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Tin whiskers pose an electrical reliability risk in the form of potential short
circuits. This problem was solved in the past by adding a few percent of Pb
during Sn electroplating, but with the ban on Pb in Europe and elsewhere, it
has resurfaced. While various mitigation strategies have been formulated
based on known whisker growth mechanisms, the electronic industry is still
awaiting a satisfactory solution to the whisker growth problem in Pb-free
electronics. Recent advances in the understanding and mitigation of whiskers
are reviewed herein. The effects of various alloying elements/dopants are
discussed in terms of the mechanisms that impact whisker growth kinetics
and mitigation. Most recently, indium addition to Sn has been found to
eliminate whiskers with even better mitigation performance than Pb addition.
The mechanisms are discussed, and the important role of indium on the
surface oxide and subsurface enrichment is highlighted.

INTRODUCTION

In electronic packages, copper lead-frames are
usually plated with 5-lm- to 20-lm-thick Sn or Sn-
rich alloy (e.g., eutectic Sn-Cu) to serve as a wetting
enhancer during subsequent soldering for lead
attachment, and to reduce oxidation and corrosion
of the lead-frame. Frequently, Sn whiskers, which
may be hundreds of micrometers long, extrude from
the electroplated surface during long-term isother-
mal holding or thermal cycling, potentially causing
electrical shorts between neighboring circuitry.
Failures due to short-circuiting caused by whisker
growth or debris have been reported in high-power
devices in civil, military, and space avionics, as well
as in consumer electronics.1,2

WHY DO WHISKERS GROW?

Whiskers have been observed in various systems
(including Sn on Cu, Al on Si, and Zn on steel) since
the 1950s.3–21 Figure 1a shows a focused ion beam
(FIB) cross section of a Sn-2Cu electroplated film,
illustrating one such whisker emanating from the
film following aging at room temperature (RT).14 A

number of reasons for whisker formation have been
suggested, but there is now a general consensus
that three key conditions have to be satisfied for
whisker growth,14,22–24 viz. (1) a mechanism to
generate in-plane compressive stresses within the
coating to provide the driving force for whisker
growth, (2) rapid grain boundary self-diffusion to
transport matter from the plating interior to the
growing whisker, and (3) a tenacious surface oxide
layer which limits surface vacancy sources, thereby
precluding stress relief via diffusional processes.
While there has been some controversy regarding
the oxide scale based on high-vacuum work such as
that presented in Ref. 25, the need for a tenacious
oxide layer is largely well established.5,26

The principal driving force for whisker growth in
metal films is generally thought to be stress-
assisted diffusion of atoms from the film/plating
interior to the surface (or conversely, vacancy
diffusion from the film surface to the film interior).
This diffusion occurs to relieve the in-plane com-
pressive stresses, whose origin can be traced to a
variety of sources: (i) spontaneous reaction between
the substrate and film to form an intermetallic
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compound (IMC) layer in the form of Cu6Sn5, as
pointed out in the now classical paper by Tu22 for Sn
on Cu (the same being true for Al on Si), (ii) thermal
stresses generated through thermal cycling and
brought about by thermal expansion mismatch
between the film and substrate,27,28 or (iii) imposed
compressive mechanical stress, as occurs in elec-
tronic connectors.29 While some dislocation-based
stress relaxation processes may occur, the stress
must be long lasting given the growth of whiskers
over long time periods. Tu22,30 correctly pointed out
that compressive stress could be maintained by the
spontaneous reaction between Sn and Cu at RT
because of the high diffusivity of Cu into Sn through
the Cu6Sn5 layer. Normally, excess diffusion of one
element into another does not lead to stress devel-
opment, and so it follows that there is an additional
factor that is responsible for maintaining the stress
through a reaction product. Lee et al.31 argued that
the greater IMC formation at Sn grain bound-
ary/substrate interfaces compared with other
regions of the Sn/Cu-substrate interface was
responsible for the compressive stress development,
and this has been found to be consistent with most
experimental observations. It also follows that, if
the reaction zone could be held planar, then the
compressive stress and particularly the horizontal
hydrostatic stress gradient would be reduced,
thereby reducing whisker formation and growth. A
number of papers have suggested that this mecha-
nism does indeed operate for Sn-Pb and Sn-Bi
films.32,33 For example, atomic force microscopy
(AFM) scans of the IMC-covered surface after the
Sn-Pb film was stripped from the substrate showed
a more homogeneous Cu6Sn5 distribution. The
IMCs were much smaller than for the pure Sn film,
although the total IMC content was not reduced

while Sn was substituted by Pb.32 A similar change
in IMC morphology was observed for Sn-Bi alloys33

with sharply reduced whisker growth. However, it
remains to be determined how dominant this mech-
anism is compared with other mechanisms such as
the equiaxed form of the microstructure or the
mobility of grain boundaries, both of which may
contribute to stress reduction.

