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Local, submicron, strain gradients as the cause of Sn whisker growth
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It has been shown experimentally that local in-plane residual strain gradients occur around the root
of spontaneously growing Sn whiskers on the surface of Sn coatings deposited on Cu. The strain
distribution has been determined with synchrotron white beam micro Laue diffraction
measurements. The observed in-plane residual strain gradients in combination with recently
revealed out-of-plane residual strain-depth gradients 关M. Sobiech et al., Appl. Phys. Lett. 93,
011906 共2008兲兴 provide the driving forces for whisker growth. © 2009 American Institute of
Physics. 关DOI: 10.1063/1.3147864兴
The mechanisms of spontaneous formation and growth
of Sn whiskers from surfaces of Sn coatings deposited on Cu
represent a controversially discussed phenomenon for more
than 50 years.1,2 As nowadays the system Sn–Cu will usually
be applied for interconnection of electronic systems, filamentary Sn whiskering on Sn coated leadframe legs of modern microelectronic devices constitutes an issue of great technological relevance because whisker-induced short-circuit
failures have resulted in enormous costs including failures of
satellites and military and medical devices.1
Sn whiskers are “nearly” perfect single crystal filamentary structures3,4 共see Fig. 1兲 with diameters of ⬃1 – 10 m
and with lengths up to several millimeters. Whiskers grow
through continuous addition of material to their base5 with
growth rates of around 0.1 nm/s6 and up to 1000 nm/s in the
presence of externally applied mechanical stresses.4 Despite
of 50 years of study, no proposed model to date is capable of
explaining all key features of whisker growth behavior on Sn
thin films deposited on Cu2,6–13 共e.g., moment of whiskering,
location of nucleation sites, kinetics of growth, and development of specific surface morphologies兲. The driving force for
whisker growth has been attributed by the majority of researchers to a buildup of mechanical compressive strains in
the Sn coating during and/or after layer production and thus
whisker growth can be regarded as a strain relief
phenomenon.2,7–9,13–16 Compressive strains in the Sn coating
develop upon aging at room temperature due to intermetallic
phase formation at the Cu/Sn interface. After Sn deposition
and during subsequent aging at room temperature, Cu diffuses into the Sn thin film14,17 leading to the formation of the
intermetallic compound Cu6Sn5,14 preferentially along the Sn
grain boundaries intersecting the Cu/Sn interface.2,8,18 The
Cu6Sn5 formation is accompanied by a volume expansion
and as a consequence, residual compressive strains parallel
to the surface can be generated in the Sn thin film.2,8,18 It has
been speculated that negative strain gradients either in the
direction from the Sn surface toward the intermetallic compound region near the interface with the substrate1,2,8,14,18
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共i.e., the strain becomes less compressive toward the Sn surface兲 or parallel to the surface of the Sn layer in the direction
from the whisker root toward the whisker surroundings 共i.e.,
the strain becomes less compressive toward the whisker
root兲, drive the transport of Sn atoms to the whisker root and
thus control Sn whisker growth.2,19 However, conclusive experimental evidence for the presence or absence of strain
gradients has remained elusive.
Only very recently, experimental evidence has been presented which indicates that compressive strains are not a prerequisite for whisker formation, but that, instead, the strain
gradient in the direction from the surface of the Sn layer to
the intermetallic compound region must be negative.20 Thus,
whisker growth can occur in the presence of a tensile strain
in the surface region of the Sn layer.
A previous attempt to assess the residual strain distribution around a Sn whisker using the white beam Laue diffraction technique19 suffered from low experimental accuracy for
strain detection. Moreover, the present work demonstrates
that it is of paramount importance to conduct strain characterization around the whisker during its ongoing growth, otherwise the locally acting driving force共s兲 are likely absent. In
this letter, we discuss the role of in-plane residual strain
gradients determined experimentally around the root of

FIG. 1. 共Color兲 Schematic model, on the basis of the results of the present
work, of the whisker-formation process in Sn thin films deposited on Cu
substrates upon aging at room temperature. The focused ion beam micrograph illustrates the growth morphology of a Sn whisker.
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growing Sn whiskers in combination with recently revealed
out-of-plane residual strain-depth gradients20 共see section
above兲 as driving forces for whisker growth.
In the present work, Sn thin films with a thickness of
about 3 m were electrodeposited onto pure Cu substrates
共commercial leadframe material兲 using an industrial electrolyte by employing a laboratory electrodeposition setup. The
Sn layer has a 兵321其-fiber texture and a columnar Sn grain
morphology with in-plane grain sizes of 2 – 5 m 共for further details see Ref. 18兲. Directly after Sn deposition the
surface of the specimens was rinsed with methanol and subsequently the specimens were dried and aged at room temperature 共i.e., storage at ⬃22 ° C / 25% – 50% relative humidity without controlling the ambient atmosphere兲. The first
whiskers were observed roughly 4 days after Sn deposition.
