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Chapter 1: Tin Whiskers — Introduction and Backgebu

We dance around in a ring and suppose
But the Secret sits in the middle and knows
R. Frost
Metallic whiskers are conductive crystalline stiues of metal that over time grow
outward from the surface of the metal. This phenmonehas been noticed most
commonly for Tin (Sn), Zinc (Zn), and Cadmium (Cd}ile other examples,

including Indium (In), Silver (Ag), Aluminum (Al)Gold (Au), Antimony (Sb), and

Lead (Pb) also exist [1]. Examples of typical wieiskare given in Figure 1 and

Figure 2.

Figure 1 A typical tin whisker with two  Figure 2 A pair of tin whiskers exceeding length ¢
distinct kinks (bends) along its length  300um growing on surface of tin-plated copper-
berillium (Cu-Be)



Primary attributes of metal whiskers

=

Ars

D

Morphology| Metallic Composed usually of a single metal, wier
occasions of bi-metallic whiskers
Shapes Typically appear as filaments of nearlyaunifcross-
section along the length
May contain kinks or bends along the length, appe:
nodules or odd shaped eruptions
Growth Incubation period - ranges between hours and ye
Mechanism after metal deposition
Growth - may last for years, with slow addition of]
metal to the bottom (root) of the whisker, nottifs
Although it may occur within hours of plating and
progress in short time (Figure 3)
Growth along the length only, with little to noasige
in thickness
Variations Ranging for different whiskers from sub-micron tg
in sometimes few tens of microns
thickness
Variations | Ranging for different whiskers from just a micran ¢
in length two, to over 10mm in length
Variations | Different surfaces may count from just a few whisk
in density to thousands of whiskers per hm
Mechanical| Ductile Can be bent over a flat surface or evea limop
Properties without breaking
Electrical | Electrically| Resistivity may vary depending on grain orientatiq
properties | conductive
Breakdown Tin forms oxide films on the surface, which is
of oxide | insulating in nature. Dielectric breakdown strengih

n

depend on film thickness




Figure 3 Progression of whisker growth (a-d) over @eriod of 19 minutes on Sn-Cu plating over
Zn substrate, captures 5 hours after the depositioprocess. Note the continuously changing
whisker orientation

The documented history of metallic whiskers be@gint946, when Howard Cobb of
Aircraft Radio Corporation published an article abtheedle-like crystals” of
cadmium (Cd) growing on Cd-plated capacitor plateke radios [3]. At the time,
Cobb summarized most of the observations thatrithestrial and academic worlds
would come to acknowledge as the key propertieshigkers: growth over time,

thickness of whiskers varying from micron to somatdibove one micron, extremely



tough and electrically conductive. Bell laboratereould pick up the topic in the
following years and initiate a series of long-testudies [2][15][20][41]. From them,

it would become apparent that one of the few timskdr mitigation techniques is use
of Sn-Pb finishes, with at least 1% Pb by weiglme Thdustry has successfully
utilized Sn-Pb finishes for over half a centurycgirthen, before different legislations
started restricting the use of Pb in electroniapats. Closer to the Zkentury, the
topic of whisker has received much more attentio® i two reasons: (1) the Pb was
labeled environmentally un-friendly and its uselectronics became severely
limited, and (2) the spacing in electronic systérage severely reduced, commonly

less than 1mm between two conductive paths.

Metallic whiskers can create electrical shorts leefvtwo conductive surfaces, which
can be permanent, if the current running throughvthisker does not melt it, or
intermittent, if the current is high-enough to nték whisker (i.e. fuse it open).
Intermittent shorts may arise if the whisker is moév¥o and from the second
conductor by means of vibration or air currentssitoations of high currents and
voltages, a whisker may vaporize to form a vaporadimetallic ions that can sustain
hundreds of amperes at a time, and create mosessipe damages (Figure 4, [4]).
When the current flow through the whisker is higloegh to heat the whisker above
not only the melting temperature, but above théirmptemperature for the metal (for
Sn, Thet 232°C), the once solid metal whisker converts amtmlumn of plume of
metallic gas molecules which are not particuladgd electrical conductors.