Returning to the subject of whisker growth by
diffusion, the plating surface needs to be a prolific
source of vacancies, which is not possible if the
surface oxide film is stable and adheres tenaciously
to the plating surface. This is the situation with
Al34–36 and Sn films. However, local breaks in the
surface oxide can provide localized stress relief,
resulting in a stress gradient either from the high
compressive stress location around the wedge-
shaped IMCs or from lateral locations in the film
where the surface oxide is intact, to near-zero stress
at the oxide break. Both of these stress gradients
have been confirmed by high-energy x-ray syn-
chrotron studies24,37,38 for the Sn-Cu system. The
associated vacancy flux counter to the stress gradi-
ent, indicated by the letter ‘‘v’’ in Fig. 1b adapted
from Refs. 24 and 39, is accompanied by an Sn atom
flux counter to the vacancy flux, and this results in
growth of the whisker. The vertical grain bound-
aries of the columnar grains in typical platings
constitute the principal diffusion path, the kinetics
of whisker growth being governed by grain bound-
ary diffusion kinetics.22,24 In the model, it is shown
that the whisker growth rate is linearly propor-
tional to the Sn diffusivity and compressive stress in
the film, although it must be remembered that
diffusion occurs because of the stress gradient, and
not the value of compressive stress.

Fig. 1. (a) FIB-milled cross section at location of Sn whisker in 16-lm-thick Sn-2Cu electroplating on bronze substrate, showing tall columnar
grains and interfacial reaction zone; reprinted with permission from Elsevier.14 (b) Schematic showing mechanism of whisker growth with
vacancy flux directions marked as ‘‘v,’’ along with concomittent diffusion of Sn atoms to the whisker base.
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In recent work, Chason et al.26,40,41 studied the
dependence of the whisker/hillock nucleation rate
on stress in a (Sn on Si) system without inter-
metallics, where the stress is entirely thermally
generated, revealing that increasing stress
increases the nucleation rate, which stops when
the stress relaxes to a threshold level. They showed
that the stress relaxes more rapidly for thicker Sn
coatings, and expectedly the volume of whiskers
nucleated decreases. Their work also shows that
stresses are lower in coarser matte-Sn grains com-
pared with finer grains with bright-Sn finish. Using
FIB cross sections, Pei et al.42 observed oblique
grain boundaries just below a whiskering grain/-
grains (see the oblique V-shaped grain boundaries
in the sketch of Fig. 1b). This was also observed by
Sarobol et al.43, and a whisker growth model44 was
proposed using the V-shaped boundary near the
surface and combining the effects of local grain
boundary sliding and diffusional transport of atoms
from the horizontal components of the oblique
boundaries. More importantly, by including the
observed effect of lateral grain boundary migration,
the model could also account for the presence of
hillocks rather than whiskers.

Some studies have suggested that a surface oxide
film is not necessarily critical for whisker
growth.11,25 However, it has been shown26 that
removal of the surface oxide dramatically reduces
the compressive stress within the coating, thus
reducing the driving force for whisker growth. One
of the early works demonstrating the need for a
protective oxide layer for whisker formation was
that of Chang and Vook45 for the Al-Si system in
high- and ultrahigh-vacuum (UHV) environments.
They demonstrated that, in the absence of a surface
oxide in UHV, no hillock formation occurred in
vapor-deposited aluminum films on silicon sub-
strate. It was suggested that the compressive stress
was greatly relieved in the presence of the oxide-
free surface. In a slightly related work for the Sn-Cu
system,46 the compressive stress was found to relax
in the electrolyte when electrodeposition of Sn was
temporarily stopped, since oxides were unlikely in
the electrolyte. The need for an adherent oxide scale
was also demonstrated in the case of thin Ag film
coated with a few-nanometer-thick adherent SnO2

layer, where whiskers were found to emanate from
the Ag film.47 Ashworth et al.48 showed that Sn
deposited on brass then treated by electrochemical
oxidation of the surface layer was significantly less
susceptible to whisker growth than the native oxide
film. It was argued that the electrochemically
deposited oxide film was thicker and therefore less
prone to fracture than naturally grown oxide film.
Other observations that illustrate the role of the
oxide in whisker growth include the often-observed
striations on tin whiskers, which are believed to
result from intermittent growth and breakage of the
natural oxide film.

Boettinger et al.14 investigated the role of the
microstructure in whisker growth. In 16-lm-thick
Sn and Sn-Cu films, the grains were columnar and
profuse whiskering was observed in the Sn-Cu
sample, suggesting that columnar grains are prone
to whisker growth (Fig. 1a). In contrast, an
equiaxed microstructure with oblique and horizon-
tal grain boundaries was found in Sn-2Pb alloys,
and hillocks of only a few microns height were
observed. The microstructure illustrated in Fig. 2a
is taken from their work. This is also consistent
with the much weaker fiber texture found in Pb-
containing Sn deposits.49

Galvanostatic studies indicate that Pb additions
to the electrolyte tend to lower the electrode poten-
tial, suggesting inhibition of Sn ion reduction at the
cathode in favor of Pb ion reduction. It is suggested
that this suppression of Sn2+ reduction during the
codeposition process likely prevents continued
columnar growth, and thereby a transition to a
more equiaxed microstructure for the Sn-Pb sys-
tem.50 The primary importance of the many grain
boundaries (GBs) parallel to the plating surface is
that they produce numerous vacancy sources within
the film. As shown schematically in Fig. 2b, the
grain interiors and the vertical grain boundaries are
in in-plane compression. This drives a vacancy flux
from the horizontal boundaries towards the bottom
of the plating, where the compressive stresses are
maximum,19,22,23 with a counterflux of atoms flow-
ing to the horizontal boundaries, which can serve as
atom sinks. As a result, the atoms do not need to
reach the plating surface to relieve the stress by
extrusion of whiskers. This architecture, with a
number of horizontal boundaries or interfaces
within the plating, thus proffers a potential mech-
anism for whisker mitigation. A number of publica-
tions since then have appeared to validate the
hypothesis that equiaxed microstructure minimizes
whisker formation.40 It should be noted, however,
that mitigation methods must be resistant to reflow
conditions.

