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Significance of Nucleation Kinetics in Sn Whisker Formation
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Sn whiskers are believed to form in response to stress in layers used as pro-
tective coatings. However, what makes them form at specific sites on the
surface is not known. We have used thermal expansion mismatch to induce
stress and observe the resulting whisker formation. Cross-sectional mea-
surements of the region around whiskers show that there are oblique grain
boundaries under the whiskers that are not seen in the as-deposited columnar
structure. The kinetics also suggest that the whiskering sites may be formed
by a nucleation process. Based on these results, we propose a nucleation
mechanism in which the boundaries of the surrounding grains migrate due to
strain energy differences and create oblique boundaries at which whiskers can
form. A simple model is developed to predict the stress-dependence of the

nucleation rate.
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INTRODUCTION

Sn whiskers are a critical reliability issue in
current electronics manufacturing. They grow in
the form of long filaments from Sn platings that are
used as protective coatings on electronic compo-
nents and printed circuit boards. Numerous system
failures (including satellite crashes and nuclear
power plant shutdowns) have been attributed to
their growth.! The issue has become more impor-
tant since the advent of Pb-free manufacturing.” In
the past, Pb alloying of the Sn coatings was used to
effectively suppress the formation of whiskers.?

Many studies have been performed to understand
the driving forces and mechanisms underlying
whisker formation* (or lower aspect-ratio features
that we refer to as hillocks). The cause of whisker/
hillock formation is generally accepted to be stress
in the Sn layer.””" Although the stress may have
multiple origins, the formation of intermetallic
compounds (IMC) at the Sn-Cu interface is the most
worrisome source, since it continues to develop as
long as the metals react to form IMC. Other sources
of stress such as mechanical deformation and
residual stress from the initial deposition can be
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relaxed by whisker growth or other plastic relaxa-
tion processes, so they are less likely to lead to the
formation of long whiskers that are the most
dangerous.

The wunderlying mechanism behind whisker
growth appears to be the diffusion of atoms from the
stressed film to the base of the whisker (driven by
local or long-range stress gradients). However, this
does not explain why whiskers form at specific sites
on the surface, i.e., typicallgr only 1 out of 10%*-10°
grains forms a whisker. Tu® recognized that crack-
ing of the oxide is necessary for whisker growth and
proposed that spots of broken oxide on the surface
are the places where the whiskers will grow. To test
this, Jadhav et al.” removed the oxide at multiple
spots on the surface using a focused ion beam (FIB).
They found that whiskers did not grow out of the
sites where the oxide was removed. Similarly, Su
et al.'” showed that whiskers can grow at the holes
in a thick patterned oxide but not all of the holes
will develop whiskers. These results indicate that a
weak or absent oxide is necessary for whisker
growth but is not enough to make whiskers grow.

Other results have shown that whisker formation
does not require any pre-existin% defects at the site
where whiskers start to grow,” although defects
such as unremoved flux can promote growth.!!
Additionally, measurements of the IMC layer
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underneath the Sn have shown that the grains
where whiskers form do not have a larger concen-
tration of IMC underneath them than other
grains.'? In fact, after the Sn layer was removed by
etching, there were no obvious features in the
remaining IMC layer that indicated where the
whiskers/hillocks had formed in the layer above.

The results summarized above suggest that the
underlying structure of the Sn layer plays an
important role in whisker initiation. One factor that
has been considered is grain orientation. X-ray dif-
fraction measurements’ indicate that the texture
of the Sn layer can affect the tendency to form
whiskers. Electron backscattering diffraction
(EBSD) measurements'* of the alignment of grains
that form into whiskers/hillocks show that some
orientations are preferred, although there are many
similar configuration that do not form into whis-
kers. Synchrotron measurements by Sarobol et al.'?
suggest that grains with a large elastic strain
energy density are most likely to form into whiskers.
However, there are many grains with similar ori-
entations that do not deform, so, although the ori-
entation may play a role in whisker formation, it is
not the only determinant.

Alternatively, the grain boundary structure may
affect whisker formation. The Sn layers typically
have a columnar microstructure, with grains that
extend throughout the thickness of the film; the
corresponding grain boundaries are primarily ver-
tical in character. For the platings that are used in
commercial applications, the grain size is typically
comparable to the thickness. In comparison, cross-
sectional measurements of the microstructure di-
rectly under whiskers/hillocks show that it is usu-
ally different from the rest of the layer. The grain
that contains the whisker/hillock does not extend
through the thickness of the layer but instead has
an oblique grain boundary underneath it (i.e., a
boundary with a horizontal component parallel to
the layer surface).

