Published in The Proceedings of SMTA International Conference, Rosemont, IL, September 24-28, 2006

TRACER DIFFUSION IN WHISKER-PRONE TIN PLATINGS

Thomas A. Woodrow, Ph.D.
Boeing Phantom Works
Seattle, WA, USA
thomas.a.woodrow@boeing.com

ABSTRACT

Surprisingly, after almost 60 years of research into the
causes of tin whisker formation, very little experimental
evidence exists to verify some of the basic mechanisms
believed to be involved in whisker growth. Long range
diffusion of tin is thought to occur in order to supply the
amount of tin required to form a whisker, however, no direct
experimental data to support the long range diffusion
hypothesis has been generated. The objective of this study
was to use tin isotopes and secondary ion mass spectroscopy
(SIMS) to evaluate the room temperature self-diffusion of
tin within whisker-prone tin platings (bright and matte tin).
Tin diffusion was monitored through the plating thickness
and also parallel to the substrate by using SIMS surface
analysis and depth profiling techniques. The amount of
each isotope that was incorporated into the whiskers that
formed and variations in the isotopic percentages along the
length of each whisker were quantified (before and after
sputtering of the whiskers).
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BACKGROUND

The propensity of pure tin platings to form tin whiskers has
been known since the 1940’s*?. Tin whiskers have been
found to form on a wide variety of tin-plated substrates

under a wide range of environmental conditions**,

Numerous mechanisms for whisker formation and growth
have been postulated®®. The earlier publications focused
on dislocation theories to explain whisker growth®®”* while
more recent publications tend to focus on recrystallization
events to explain whisker growth'”*®, One major driving
force for whisker growth is believed to be compressive
stress within the tin plating. One source of compressive
stress (at least for copper alloy substrates) is believed to be
the formation of a tin-copper intermetallic at the tin
plating/copper substrate interface’***!>% The relative
importance of micro- and macro-stresses within tin platings
is not well understood and is still the topic of much debate®.

Surprisingly, after almost 60 years of research into the
causes of tin whisker formation, very little experimental
evidence exists to verify some of the basic mechanisms
believed to be involved in whisker growth. Long range
diffusion of tin is thought to occur in order to supply the
amount of tin required to form a whisker, however, no direct
experimental data to support the long range diffusion
hypothesis has been generated. It is not clear if movement

of tin to the whisker occurs by lattice diffusion, grain
boundary diffusion, surface diffusion or a combination
thereof. Diffusion rates of tin within whisker-prone systems
have not been measured nor have the effects of intermetallic
growth on diffusion of tin within the plating been explored.
It is not clear if whisker growth is initiated within the
plating or occurs only on the surface of the plating.

An elegant study by Kehrer and Kadereit? in 1970 explored
diffusion within tin platings on glass substrates. A
continuous layer of inactive tin was deposited in a vaccum
(5 x 107 Torr) on top of a spot of radioactive tin. The
radioactive tin was observed to diffuse towards the surface
of the plating after 20 hours at 60°C. No large scale
diffusion parallel to the substrate was observed and no
whiskers grew on this plating. In contrast, tin layers
deposited at higher pressures (1 x 10™ Torr) showed no
diffusion of radioactive tin towards the surface of the plating
even after an annealing time of 80 hours at 60°C. Tin
whiskers did grow on the tin deposited at the higher
pressure, however, and these whiskers did contain
radioactive material even though no diffusion of radioactive
tin within the plating was detected.

Additional studies of tin self-diffusion using tin isotope
tracers should be conducted as such studies may verify
many of the assumptions that have been made concerning
the basic mechanisms underlying tin whisker growth.
Development of more sophisticated technologies for
conducting tracer diffusion studies (such as secondary ion
mass spectroscopy (SIMS) imaging and depth profiling)
have made it possible to carry the concepts developed by
Kehrer and Kadereit to the next level.

OBJECTIVE

The objective of this study was to use tin isotopes and SIMS
to evaluate the room temperature self-diffusion of tin within
whisker-prone tin platings (bright and matte tin). Tin
diffusion was monitored through the plating thickness and
also parallel to the substrate by using SIMS surface analysis
and depth profiling techniques. The amount of each isotope
that was incorporated into the whiskers that formed and
variations in the isotopic percentages along the length of
each whisker were quantified (before and after sputtering of
the whiskers).

APPROACH AND RESULTS
The coupons to be electroplated were sheared from brass
Hull Cell cathodes (Kocour Company, Chicago, IL, Part No.
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050062). Each coupon was 1.5 in. long by 0.25 in. wide by
0.015 inches thick. The composition of the brass was
69.325% Cu; 30.500% Zn; 0.007% Pb; and 0.038% Fe. The
brass sheet comes from the manufacturer highly polished on
one side and was used without further polishing. Before
electroplating, the coupons were degreased by rinsing with
methylene chloride.
Tin isotopes (Sn*® and Sn''®) were purchased from a
commercial source and fashioned into anodes for
electroplating. After fabrication, the anodes were analyzed
by time-of-flight secondary ion mass spectroscopy (TOF-
SIMS) to verify their isotopic composition. Before TOF-
SIMS analysis, each anode was lightly sputtered with a Ga*
beam to remove tin hydrides from the surface. The relative
amount of each tin isotope in the anodes was then
determined by analyzing the secondary positive ions
produced from rastering a 50 micron by 50 micron area with
the Ga" beam for four minutes. The isotopic composition of
the anodes is given in Table 1.

In  this study, time-of-flight secondary ion mass
spectroscopy was performed using a Physical Electronics
PHI TRIFT 111 equipped with a pulsed Ga* liquid metal ion
gun operated at 12 kV (with a DC current of 600 pA) and a
Cs" sputtering gun operated at 2 kV (with a current of 200
nA). The Ga* beam was used for surface analyses and was
rastered over a 50 micron by 50 micron area with a
penetration depth of approximately 10 Angstroms. The Cs*
beam was used for sputtering and was rastered over a 400
micron by 400 micron area. Depth profiles were done by
alternating the Cs* sputtering beam with the Ga* analysis
beam. The secondary ions were accelerated to +3kV by
applying a bias on the sample. The charging effect was
neutralized by a pulsed low-energy electron flood gun. The
Cs* beam was positioned 42 degrees off normal; the Ga*
beam was positioned 35 degrees off normal; and the two
beams were 180 degrees opposed to each other.

The tin isotopes were electroplated onto the brass coupons
in a 10 ml cell with magnetic stirring. Sulfuric acid based
electrolytes were used and the tin was plated directly from
the anodes onto the coupons without addition of tin salts to
the electrolytes.

Matte tin platings were produced by using the following
electrolyte formulation® and a current density of 4.6 A/sq.ft.

5 grams conc. sulfuric acid

6.15 grams 4-hydroxybenzenesulfonic acid
0.2 grams gelatin

0.1 grams 2-naphthol

95 ml deionized water

Bright tin platings were produced by using the following
electrolyte formulation and a current density of 9.2 A/sq.ft.
A proprietary grain refiner from Benchmark Products
(Indianapolis, IN) was used.

10 ml conc. sulfuric acid
2.0 ml Benchbrite® T-150
0.75 ml Benchbrite® T-151
93 ml deionized water

A positive photoresist was used to mask the coupons so that
only the end of each coupon (0.25 in. by 0.25 in.) was
plated. The coupons were then plated with approximately
one micron of Sn*® isotope and the resist was removed
using acetone. This process resulted in a very straight line
of tin where the resist had been.

Plater’s tape was then used to mask off the same end of each
coupon so that only a 0.375 in. by 0.25 in. area would be
plated. The coupons were then plated with a second layer of
tin (Sn'?° isotope) to a thickness of approximately one
micron. This process yielded a double layer of the two tin
isotopes next to a single layer of Sn*? on the same coupon
(see Figure 1).

The thickness of each plating layer was determined by one
or more of the following techniques: profilometer
measurements of the as-plated layer; profilometer
measurements of a crater sputtered through the layer;
microsections made by focused ion beam (FIB); and
sputtering times combined with the sputtering rate for tin as
measured in this study (4.5 Angstroms/sec). All thicknesses
reported are as-plated. The thicknesses reported for the
matte tin platings are an average since the plating surfaces
were very irregular.

The bright tin plating was very shiny to the naked eye. An
SEM photo of the bright tin plating surface is shown in
Figure 2. After aging at 23°C for 109 days, a FIB was used
to create a microsection of the plating which revealed that
the grains of the bright tin were columnar (Figure 3). In
addition, both layers of the tin isotope bilayer can be seen
upon close inspection of Figure 3. Some voiding can also
be seen (predominately at the intermetallic/brass interface).

An Auger map of a second FIB microsection on a bright tin
plated specimen (67 days after plating) revealed that zinc
had migrated to the surface of the tin from the brass
substrate and verified that an irregular intermetallic layer
had formed between the tin and the brass substrate (see
Figures 4 and 5). Interestingly, nodules of tin formed on the
wall of the FIB microsection within 30 minutes (under
vacuum) and continued to grow over the next 18 hours (see
Figures 6 and 7). It is possible that the Ga™ FIB beam (25
kV, 10-1000 pA) or the SEM electron beam (10 kV, 10 nA)
created nucleation sites for nodule formation on the fresh tin
surface.

Whiskers began to grow on the bright tin platings within 10
days. Ultimately, only a few whiskers grew on each coupon
but they tended to be very long (up to 2000 microns in
length). The bright tin whiskers emanated from large
nodules which were believed to have formed prior to
whisker growth.
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TOF-SIMS depth profiling of the bright tin plating was
performed using a Cs* beam for the sputtering and a Ga*
beam for production of secondary ions as described above.
The Cs* beam was on for 30 seconds followed by 7 seconds
of analysis using the Ga* beam. The beams were alternated
until the desired crater depth was achieved.

