provide a clean-cut, simple set of tests that would predict
whisker growth. As the industry continued its march toward Pb-free electronics,
the need to insure the reliability of tin coatings became all the more necessary, so
iNEMI was determined to produce a set of accepted industrial test procedures to
monitor and minimize whisker reliability exposure. The plan of attack was to first
define a set of test conditions that would promote Sn whisker growth and then to
recommend a protocol for inspecting the whisker growth and recording the data.
The next step was to gain a sufficient understanding of whisker formation to allow
for development of accepted test criteria and mitigation practices which would
provide a methodology to minimize whisker reliability exposure for long life, high
reliability electronics systems. iNEMI published the acceptance test requirements
in July 2004 [61] which were submitted as a formal standard in the JEDEC
standard JESD 201, “Environmental Acceptance Requirements for Tin Whisker
Susceptibility of Tin and Tin Alloy Surface Finishes” in 2006. However, the
documents provide only recommended guidelines to reduce the risk of whisker-
related problems. They do not describe specific methods that can be used to
eliminate whisker-related failures.

1.6 Challenging Aspects of Whisker Studies

One of the complications when studying whiskers is the issue of time. Whiskers
have been observed to grow within days in some cases, but may take up to years
and even decades before growing long enough to cause failures in electronic
systems. This means that an electronic component that is whisker-free one day can
be whisker prone the next day, creating a reliability nightmare scenario. It is this
dormancy, commonly known as the incubation period, that distinguish whiskers
from other surface plating defects such as nodules or dendrites, which may be
roughly similar in appearance to whiskers but present on the surface immediately
after plating. This attribute of whisker growth is particularly frustrating since, in
order to complete any kind of meaningful experiment, very long time periods may
be necessary to create whiskers.
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It is important not to take the incubation period lightly. Sn plated electronic
systems that may seem fine and functional for many years remain under the threat
of whisker growth. In 1976, Dunn (of the European Space Agency) released a set
of publications strongly recommending that surfaces susceptible to whisker growth
(such as Sn) be excluded from spacecraft design [6, 7], but not all satellite man-
ufacturers followed his suggestion and, over a decade later, in 1990, several
commercial spacecraft failed due to Sn whisker problems. The U.S. military first
become aware of the incubation of Sn whiskers and their potential problems when
the USAF was inspecting failed circuits in 12 year old radar systems and found
whiskers up to 2.5 mm in length growing on Sn-plated lids of hybrid circuits [8].
Another incident where whiskers arose after a long period of dormancy was found
in March 2000 in 10 year old General Electric relays [14].

A second frustrating factor in whisker studies is the highly variable growth rate
of whiskers. Whisker growth rates range from 0.03 to 9 mm/year [62] which
means their growth is highly variable and unpredictable. For example, in 1954,
Fisher et al. [63] reported a Sn whisker growth rate of 10,000 A/s under a
clamping pressure of 7,500 Ibf/in”> on Sn plated steel. The growth rate was
essentially linear which at some point in time went to zero. He also reported
(private communication) growth rates for spontaneous Sn whisker growth (no
clamping pressure) at ~0.1 to 1.0 A/s [64]. However, in 1964, Pitt and Henning,
also using clamp pressure on hot-dipped tin deposited on Cu and steel, reported the
highest whisker growth rate at 593 A/s with 8,000 1bf/in? of pressure, with whisker
growth rates that decreased with time [4]. The wide range of variation in whisker
growth rates makes whisker studies difficult, as one never knows how long to wait
to see whiskers, how fast whiskers grow, and when whiskers will stop growing.
Other contributing complications include the fact that not all of the variables
affecting whisker growth are known and the known variables are not always
reported accurately when data is published. Further, current test methods cannot
correlate whisker growth in test conditions to actual field conditions; therefore, test
results cannot be used to predict whisker growth in other environments or for
longer durations. There is a need to compare whisker growth data derived in
controlled, short-term environmental tests to long-term field exposures in order to
quantify whisker-reliability predictions for electronic devices.

Since Pb was used as the main mitigation method for whiskers up until the
implementation of the RoHS legislation, the literature on whisker growth mech-
anisms pertaining to Pb-free solder alloys and assembly of Pb-free electronics is
sparse. For example, the Pb-free sessions and workshop of the 2006 annual
meeting of the Materials, Minerals and Metals Society (TMS) had only four papers
on Sn-whiskers but more than 200 papers dealing with different aspects of Pb-free
solders. Furthermore, the 2005 and 2006 IEEE Electronics Components Tech-
nology Conference (ECTC) had more than 200 papers each year dealing with Pb-
free solders in electronic packaging, but when including the 1-day Sn-whisker
workshops held in each of these years, there were less than 25 combined Sn-
whisker papers. Over the last 60 years, there have been only a few hundred
publications on whisker growth but in the past 10 years alone, there have been
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thousands of papers dealing with Pb-free solders. One of the primary reasons for
the lack of published work on whiskers involves the experimental difficulties in
carrying out the time-consuming, long-range experimental studies, which are best
done in academic environments. The difficulties are not due to the allowance in
whisker growth time alone, but also factor in the time associated with the iden-
tification of whiskers by labor-intensive optical and scanning electron
microscopes.