In order to experimentally determine the strain distribution around growing Sn whiskers, high-resolution white
beam micro Laue diffraction measurements were performed
at the synchrotron beamline 34ID-E21 at the Advanced
Photon Source 共APS兲 of the Argonne National Laboratory
共Argonne, Illinois, USA兲. The region around the root of
growing Sn whiskers covering an area of ⬃20⫻ 20 m2
was step scanned 共with steps of 0.5 m steps using a x-y
translation stage兲 with a polychromatic 共8–24 keV兲 focused
x-ray beam of ⬃0.3⫻ 0.3 m2. Since the size of the Sn
grains is larger than the focused x-ray beam, a single crystal
micro-diffraction Laue pattern was recorded for each probed
specimen position. In combination with a high-precision
charge coupled device 共CCD兲 area detector for data collection, two dimensional 共i.e., the diffraction data recorded at
each probed specimen position contain information from all
positions along the penetration depth through the film thickness of around 3 m兲 residual strain measurements were
performed on the basis of white beam Laue diffraction. By
using computer-automated peak search routines the angular
positions of the Bragg reflections were determined and by
employing pattern-recognition software the diffraction pattern could be indexed with respect to reference patterns.22
The crystallographic orientation and the 共deviatoric兲 strain
tensor components were derived directly from the indexed
Laue diffraction patterns. The accuracy of this method depends strongly on the experimental setup and on the resolution of the CCD detector used for the measurement. In the
present study, the diagonal 共deviatoric兲 strain tensor components could be determined with an accuracy of about 0.01%
strain.
After aging the specimen at room temperature for around
40 days, two dimensional micro-diffraction measurements
were made around the root of growing Sn whiskers. The
crystallographic orientation map and the corresponding diagonal 共deviatoric兲 strain tensor components measured at each
probed position in the vicinity of a whisker root 共see Fig. 3兲
are shown in Fig. 2. Also shown are the radially averaged
values of these strain tensor components around the whisker
root. Off-diagonal components are not shown due to significantly higher strain uncertainty.
The in-plane strain tensor components xx and yy can be
used to calculate the 共averaged兲 in-plane 共parallel to the
specimen surface兲 strain 储 共储 = 1 / 2 共xx + yy兲; see Figs. 2共e兲
and 2共f兲兲. The diagonal 共deviatoric兲 strain tensor component
zz 共strain component normal to the specimen surface兲 can
also be used to assess the 共averaged兲 in-plane strain due to
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FIG. 2. 共Color兲 Two dimensional micro-diffraction 共area of ⬃20
⫻ 20 m2兲 data taken around the root 共white dotted circle兲 of a growing Sn
whisker. The regions colored black correspond to not indexed data points.
共a兲 The orientation image displays the corresponding 共RGB兲 color-coded
crystallographic orientations of the 关001兴 axis of the Sn grains with respect
to the 关001兴 pole 共which has the white color-code兲. 关共b兲–共d兲兴 Color-coded
diagonal 共deviatoric兲 strain tensor components xx, yy and zz 共see the illustration of the beamline setup and indication of the specimen frame of reference at the bottom of the figure兲. The scale bar displays the color-coded
deviatoric strains. 共e兲 Radially, in the plane of the surface, averaged values
of all diagonal 共deviatoric兲 strain tensor components 共xx, yy, and zz兲 as
function of the distance from the whisker root. 共f兲 Radially averaged inplane strain 储 as function of the distance from the whisker root in comparison with the radially averaged values of 储2共1 − 兲−1 and −zz.

mechanical equilibrium conditions by taking the 共isotropic兲
Poisson’s ratio of Sn 共 = 0.36; in this work the isotropic
Poisson’s ratio of Sn has been calculated from single crystal
elastic constants23 by adopting the elastic grain interaction
model of Eshelby–Kröner24兲 into account. The radial averaging of the strains over differently orientated 共mechanically
anisotropic, tetragonal兲 Sn grains justifies the use of the
isotropic Poisson’s ratio. As here an in-plane state of stress
has to be considered the following relations hold for the
corresponding strain: 储2共1 − 兲−1 = 1 / 2 共xx + yy兲 2共1
− 兲−1 = −zz. The comparison of the thus calculated values
for 储2共1 − 兲−1 with the measured values for the 共averaged兲
in-plane strain −zz clearly confirms data consistency 共see
Fig. 2共f兲兲.