The secondary positive ion vyields of tin under Ga'
bombardment were too low to give optimum depth profiles.
Much better results were obtained by analyzing for SnCs*
ions. These ions are generated by the combination of a
secondary neutral Sn® with a resputtered Cs* ion in the near
surface region above the specimen. This technique also has
the advantage in that it minimizes the matrix effect. A
matrix with a non-uniform composition can cause the ion
yield of a given sputtered element to vary by several orders
of magnitude as the matrix is sputtered (i.e., the matrix
effect). When working in the SnCs* mode, the emission
process for Sn° is decoupled from the subsequent SnCs* ion
formation resulting in a drastic decrease in the matrix
effect?.

The first data point for each depth profile was discarded
when the data was plotted. Since the first data point was
generated using the Ga® beam only, there was no Cs*
present to generate SnCs* ions for detection.

Figure 8 shows the results of the depth profiling of the
isotope double layer on a bright tin specimen (Sample 90)
three days after plating. Figure 9 is the same profile but
only the tin isotope data is shown. Note that zinc has
already migrated to the surface of the tin from the brass
substrate. This migration of zinc probably occurred via the
grain boundaries as no significant amount of zinc was
detected in the tin lattice. Interestingly, Sn''® can already be
found through the entire depth of the upper Sn'? layer and
Sn'?° can be found through the entire depth of the lower
Sn'*® layer. The Sn''® must have diffused up the grain
boundaries and then diffused into the tin lattice to give a
relatively constant concentration of Sn**® within the grains
of the upper Sn'? layer (see Figure 9, Line DE). Similarly,
Sn'?® must have diffused down the grain boundaries and
then diffused into the grains of the lower Sn'® layer.
Diffusion of tin along the grain boundaries is known to be
very rapid with a diffusion coefficient®® of 1.3x10® cm?/sec
at 25°C. The time required for tin to penetrate a distance x
into the grain boundaries at 25°C can be estimated from x =
(2Dt)? where x is the mean diffusion length in one
dimension, t is the time in seconds and D is the grain
boundary diffusion coefficient. Using D = 1.3x10°® cm?/sec
and x = 3.1 microns (the approximate thickness of the bright
tin plating), t equals 3.7 seconds.

Figure 9 also shows that a large amount of Sn*'® has already
migrated to the surface of the double layer via the grain
boundaries and has begun to diffuse down into the lattice of
the Sn*® layer (see Figure 9, Line AB). Diffusion along a
surface is known to be more rapid than diffusion along a
grain boundary, therefore, any Sn*'® that reached the surface

would rapidly diffuse to cover the surface of the adjacent
grains with a relatively constant concentration of Sn'8,

Similarly, Sn'? diffused to the brass/Sn*® interface via the
grain boundaries and then diffused up into the lattice of the
Sn'®® layer.

Figure 10 shows a schematic of how the two tin isotopes
have diffused along the grain boundaries, along the plating
surface and into the grains. The corresponding idealized
depth profile is also shown.

From Figure 9, we can see that the near surface
concentration of Sn*'® is approximately 43%. This is the
relative percentage expected when the two isotope layers are
completely mixed. It is believed that this near surface
concentration of Sn*® was attained in less than two hours
after plating. Assuming that a constant near surface
composition was achieved soon after plating, the lattice
diffusion coefficient of the bright Sn can be approximated®*
by Equation 1 where ¢ is the concentration of the diffusing
Sn''® at time t and penetration distance x; ¢, is the constant
surface concentration of the Sn*%; and c, is the original
concentration of Sn**® in the Sn'*® layer (i.e., zero). The
diffusion coefficient of the diffusing tin is D,.

c-c X
o =l-erf| ———
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In Figure 9, at the point where the concentration of the
diffusing Sn**® falls to zero (Point B), (¢ — ¢,)/(cs — C,) = 0
and D, = {(x/4.8)*}t. At this zero concentration point, the
sputter depth (x) is 9x10™° cm and the diffusion time (t) is
2.6x10" sec (i.e., 3 days). This yields a room temperature
lattice diffusion coefficient of 10™° cm?/sec which is two to
three orders of magnitude larger than the lattice diffusion
coefficient of tin (10" to 108 cm?/sec at 25°C) as reported
in the literature 222728 |t should be noted that the metals
that commonly form whiskers (i.e., Sn, Zn and Cd) have
room temperature lattice diffusion coefficients in the range
of 10" to 108 cm%sec. Other common metals that do not
normally form whiskers have exceedingly low room
temperature lattice diffusion coefficients®® in the range of
10 to 107° cm?sec (see Table 2). Although it is probable
that diffusion of tin to the whisker takes place through the
grain boundaries, the tin must first diffuse from the lattice
into the boundaries. Therefore, whisker growth rates may
ultimately be controlled by the lattice diffusion rate.

Equation 1

Figures 12 and 13 show depth profile data for the bright tin
double layer (Sample 90) after it was aged at room
temperature for 66 days. The two isotope layers are almost
completely mixed. The expected relative percent of each
isotope after complete mixing occurs is shown by the
dashed lines in Figure 13 (i.e., 57% Sn'?® and 43% Sn''®).
The relative percent of each isotope present was calculated
by measuring the areas under the depth profile plots. The
depth profiling data demonstrates how quickly tin can
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diffuse within the lattice of the bright tin plating. In
addition, the mixing of the isotopes within the grains did not
appear to be accompanied by an obvious change in the size
of the grains.

Figures 14 and 15 show depth profile data for a bright tin
isotope double layer on a different sample (Sample 89) after
it was aged at room temperature for 187 days. The two
isotope layers on this specimen are completely mixed. The
relative percent of each isotope in this sample (Sample 89)
was not the same as for Sample 90 since the thicknesses of
the original plated layers were not identical.

120
118

Depth profiling was also conducted on the bright Sn
single layer in order to determine if diffusion of Sn
occurred parallel to the coupon surface (from the double
isotope layer into the single isotope layer).

Figures 16 and 17 show the depth profile data for a single
bright tin layer at 3 days after plating (Sample 90). The
point of analysis was centered 220 microns from the single
layer/double layer interface. The average amount of Sn'*¢ in
the plating (relative to total Sn'?° plus Sn*'®) was 1.1+0.6%.
This number was obtained by averaging 34 data points. The
amount of Sn'® detected was slightly higher than the
percent of Sn*® in the Sn*® anode used to plate the single
layer (i.e., 0.13+0.3% per Table 1). This suggests that a
small amount of Sn'® may have diffused into the Sn'®
single layer from the interface. Unfortunately, as the
quantity of Sn**® measured was at the detection limits of the
depth profiling technique, it can not be said with confidence
that any significant lateral diffusion of Sn**® occurred.

Figures 18 and 19 show a depth profile on the same coupon
at 66 days after plating (centered 280 microns from the
interface). After 66 days, the average amount of Sn*!® in the
plating (relative to Sn'?°) was 1.2+0.6%, which is essentially
unchanged from the analysis conducted at 3 days.

An SEM photograph of the matte tin plating surface is
shown in Figure 20. The matte tin had a very irregular
surface composed of striated grains with a diameter of
approximately 2 microns. Short whiskers were already
growing on the matte tin within 20 days after plating (see
Figure 21) and profuse whisker growth was noted within 44
days. The whiskers had a diameter equivalent to the grain
size and no nodule growth prior to the formation of
whiskers was observed.

After aging at 23°C for 158 days, a FIB was used to create a
microsection of the matte tin double layer which revealed
that the grains of the matte tin were approximately equiaxed
(Figure 22). The matte tin differed from the bright tin in
that separate isotope layers could not be visually
distinguished even though mixing of the isotopes was
incomplete at this time.

Additional FIB microsections of whiskers on the matte tin
platings are shown in Figure 23. The whiskers appear to

emanate from the surface of the platings and not from the
plating/substrate interface.

An Auger map of a second FIB microsection on the matte
tin plating (116 days after plating) revealed that zinc had
migrated into the grain boundaries of the tin from the brass
substrate and also verified that a very thick and irregular
intermetallic layer had formed between the tin and the brass
substrate (see Figures 24 and 25). Some zinc was noted on
the plating surface and on the surface of a whisker adjacent
to the FIB microsection (Figure 26). Also of note is the
layer of tin between the intermetallic layer and the brass
substrate. It is not clear how this layer formed. One
explanation would be the formation of Kirkendall voids
which later became filled with tin either by diffusion or by
ablated material produced during the FIB processing.

Auger analysis of a whisker and of the adjacent matte tin
plating surface showed no zinc on either at 26 days after
plating but oxygen was detected on both (see Figure 27).

TOF-SIMS depth profiling of the matte tin plating was also
conducted, again analyzing for SnCs* ions. The first data
point for each depth profile was again discarded when the
data was plotted since there was no Cs* present to generate
SnCs" ions for detection.

Figure 28 shows the results of the depth profiling of the
isotope double layer on a matte tin specimen (Sample 52)
ten days after plating. Figure 29 is the same profile but only
the tin isotope data is shown. The matte tin depth profile
looks remarkably similar to that from the bright tin double
layer, especially when you consider the non-uniform
thickness of the matte tin plating. Note that zinc has already
migrated into both isotope layers from the brass substrate
(with the Zn probably residing mainly between the grains).
As with the bright tin depth profiles, Sn*® can already be
found through the entire depth of the upper Sn'?° layer and
Sn'? can be found through the entire depth of the lower
Sn''® layer. Again, the Sn'® must have diffused up the
grain boundaries and then diffused into the tin lattice to give
a relatively constant concentration of Sn*'® within the upper
Sn'? layer. Similarly, Sn'?® must have diffused down the
grain boundaries and then diffused into the lower Sn'®
layer.

As with the bright tin, a large amount of Sn*® has already
migrated to the surface of the double layer and has begun to
diffuse down into the lattice of the Sn'? layer (see Figure
29). The lattice diffusion coefficient of the matte tin was
estimated as 10™" cm?/sec by the same method used for the
bright tin.