One of our goals in this work was to minimize the time to whiskers by
developing a quick and reproducible method for growing whiskers in a timely
(weeks) fashion. Electroplating is the current thin film method of choice in
industrial processes; however, whisker growth can take up to years and even
decades in many electroplated Sn films. It is advantageous to devise a faster
method to grow whiskers. We found that the key to producing fast whisker
growing Sn films was to look backwards. In 1989, Hoffman and Thornton [65]
studied sputter deposition under argon plasma for many different metal films and
compiled a simple system of “dialing in” various amounts of intrinsic thin film
stress by changing the background gas pressure in the sputtering system. For the
case of Sn films (see Fig. 1.5 from Hoffman and Thornton’s results), compressive
stress results by using a background Ar pressure ranging from ~1 to 6 mT and
tensile stress results when using 10-100 mT. Even a “no stress” state can be
produced by the Thornton approach, but it has a fairly narrow, 7-9 mT, gas
pressure range which is difficult to achieve and control without practice.

Figure 1.6 illustrates the underlying mechanism responsible for creating the
stress states during sputter deposition. Sputtering at high Ar pressure leaves the
depositing Sn atoms with low kinetic energy (due to multiple Sn/Ar atom inter-
actions during the Sn atom’s travel from sputter target to substrate), which produces
a low packing density in the film. This leaves the deposited atoms far apart, creating
a net force of attraction between them, which shrinks the film and produces a
concave curvature in the substrate. However, sputtering at low Ar pressure gives the
depositing Sn atoms high kinetic energy (since there is minimal energy loss due to
Sn/Ar atom interaction during deposition), which leaves the deposited atoms
packed tightly. This causes them to exert a force of repulsion against each other
(due to overlapping electron orbitals). As a result, the film expands and produces a
convex curvature in the substrate. This approach has allowed us to “dial in” high
values of compressive stress in order to decrease the incubation period associated
with whisker growth to days and weeks rather than months and years.

Another challenge in whisker research arises from the limited whisker statistics
available when manually counting whiskers and measuring their lengths. In this
study all whisker lengths are measured “as observed” from the SEM screen, when
the thin film surface is perpendicular to the incident electron beam. This method is
chosen for simplicity and time maintenance, due to the large volume of experi-
ments and whisker measurements conducted throughout the work. We note that,
although practical for our experiments, this method does not account for fore-
shortening angles of the protruding whisker. A second, common whisker mea-
suring technique (provided by JESD22-A121A [66]) measures the straight line
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Fig. 1.7 Whisker length

measurement technique
provided by JESD22-A121A \

| Radius of Sphere = whisker length |

-

distance from the point of emergence of the whisker to the most distant point on
the whisker, as shown in Fig. 1.7. In this case, the system used for measurement
must have a stage that is able to move in three dimensions and rotate, such that
whiskers can be positioned perpendicular to the viewing direction for
measurement.

The best, most accurate whisker measurement scheme has been proposed by
Panashchenko [67], where foreshortening angles are taken into account. The
measurement is made by using two images offset by a known tilt, as shown in
Fig. 1.8. The whisker length, L,,, can be calculated using:

+ (Leq tan /3)2

Lo \/Lgd + L2, — 2L.qLc, cos 0
ab — . D
sin” 0

where the axis along L, is the tilt axis, L.q is the projection of whisker length on
axis perpendicular to tilt axis Plane 1, L is the projection of whisker length on
axis perpendicular to tilt axis in Plane 2, 0 is the tilt angle between Plane 1 and 2,
and f is the angle between L4 and L,q in Plane 1.

The statistics issue is a never ending battle in whisker studies, with researchers
constantly asking themselves “is this measurement of whiskers statistically signif-
icant.” Itis a challenge to achieve such significance for the low numbers and manual

Fig. 1.8 Whisker length View 2 View 1
measurement method given
by Panashchenk [67]
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counting schemes involved with whisker studies. Further, the modeling of whisker
lengths requires a statistically significant number of whiskers to be measured, and a
given measurement method has a % error associated with it. By measuring the
whisker length from a single image as conducted here, we define the % error as:

% error = (1 — cosa) * 100 %

where « is the angle of the whisker from the surface. The error associated to the
JESD22-A121A method is ~20 &+ 11 and ~7 £ 3 % for Panashchensko’s
methods [67]. It has also been observed by Panashchenko [67] and Fukuda et al.
[68] that whisker lengths generally follow a log-normal distribution.