An example of a whisker with such a surface
grain boundary at its base is shown in Fig. 1.1 The
presence of the oblique boundary enables the whis-
ker to be pushed out of the surface by the addition of
material at its base.®'¢~*® This provides a sink for
the diffusive flux of atoms driven by the stress
gradient and allows whisker growth to relieve stress
in the layer. Without such sinks for atoms, diffu-
sional flow cannot relieve stress in the layer since
the surface oxide prevents diffusion of atoms to the
surface. The presence of internal oblique grain
boundaries is also proposed to be the reason why
Pb-Sn alloys (which have a more equi-axed micro-
structure) do not form whiskers since these layers
develop significantly less stress than pure Sn
layers.®”’

The origin of oblique grain boundaries at the base
of a whisker/hillock is a challenging puzzle since the
as-grown layers are columnar and do not appear to
have any surface grains after deposition. Vianco and
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Fig. 1. Cross-section of microstructure at the base of a whisker,
showing the presence of an oblique grain boundary (adapted figure
reprinted with permission from Ref. 16).

Rejent'® have suggested that plastic deformation in

the Sn layer creates a driving force for recrystalli-
zation. They propose that a new grain nucleates at
the surface of a grain that has a high strain energy
density. Because the new grain is strain-free, it
grows into the deformed grain, producing a non-
vertical grain boundary. Subsequently, material
flows into the new grain and pushes it out of the
layer in the form of a whisker.

To determine if whisker growth corresponds to
nucleation of new grains at the surface, Pei et al.'*
used EBSD to measure the orientation of grains in
the Sn layer before any deformation occurred and
after they started to form into whiskers/hillocks.
They observed grains that did not deform until 40 h
after deposition and found that these grains were
already present in the as-grown film, i.e., there was
no evidence that they had recrystallized as new
grains. Similarly, real-time scanning electron
microscope (SEM) videos of whisker and hillock
growth® show that surface features appear to grow
out of grains that were already there, not from a
new grain that nucleated after the layer was grown.

In this work, we propose an alternative mecha-
nism for the formation of surface grains that does
not require nucleation of a new grain. We compare
this mechanism with the results of experiments
using thermal cycling that enable the stress and
whisker/hillock nucleation rate to be measured
simultaneously. We find that the grain structure
underneath the whisker/hillocks is consistent with
the microstructure predicted by this mechanism. In
addition, the nucleation rate increases with stress
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as predicted by the model. However, the model
predicts that the magnitude of the stress needed to
nucleate a surface grain is much larger than what
we observe. This suggests that the barrier to
nucleation in the experiments is lower than the
mechanism in the proposed model, or that there are
other driving forces for whisker nucleation in addi-
tion to the stress.

PROPOSED MECHANISM FOR CREATION
OF SURFACE GRAINS IN A COLUMNAR
MICROSTRUCTURE

At first glance, the experimental results described
above regarding the sites for whisker initiation
appear to be contradictory: whiskers grow out of
grains that are present in the as-deposited film, but
the original film does not have any surface grains
(i.e., the microstructure is columnar). In this case,
where do the oblique grain boundaries come from
that are found at the base of the whiskers? How is it
possible to create a surface grain out of a thickness-
spanning columnar grain without nucleating a new
grain?

To resolve this requires a mechanism that leads to
the formation of oblique boundaries within an
existing grain without changing its orientation. We
propose that this can occur by the lower section of
the grain being consumed by the grains surround-
ing it. Many studies of bulk materials®*~?? have
shown that, when a material is deformed, grain
boundary motion can occur (i.e., strain-induced
grain boundary migration) as a result of differences
in strain energy density between grains (e.g., due to
the density of dislocations or elastic strain energy).
The grain boundary between grains with different
strain energy density will migrate from the material
with lower strain energy density into the material
with higher strain energy density, thus lowering the
strain energy in the material. Note that we distin-
guish this process from that of recrystallization in
which entirely new grains are formed within the
strained material.