Figures 30 and 31 show depth profile data for the matte tin
isotope double layer (Sample 52) after it was aged at room
temperature for 117 days. In contrast to the bright tin
plating, the two isotope layers are far from being completely
mixed. Due to the larger dimensions of the matte tin grains
compared to the bright tin grains, it takes much longer for
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tin to diffuse from the grain boundaries and through the
entire thickness of a grain. The relative percent of each
isotope in the Sample 52 double layer after complete mixing
occurs is expected to be 48% Sn'?° and 52% Sn™'® based on
the areas under the depth profile isotope plots (at 10 days
after plating).

Figures 32 and 33 show the depth profile data for a single
matte tin layer at 10 days after plating (Sample 52). The
point of analysis was centered 2650 microns from the single
layer/double layer interface. The average amount of Sn'*¢ in
the plating (relative to Sn'?°) was 0.7+0.6%. This number
was obtained by averaging 34 data points. The amount of
Sn''® detected was slightly higher than the percent of Sn*'®
in the Sn'?® anode used to plate the single layer (i.e.,
0.13+£0.3% per Table 1) but it could not be unequivocally
determined if Sn'*® had diffused into the Sn'? single layer
from the interface due to the error in the measurements.

Figures 34 and 35 show a second depth profile on the same
coupon (Sample 52) at 10 days after plating (this time
centered 290 microns from the interface). The average
amount of Sn*'® in the single layer (relative to Sn*®) at this
location was 0.6+0.6%. Again, it could not be determined if
Sn'*® had diffused into the Sn'?® single layer from the
interface due to the error in the measurements .

Figures 36 and 37 show a depth profile on the same coupon
(Sample 52) at 117 days after plating (centered 315 microns
from the interface). After 117 days, the average amount of
Sn'*® in the single layer (relative to Sn'®) was 0.8+0.6%,
which was essentially the same as the concentration
detected at 10 days and 290 microns from the interface.

Figures 38 and 39 show depth profile data for a second
matte tin isotope double layer (Sample 62) at 3 days after
plating. The relative percent of each isotope in the Sample
62 double layer after complete mixing occurs is expected to
be 41% Sn'® and 59% Sn'!® based on the areas under the
depth profile isotope plots.

Figure 40 shows a long whisker on the matte Sn'?%/Sn''®
double layer (Sample 62). An ion image of this whisker
(Figure 41) was generated by rastering the Ga* beam over
the analysis area (150 microns by 150 microns) for 4
minutes and creating a false color map of the positive ions
detected. The Ga* liquid metal ion gun was operated at 22
kV (with a DC current of 600 pA) for the creation of the ion
image because these conditions allowed better focusing of
the Ga" ion beam. Although Figure 41 only shows where
Sn'? is present on the surface, a complete record of all
masses detected for each pixel of the image was stored for
later processing. Note than the whisker is much brighter
than the plating surface due to an enhanced ion yield from
the whisker. No explanation for this phenomenon can be
offered at this time.

Line scans were drawn across the ion image near the base
and the tip of the whisker (see the green lines in Figure 41).

The ion counts for Sn'?° and Sn''® along the length of each
line scan are shown in Figures 42 and 43. Interestingly, the
relative percentages of the two isotopes were the same at the
base and the tip of the whisker (with a distance of 80
microns between the measurement points).

Similar measurements were made on eight more whiskers
growing on the double layer of two different matte tin
coupons (Samples 62 and 52). These whiskers were located
well away from the single layer/double layer interface. In
every case, the relative percentages of the two isotopes were
the same at the base and the tip of each whisker (see Table 3
and Figure 44). The absolute experimental error in the line
scan measurements was estimated to be +2 percent.

In addition to having a consistent isotopic composition
along the length of each whisker, the relative percentages of
each isotope on the surface of each whisker was the same as
the percentages expected within the double layer when the
two isotope layers become completely mixed. This was
true even though the isotope layers within the matte tin
double layers were far from being completely mixed when
these whiskers formed (see Figure 31). This observation
suggests that the tin diffused to the whiskers via grain
boundary diffusion which allowed the tin isotopes to mix
before becoming part of the whisker.

Similar measurements on four whiskers on a bright tin
plating double layer also showed that the relative
percentages of the two isotopes were the same at the base
and the tip of each whisker (Table 3 and Figure 44).
However, it should be noted that the bright tin platings did
not grow whiskers in the same manner as the matte tin
platings. The bright tin whiskers emanated from large
nodules which were believed to have formed prior to
whisker growth. Figure 45 shows an FIB microsection of a
nodule on the bright tin plating. The grains composing the
nodule are much larger than the grains in the plating and
appear to contain more material than could be supplied by
the plating directly under the nodule. This implies that the
nodule was formed by the long range migration of tin and
could be considered a form of recrystallization. This is not
a new observation. Gaylon and Palmer have published a
very instructive series of photographs that clearly show the
same phenomenon on bright tin®. The fact that the bright
tin whiskers in this study grew from large nodules that were
formed by a recrystallization process implies that the
isotopes should be well mixed within the nodules and any
whiskers growing from the nodule might be expected to
have the same isotopic composition along their entire
length. Data from the surface analyses of several nodules
on the bright tin plating can be found in Table 4.

Positive ion scans were also generated for whiskers on the
Sn'? single layer (both matte and bright tin). As with the
whiskers on the double layer, the isotopic composition at the
base and the tip of each whisker was the same (Table 5 and
Figure 46). The amount of Sn*® in each whisker was
determined by the distance between the whisker base and
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the single layer/double layer interface (i.e., the source of the
Snlls)_

Figure 47 is an SEM image of nine whiskers growing on the
matte tin plating. Whiskers 3A, 3F, 3G and 3l were fully
formed at 45 days after plating. Some of the whiskers are
growing on the single isotope layer and some on the double
isotope layer. The interface between the single and double
isotope layers is shown by the dashed white line and the
base of each whisker is indicated with a green arrow.

Figures 48 and 49 show the Sn'?® and Sn'!® positive ion
images of the nine whiskers, respectively. Figure 50 shows
Sn'?% and Sn™*8 line scan data for Whiskers 3C (the tip) and
3D (the base). Notice that Whisker 3C contained much less
Sn'*® than Whisker 3D since the base of Whisker 3C is on
the single layer far from the single layer/double layer

interface which was the source of the Sn*'é.

Figure 51 shows a plot of the amount of Sn*!® on the surface
of each whisker versus its distance from the interface as
determined by TOF-SIMS analysis. The analyses were
conducted 108 days after plating of the sample. Not
surprisingly, the whiskers on the double isotope layer had
significant amounts of Sn**® on their surfaces.

The whiskers on the single layer also had Sn''® on their
surfaces and the amount of Sn''® decreased rapidly as the
distance from the double layer increased (see Figure 51).
This demonstrates that diffusion of Sn'‘® parallel to the
substrate did occur. The amount of Sn*'® detected on the
whiskers appeared to plateau at approximately 5% as the
distance from the single layer/double layer interface
increased. The amount of Sn*® found on the whiskers at
108 days after plating was larger than the amount of Sn'®
found within the matte tin plating by depth profiling. The
depth profiling could not be performed on the same
specimen used for the whisker analyses due to concerns
about contaminating the whiskers during the sputtering
process. Therefore, the depth profiling of the matte tin
single layer was conducted on a second (comparable)
specimen (at 117 days after plating and 315 microns from
the single layer/double layer interface). The amount of
Sn'*® detected in the bulk of the plating (0.8+0.6%, see
Figure 37) was much less than that detected on the whiskers.
This suggests that the Sn**® reached the whiskers on the
single layer by diffusion through the grain boundaries or
across the plating surface and not by lattice diffusion.

A similar analysis of whiskers on the bright tin plating was
not conducted because there were not enough whiskers to do
so. In addition, the longer whiskers on the bright tin
specimens were lost during the TOF-SIMS analysis. It is
believed that the 3000V bias between the sample and the
first lens within the mass spectrometer caused the longer
whiskers to bend and then break off. This phenomenon was
not as prevalent during analysis of the matte tin specimens.

It should be noted that depth profiling was conducted on
some of the specimens (Samples 52 and 62) before whiskers
had formed and were analyzed. There was no indication
that the sputtering contaminated the surfaces of any
whiskers that subsequently grew. After whiskers grew on a
specimen, no further depth profiling was done until all
whisker analyses were complete.

Surface analyses and depth profiles of both the matte and
the bright tin were conducted between 254 and 337 days
after plating to provide a better picture of how the Sn''® was
diffusing parallel to and normal to the substrate. During the
surface analyses, Sn*® and Sn'?° positive ions were detected
and quantified. These metallic ions were presumably
formed by fragmentation of a surface oxide layer.

TOF-SIMS surface analyses were conducted at eleven
separate locations (each 50 microns by 50 microns) on a
matte tin specimen at 299 days after plating. This specimen
(Sample 63) had not been exposed to any prior sputtering.
Each spot was rastered with the Ga* beam for four minutes
with positive ion detection (absolute experimental error was
10.3%). The results of the surface analyses are shown in
Figure 52. Large amounts of Sn''® were detected on the
surface of the matte tin single layer which demonstrates that
long range diffusion of Sn'® (over a distance of 3000
microns) had taken place.

Four depth profiles (each 400 microns by 400 microns) were
then performed on the same matte tin specimen by
sputtering with the Cs* beam and periodically analyzing for
SnCs* ions. Each analysis was done by rastering the center
of each depth profile crater with the Ga* beam for four
minutes to yield sufficient ions. The amount of Sn*!® within
the single layer grains was less than the amount on the
surface of the single layer (see Figures 52 and 53). This
strongly suggests that the Sn''® must have reached the
surface of the single layer by diffusion through the grain
boundaries or across the plating surface and not by lattice
diffusion. The amount of Sn''® detected increased greatly
after sputtering of the double layer (to the level expected
after both isotope layers had almost completely mixed, see
Figures 52, 53 and 56). This suggests that the outer surface
of the double isotope layer formed an oxide layer after
plating which froze the relative percentage of Sn''® on the
surface by inhibiting further diffusion. In addition, any
isotopes that had rapidly diffused across the surface from
the double layer onto the single layer were probably also
frozen in composition by the formation of an oxide layer.