There are other observations that suggest that an
equiaxed microstructure per se may not be the
complete story. It is observed that grain boundaries
are more mobile with Pb additions, and in some
cases, an equiaxed microstructure can completely
transform to a much coarser columnar microstruc-
ture within 1 year of electrodeposition.19 The strain
energy expended in this coarsening necessarily
involves stress relaxation in the film, and therefore
grain boundary mobility may equally contribute to
whisker mitigation in Sn-Pb films. A similar coars-
ening phenomenon has been observed in Sn-Ag
films.51 Such a coarsening effect is consistent with
observations that matte pure-Sn with coarser grain
structure, where wedge-type IMCs at grain bound-
aries are further apart and hence lower stress
generation, is less prone to whiskers than bright
Sn with fine grain structure. Finally, the effect of Pb
may manifest in the form of smaller and more
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uniformly distributed IMC at the substrate inter-
face, as observed in Refs. 32 and 50. A possible
reason may be poisoning of the Sn grain boundary
by Pb, forcing IMC formation at all grain bound-
aries rather than a select few as seems to occur in
pure Sn samples. A uniform distribution of IMC
would in the limit approximate a planar Cu6Sn5

front, which would reduce in-plane stress, as dis-
cussed above. Note in this context that it may be
useful to further investigate the mechanism of
uniform IMC formation in various Pb-free alterna-
tives that are being considered, because IMC-gen-
erated stress is central to whisker nucleation and
growth.

Other studies suggest that whisker mitigation
through Pb may not necessarily depend on the
formation of an equiaxed microstructure. Thus,
whisker mitigation has been observed in 5-lm-thick
electroplated Sn with 3% Pb, where the FIB-ed cross
section revealed a columnar rather than equiaxed
microstructure.52 Similar mitigation of whiskers
was observed in 2-lm-thick Sn-Pb films with colum-
nar microstructure.53 Conversely, tin whiskers have
been observed in Sn-Cu and pure Sn finishes on lead
frames, where FIB cross-sections show equiaxed
grain structures.54 Bi-doped equiaxed grains of Sn40

do reduce compressive stress, and thereby should
minimize whisker growth. We conclude that an
equiaxed morphology certainly aids mitigation of Sn
whiskers, but other mechanisms also play an
important role in tin whisker nucleation and
growth.

In recent years, efforts have also been made to
understand the role of crystallographic alignment in
whisker behavior. Notably, b-Sn has a body-

centered tetragonal structure, where the c-axis is
much shorter than the a-axis (c = 0.318 nm,
a = 0.563 nm), which results in significant elastic
anisotropy. Based on available Cij stiffness param-
eters,55 we calculate E001 = 63.9 GPa and
E100 = 29.7 GPa for b-Sn. Simultaneously, the ther-
mal expansion coefficient in the c-direction is about
twice that in the a-direction. It follows therefore
that a film with a majority of grains with (001) pole
(plane normal) aligned with the substrate normal
would have lower stress compared with one with
(100) or (110) texture. At the same time, if the
texture is (110) and there is a minority of grains
with (001) poles along the surface normal, then
stress can be relaxed by movement of atoms on
planes normal to the stress direction in the (110)
grains to planes parallel to the substrate in (001)
grains, minimizing whisker formation. The effects
of anisotropy were recently investigated in Ref. 56
using a multiphysics computational framework in a
simulated columnar polycrystalline grain network
under strictly thermal stress conditions, highlight-
ing the strong influence of anisotropy and texture on
the hydrostatic stress fields that drive diffusion
along grain boundaries. Note that the textures
typically cited in literature for Sn samples include
(112), (321), etc. but not the simple ones mentioned
here. Nevertheless, it is relevant to note that Moon
et al.25 conducted a systematic study correlating
deposition parameters to pure Sn film texture. They
showed that, beyond an Ilimit deposition condition,
hydrogen evolution occurred but simultaneously
(001) film texture could be realized. However,
whisker growth behavior was not reported by those
investigators. In separate work, Sarobol et al.57

Fig. 2. (a) Cross-section of Pb-containing Sn deposit, showing equiaxed microstructure with many horizontal grain boundaries; reprinted with
permission from Elsevier.14 (b) Schematic showing how horizontal boundaries act as vacancy sources (or atom sinks), thereby absorbing the
atom flux flowing up vertical boundaries.
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observed strong (001) texture in Sn-0.2Cu-1.3 Pb
film, with multiple of random distribution (MRD) as
high as 25. In our own work on codeposited Sn-In
alloy, reasonably strong (001) texture with MRD of
4 was obtained.39 The latter two studies show
hillocks and absence of whiskers, and although
other mechanisms are involved, it be may be useful
to generate (001) texture through controlled elec-
trodeposition conditions.