To show how this mechanism can relate to whis-
ker nucleation, we consider the evolution of three
columnar grains (shown schematically in Fig. 2a) in
which the strain-energy density of the grain in the
center is higher than that of the two surrounding
grains. The boundaries migrate into the grain with
higher strain energy to lower the overall strain
energy of the material (Fig. 2b). We assume that the
grain boundary is pinned at the top surface (by
grooves) and at the bottom surface (by intermetallic
particles) so that these points cannot move. As the
grain boundaries bow in, they eventually meet to
form a new segment of vertical grain boundary
(Fig. 2¢). At the same time, they form a surface
grain whose oblique boundaries form a triple point
with the newly formed columnar boundary. This
could then become the site at which a whisker could
grow out of the surface (Fig. 2d). Importantly, the
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Fig. 2. Schematic describing the proposed mechanism for creation
of surface grains by strain-induced grain boundary migration.
(a) Initial microstructure consisting of columnar grains. The central
grain has larger strain-energy density than its neighbors. (b) The
boundaries of the neighboring low-energy grains bow into consume
the central grain. (c) The migrating grain boundaries meet to form a
new segment of vertical grain boundary, creating an oblique grain
boundary and a surface grain. (d) A whisker/hillock feature grows out
of the surface grain.

orientation of the surface grain is the same as the
orientation of the original grain, consistent with our
EBSD observations.

EXPERIMENTS

To explore the consequences of this mechanism,
we have performed measurements of stress and
whisker evolution in Sn layers. As discussed above,
in most applications the stress is due to the forma-
tion of IMC in the layer. The stress in these systems
is difficult to characterize and control. To control-
lably study the dependence of whisker nucleation on
stress, we have developed a system in which we use
the difference in thermal expansion between the Sn
layer and the Si substrate to create strain when the
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Fig. 3. Measurements of morphology and microstructure of hillocks created by thermally-induced strain. (a) Surface before thermal cycle.
(b) Hillock observed growing out of grain in (a) (within the dashed circle) after heating. (c) Cross-section of hillock feature (different from b)
showing oblique grain boundary. The scale in the vertical direction in (c) has been corrected for foreshortening due to the angle of incidence.

system is heated (i.e., the resulting strain is pro-
portional to the change in temperature). This
enables us to precisely control the applied stress
and strain rate. We have implemented this on a
measurement system® that enables us to simulta-
neously monitor the stress (using a wafer curvature
apparatus®?) and the whisker density (using an
optical microscope).

The samples consist of a Si substrate with native
oxide that has been coated via e-beam evaporation
with a 25-nm Ti binding layer and 80-nm Cu layer.
This is then electroplated with 2.5 ym of Sn. The
thin Cu layer is used to create the same micro-
structure and composition (i.e., with a concentration
of Cu in the Sn that is at the solubility limit) as in
other studies of Sn on Cu conductors. The sample is
held for 9 days after deposition in order to let the Sn
react with the Cu and saturate the formation of
IMC. Therefore, at the time when the experiments
are done there is no further IMC formation and we
can attribute all the stress changes to the thermal
strain and relaxation in the film.

Samples were measured during thermal cycles in
which the temperature was raised at a constant rate
(2°C/min) to a final temperature (65°C) and then
held for extended periods (5 h). Further details of

the experiments and the characterization methods
can be found in Ref. 23.

RESULTS

The morphology and microstructure of typical
hillock features induced by the thermal cycle are
shown in Fig. 3. The upper section of the figure
shows SEM images of the same region of the surface
(a) before and (b) after thermal cycling. The simi-
larity in the shape of the grain before heating and
the subsequent hillock that grows out of the surface
suggests that the hillock grows from a pre-existing
grain (this similarity between the hillock shape and
the initial grain structure was found for multiple
features). The cross-section of a different thermally-
induced hillock is shown in Fig. 3c. The hillock has
a V-shaped groove underneath it that connects at its
vertex with a vertical boundary between the
underlying grains. This microstructure is similar to
the microstructure predicted by the strain-induced
grain boundary migration model (Fig. 2d) and the
IMC-induced whisker shown in Fig. 1.

Measurements of the temperature history and the
corresponding layer stress and whisker density
are shown in Fig. 4a—c, respectively, for a sample



Significance of Nucleation Kinetics in Sn Whisker Formation

~ 80
o 1)
Q
5 60+ B
‘E 4 L
2 404 -
£ ]
(]
F 20 T T T
-60
|(b)
g
S 401 .
7]
(7]
° .20 .
b
o 1 1 1 1
~" 600
£ (c)
£ ] ¢
® co0 0090
> 400- o -
2 ry
[] /
° 200 ! 8
2 $
] ¢
< é
; 0'~' 1 1 1
= 30
c
g (d)
“g 20 -
S
£ 104 8
o
4
T 0 T T T Ty
0 30 60 90 120
Time (min)

Fig. 4. (a) Temperature, (b) stress and (c) whisker density measured
during heating of sample to 65°C. The axis of stress (in b) is inverted
to enable direct comparison with the thermal history (in a).
(d) Nucleation rate calculated from whisker density in (c).

heated to a maximum temperature of 65°C at a rate
of 2°C/min. In the early stages, the stress change is
observed to be proportional to the temperature
change, indicating that there is no stress relaxation
in the film. At longer times (higher temperatures),
the film stress deviates from proportionality with
the temperature indicating the onset of plastic
relaxation processes. This change in the stress
behavior corresponds to the initiation of whisker
nucleation seen in Fig. 4c.