Similarly, TOF-SIMS surface analyses were conducted at
ten separate locations (each 50 microns by 50 microns) on a
bright tin specimen at 254 days after plating. This specimen
(Sample 91) had not been exposed to any prior analysis or
sputtering. Each spot was rastered with the Ga" beam for
four minutes with positive ion detection (absolute
experimental error was +£0.3%). The results of the surface
analyses are shown in Figure 54.
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Four depth profiles (each 400 microns by 400 microns) were
then performed on the same bright tin specimen by
sputtering with the Cs* beam and periodically analyzing for
SnCs™ ions. Each analysis was done by rastering the center
of each depth profile crater with the Ga* beam for four
minutes to yield sufficient ions. As with the matte tin, the
amount of Sn'® detected increased greatly after sputtering
of the double layer (see Figures 54, 55 and 57). This again
suggests that the outer surface of the double isotope layer
formed an oxide layer after plating which froze the relative
percentage of Sn''® on the surface by inhibiting further
diffusion. Not surprisingly, the amount of Sn'!® within the
double layer was lower in the area immediately adjacent to
the single layer/double layer interface presumably due to
lateral diffusion of Sn*® from the single isotope layer. After
sputtering the single layer for 270 seconds, the amount of
Sn''® detected increased greatly in the area adjacent to the
single layer/double layer interface (from 0.8% to 6.1%, see
Figures 54, 55 and 57). Again, we can speculate that
removal of an oxide layer was required to reveal that
substantial diffusion of Sn*® from the double layer into the
single layer grains had taken place (over a distance of 580
microns). In contrast, comparable amounts of Sn''® were
not observed within the matte tin single layer grains since
there were far fewer grain boundaries to transport Sn*'®
from the double layer into the matte tin single layer and
diffusion into the matte tin grains would take longer due to
the larger size of the grains.

Unfortunately, detailed surface analyses were not conducted
immediately after plating of the samples. The few
additional surface analyses that were conducted during the
course of this study are shown in Table 6. At the time the
data was collected, the specimens had not been exposed to
any prior analysis or sputtering. Again, each spot was
rastered for four minutes using the Ga* beam with positive
ion detection (absolute experimental error was +0.3%). The
data from these additional surface analyses corroborate the
data from the more detailed maps conducted at 254 to 337
days after plating (Figures 56 and 57). We can see from the
data in Table 6 that Sn**® has diffused to the surface of the
matte tin double layer within a few days after plating. The
amount of Sn**® detected on the surface of the matte tin
double layer (Sample 63) at 3 days after plating was the
same as the quantity detected at 299 days after plating
(Figure 52). This supports the hypothesis that the isotopic
composition on the surface was frozen by an oxide layer.

We have seen that the relative percentages of Sn'*® and
Sn'*® on the surface of all whiskers analyzed remained
relatively constant from the base of each whisker to its tip.
In addition, we have seen that the isotopic percentages on
the surface of the whiskers appear to be the same as the
percentages expected within the double layer when the two
isotope layers become completely mixed. This is true even
when diffusion within the double layer is known to be
incomplete. The question remains, “What are the isotopic
percentages deep inside the whisker?” To answer this

question, whiskers on both the matte and bright tin were
sputtered and analyses conducted.

Whiskers on the matte tin double and single layers (Sample
62) were sputtered with the Cs™ beam for 640 seconds. The
sputtering removed 0.29 microns of tin from the surface of
each whisker (based on the measured sputter rate for tin of
4.5 Angstroms/sec). lon vyields fell dramatically after
sputtering which meant that the ion images of the whiskers
were poor. It is not understood why the ion yields fell after
sputtering but it may be due to the removal of the surface
oxide layer or some surface contaminate that enhanced the
ion yields. The poor ion yields required that a new
technique for post-sputter analysis of the whiskers be
developed. By alternating the Cs+ sputtering beam (10
seconds) with the Ga* analysis beam (7 seconds) over a four
minute period and combining the negative ion counts, good
ion images were obtained. This technique subjected each
whisker analyzed to an additional 140 seconds of sputtering
(i.e., a total sputtering time of 780 seconds with a removal
of 0.35 microns of tin). To ensure that the new analytical
technique was capable of giving the same results as the old
technique (i.e., analyzing for positive ions using a four
minute Ga* beam raster), a piece of tin foil with a normal
isotopic composition was analyzed by both methods. The
percent of Sn'?® (relative to total Sn'*® and Sn''®) as
determined by the negative ion analysis was 57.9% which
compared well to 57.7% as determined by the positive ion
technique. The literature value for the relative percent of
Sn'?%in natural tin is 57.4%.

As with the pre-sputter analyses, line scans of the whisker
ion images were performed. After sputtering, the relative
percentages of Sn*?® and Sn'*® within many of the whiskers
analyzed were still relatively constant from the base of each
whisker to its tip (Table 7). However, for some of these
whiskers, the isotopic percentages detected were no longer
the same as the presputter percentages. The absolute
experimental error in the line scan measurements was
estimated to be +2 percent (this error was due to the
relatively low ion counts contained within the small area of
the line scan).

Whiskers on the matte tin double layer (Whiskers 1, 5A, 5B
and 5C) all showed a decrease in the percentage of Sn®
detected after sputtering. These whiskers were all located
well away from the single layer/double layer interface and
were all fully formed at 44 days after plating. The pre- and
post-sputter data for these whiskers is also shown
graphically in Figure 58.

Whiskers on the matte tin double layer that were located
near the single layer/double layer interface (Whiskers 3B,
3D and 3E) also showed a decrease in the percentage of
Sn'!® detected after sputtering (Table 7).

In contrast, whiskers on the matte tin single layer that were
located near the single layer/double layer interface
(Whiskers 3F, 3G, 3H and 3I) showed little or no decrease
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in the percentage of Sn''® detected after sputtering (Table 7).
The pre- and post-sputter data for the whiskers located near
the single layer/double layer interface is shown graphically
in Figures 58 and 59.

The isotopic compositions of several whiskers and nodules
on the bright tin plating were also determined after
sputtering. These whiskers and nodules were sputtered for
1740 seconds (approx. 0.78 microns of tin removed) and
then ion images of the isotopes were generated by
alternating the Cs+ sputtering beam (10 seconds) with the
Ga* analysis beam (7 seconds) over a four minute period
and combining the negative ion counts. Line scans of the
sputtered whisker and nodule ion images were conducted
and the resulting data is shown in Tables 8 and 9 and in
Figures 60-62.

For Whisker 7, the isotopic compositions before and after
sputtering were very similar.

In contrast, the isotopic composition of Whisker 22 changed
significantly after sputtering (however, the post-sputtering
composition along the length of the whisker was constant).

DISCUSSION

A layer of Sn'*® over a layer of Sn''® showed significant
interdiffusion in just a few days. This interdiffusion of the
double layer was observed for both the matte tin and the
bright tin cases. The data suggested that Sn*® from the
bottom layer diffused out of the grains and up the grain
boundaries to the upper Sn'? isotope layer where it would
enter the Sn'?° grains by lattice diffusion (and vice versa for
the Sn'®).  This interdiffusion did not appear to be
accompanied by a dramatic change in the size of the tin
grains (matte or bright). The interdiffusion continued with
time and the bright tin layers were close to an equilibrium
mixture at 66 days after plating (Figure 13). In contrast, the
matte tin layers were still not completely mixed at 117 days
after plating (Figure 31). This behavior was to be expected
as the bright tin plating had smaller grains than the matte tin
and many more grain boundaries, both of which would
allow the bright tin to reach an equilibrium mixture faster
than the matte tin. In addition, significant amounts of Sn*®
migrated to the surface of the Sn*® layer where it began to
diffuse into the Sn'® lattice. An approximate room
temperature lattice diffusion coefficient for the bright tin of
10" cm¥sec was calculated which is two to three orders of
magnitude larger than the lattice diffusion coefficient of tin
in a near perfect crystal. Surface and depth profiling
analyses of the double layer approximately three hundred
days after plating revealed that the surface was deficient in
Sn'*® compared to the interior of the double layer. This was
true for both the matte tin and bright tin cases (Figures 52-
57). This suggests that the outer surface of the double
isotope layer formed an oxide layer after plating which froze
the relative percentage of Sn''® on the surface even though
interdiffusion of the two isotope layers continued in the bulk
of the plating. The amount of Sn™® detected on the surface
of the matte tin double layer (Sample 63, Table 6) at 3 days
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after plating was the same as the quantity detected at 299
days after plating (Figure 52). This supports the hypothesis
that the isotopic composition on the surface was frozen by
an oxide layer. If an oxide layer is indeed responsible for
these observations, the depth profile data for bright tin
shown in Figure 9 suggests that diffusion parallel to the
substrate could still occur immediately under the oxide layer
with subsequent diffusion into the lattice near the surface.
This sub-oxide diffusion would explain the large
concentrations of Sn'*® found just below the surface of the
bright tin double layer (Figure 9) compared to the smaller
concentrations of Sn*® found on the surface of the bright tin
double layer (Figure 54).