However, if the voltage impressed across this mgtathe is high enough to ionize



the gas molecules (i.e., remove electrons), thasnph can form that is an excellent
electrical conductor thus forming an electric afthe voltage and current required to
ignite and sustain such an arc are dependant upamhber of variables including the
arc gap length between which the metal ions eW$ten the arc gap is very small
(~microns) it is possible to sustain metal vapos ot voltages as low as ~12V at
current levels of a few hundred mA. As the arc gagens, it is necessary to have
higher voltages for ionization of the gas molecwaled higher current available in
order to boil off new metal from the surfaces tefx¢he plasma cloud dense enough
to sustain the arc. The surrounding atmospherecikas an arc suppressant or
guencher. Reducing the atmospheric pressure dacedhe voltage and current

necessary to ignite and sustain metal vapor arcs.

Figure 4 Relay failed due to tin whisker initiating metal vapor arc [4]
(Image courtesy of Gordon Davy)

Things that are not whiskers

There are a handful of metallic formations that barconfused for whiskers, but are
in fact formed by other methods. Among these dezt®chemical migration

dendrites, solder icicles, plating dendrites, andCs intermetallic needles.



Electrochemical Migration
Metal migration in the presence of moisture and ligdso known as electrochemical
migration or ECM) can produce surface dendritioigto Such growth is two-
dimensional and stays completely on the surfadé&eimetal whiskers that will
protrude outward from the surface. The ECM densl@te typically multi-branched
and form by migration of ions from the anodic sidehe cathodic side where they
are deposited [5][6]. Figure 5 presents an examfpén ECM dendrite. Such
dendrites are conductive, and can cause shortgwelbctronic systems, if proper

precautions are not taken to limit presence of tnoesin-between two conductors.

Figure 5 Example of a metallic dendrite growth indeed by presence of moisture and electrical
bias (Image courtesy of Xiaofei He, University of ND)



Solder Icicles
Another set of formations that may be mistakenafbiskers are solder icicles. If the
soldering iron is removed too slowly, a drop otiiidjsolder may follow the tip of the
iron, solidifying in air [7]. This occurs most conamly in manual soldering (although
it can be an issue on automated soldering linegedly with the size and frequency
of icicles is dependent both on solder type andgoerature of the soldering iron.
Examples of shorter icicles can be seen in FiguaedFigure 7. Such solder icicles
will not grow over time; they appear smooth alongit length, not displaying any

striations, and commonly have a gradually increadiameter towards the surface as

well as a sharp tip.

Figure 6 Example of soldering icicles produced Figure 7 Examples of soldering icicles produced
during hand soldering of Sn-3.0Ag-0.5Cu solder, during automated soldering of Sn-3.0Ag-0.5Cu
when iron was removed too slowly solder

Plating Dendrites
A problem more exclusive to electroplating and knas “plating dendrites” can also

be mistaken for whiskers. Here, a protrusion froe $n-plated surface will form



when little or no additives are activated in thatiplg process. As a result, points of
high potential on the surface (commonly high-sgtsurface features) will attract
more Sn ions and grow higher above the surfacenddiie plating process. Properly
chosen additives in plating solutions act as blogke the Sn ions, and prevent metal
deposition at such elevated surfaces, promotingraeen deposition throughout
(Figure 8). The phenomenon was referred to as ‘idenahiskers” by one

researcher [8].

2+
e Sn
- @ raditive
e Sn
o % o
o
o e o o ..
o = ‘ ,
@ @ =) ‘
‘ 2 be o o
Sn Crystal : %
=
=

Figure 8 Process of Sn plating dendrite formation Wwen organic additives are missing (left), as
compared to plating with additives, where additiveslock high-point formations are promote
even plating (right)

The plating dendrites have a variety of appearanegy smooth and regular crystals
(Figure 9), or plate-like protrusions (Figure 1@),rregular crystal pile-up (Figure
12). There may be a single such formation on thieeeplated surface, or in extreme

cases — they may cover up the surface (FigureThBir main differentiations from



whiskers are absence of further growth and ladlegtilar striations along and/or

perpendicular their growth.