The nucleation rate derived from the measure-
ments of the whisker density is shown in Fig. 4d.
The rate increases as the stress is increasing and
then decreases as the stress relaxes. Note that the
nucleation rate goes to zero when the stress is below
a value of ~—15 MPa. This suggests that there is a
critical value below which whiskers cannot grow
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Fig. 5. Dependence of measured nucleation rate on stress from
measurements in Fig. 4 (symbols). The dashed line is a fit to the
model described in the text.

and is consistent with measurements that show the
stress relaxation stops at approximately this
value.?® The presence of a critical stress for whisker
growth has also been suggested in a growth model
by Sarobol et al.'®

Since we have measured the stress and nucleation
rate simultaneously, we can also determine the
dependence of the nucleation rate on the stress.
However, our optical measuring system can only
measure the nuclei after they reach a critical size of
~0.5 um®. We account for this time lag by using
results from another study?® which show how the
growth rate depends on temperature and stress. We
use the growth kinetics to correct the measure-
ments of dN/d¢ for the amount of time that it takes
the whisker/hillock to reach an observable volume.
This has the effect of shifting the peak in the
nucleation rate so that it more nearly coincides with
the peak in the stress measurement.

The measurement of dN/d¢ versus stress with
this time shift applied is shown in Fig. 5. The
dependence on the stress is seen to be fairly strong,
changing by a factor of 10 over the range of mea-
sured stress. In other work,?® we have analyzed
these kinetics to determine the dependence of the
energetic barrier to nucleation on the applied stress.
In the current work, we relate the stress-dependent
nucleation kinetics to our proposed mechanism of
strain-induced grain boundary migration.

DISCUSSION

The experimental results have several features
that can be compared with the nucleation mecha-
nism described above. The first point is that many of
the nuclei seen in the cross-sections have a mor-
phology similar to the cross-section in Fig. 3c. The
whisker or hillock is observed to grow from a surface
grain whose boundaries form a triple point with a
columnar grain (similar to the morphology shown in
Fig. 2d). The columnar grain intersects the base of
the whisker/hillock in the middle of the surface
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grain, consistent with the idea that the grain
boundaries beneath the surface grain came together
to form a new boundary. If the grain at the base of
the whisker had nucleated at the surface of a single
columnar grain (e.g., by recrystallization of a new
grain), we might have expected it to have only one
grain below it (i.e., not to span two grains with a
columnar grain boundary underneath it). We also
would not expect it to have the same orientation as
the grain before nucleation.

To explore the proposed mechanism further, we
can estimate the dependence of the nucleation rate
on the strain energy. Micrographs have shown that
strain-induced grain boundary motion often occurs
by finger-like projections along the grain boundary
rather than general motion of the entire bound-
ary.?” This suggests that the boundary motion is
limited by nucleation of fluctuations in the grain
boundary position. In this case, the decrease in
strain energy is accompanied by an increase in
grain boundary area and two competing terms
(strain energy reduction and surface energy
increase) must be considered in describing it.

This process can be modeled following the same
approach for strain-assisted grain boundary migra-
tion that has been proposed for bulk materials.?”
For the growth of a spherical region of radius r, the
change in free energy per unit volume, AG, is given
by

AG = (4nr®Ay — 4/3nr°E,)S(0), (1)

where Ay is the difference in grain boundary energy
due to the fluctuation and E, is the energy differ-
ence per unit volume between the material swept
out by the migrating boundary and the more highly
strained material that it replaces. S(0) is an
unspecified shape function that depends on the
contact angle and accounts for the fact that the
fluctuation may nucleate on an existing boundary
and not homogeneously.

Equation 1 can be differentiated with respect to
r to determine the critical radius, above which the
growth of the strain-relaxed region should proceed
with a decrease in the total energy. The expression
for this critical radius is given as

r« = 2Ay/Ey,. (2)

If we substitute this expression into Eq. 1 we
obtain an expression for the energy barrier for
nucleation of a grain boundary fluctuation:

AG* = [16mAy° /3E2]S(0). (3)

In order to proceed with this approach, we must
estimate the strain energy E,. For simplicity, we
consider the case where the in-plane stress in the
layer (o) is uniform but the individual grains may
have different elastic strain energy densities. This is
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consistent with studies that suggest that whiskers
nucleate from grains with high elastic strain-energy
density;'® such a difference may arise because the
grains have different orientations and the elastic
constants in Sn are orientation-dependent. It is also
possible that strain energy related to dislocations
may also provide a driving force for grain growth
(this gives a similar estimate for the order of the
strain energy if we consider the work performed by
thermally straining the system).