Lateral diffusion of Sn*® from the Sn*?%/Sn'*® matte double
layer onto the matte Sn*?° single layer was demonstrated by
analyzing whiskers growing on the single layer. At 108
days after plating, Sn''® was detected on whiskers growing
on the matte Sn'? single layer (Whiskers 3C, 3I, 3H, 3G
and 3F in Figure 51) even though Sn™® levels within the
single layer grains were much lower (Figure 37). Sputtering
of the whiskers confirmed that large amounts of Sn*'® were
also present within the bulk of the whiskers (Figure 59).
These findings demonstrated that not only did diffusion of
Sn'® occur parallel to the substrate but the diffusion had to
have occurred through the matte tin grain boundaries and
not by lattice diffusion since the amount of Sn''® in the
lattice was much less than in the whiskers. Long range
diffusion of tin from many grains to supply tin for the
growth of a whisker would explain why localized grain
subsidence has rarely been observed. It should again be
noted that no significant enlargement (recrystallization) of
the matte tin grains was apparent before or after whisker
formation.
Fisher, et. al.*, proposed that the linear growth rate of a
whisker was equal to 2DPV/(RTr,) when the tin supplying
the whisker was diffusing across a hemi-spherical shell with
a large radius compared to the whisker radius. Setting
D=1.57 x 108 cm?/sec (the tin lattice diffusivity at 25°C?);
P=1.47 psi (the pressure required for spontaneous whisker
growth®); V=16.3cm®mole; R=1206 psicm®mole°K (the
gas constant); T=298°K; and r;=1x10-4 cm (the radius of a
typical whisker), we get a growth rate of 2.1 x 107
Angstroms/sec at room temperature. This is many orders of
magnitude less than the spontaneous growth rate actually
observed for whiskers® (i.e., up to 0.4 Angstrom/sec). This
supports the findings of this paper which suggest that the tin
must be supplied to the whiskers by grain boundary or
surface diffusion rather than by lattice diffusion.
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Lateral diffusion of Sn*** into the grains of the Sn**" single
layer (within both matte and bright tin) was also
demonstrated by a series of surface and depth profile
analyses (Figures 52-57) conducted approximately three
hundred days after plating. The surface analyses proved
that Sn**® had migrated a long distance (3000 microns)
across the surface of the matte tin single layer. Depth
profiling also found appreciable amounts of Sn''® in the
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lattice of both the matte and bright tin single layers. The
amount of Sn'*® within the matte tin single layer lattice was
less the amount on the surface of the matte tin single layer
(see Figures 52 and 53). This strongly suggests that the
Sn'*® must have reached the surface of the matte tin single
layer by diffusion through the grain boundaries or across the
plating surface and not by lattice diffusion. In the case of
the bright tin, the relative percent of Sn'' in the single layer
lattice was very high (6.1%) near the single layer/double
layer interface. This is not surprising as the small grain size
and large number of grain boundaries in the bright tin
plating would have facilitated diffusion of Sn'‘® from the
double layer and into the single layer grains. It appears that
large amounts of Sn**® penetrated farther into the matte tin
single layer lattice (Figure 53) than into the bright tin single
layer lattice (Figure 55), however. The surface analyses and
depth profiles also revealed that the surface isotopic
composition of the single layer was different from the lattice
isotopic composition. This was true for both the matte tin
and bright tin cases (Figures 52-57). This suggests that the
outer surface of the tin formed an oxide layer after plating
which froze the relative percentage of Sn'*® on the surface
even though diffusion of Sn'*® continued in the bulk of the
plating.

The isotopic compositions of whiskers that grew on the
matte Sn**%/Sn*® double layer (well away from the single
layer/double layer interface) were determined prior to and
after sputtering.  Surprisingly, the isotopic compositions
found on the whiskers prior to sputtering were uniform from
the base of the whiskers to their tips (Table 3 and Figure
44). The compositions were also very close to the
equilibrium composition expected within the matte tin
plating after complete mixing of the two isotope layers has
occurred. This was true even though the depth profile data
showed that when the whiskers formed on the matte tin
double layer, complete mixing of the isotopes normal to the
substrate had not occurred (Figure 31). Sputtering of
Whiskers 1, 5A, 5B and 5C (all fully formed at 44 days after
plating) revealed that the isotopic compositions of the
interiors of the whiskers were also uniform from the base of
the whiskers to their tips (Table 7 and Figure 58) but were
not identical to the pre-sputtering compositions. In all
cases, the internal compositions of the whiskers were
deficient in Sn'*® compared to the surface compositions.
Different analytical techniques had to be used to determine
the isotopic compositions of the whiskers before and after
sputtering. Analysis of a standard (Sn foil with normal
isotopic abundances) using both techniques gave nearly
identical results. This confirmed that the isotopic
differences observed in the whiskers after sputtering are real
and not an artifact of the analytical techniques used.

The data suggests that when the whiskers formed on the
matte tin double layer, the tin within the grain boundaries
feeding the whiskers had not yet reached an equilibrium
composition (i.e., the material was still Sn'?° rich).
Although the isotopic composition of the tin within the
grain boundaries would change with time, the growth of the

whiskers was faster than this compositional change which
explains why each whisker had a uniform internal isotopic
composition along its length.  The internal isotopic
composition could vary from whisker to whisker, however,
depending on how long after plating the whisker formed.
After formation of the whiskers was complete, the tin within
the grain boundaries feeding the whiskers began to approach
the equilibrium composition. Diffusion of this tin onto and
along the surface of the whiskers occurred and was
extremely rapid compared to diffusion into the lattice of the
whiskers. The surface composition of the whiskers was in
constant flux until the equilibrium composition was
achieved. This would explain why the interior of each
whisker on the matte tin double layer was enriched in Sn*?
compared to the exterior of the whisker.

The isotopic compositions of whiskers that grew on the
matte  Sn*?/Sn''® double layer close to the single
layer/double layer interface were different than the
compositions of whiskers well removed from the interface.
The amount of Sn'*® detected was related to the distance of
the whisker base from the adjacent single layer/double layer
interface (Figure 51). Again, the isotopic compositions
found on the whiskers prior to sputtering were uniform from
the base of the whiskers to their tips (Table 7, Whiskers 3B,
3D and 3E). However, the compositions were not the same
as the equilibrium composition expected within the matte tin
plating after complete mixing of the two isotope layers has
occurred. Undoubtedly, this was due to dilution of the tin
diffusing over the surface of the whiskers by Sn*® diffusing
over from the adjacent single layer. After sputtering, the
isotopic compositions of the interiors of the whiskers were
not identical to the pre-sputtering compositions and were
not the same as the double layer equilibrium composition
(Table 7). In most cases, the internal compositions of the
whiskers were deficient in Sn''® compared to the surface
compositions. Again, the data suggests that when these
whiskers formed on the matte tin, the isotopic composition
of the tin within the grain boundaries feeding the whiskers
had not yet reached an equilibrium composition (i.e., the
material was still Sn*? rich).

The isotopic compositions of whiskers that grew on the
matte  Sn*?%/Sn™® single layer close to the single
layer/double layer interface were also determined prior to
and after sputtering. Again, the isotopic compositions found
on the whiskers prior to sputtering were uniform from the
base of the whiskers to their tips (Table 5 and Figure 46,
Whiskers 2A, 3G, 3H, 31, 3C and 3F). The amount of Sn*'®
detected was related to the distance of the whisker base
from the adjacent single layer/double layer interface (Figure
51) which was the source of the Sn*!8, After sputtering, the
isotopic compositions of the interior of the whiskers were
uniform from the base of the whiskers to their tips (Table 7,
Whiskers 3G, 3H, 31 and 3F) and were also nearly identical
to the pre-sputtering compositions (Figures 58 and 59). The
data suggests that the isotopic composition of the tin within
the grain boundaries feeding these whiskers did not change
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rapidly with time thus allowing the internal and surface
compositions of the whiskers to remain similar.

The isotopic compositions of several whiskers and nodules
that grew on the bright Sn*?/Sn*!® double layers were also
quantified prior to and after sputtering. Unlike the matte tin
plating, whiskers on the bright tin plating emanated from
nodules which must have formed by long range diffusion of
tin (since the plating directly under the nodules was not
thick enough to provide the amount of tin contained within
the nodules). As with the matte tin, the isotopic
composition found on the whiskers prior to sputtering was
uniform from the base of the whiskers to their tips (Table 8).
The composition found on the surfaces of the whiskers and
their corresponding nodules was close to the equilibrium
composition expected within the bright tin plating after
complete mixing of the two isotope layers has occurred
(Tables 8 and 9). One might expect the nodules on the
bright tin to have an isotopic composition identical to that of
the double layer equilibrium composition if the nodules are
indeed formed by the long range diffusion of tin. Any
whiskers subsequently emanating from the nodules might
likewise be expected to have an isotopic composition
identical to that of its corresponding nodule. Sputtering and
analysis of several whiskers/nodules gave conflicting
results, however. Whisker 7 had nearly the same isotopic
composition before and after sputtering (Table 8 and Figure
60). This whisker was fully formed at 23 days after plating
when mixing of the double isotope layer was still
incomplete. In contrast, Whisker 22 showed a decrease in
the relative amount of Sn''® detected after sputtering
(although the post-sputter composition was constant from
the base of the whisker to its tip). The results obtained by
sputtering the nodules were also inconsistent. The isotopic
compositions of the sputtered nodules varied depending on
where the line scans were drawn (Table 9 and Figures 61
and 62).

This study did not collect enough data from whiskers and
nodules on the bright tin double layer to make any definitive
conclusions concerning these conflicting observations.

CONCLUSIONS
The following conclusions can be draw from this study.
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1. Alayer of Sn™~ over a layer of Sn™"" showed significant
interdiffusion in just a few days for both bright tin and
matte tin. Mixing of the bright tin isotope layers was
nearly complete at 66 days after plating while mixing of
the matte tin isotope layers was far from complete at
117 days after plating. No dramatic changes in grain
size within the platings were apparent in either case.
The lattice diffusion coefficient calculated for the bright
tin appeared to be larger than the literature values
measured for a near perfect tin lattice.

Whiskers growing from the matte tin appeared to
originate from the plating surface and not from the
substrate/plating interface. The whiskers had a
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diameter equivalent to the grain size and no nodule
growth prior to the formation of whiskers was
observed. In contrast, whiskers on the bright tin plating
grew from large nodules which must have formed by a
recrystallization process.

Long range diffusion of Sn*® isotope parallel to the
substrate was observed during TOF-SIMS analysis of
whiskers growing on the matte Sn'? plating adjacent to
a Sn*® source. Large amounts of Sn**® were detected in
the whiskers but not in the plating itself. This suggests
that the diffusion of Sn™® occurred through the grain
boundaries (or over the plating surface) and not through
the tin lattice.