LEGACY APPROACHES FOR WHISKER
MITIGATION

To mitigate whiskers, the electronic packaging
industry has for years relied on adding 3% to 50% lead
(Pb) into Sn films, since it effectively mitigates
whiskers.1,3,14 Pb-alloyed samples show primarily
hillocks or protrusions, where the aspect ratio (length
to diameter ratio) of whiskers is low, typically in the
range of 1 to 5. Note, however, that small whiskers of
length less than 40 lm have been observed in Pb-
containing Sn electroplating; however, because of
their small length, they have not been found to be a
major cause for electronic package failure.50

Currently, in a more environmentally conscious
world, Europe has already imposed a ban on Pb
incorporation through the 2006 European Union
Restriction of Hazardous Substances (RoHS) direc-
tive.58 Importers may only place components that
comply with the directive on Pb onto the EU
market. If products do not follow these guidelines,
they may be recalled or removed from the market.
Indeed, this is a global issue. Even before the ROHS
rule was enacted, the Japanese Ministry for Inter-
national Trade and the Japanese Automobile Indus-
try Association called for a 50% reduction of Pb in
automobiles (excluding the battery) by 2001, and a
66% reduction by 2003. Many Japanese manufac-
turers have moved to a lead-free process in accor-
dance with RoHS guidelines. South Korea also has
regulations in place that are in line with the ROHS
directive. In 2003, California passed the Electronic
Waste Recycling Act of 2003 (EWRA). This law
prohibits the sale of electronic devices that are not
consistent with the EU RoHS directive after 1
January 2007. In the rest of the USA, even though
aerospace and military applications are exempt
from Pb-free packaging, many electronic manufac-
turers are moving away from Pb-containing elec-
tronic packaging. The National Electronic
Manufacturing Initiative (NEMI) in collaboration
with Joint Electronic Device Engineering Council
(JEDEC) solid-state technology have proposed stan-
dardized testing methods for tin whisker mitigation
and risk assessment.59

Since the regulatory ban on Pb in electronics in
the mid-2000s, several different methods have been
used to mitigate whisker growth, with varied levels
of success. One such approach is annealing electro-
plated samples at 100–150�C for 1 h.10,60 One of the
possible motivations for this heat treatment is the

formation of Cu3Sn phase above 60�C to 80�C,22,24,30

which may more uniformly spread along the inter-
face and also serve as a stronger barrier to Cu
diffusion. Another method is to include a certain
amount of porosity in Sn platings.20 Depositing a Ni
layer between the Cu substrate and Sn has been
suggested as an approach to reduce whisker growth
because of the low diffusivity of Cu through the Ni
layer.61,62 Low stresses have been observed in Sn
films deposited on Ni substrate, although multiple
IMCs form between Sn and Ni.53 However, whisker-
ing is only minimized until the Ni is depleted by its
reaction with Sn and the underlying Cu to form
(Cu,Ni)6Sn5, thus Ni underplating is not effective
for long-term applications.

A substantial body of work has been reported on
the use of conformal coatings on Sn to minimize
whisker growth.16–18,63–65 Of several polymeric con-
formal coats examined on assembled electronic
packages, Parylene C coatings have been found to
be most effective for suppressing whisker formation.
It was further noted that very thin conformal coats
were generally unable to contain whisker growth. It
has also been suggested66 that, when reinforced
with 10 wt.% to 50 wt.% silica nanoparticles to yield
enhanced stiffness and strength, polyurethane coat-
ings are also effective for mitigating whisker for-
mation. In related work, whisker suppression was
observed after deposition of tin oxide nanoparticles
on electroplated tin.11 There is evidence that a
weakly adherent conformal coat that delaminates,
and therefore bulges out as whiskers grow from the
underlying plating, is advantageous for slowing
whisker growth, although eventually the whisker
may penetrate the coating and grow unabated. A
strongly bonded coating, on the other hand, is
penetrated early on, and is unable to slow whisker
growth. Overall, these mitigation strategies are
empirical in nature. They do not address the
underlying fundamental issues, such as compres-
sive stress generation and diffusion, that are central
to whisker nucleation and growth.

RECENT ADVANCES THROUGH ALLOY
DEVELOPMENT

Effect of Alloy Additions

In recent work, Nielsen and Woodrow67 system-
atically investigated the roles of a number of binary
alloying elements, including Pb, Ni, Co, Sb, Au, Ge,
and Cu, in whisker growth from Sn. The films were
approximately 3 lm thick and deposited on pure Cu
substrate. They demonstrated that, while 3.1% Pb
slows whisker growth somewhat, the effect is not
dramatic. Meanwhile, 1.3% Au, 2.4% Sb, and 1.1%
Ge were shown to have a larger effect in suppress-
ing whisker formation. An overcoat of Au on the Sn
coating had an even greater impact on the reduction
of Sn whisker formation. It was observed that, in
the Au- and Ge-doped Sn films, fine precipitates of
either an intermetallic or the alloying element were
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formed in the film, along with nanoscale pores.
Nanopores were observed in the Sb-doped film as
well, although no precipitates were observed. Con-
sistent with previous reports,20 this suggests that
elemental additives that promote formation of a
porous film will mitigate whisker growth. It is
notable that the Sn-Ge film exhibited (001) texture
along the substrate normal, similar to what has
sometimes been observed in Sn-Pb films. Therefore,
the texture may also have been a factor in the
suppression of whiskers in Sn-Ge.