Whisker counting needs to be considered as well. Just as with measuring
whisker lengths, there are various whisker counting approaches used. Some studies
incorporate whisker statistics from mass produced, high volume sample sets, while
others use well controlled test environments with fewer specimens. The technique
used to count whiskers can also play a role in whisker statistics. Whisker can grow
up to millimeters long and can even be seen with the naked eye under the right
conditions. However, since whiskers can also be observed as small as a couple
microns long, an SEM is ideal for viewing them. Some optical microscopes can be
used, but the limited depth resolution of most optical microscopes can lead to false
identifications of whiskers. There is also an element of skill necessary when using
any microscopic technique and the associated skill to recognize when something is
a whisker and something is debris. This becomes important when comparing
whisker statistics from study to study. In some studies (due to imaging technique
or extensive number of whisker count) whiskers are only counted if they exceed a
given length (such as 10 pm or greater).

Throughout the experiments herein, we have used a SEM to count whiskers,
accounting for all whisker lengths ranging from 2 pm and greater. Unless other-
wise stated, the whisker densities are determined by manually counting whiskers
in the SEM over ten equal areas (~275 x 275 pum) representative of the surface
in question as a whole. Each whisker counted is also measured for length from a
single, top-down view. Being able to produce whisker growth within reasonable
time periods, through laboratory specimens in well-controlled environments, large
numbers of whisker statistics were observed in the majority of our studies. As with
any large statistical count, the “random error” becomes the statistical error

associated with sampling or counting, which goes as ~+/N exists, where N is the
number of counts.

1.7 Unique Features of the Investigative Plan

Our research program takes several novel approaches to the whisker problem by
focusing on a limited set of focused objectives using “laboratory” created whis-
kers as opposed to archival, industrial, and/or anecdotal whisker specimens. Here
are the key features which have governed our experimental strategy:
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e We have used a reproducible method of growing whiskers in a reasonable
(weeks) time by using magnetron sputtering techniques rather than electro-
chemical deposition.

e We have produced tailor-made films with known “dialed-in” degrees of thin
film stress (tensile, none, compressive) to investigate the role of net film stress.

e We have eliminated the role of interfacial stress by growing whiskers on sub-
strates that do not form intermetallic compounds with Sn.

e We have examined whisker growth in near-real time using field-enhanced, high
current density methods that grow whiskers in hours rather than days, weeks,
months.

e We have addressed the question of whisker mitigation/prevention by studying
why certain topside metal films (Ni) appear to prevent whisker growth while
others (Cu, Pb) do not.

The last approach reflects our philosophy to attack the whisker problem along
parallel paths. The first path recognizes the need for carefully designed and highly
controlled whisker experiments which attempt to isolate the key variables affecting
whisker growth. The goal of this work is to uncover the key scientific principles
which govern whisker phenomena. The second path is designed to help solve the
practical whisker problem by identifying the critical engineering steps needed to
dramatically increase the reliability of contemporary electronic devices that are
affected by whiskers. The dual approach recognizes a common experience in
technology whereby the solution often precedes the science.

For each investigation reported below, we began by posing a single key
question involving whiskers which we believed could be answered by a well-
designed and controlled experiment, doable using the instruments within the
surface science and condensed matter group at Auburn University. Here is an
outline of the key questions we have sought to answer:

1.7.1 Film/Substrate Effects

1. Sn film thickness

e Are thinner/thicker films more prone to whiskering?
e s a maximum whisker length produced depending on film thickness?
2. Sn film volume/depletion

e Where is the Sn in the Sn whiskers originating from (feedstock issue)?
e [s there a minimum amount of Sn needed to produce whisker growth?
3. Sn/substrate combinations

e Are certain film/substrate combinations more prone to whiskering?

e Is an intermetallic layer (IMC) necessary for whisker growth?

e If not, how does whisker growth compare to Sn film/substrate combinations
with and without an IMC layer?
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4. Film stress

e The consensus is that compressive stress enhances whisker growth, but what
about tensile stress? How does it compare?
e By sputter depositing intrinsic macroscopic film stresses, can the stress state
be varied (and what is the film stress value)?
e How does the average net film stress affect whisker growth?
5. Sn alloy films (SAC 305 and eutectic SnPb)

e Can whiskers grow from Sn alloy films?

e If so, how does the whisker growth compare to whisker production from pure
Sn films?

e Does a Sn alloy pose whisker reliability risks in our electronics?

1.7.2 Environmental Effects

1. Oxygen and Humidity

e What effect does oxygen have on whiskering?
e How do various humidity exposures affect whisker growth?
e How does the effects of ambient room temperature/humidity exposure com-
pare to pure oxygen and humidity on whisker growth?
2. Sn oxides

e What types of Sn oxide(s) are created under ambient room temperature/
humidity exposures? How thick are they?

e What type and how thick of an oxide is created when exposed to a dry oxygen
environment, and even oxygen exposure at elevated temperatures?

e How does the dry oxidation of Sn compare to wet oxidation (steam exposure
at elevated temperature)?

e [s a surface oxide layer a necessary condition for whisker production?

3. Electric bias

e Is whisker growth affected by electric fields, and if so how?
e How does the current density through a Sn film affect whiskering?
e Can Sn migration be observed by an electrical bias?

The remainder of the dissertation addresses each of these questions in detail.
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