Approximately three hundred days after plating, long
range diffusion of Sn™® isotope parallel to the substrate
was also observed during surface and depth profiling
analyses of matte and bright Sn**° platings adjacent to a
Sn'® source. In the matte tin case, the amount of Sn™*®
on the surface of the plating was greater than within the
plating. This strongly suggests that the diffusion of
Sn'*® occurred through the grain boundaries (or over the
plating surface) and not through the tin lattice.

The isotopic compositions of the surfaces of the tin
platings appeared to be “frozen” possibly due to the
formation of oxide layers which prevented further
diffusion. If an oxide layer is indeed responsible for
this observation, the data suggests that diffusion parallel
to the substrate could still occur immediately under the
oxide layer with subsequent diffusion into the lattice.

The isotopic compositions of the surfaces of all
whiskers analyzed on the matte tin were relatively
constant from the base of each whisker to its tip.
Sputtering of the whiskers revealed that the isotopic
composition inside a whisker could be different from its
surface composition, however. These observations
suggest that the internal composition of a whisker on
matte tin was determined by the composition of the tin
within the grain boundaries at the time of formation.
After formation of a whisker, tin could still diffuse
rapidly over the whisker surface and the surface
composition would change as the tin within the grain
boundaries approached an equilibrium isotopic
composition.
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Table 1. Relative Percentage of Each Tin Isotope in the Anodes used for Electroplating

Relative Percentages
of Tin Isotopes
Isotope sn'? Anode sSn''® Anode
sn'? 0.02 0.1
Sn'? 0.06 0.1
sn'?° 99.6 0.5
sn'™® 0.13 0.3
Sn''® 0.13 97
sn'"’ 0.02 1.8
sn''® 0.04 0.2
sn'® 0.00 0.0
sn' 0.00 0.0
sn''? 0.00 0.0
Single
Layer/Double
Layer

118
Interface Sn™ Layer

l

*

Brass Substrate

Sn'® Layer

1

118

Figure 1. Sn'? Single Layer and Sn*®/Sn

Double Layer on a Brass Coupon
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Intermetallic

Figure 3. FIB Microsection of the Double Layer of Bright Tin Plating (Sample 90, 1.8
Microns Sn*?° over 1.3 Microns Sn*'®, 109 Days after Plating)
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Sn Plating

FOV: 10.0 gm 20.0 keVf
<+ 203 Sample #92

Figure 4. SEM Image of an FIB Microsection of the Double Layer of Bright Tin Plating
(Sample 92, 1.2 Microns Sn'?° over 1.0 Microns Sn*®, 67 Days after Plating)

Zn on Plating

Sn Plating SRR

T

Intermetallic Layer

Brass

08/31/5 20.0keV 1 pm
®

Figure 5. Auger Elemental Map of the FIB Microsection from Figure 4
(Red=Sn; Green=Cu; Blue=Zn)
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FON: 10.0 pm 2.0 ym
&£ 704 Sample #92 831/05

Figure 6. Nodules Forming 30 Minutes after the FIB Microsection
was made (FIB Microsection from Figure 4)

Figure 7. Nodules 18 Hours after the FIB Microsection was made
(FIB Microsection from Figure 4)
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Sample 90, Double Layer

100
[4)

c

g 5 4 y 'f'

g 50 | X % { 'y -' 4 Sn118+Cs
5 § 4 2= % Sn120+Cs
8 50 % ‘e + Cub3+Cs
5 40 L ff{(( At = Zn64+Cs
8 A .‘ 3}( ; x O16+Cs
S I

S

0 2000 4000 6000 8000 10000

Time (sec)

Figure 8. TOF-SIMS Depth Profile of the Double Layer of Bright Tin Plating (Sample 90,
1.8 Microns Sn*?® over 1.3 Microns Sn''®, 3 Days after Plating)

Sample 90, Double Layer

100

% of Combined lon Counts
(@]
o

k % s Sn118+Cs
f X L % Sn120+Cs
LW .
X
0 C ! T T T
0 2000 4000 6000 8000 10000

Time (sec)

Figure 9. TOF-SIMS Depth Profile of the Double Layer of Bright Tin Plating showing Tin Isotopes Only (Sample 90,
1.8 Microns Sn*?® over 1.3 Microns Sn*8, 3 Days after Plating). Line AB Represents Lattice Diffusion of
Sn**® from the Surface. Line CDE Represents Lattice Diffusion of Sn'*® into the Grains from the Grain
Boundaries.
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Sn'*® Moving Up Grain Boundaries

-

=
ﬂ@

Plating
Surface

—

Sn120
Grain

@@ @@ @@
I

(-

Brass
Substrate

§
7

Depth
Profile

Sn'® Moving Down Grain Boundaries

7
>>>>>>>>>

0%Sn 120 >< 0%6Sn 18 \

Figure 10. Schematic showing Diffusion of Tin along the Grain Boundaries and the Corresponding Depth Profile (Compare to Figure 9)
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Table 2. Lattice Diffusion Coefficients of Common Metals

Metal D at 25°C (cm®/sec)
(from Ref. 29)
Sn 1.8x10"®
Zn 2.4x107"®
Cd 1.0x107"°
Cu 1.4x10™7
Au 7.0x10°%
Ag 7.5x10°*
Cr 2.5x107°
Pt 6.2x102

Figure 11. A Typical Depth Profile Crater
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Sample 90, Double Layer
100
90
%]
c
>
8 4 Sn118+Cs
< »x 8n120+Cs
E * Cu63+Cs
'.g ® Zn64+Cs
€ x 016+Cs
o
O
©
R
0 2000 4000 6000 8000 10000
Time (sec)
Figure 12. TOF-SIMS Depth Profile of the Double Layer of Bright Tin Plating (Sample
90, 1.8 Microns Sn'® over 1.3 Microns Sn''®, 66 Days after Plating)
Sample 90, Double Layer

100
(2]
c
5
O
O
c
2 4 Sn118+Cs
e % 8n120+Cs
£
1S
o
O
©
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O T T T T
0 2000 4000 6000 8000 10000
Time (sec)

Figure 13. TOF-SIMS Depth Profile of the Double Layer of Bright Tin Plating showing Tin Isotopes Only (Sample
90, 1.8 Microns Sn*?° over 1.3 Microns Sn''8, 66 Days after Plating). Dashed Lines show the Expected
Relative Percent of Each Isotope when Diffusion is Complete (i.e., 57% Sn*?® and 43% Sn''8).
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Sample 89, Double Layer

100
2]
c
=}
S
c 2 Sn118+Cs
@]
3 x Sn120+Cs
< + Cu63+Cs
E « Zn64+Cs
S % 016+Cs
©
S
0
0 2000 4000 6000 8000 10000
Time (sec)
Figure 14. TOF-SIMS Depth Profile of the Double Layer of Bright Tin Plating (Sample 89,
Approximately 1.8 Microns Sn*?° over 0.8 Microns Sn''®, 187 Days after Plating)
Sample 89, Double Layer
100 -
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Figure 15. TOF-SIMS Depth Profile of the Double Layer of Bright Tin Plating showing
Tin Isotopes Only (Sample 89, Approximately 1.8 Microns Sn*?° over 0.8
Microns Sn*'®, 187 Days after Plating)
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% of Combined lon Counts
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Sample 90, Single Layer
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Figure 16. TOF-SIMS Depth Profile of the Single Layer of Sn*® Bright Tin Plating (Sample

90, 1.8 Microns Sn*?, 3 Days after Plating, Analysis Location was 220 Microns from
the Single Layer/Double Layer Interface)
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Figure 17. TOF-SIMS Depth Profile of the Single Layer of Sn'?° Bright Tin Plating showing Tin

Isotopes Only (Sample 90, 1.8 Microns Sn'?°, 3 Days after Plating, Analysis Location
was 220 Microns from the Single Layer/Double Layer Interface)
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Sample 90, Single Layer

2
c
=}
o
g 4 Sn118+Cs
o % 8n120+CS
g + CuB3+Cs
T 40 H = Zn64+Cs
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© 30 7
o [
X 20
10
O T T
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Figure 18. TOF-SIMS Depth Profile of the Single Layer of Sn'? Bright Tin Plating
(Sample 90, 1.8 Microns Sn*?°, 66 Days after Plating, Analysis Location was
280 Microns from the Single Layer/Double Layer Interface)
Sample 90, Single Layer
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Figure 19. TOF-SIMS Depth Profile of the Single Layer of Sn'? Bright Tin Plating showing

Tin Isotopes Only (Sample 90, 1.8 Microns Sn'?, 66 Days after Plating, Analysis
Location was 280 Microns from the Single Layer/Double Layer Interface)
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FOV: 20.0'pm.~ 20.0 keV 5.0 ym R
P,
@ 103 . -'Sampft:SZ 02Jun05 6/2/105

Figure 20. Surface Morphology of the Matte Tin Figure 21. Whisker growing on the Matte Tin
Plating (10 Days after Plating) Plating (26 Days after Plating)

Figure 22. FIB Microsection of the Double Layer of Matte Tin Plating (Sample 52, 1.4

120

Microns Sn*? over 1.6 Microns Sn**®, 158 Days after Plating)
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Figure 23. FIB Microsections of the Matte Tin Platings (158 Days after Plating)
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FOW: 10.0 ym 20.0 keV
+ 115 Sample #51

Figure 24. SEM Image of FIB Microsection of the Double Layer of Matte Tin Plating
(Sample 51, 1.3 Microns Sn'? over 1.6 Microns Sn**®, 116 Days after Plating)

Sn Plating / \

Brass Intermetallic Layer

08/31/5 20.0keV
@

Figure 25. Auger Elemental Map of FIB Microsection from Figure 24
(Red=Sn; Green=Cu; Blue=Zn)
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08/31/5 20.0keV
O

Figure 26.