Quite a few studies have been conducted on Sn-Bi
films because, among other reasons, Bi addition
reduces the melting point of the alloy and permits
reflow at temperatures lower than those required
for pure Sn. It was shown in Ref. 33 that, following
1 year of aging, whiskers were present in both Bi-
and Ag-containing Sn films in 2-lm-thick platings,
but that they were essentially absent from 5-lm-
thick coatings. The Sn-Bi samples exhibited a
largely columnar microstructure, and from reaction
zone observations, the investigators concluded that
the reaction zone morphology in the form of finer
IMC formation may largely have contributed to the
reduced whisker propensity of this alloy film. Pulsed
plating of Sn-Bi alloys68 was conducted in an
attempt to form equiaxed morphology in Pb-free
tin films. By selective application of pulsed current,
the authors successfully formed equiaxed
microstructure for alloys with Bi content down to
3 wt.%.68 However, the whisker resistance of these
electroplatings was not reported. In a subsequent
publication69 using pulsed electroplating, it was
reported that whiskers formed in Sn, Sn-Cu, and
Sn-Zn alloys, but only hillocks were observed in Sn-
Bi over a 6-month period. X-ray diffraction (XRD)-
based stress measurements revealed a stress of
� 10 MPa in the Sn-Bi film versus � 29 MPa for the
pure Sn film, suggesting that Bi was effective in
reducing film stress, although the stress reduction
mechanism remained unclear. Stress measure-
ments of 7.5-lm-thick Sn and Sn-Bi electroplatings
on a Si substrate were conducted in Ref. 70, where
stresses were induced by thermally cycling over
temperature ranges up to 40�C. Significant stress
relaxation was observed in Sn-Bi films compared
with pure Sn, irrespective of whether the
microstructure was columnar or partially/fully
equiaxed, suggesting that mechanisms other than
the microstructure contributed to the stress reduc-
tion. Whisker growth studies on approximately 5-
lm-thick Sn-Bi electroplatings with Bi content up to
2 wt.% were conducted in Ref. 71. They reported no
whiskers in Sn-2Bi alloy following 1 year of aging at
room temperature. The microstructure showed that
the grains were mostly equiaxed in the as-deposited
condition, but that changed to columnar morphology
after 1 year of aging. This is similar to what has
been observed in some Sn-Pb alloys mentioned
above. The IMC formation in the Sn-Bi case was
significantly more uniform and finer than in pure

Sn films, similar to Sn-Pb systems,32,50 and may
have contributed to a lower stress in the Sn-2Bi
electroplating. Kim et al.72 studied whisker forma-
tion in Sn-Bi alloys under thermal cycling condi-
tions. Whiskers were observed in both pure Sn and
Sn-10Bi electroplatings, although less so in the Sn-
10Bi alloy. Cracking was also observed at the
surface grain boundaries following thermal cycling,
emphasizing the embrittlement effect of Bi on Sn
electroplatings.

Whisker studies were conducted on Sn-6Ag elec-
troplatings in Ref. 51, with no whiskers being
observed over a period of several months. The
microstructure revealed a combination of columnar
and inclined grain boundaries, along with Ag3Sn
precipitates at the grain boundaries. Following
4 months of aging at room temperature, the
microstructure was coarser and largely columnar,
and extensive lateral grain growth was observed. It
is suggested that Ag likely contributed to extensive
grain growth, and that this growth served to relax
stresses when the reaction zone was growing most.
This is similar to what was mentioned above for the
Sn-Pb system19 and emphasizes the important role
of the stress-induced lateral grain growth contribu-
tion to whisker mitigation. In separate work,
whisker studies were conducted on Sn-Ag films73

deposited on thin Cu film deposited on a Si sub-
strate. It was found that the whisker density was
significantly reduced for the Sn-Ag plating com-
pared with pure Sn, although a quantitative com-
parison was lacking. Ag3Sn was observed at grain
boundaries, and the drastic drop in whisker forma-
tion was found to be independent of whether the
microstructure was equiaxed or columnar. Zn and
Cu additions have also been utilized in an attempt
to mitigate tin whiskers. Zn additions have been
found to increase the thickness of the oxide layer,
and whiskers with complex morphologies were
observed in Ref. 69. On the other hand, the detri-
mental effect of Zn on whisker formation and
growth has also been reported.48 A similar detri-
mental effect of Cu on whisker formation in Sn-Cu
electroplating was reported in Ref. 14.

From the discussion above, it is clear that a
number of approaches, such as undercoats and
overcoats, conformal coating, and alloying with
various elements, have been utilized to mitigate
whisker growth, with varying degrees of success.
Among these, Bi comes close to desired whisker
mitigation needs, but suffers from an embrittling
effect at higher Bi content. Various arguments have
been provided regarding the whisker mitigation
mechanisms for Sn-Pb, such as the presence of an
equiaxed microstructure, enhanced grain boundary
mobility, uniform and finer IMC zone, and reduced
grain boundary diffusivity because of Pb atoms or
Pb islands on the grain boundary. However, the
many mechanism studies have failed to provide a
path forward to whisker-free Sn electroplating,
except the need for a film with reduced in-plane
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compressive stress. One important missing link has
been that none of the previous studies have
attempted to manipulate the tenacious SnO2 oxide
layer, which is only about 2 nm thick, but which as
mentioned above is a key ingredient that prevents
stress relaxation in films of Sn on Cu, or Al on Si.
Recent work by the current authors has shown that
addition of indium significantly influences the oxide
layer and effectively stops whisker growth. In the
following, results of this work and the mechanistic
approaches through which In mitigates whisker
growth are presented.