The residual 共out-of-plane兲 strain zz is less tensile at the
whisker nucleation site than in the surroundings of the whisker root 共see Figs. 2共d兲 and 2共e兲兲, i.e., the in-plane strain, 储
共see Fig. 2共f兲兲, is less compressive at the whisker root than in
the whisker surroundings. 共Note that because deviatoric
strain components have been determined, the nature 共absolute value兲 of the strain is unknown.兲 It must be emphasized
that this finding was confirmed by performing measurements
for several 共i.e., five兲 growing Sn whiskers 共time-resolved
scanning electron microscopy 共SEM兲 investigations allowed
to prove their ongoing growth behavior兲, whereas whiskerfree specimens upon the same room temperature aging conditions did not exhibit either in-plane nor out-of-plane residual strain gradients 共whisker-free specimens were
produced by applying a post-plating annealing treatment of
150 ° C for 1 h,18 called “post-bake” in industrial manufacturing兲. Hence, negative in-plane (radially averaged) residual strain gradients occur in the direction from the whisker root toward the whisker surroundings 共see Fig. 2共f兲兲, i.e.,
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FIG. 3. 共Color online兲 共a兲 SEM micrographs of the Sn whisker and its
surroundings, pertaining to the results shown in Fig. 2. The white dotted
lines illustrate the approximate locations of 共b兲 the sequence of crosssectional FIB micrographs with respect to the specimen frame of reference
共cf. Fig. 2兲.

the strains are more tensile/less compressive at the whisker
root.
After aging for about 50 days at room temperature the
whisker pertaining to the results shown in Fig. 2 showed a
length of about 40 m and a diameter of about 3 m 共see
Fig. 3共a兲兲. Close inspections of the whisker tip during its
growth showed that the surface morphology did not change
with time, which is compatible with whisker growth by
pushing up from the base.5 In order to reveal the microstructure at the whisker root and near the Cu/Sn interface underneath the Sn whisker, focused ion beam 共FIB兲 cross sections
in steps of around 1.2 m parallel to the surface, progressing toward the whisker root, were prepared sequentially after
the last SEM investigation 共see Fig. 3共b兲兲. Evidently, the
Cu6Sn5 formation at the Cu/Sn interface occurs preferentially
along the grain boundaries of the columnar grains constituting the Sn layer. The development of Cu6Sn5 along Sn grain
boundaries is particularly pronounced underneath the whisker root 共see Fig. 3共b兲, image 3兲. This finding was confirmed
by cross-sectional FIB investigations performed on many
more Sn whiskers and whisker surroundings.
The measured residual strain distribution and the observed microstructure around the whisker root lead to the
following proposal for the mechanism of whisker formation
共see also Fig. 1兲: The deep penetration of Cu6Sn5 along the
Sn grain boundaries at the Cu/Sn interface induces in-plane
compressive 共macro兲 strains in the Sn layer, particularly in
the depth range where Cu6Sn5 formation along the Sn grain
boundaries proceeds. Due to mechanical equilibrium conditions in-plane tensile 共macro兲 strains then occur in the Sn
layer close to the surface; most pronouncedly at those surface locations where penetration of Cu6Sn5 along Sn grain
boundaries is most distinctive, as underneath a whisker. As a
consequence, both negative out-of-plane residual strain gradients, in the direction from the surface of the Sn layer to the
Cu/Sn interface 共for specific experimental evidence, see Ref.
20兲 and negative in-plane residual strain gradients in the
direction from the whisker-nucleation site toward the whisker surroundings 共see Fig. 2兲 occur. These out-of-plane and
in-plane negative strain gradients provide a driving force for
the transport of Sn atoms to the whisker nucleation site, as
strain-relief mechanism, and thus lead to Sn whisker growth.
Whiskers do not form at every location at the surface
corresponding with a pronounced Cu6Sn5 formation underneath, as follows from the cross-sectional FIB micrographs

shown in Fig. 3. This may be related to the crystallographically anisotropic nature of 共self-兲diffusion in Sn. The precise
crystallographic orientation of the Sn grains around and
above the location with pronounced Cu6Sn5 formation codetermines the rate of Sn transport from the strained surroundings to the potential whisker-nucleation site.
In this work, it was shown experimentally by employing
high-resolution synchrotron white beam micro Laue diffraction that negative in-plane residual strain gradients occur
around the root of a growing Sn whisker. These negative
in-plane residual strain gradients in combination with negative out-of-plane residual strain-depth gradients20 are the
cause of transport of Sn atoms to the whisker root, as a
strain-relief mechanism. Compressive strain is not a prerequisite for whisker formation. Instead, the nature of the three
dimensional strain gradients around a potential whiskernucleation site is decisive for whisker formation.
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