Auger Elemental Map of FIB Microsection from Figure 24
Showing Zn Only

w2jun.104.spe: Sample 52 02Jun05
05 Jun 2 20.0 keV 0 FRR 4.0686e+005 max 0.00 s

Sur1/Areal1/2 (SG9)

PHI

5
x 10

w2jun.104.spe

10

c/s

Point 1

Point 2
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Kinetic Energy (eV)

Figure 27. Auger Analysis of the Whisker (Point 1) and the Adjacent

Plating (Point 2) from Figure 21
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Sample 52, Double Layer
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Figure 28. TOF-SIMS Depth Profile of the Double Layer of Matte Tin Plating (Sample
52, 1.4 Microns Sn*?° over 1.6 Microns Sn*'8, 10 Days after Plating)
Sample 52, Double Layer
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Figure 29. TOF-SIMS Depth Profile of the Double Layer of Matte Tin Plating showing
Tin Isotopes Only (Sample 52, 1.4 Microns Sn*?° over 1.6 Microns Sn*'%, 10
Days after Plating)
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Sample 52, Double Layer
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Figure 30. TOF-SIMS Depth Profile of the Double Layer of Matte Tin Plating (Sample
52, 1.4 Microns Sn*® over 1.6 Microns Sn*'?, 117 Days after Plating)
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Figure 31. TOF-SIMS Depth Profile of the Double Layer of Bright Matte Plating
showing Tin Isotopes Only (Sample 52, 1.4 Microns Sn'? over 1.6 Microns
Sn'® 117 Days after Plating)
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Sample 52, Single Layer
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Figure 32. TOF-SIMS Depth Profile of the Single Layer of Sn'® Matte Tin Plating
(Sample 52, 1.4 Microns Sn'?, 10 Days after Plating, Analysis Location was
2650 Microns from the Single Layer/Double Layer Interface)
Sample 52, Single Layer
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Figure 33. TOF-SIMS Depth Profile of the Single Layer of Sn**® Matte Tin Plating showing Tin
Isotopes Only (Sample 52, 1.4 Microns Sn*?, 10 Days after Plating, Analysis Location
was 2650 Microns from the Single Layer/Double Layer Interface)
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% of Combined lon Counts
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Figure 34. TOF-SIMS Depth Profile of the Single Layer of Sn'?* Matte Tin Plating
(Sample 52, 1.4 Microns Sn'?, 10 Days after Plating, Analysis Location was
290 Microns from the Single Layer/Double Layer Interface)
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Figure 35. TOF-SIMS Depth Profile of the Single Layer of Sn**® Matte Tin Plating showing Tin

Isotopes Only (Sample 52, 1.4 Microns Sn'?, 10 Days after Plating, Analysis Location was
290 Microns from the Single Layer/Double Layer Interface)
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Figure 36. TOF-SIMS Depth Profile of the Single Layer of Sn*® Matte Tin Plating
(Sample 52, 1.4 Microns Sn'?°, 117 Days after Plating, Analysis Location was

315 Microns from the Single Layer/Double Layer Interface)
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Figure 37. TOF-SIMS Depth Profile of the Single Layer of Sn'?* Matte Tin Plating showing Tin
Isotopes Only (Sample 52, 1.4 Microns Sn'?, 117 Days after Plating, Analysis Location

was 315 Microns from the Single Layer/Double Layer Interface)
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Sample 62, Double Layer
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Figure 38. TOF-SIMS Depth Profile of the Double Layer of Matte Tin Plating (Sample
62, 0.8 Microns Sn*?® over 1.2 Microns Sn*8, 3 Days after Plating)
Sample 62, Double Layer
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Figure 39. TOF-SIMS Depth Profile of the Double Layer of Matte Tin Plating showing

120 118
, 3

Tin Isotopes Only (Sample 62, 0.8 Microns Sn*" over 1.2 Microns Sn

Days after Plating)
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Figure 40. SEM Photo of Whisker 1 on the Sn'?°/Sn**® Double Layer (Sample 62, Matte Tin Plating)
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Line
Scan 2

Figure 41. TOF-SIMS Sn*® Positive lon Image of Whisker 1 on the Sn**?/Sn**® Double Layer. The Green
Arrow indicates the Base of the Whisker (Sample 62, Matte Tin Plating, 45 Days after Plating).
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Figure 42. Line Scan 1 (for Sn**and Sn**®) of Whisker 1 as shown in Figure 41
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Figure 43. Line Scan 2 (for Sn**and Sn**®) of Whisker 1 as shown in Figure 41
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Table 3. Tin Isotope Relative Percentages found on Whiskers on the Double Layer (Sn'? over Sn*®). The Absolute
Error in the Measurements was estimated to be £2 Percent.

Expected Sn Isotope|
Relative . . Approx. Distance | Approx. Distance
receniges n | 51 S0Pe Fethe | 0 otobe Sasve | botwean Baseans | o whiker o
Sample ID | Whisker ID | Plating Type | Sn**/Sn*® Double 9 9 . Tip Measurement Single Comments
L near Whisker Base near Whisker Tip -
Layer when Mixing Points Layer/Double Layer
is Complete (microns) Interface (microns)
%Sn120 %Snlls %SnIZO %Sn118 %SnIZO %Sn118

62 1 Matte 41 59 43 57 42 58 80 1400

62 5A Matte 41 59 38 62 37 63 20 5500 Analyses Performed 44 Days after Plating; Mixing of

62 5B Matte 41 59 37 63 35 65 35 5500 Double Layer was Incomplete.

62 5C Matte 41 59 37 63 36 64 45 5500

52 17A Matte 48 52 50 50 48 52 100 1100

52 17B Matte 48 52 51 49 48 52 100 1100 L

] S O B o0 | Ve T 1 Do e g g o

52 19A Matte 48 52 47" 53" 48" 52" 320 5800 ¥ P d :

52 19B Matte 48 52 49* 51* 50* 50* 250 5800

89 7 Bright 69 31 65 35 66 34 80 3200 Analyses Performed 66 Days after Plating; Mixing of
Double Layer was Nearly Complete; However, Whisker
7 was Fully Formed 23 Days after Plating when Mixing

89 11 Bright 69 31 nm nm 64 36 20 3200 of Double Layer was Incomplete.

89 21 Bright 69 31 66* 34* 70* 30* 55 3000 Analyses Performed 187 Days after Plating; Mixing of

Double Layer was Complete
89 22 Bright 69 31 65 35 66 34 40 1650 (see Figure 15).

*Which end is the base and which end is the tip is unknown
nm = not measured

Table 4. Tin Isotope Relative Percentages found on Nodules on the Bright Tin Double Layer (Sn'?° over Sn*'®)
Expected Sn Isotope
Relative 3n Isot Relati
Percentages in Pgrcseon?apis le::ulr\:s
Sample ID | Nodule ID | Plating Type | Sn*?/sn*® Double on Ngodule Comments
Layer when Mixing
is Complete
%Sn120 %Sn118 %Sn 120 %Sn118
Nodule at
89 Base of Bright 69 31 65 35
Whisker 7 Analyses Performed 187 Days after Plating; Mixing of
Nodule at Double Layer was Complete (see Figure 15).
89 Base of Bright 69 31 67 33
Whisker 22
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100 100 Sample 52 (Composition
Sample 62 (Composition when Double Layer is
= 90 when Double Layer is = 90 Completely Mixed)
»n i n
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Figure 44. Percent of Sn**® found on the the Base and the Tip of the Whiskers on the Double Isotope Layer (Data is
from Table 3. Note: the Isotopic Composition is Relatively Constant along the Length of Each Whisker.
Also, the Isotopic Compositions are Close to the Composition Expected from Complete Mixing of the

Double Layer).
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Figure 45. FIB Microsection of a Nodule on the Bright Tin Plating. Nodule was formed by Recrystallization of the
Plating Grains (Sample 90, Single Layer, Note the Whiskers growing from the Nodule).
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Table 5. Tin Isotope Relative Percentages found on Whiskers on the Sn*® Single Layer

Sn Isotope Relative | Sn Isotope Relative [Approx. Distance between
. . Percentages Found | Percentages Found Base and Tip
Sample ID | Whisker ID | Plating Type near Whisker Base near Whisker Tip Measurement Points Comments
(microns)
%SanO %Snlls %Sn120 %Sn118
62 2A Matte 97 3 96 4 130 Analysis performed 45 Days after Plating.
62 3G Matte 90 10 87 13 35
62 3H Matte 90 10 91 9 25
62 3l Matte 96 4 95 5 15 Analyses performed 108 Days after Plating.
62 3C Matte 94 6 94 6 140
62 3F Matte 84 16 85 15 10
89 9 | Brignt | 99 | 1 | 99 | 1 | 95 [ Analysis performed 66 Days after Plating.
100

= 90

(%]

T 80 Sample 62 Whisker 2A

o

'; 70 | —m— Sample 62 Whisker 3G

°© —aA— Sample 62 Whisker 3H

‘,% 60 Sample 62 Whisker 3l

& 50 —a— Sample 62 Whisker 3C

g Sample 89 Whisker 9

X 40

E

5 | e

g 20

5 Matte and

s 10 g_éf‘ N Bright Sn

0f ‘ ;
0 50 100 150
Distance Between Analysis Points (microns)

Figure 46. Percent of Sn**® found on the the Base and the Tip of the Whiskers on the Single Isotope Layer (Data from
Table 5, Note: the Isotopic Composition is Relatively Constant along the Length of Each Whisker)
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Spm Magn

Di{ef« N1PLE AV
[IJ =

Figure 47. SEM Image of Tin Whiskers; a Green Arrow indicates the Base of the Whisker (Sample
62, Matte Tin Plating, the Dotted White Line marks the Interface between the Sn*?
Single Layer and the Sn*?°/Sn**® Double Layer, Photo taken 211 Days after Plating)

: Sn2%/gn 118

100 microns |
—_—

Figure 48. TOF-SIMS Sn*® Positive lon Image of Areain  Figure 49. TOF-SIMS Sn**® Positive lon Image of Area in
Figure 47 (Sample 62, Matte Tin Plating, the Figure 47 (Sample 62, Matte Tin Plating, the
Dotted White Line marks the Interface Dotted White Line marks the Interface
between the Sn*?® Single Layer and the
Sn'?%/sn*® Double Layer, 108 Days after

between the Sn*?° Single Layer and the
Sn'?°/sn**® Double Layer, 108 Days after
Plating). The Green Line is a Line Scan.