Using the assumption that the energy difference
is due to the elastic strain energy, we can approxi-
mate E, as

E, = 1pKd*, 4)

where K = [(1/M,) — (1/M5)] and M, and M, are the
biaxial moduli of the two grains. Substituting Eq. 4
into 3 we obtain

AG* = S(0)64nAy® / (38K2a*). (5)

This predicts a strong dependence on stress (6~ %)
for the height of the nucleation barrier. In the con-
text of a nucleation model, this would predict a
nucleation rate (dN/d¢) that is given by

dN/dt ~ B, exp(—AG*/ET) (6)

with . equal to the rate at which a fluctuation of
critical size becomes supercritical.
Then, we can write the term in the exponential as

AG* kT = d%... /0%, (72)

where

1/4

ehar = (S(0)64n Ay? / (BK?KT)) (7b)

This defines the characteristic stress (o) that is
needed to make the nucleation process occur.

If we assume that f, is independent of stress, then
we can perform a least-squares fit of the data in
Fig. 5 to the form in Eqs. 6 and 7. This gives a value
for o at room temperature that is equal to
24 MPa. This model calculation of dN/d¢ is shown
as the dashed line in Fig. 5. Note that we can also
get a good fit if we assume that . depends linearly
on the stress with o, = 20 MPa.

For comparison, we can estimate the value of o4y
from the constants in Eq. 7b. Since the parameters
are not well known, we use a range of values for the
estimate: y can vary between 1 and 100 mJ/m?, S(0)
can vary between 0.01 and 1, and K can vary
between 2 x 107! and 2 x 1072 Pa~!. This pro-
vides a range of values that predicts o¢pay is within
142 MPa-45 GPa at room temperature.

The value of o.har calculated from materials
parameters is clearly much larger than the value
extracted from the experimental data. There are
several reasons that could explain why there is
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disagreement between the model and the experi-
ment. The first is to recognize that the stress that is
measured by the curvature apparatus is the average
stress in the layers. The stress around dislocation
pile-ugs in strained layers covered by a passivation
layer? may be significantly larger than the values
that we measure. Therefore, the stress at the point
where the grain growth occurs may be closer to the
calculated values than the stress that we observe.
Alternatively, our calculations only consider the
applied stress as the driving force for grain growth
(in the estimate of E,). However, we know that there
is a significant driving force for grain growth apart
from the stress. In our measurements of the
microstructure for different layer thickness,* we
find that the grain size is greater for films with
greater thickness. This indicates that the grain size
increases as the layer gets thicker during deposition
and that there is significant driving force for grain
growth in the as-deposited film. Therefore, the
addition of applied stress at these values may
induce grain boundary motion because it is not the
only driving force. If this is true, it would suggest
that the grains where whiskers originate would also
have a tendency towards grain growth without
stress, e.g., they are small grains surrounded by
larger neighbors. This remains to be explored.

It is also possible that there is another process
with lower activation barrier that occurs instead of
the mechanism proposed here. For instance, arrays
of dislocations in the Sn layers are known to form
into sub-grain boundaries,” and these may have a
lower barrier for forming surface grains than stress-
assisted grain boundary migration. This possibility
and other potential mechanisms are still being
considered.

In summary, recent studies suggest that
nucleation of surface sites plays an important role
in the formation of Sn whiskers. However, the ori-
gin of these nuclei has been difficult to reconcile
with several observations. The grains that form into
whiskers/hillocks often have oblique grain bound-
aries, yet the films have columnar microstructures
that do not show the presence of surface grains prior
to the application of stress. EBSD and SEM mea-
surements also suggest that the whiskers/hillocks
grow out of pre-existing grains with no change in
their orientation between the time the film is
deposited and when the whisker starts to grow, i.e.,
the grain would appear to be present in the
as-deposited layer. We have proposed a mechanism
in which subsurface grain boundary motion creates
a surface grain from a pre-existing grain, thus pre-
serving its surface orientation. This mechanism is
consistent with measurements of whisker formation
kinetics and the microstructure observed around
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the base of whiskers. A model based on strain-as-
sisted grain boundary migration predicts that the
nucleation rate increases with the stress. However,
the magnitude of stress predicted by this mecha-
nism is larger than the observed stress, suggesting
that other effects (high local stresses or other driv-
ing forces) play a role in nucleation.
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