Effect of In Addition

Recent work has demonstrated that addition of
6% to 10% indium prevents growth of long whiskers
from electroplated Sn coatings during isothermal
aging at room temperature.74–76 Unlike with Pb
additions, where whisker growth is mitigated but
not eliminated, addition of In at this concentration
level completely eliminates whisker growth.

Indium was selected as a dopant primarily
because: (a) its atomic number is close to that of
Sn (49 for In, 50 for Sn), minimizing the likelihood
of chemical interaction; (b) In has moderate solubil-
ity in Sn (around 4 wt.% at room temperature),
which reduces the chance of precipitation of In
within the Sn grains, and (c) In forms a strong oxide
(In2O3), and moreover with a larger negative free
energy of formation compared with SnO2, such that
the two oxides could compete for the oxide scale.
This would compromise the continuity and tenacity
of the oxide layer and permit vacancy flux from the
architectured nanoporous oxide surface. Further-
more, In3+ ions in the Sn4+ matrix of the oxide would
lead to an anion-deficient oxide, which would also

contribute to vacancy formation at the oxide–metal
interface. The net result of the vacancy flux would
be reduced stress in the electroplating without the
need for a whisker-type break at the free surface.

The efficacy of In for mitigation of whisker growth
in 1-lm-, 3-lm- and 6-lm-thick electroplated Sn was
assessed by comparing whisker growth rates in Sn
doped with (6 wt.% to 10 wt.%) In versus pure Sn
processed under identical conditions.74–76 Since an
electrolyte was not available initially for codeposit-
ing Sn and In, Sn-In samples on Cu substrates were
made in three layers (i.e., Sn-In-Sn), followed by a
diffusion heat treatment to homogenize the
through-thickness composition, for comparison with
a control trilayer Sn-Sn-Sn sample and a monolithic
Sn coating of the same thickness (1 lm, 3 lm, or
6 lm). As seen in Fig. 3a,75 no whiskers with aspect
ratio (AR = length/diameter) greater than 5 grew in
the 3-lm Sn-In-Sn sample, although under the
same processing conditions, a high density of
whiskers grew in the pure Sn and Sn-Sn-Sn sam-
ples. Similar whisker mitigation has been reported
for a 1.6-lm Sn-In-Sn sample with 7 wt.% In over a
1.5-year period, where a focused ion beam (FIB)
cross section revealed a columnar microstructure.76

A major problem with Sn-In codeposition is the
significant difference in standard electrode poten-
tial with respect to the standard hydrogen electrode
between Sn/Sn2+ and In/In3+, the difference being
much larger compared with Pb/Pb2+. Nevertheless,
electrolytic techniques have now been developed to
codeposit Sn-In alloys.77–79 By altering the potential
conditions in a three-electrode system, the inorganic
bath can be used to deposit either pure In or pure
Sn, or a range of Sn-In compositions in between.
Experiments with these electroplated samples with-
out heat treatment indicate that their performance

Fig. 3. (a) Evolution of whisker density (aspect ratio ‡ 5) in 3-lm-thick films of Sn, Sn-Sn-Sn, and Sn-In-Sn (10 wt.% In), with increasing aging
time up to 9.6 months at room temperature; reprinted with permission from Springer Publishing.75 (b) Profuse whiskering in a 1.6-lm-thick heat-
treated Sn-Sn-Sn sample after 1.5 years of aging at RT.
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is similar to the heat-treated multilayered samples
discussed above. Thus, Fig. 4a shows the surface of
a codeposited Sn-9In film, which was deposited
using an inorganic bath, following 1 year of aging at
RT. No protrusions with aspect ratio greater than 5
are observed, and most of them have a stocky
structure, as shown in the higher-magnification
image in Fig. 4b.

Figure 5 shows a FIB cross section of a code-
posited Sn-6In sample approximately 1.5 lm thick.
At this thickness, the microstructure is largely
columnar along with a few oblique grain bound-
aries. No whiskers have been observed for this
composition for almost 2 years now. In thicker films,
a combination of columnar and equiaxed grains is
observed.75

Collaborators at Technic have conducted cyclic
thermal shock tests (� 55�C to + 85�C, three cycles
per hour) as per JEDEC standard JESD20A on
coplated Sn-10%In samples. They found zero

whisker growth after 1500 cycles, even though the
acceptance standard for this test is whiskers of less
than 40 lm length, further confirming the efficacy
of In for eliminating whisker growth.

In more recent work with indium concentrations
less than about 6% in such codeposited coatings,
whiskers of about 25 lm length have been observed
after approximately 5 months of aging at RT.79

However, heat treatment of the film at these lower
concentrations demonstrated whisker mitigation.
The reasons for a threshold level of indium or the
effect of heat treatment remains to be understood.