Plating). Whiskers 3A, 3F, 3G and 31 were
Fully Formed at 45 Days after Plating. The

Green Line is a Line Scan.
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Figure 50. Sn*® Line Scan and Sn**® Line Scan of Whiskers 3C and 3D as shown in Figures 48 and 49
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Figure 51. Relative Percent of Sn''® on Whiskers on Both Sides of the Interface between the Sn*®

Single Layer and the Sn*?°/Sn**® Double Layer (Sample 62, Matte Tin Plating, Data is for the
Base of the Whiskers shown in Figure 47 at 108 Days after Plating)
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Figure 52. Relative Percent of Sn''® on the Matte Tin Plating Surface (Sample 63, Vertical Red Line
marks the Interface between the Sn*? Single Layer and the Sn*?/Sn'*® Double Layer, 299
Days after Plating). Absolute Experimental Error was +0.3%.
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Figure 53. Relative Percent of Sn**® on the Matte Tin Plating Surface after 270 Seconds of
Sputtering (Sample 63, Vertical Red Line marks the Interface between the Sn*?° Single
Layer and the Sn*®/Sn'*® Double Layer, 337 Days after Plating)
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Figure 54. Relative Percent of Sn**® on the Bright Tin Plating Surface (Sample 91, Vertical Red Line
marks the Interface between the Sn*? Single Layer and the Sn**/Sn'*® Double Layer, 254
Days after Plating). Absolute Experimental Error was +0.3%.
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Figure 55. Relative Percent of Sn**® on the Bright Tin Plating Surface after 270 Seconds of
Sputtering (Sample 91, Vertical Red Line marks the Interface between the Sn**

Single
Layer and the Sn*?/Sn*® Double Layer, 296 Days after Plating)
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Figure 56. TOF-SIMS Depth Profiles of the Matte Tin Plating (Sample 63, Approximately
1.0 Microns Sn*?® over 1.4 Microns Sn'*, 337 Days after Plating, See Figure 53
for Spot Locations, First Data Points are from Figure 52)
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Figure 57. TOF-SIMS Depth Profiles of the Bright Tin Plating (Sample 91, Approximately
1.5 Microns Sn*?® over 1.4 Microns Sn*'®, 296 Days after Plating, See Figure 55 for
Spot Locations, First Data Points are from Figure 54)
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Table 6. Tin Isotope Relative Percentages found on the Surface of the Platings.
Absolute Experimental Error was +0.3%.

Expected Sn Isotope)
Relative

Surface A laapeq | PerCetagesin | 20 O | Location of A
sample ID |PUTACC AT bating Type | = 2SPSE sn*®/sn**® Double ag ocation of Area
Analyzed since Plating . on Plating Surface Analyzed
(days) Layer when Mixing
is Complete
%Snlzo %Snlls %Sn120 %Snllg
120 @
89 Sn " Single [ prignt 187 69 31 99.5 05 | Center of Single Layer
Layer
120 118
89 Sn “/Sn Bright 187 69 31 84.1 15.9 | Center of Double Layer
Double Layer
120 118
52 Sn ~/Sn Matte 10 48 52 83.7 16.3 | Center of Double Layer
Double Layer
120 118
63 Sn /Sn Matte 3 42 58 83.3 16.7 | Center of Double Layer
Double Layer
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Table 7. Tin Isotope Relative Percentages found before and after Sputtering of Whiskers on Matte Tin.
The Absolute Error in the Measurements was estimated to be £2 Percent.

Pre-Sputter Analyses
(45 days after plating for Whiskers 1, 5A, Pre-Sputter Analyses Post-Sputter Analyses
5B, 5C; 108 days after plating for Whiskers (254 days after plating) (282 days after plating)
Expected Sn 3B, 3D, 3E, 3F, 3G, 3H, 31)
Isotope Relative .
Percentages in betueen Base and T
Sample ID | Whisker ID Plating Plating Type | Sn'*%/sn**® D"_“,b'e Sn Isotope Relative | Sn Isotope Relative | Sn Isotope Relative Sn Isotope Relative Sn Isotope Relative Sn Isotope Relative Measurement Pointsp
Laygr when Mixing Percentages Found | Percentages Found | Percentages Found Percentages Found Percentages Found Percentages Found (microns)
is Complete near Whisker Base near Whisker Tip near Whisker Base near Whisker Tip near Whisker Base near Whisker Tip
%Sn'® | %sn™® [ %sn' | %sn'® | %sn'®® | %sn'® | %sn'® | %sn'™ [ %sn'™ [ %sn'™® | %sn'® | %sn'® | %sn'®® | %sn''®
62 1 Sn'/Sn"™ Double Laver Matte 41 59 43 57 42 58 40 60 40 60 58 A 42 v 58 A 42 v 130
62 5A Sn'?/sn'"® Double Layer Matte 41 59 38 62 37 63 39 61 30 70 47 A 53 v 44 A 56 v 20
62 5B Sn'?/sn""® Double Layer Matte 41 59 37 63 35 65 37 63 34 66 44 A 56 ¥ 45 A 55V 35
62 5C Sn'?’/sn""® Double Layer Matte 41 59 37 63 36 64 36 64 41 59 44 A 56 v 46 A 54 v 45
62 3B Sn'?°/Sn'"® Double Layer* Matte 41 59 70 30 65 35 73 27 72 28 82 A 18 Vv 72 28 40
62 3D Sn'?%/sn'"® Double Layer* Matte 41 59 57 43 57 43 57 43 55 45 72 A 28V 80 A 20V 40
62 3E Sn'?%/sn'"® Double Layer* Matte 41 59 58 42 61 39 54 46 56 44 70 A 30V 72 A 28V 30
62 3F Sn'® Single Layer* Matte 41 59 84 16 85 16 86 14 87 13 85 15 85 10
62 3G Sn'® Single Layer* Matte 41 59 90 10 87 13 88 12 87 13 91 9 87 30
62 3H Sn'® Single Layer* Matte 41 59 90 10 91 9 90 10 91 9 90 10 93 7 25
62 3l Sn'? Single Layer* Matte 41 59 96 4 95 5 96 4 nm nm 96 4 94 6 20

* Near double layer/single layer interface
nm = not measured

A =increase compared to pre-sputter

¥ = decrease compared to pre-sputter
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Figure 58. Relative Percentages of Sn'* found before and after Sputtering of Whiskers on Matte Tin (Sample 62, Data is from Table 7)
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Figure 59. Relative Percentages of Sn** found before and after Sputtering of Whiskers on Both Sides
of the Interface between the Matte Sn*?° Single Layer and the Matte Sn*?/Sn**® Double
Layer (Data is for the Base of the Whiskers shown in Figure 47 at 108 Days after Plating
and after Sputtering at 282 Days after Plating, see Table 7)

47



Table 8. Tin Isotope Relative Percentages found before and after Sputtering of Whiskers on the Bright Tin Double Layer (Sn'?°
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over Sn*'®)

Expected Sn Pre-Sputter Analyses Post-Sputter Analyses
187 days after platin 313 days after platin
Isotope Relative ( y P 9 ( y P 9 .
Percentages in . f«pprog Dlstan(;:e_zr.
. . . etween Base and Ti
Sample ID [ Whisker ID Plating Plating Type | Sn*?%/Sn™*® Double | sn Isotope Relative | Sn Isotope Relative | Sn Isotope Relative | Sn Isotope Relative Measurement Pointsp
Layer when Mixing | Percentages Found | Percentages Found | Percentages Found Percentages Found (microns)
is Complete near Whisker Base near Whisker Tip near Whisker Base near Whisker Tip
%Sn 120 %Sn 118 %Sn120 %Sn 118 %Sn120 %Sn 118 %Sn 120 %Sn 118 %Sn 120 %Sn 118
89 7 Sn'?%/sn""® Double Layer Bright 69 31 65 35 66 34 69 31 71 29 80
89 22 Sn'?/Sn'"® Double Layer Bright 69 31 65 35 66 34 79 A 21 v 81A 19v 20
A = increase compared to pre-sputter

¥ = decrease compared to pre-sputter

Table 9. Tin Isotope Relative Percentages found before and after Sputtering of Nodules on the Bright Tin Double Layer (Sn*®

over Sn*'®)

Pre-Sputter Post-Sputter
Expected Sn Isotope| Analyses Analyses
Relative (187 days after (313 days after
Percentages in plating) plating)
Sample ID Nodule ID Plating Plating Type sn*?%/sn**® Double
Layer when Mixing _|Range of Sn Isotope
is Complete Sn Isotope Relative Relative
Percentages Found
Percentages Found
on Nodule
on Nodule
%Sn120 %Snna %Sn120 %Snna %Sn120 %SnllB
Nodule at Base of .
89 Whisker 7 Sn"2%sn""® Double Layer Bright 69 31 65 35 681060 | 32t040
Nodule at Base of .
89 Whisker 22 sSn'/sn'"® Double Layer Bright 69 31 67 33 75t0 64 | 25t0 36
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%Sn*® on Whiskers (Relative to Total Sn)
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Figure 60. Relative Percentages of Sn'*® found before and after Sputtering of Whiskers on the
Bright Tin Double Layer (Sample 89, Data is from Table 8)
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Figure 61. TOF-SIMS Sn'? Negative lon Image of
the Nodule at the Base of Whisker 22
after Sputtering (Sample 89, Bright Tin
Plating). The Green Line isa Line
Scan.

Whisker 22 Was Growing
from this Part of Nodule

Figure 62. Sn*?° Line Scan and Sn™*® Line Scan of the Nodule at the Base of Whisker 22 after
Sputtering (See Figure 61)
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