Role of In in Whisker Growth: Mechanisms

Based on the whisker growth mechanisms out-
lined above, the influence of dopants on whisker
kinetics may be grouped into the following four
categories: (i) change in grain boundary self-diffu-
sivity of Sn, which changes the diffusion of Sn
through the coating (in both lateral and thickness
directions) to feed a potential whisker; (ii) change in
the compressive stress within the film, which is
governed by the reaction kinetics between the
substrate and coating; (iii) change in the microstruc-
ture to an equiaxed one where vacancies can be
created at horizontal grain boundaries or where
stress relaxation can occur via highly mobile grain
boundaries; and (iv) alteration of the composition
and/or morphology of the surface passivation layer
(i.e., surface oxide), potentially reducing its stiff-
ness,75 strength and tenacity.76

The effect of In addition on each of the above
mechanisms is briefly presented below:

Influence on Grain Boundary Diffusivity The
impact of dopant (Pb or In) segregation at Sn grain
boundaries was studied by molecular dynamics
(MD) simulations,80 where a small amount (4
at.%) of Pb or In was randomly introduced into

Fig. 4. SEM images of surface of codeposited Sn-9 wt.%In alloy following 1 year of aging at RT: (a) low-magnification image showing overall
features and (b) higher-magnification image of protrusions.

Fig. 5. FIB image of cross section of 1.6-lm-thick codeposited Sn-
6In alloy on Cu substrate.
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two lattices straddling a tilt-twist grain boundary.
Following equilibration, the solute atoms formed
clusters at the grain boundary, similar to the
experimental observations of Pb clustering at Sn
grain boundaries.14 Following segregation, the
grain boundary self-diffusivity was computed, and
the effects of Pb and In were assessed to be similar.
In both cases, the grain boundary self-diffusivity in
Sn (Dgb) with added dopants was found to be 1/3 to
1/2 of that in pure Sn, indicating that the dopant
does reduce the rate of transport of Sn to the
whisker root, but not by enough to rationalize the
observed elimination of whisker growth. Therefore,
although dopant addition certainly contributes to
whisker mitigation by reducing Dgb, it appears that
this is a relatively minor contributor.

Influence on IMC Morphology As indicated above,
Pb and Bi appear to form a finer and more
homogeneous reaction zone, which in the limit can
be approximated as a planar IMC front that would
reduce stress development. However, even for these
dopants, not much information is available in
literature on their effect on stress, apart from the
impact of other mechanisms that operate simulta-
neously. The best one can deduce at present is that
they are favorable to whisker mitigation. In the case
of Sn-In, significant difficulty was faced during FIB
sectioning using Ga ions, because Ga and In form a
very low melting eutectic, thus a clear-cut effect of
the influence of In on IMC morphology could not be
discerned. We note in passing that preliminary
glancing-incidence XRD analysis of the IMC layer
suggested multiple Cu-In intermetallics (Cu11In9,
Cu7In3, Cu4In, CuIn) in addition to Cu6Sn5. Calcu-
lation of the growth kinetics of Cu11In9 and Cu6Sn5,
based on data from,81 showed that Cu11In9 would
likely form first at the Cu-Sn interface, followed by
formation of Cu6Sn5.79 The diffusivity of Cu through
Cu11In9 is low compared with Cu6Sn5, which could
impact the IMC volume and thereby stress.

Influence on Microstructure Whisker studies on Sn-
In alloys have been conducted over a range of
plating thicknesses from 1.5 lm to 6 lm.74–76 The
microstructure changed from columnar to mixed
columnar equiaxed to fully equiaxed morphology as
the thickness was increased. Since whiskers were
eliminated for all the thicknesses, one may conclude
that whisker mitigation due to In did not occur due
to the microstructure. However, as mentioned
above, an equiaxed microstructure as well as mobile
grain boundaries are favorable to whisker
mitigation.

Influence on Surface Oxide and Near-Surface
Region Angle-resolved x-ray photoelectron spec-
troscopy (XPS) and Auger electron spectroscopy
(AES) have been applied to understand the role of
surface and near-surface regions in whisker miti-
gation.39,76 As may be recalled, one of the key

requirements for whisker formation and growth is a
tenacious oxide film that prevents generation of
vacancies in the surface or near-surface region,
which could migrate along grain boundaries to
mitigate local compressive stresses.

The angle-resolved XPS results indicated that
SnO2 in the pure tin sample had a thickness of
approximately 2.5 nm, which is consistent with
thicknesses reported in literature. For the heat-
treated Sn-In-Sn multilayered sample, the oxide
thickness ranged between 3 nm and 4 nm for the
heat-treated Sn-In-Sn multilayered sample. Decon-
volution of the XPS peak profile for O 1s confirmed
that both SnO2 and In2O3 were present in the oxide
layer.39,76 In essence, these two oxide species would
compete for the same spot in the oxide scale, which
could compromise the integrity of the oxide layer.
Furthermore, the XPS profile indicated the signa-
tures of Sn2+ and In2+ species, suggesting the
formation of a defect structure oxide, namely
(Sn1�xInx)O2�y, where x and y represent the stoi-
chiometry of anions and cations, respectively. Note
that SnO2 is an n-type anionic-deficient oxide with
oxygen vacancies, and the addition of In3+ is
anticipated to increase oxygen vacancies. These
would affect the passivation capability or protec-
tiveness of the oxide, thereby compromising the
tenacious natural oxide of Sn. Indeed, cyclic voltam-
metry studies show that In decreases the passiva-
tion properties of the oxide in dilute acidic
solution.76

The AES depth profile from76 is reproduced in
Fig. 6a. It shows an enrichment of In in the surface
oxide layer and in the subsurface region to a depth
of between 20 nm and 70 nm below the surface.

After the bulk In composition of approximately
7 wt.% was reached via sputtering, the sample was
exposed to RT air for 2 days and then analyzed
again in the Auger instrument. Figure 6a shows
that, once again, there was surface enrichment of In
following RT exposure, consistent with the rapid
diffusion of In along the grain boundaries. The
primary driving force for In diffusion to the oxide
layer and the subsurface region is believed to be the
larger negative free energy of formation for In2O3

(� 735 kJ/mole) versus SnO (� 285 kJ/mole) or
SnO2 (� 527 kJ/mole). Note that similar surface
segregation driven by oxidation reaction has been
observed in the past, for Sn addition to Pb and In
addition to Pb systems,82,83 so the recently observed
segregation of Into the oxide and subsurface region
of the Sn-In film is consistent with earlier findings.
Surface energy and elastic modulus, E, effects may
also contribute to the near-surface segregation,
where it may be noted that the E values of Sn, Pb,
and In are approximately 42 GPa, 14 GPa, and
12 GPa, respectively. Clearly, more work is needed
to understand the subsurface segregation.

Further investigations have shown that there is
In enrichment at the grain boundaries (Fig. 6b) of
the oxide scale, which can be rationalized in terms
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of higher grain boundary diffusivity of In compared
with bulk diffusivity. This would also imply that
defects and possibly cracks in the oxide layer would
likely occur at the grain boundaries. However,
because of many such boundaries, they can serve
as vacancy sources that can release stresses from
high compressive stress location regions (Fig. 1b)
and thereby relax stresses in the Sn-In film without
forming any whiskers, as illustrated in Ref. 76.
Finite element analysis of a Sn-In layer with a
porous oxide has shown that the hydrostatic stress
gradient is substantially reduced compared with a
defect-free oxide layer.84 In addition, the In-en-
riched region below the surface would reduce the
local material stiffness and flow strength, and aid
stress relaxation of the top region of the electrode-
posit where whiskers potentially nucleate.

Surface analytical studies have been conducted
for Pb-doped Sn by Wang et al.50 and more recently
by us.39,76 In both of these studies, subsurface
segregation of Pb was observed, ranging from
140 nm to 250 nm in depth, and the maximum Pb
enrichment was as much as two to four times the
bulk Pb content (8 wt.% to 14 wt.%). Barely any
PbO was observed at the surface, suggesting that
the surface layer was composed essentially of tin
oxide. Depth profiling showed metallic Pb enrich-
ment just below the oxide layer and in the grain
boundary regions, consistent with the phase dia-
gram that shows limited solubility of Pb in Sn.
While the enrichment near the surface can cause
surface defects, Pb-enriched grain boundaries can
also serve to alter the morphology of the IMC layer
at the substrate interface (see the discussion above).
Finally, the near-surface enrichment of Pb and In
may be due to multiple causes such as respective

surface energies, but more importantly their pres-
ence suggests a softer near-surface region that can
relax local stresses where whiskers nucleate,
thereby preventing whisker nucleation and growth.

CONCLUSION

Recent progress in tin whisker mitigation strate-
gies is discussed herein. Starting with the three key
requirements for whisker nucleation and growth,
various strategies are discussed in terms of how
they impact whisker mitigation and the mecha-
nisms involved. Most approaches are designed to
reduce in-plane compressive stress in the electro-
plated film, since the stress and more importantly
the stress gradient drives the vacancy/atomic flux
that is needed for whisker growth.

Literature shows that dopants/alloying elements
can alter the IMC formation rate and morphology,
which can influence the stress in isothermally aged
electroplated films on Cu. The dopant can also alter
the morphology of grains from columnar to
equiaxed, and can enhance grain boundary migra-
tion that can globally alter the film microstructure
and locally lead to hillock formation rather than
whiskers. While alloying elements have been found
to segregate to grain boundaries, their effect on
diffusion kinetics is relatively small and cannot
explain the strong effect of certain elements in
limiting diffusion-mediated whisker growth. Sur-
face analysis and depth profiling using Auger/XPS
have demonstrated that dopants can create multiple
oxides and defects in the top oxide layer. These
competing oxides and defects can compromise the
tenacity of the oxide layer and relax stresses,
similar to Fe and Cu, which do not form strongly
adhering oxides. In addition to the oxide scale, near-

Fig. 6. (a) AES depth profile of Sn, In, and O in the Sn-In-Sn sample. The surface and near-surface region shows an enrichment of In compared
with the bulk (� 7 at.% In, consistent with EDS analysis). (b) Indium concentration map of the oxide layer of an aged Sn-In-Sn sample with
7 wt.% In, showing enrichment of In oxide at the grain boundaries. Reprinted with permission from Springer.76
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surface segregation of dopants can reduce the
strength and elastic modulus of the film in the
near-surface region and permit stress relaxation in
a region where whiskers nucleate. It has been
demonstrated that these multiple oxides and sub-
surface segregation are present for Sn-In electrode-
posits, which has been shown by the authors to
eliminate whiskers over 1.5 years now. A similar
mechanism may also operate for Sn-Pb films and
help explain why whisker mitigation is observed for
this system irrespective of whether the microstruc-
ture is equiaxed or columnar.
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