Figure 9 Plating dendrite as a smooth and regulaFigure 10 A plate-shaped plating denrite
crystal

Figure 11 Multitude of Sn plating dendrites Figure 12 Extremely irregular plating derite
appeared during Sn-plating of a W probe formations

Sn-Cu Intermetallics
During high-temperature soldering of Sn-rich soddier Cu substrates, long
hexagonal intermetallic G8rs compounds may be formed [9][10]. They are hollow

on the inside, and most of the time will remairha bulk of the solder, invisible,



until revealed (can be done so through intentietehing away of the surrounding
solder material). On occasion, however, they mayrpde out of the bulk solder, and
may be mistaken for whiskers [11]. Thesg&y intermetallics are unlikely to grow
further under ambient conditions, and the distireotagonal shape differentiates them
from whiskers Figure 13. The hollow opening at¢nel may also appear on occasion

to serve as another indicator that this is an métallic compound and not a whisker

Figure 14.

Figure 14 Examples of Cy¢Sns hollow tube-like

F'glt”ed.lS A tltjbe'lc'jk]? CLgSerlnte(rjmet?lllc | intermetallics (Image courtesy of Dave Hillman,
protruding outward from soldered surface ( magen el Collins)

courtesy of Dave Hillman, Rockwell Collins)

Factors Contributing to Whisker Growth

The summary of literature on the factors contribgitio whisker growth on thin (not
bulk) deposits of tin is presented in Figure 13.dklthese are macro-scale factors tat
can be controlled and measured before, duringfter the metal deposition. Note
that it is still unclear how any or all of theséate to the necessary two processes in
whisker formation: stable supply of tin atoms te tbot of the whisker, and a single

initiation (or catalyst) to induce whisker growth.
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Figure 15 Factors contributing to whisker growth inthin deposits of tin

(adapted from

Electroplating Process

Y. Fukuda)

Additives of organic compounds (commonly referregitply as organics) are used

during electroplating for leveling-out of the Srhéere effect can be seen in Figure 8

(right), but their excess has sometimes been showreatly increase whisker

propensity [12], while the use of low-organics @@teplating baths with relatively

few additives) Sn deposition process did not yaigt whisker growth even after

long-term high temperature and high humidity sterafj95°C/95%RH [13]. Use of

higher current densities promotes a lower cathdfitdemcy of Sn deposits, resulting

in high hydrogen evolution, which in turn has beerrelated to higher whisker

propensity [14].
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Substrate

Although tin has been shown to grow whiskers evlemwapor deposited on mica or
paper [15], majority of tin use in electronics hiaselectroplated on a metallic
surface. Brass (Cu-Zn alloy) has been cited asib&t whisker-prone substrate for
tin [16], while tin-coated Alloy42 (Fe-42Ni) tendis procude whiskers under
temperature cycling tests [17]. Smoother substisttesved to be more prone to

whisker formation [18].

Characteristics of Deposit
Most typically, 3-8um of Sn is cited as the whiskeomoting plating thickness [43],
although tin deposits with thicknesses of up torBthave produced whiskers on
brass substrates [44]. Further, immersion Sn fesssf sub-micron thicknesses have
on occasion produced whisker growth [45][49]. @rsizes and orientations were
studied to determine whisker-prone grains [50][52][56]. No definite conclusions
have been agreed upon to date. On occasions,ibuikg also been cited to grow
whiskers.
Co-deposition of Sn with Pb has been shown earlypdre a mitigator to whisker
growth [15], although other researchers have shthanSn-Pb finishes can grow
whiskers under high mechanical stress [21][22]tentrbias of 1OA/cm? or more
[23], and under temperature cycling and temperdiureidity conditions [24], on
occasion producing whiskers of bi-metallic comgosit where both Sn and Pb are
visible in the bulk of the whisker. Whiskers on Bnf25][26][27], Sn-Cu [26][28],
Sn-Ag [26], Sn-Mn [30][31][32], and Sn-Ag-Cu [29 mpounds have also been

reported. As a recent addition to the field, whislg@wth on Sn-rich solders with

12



small additions of Rare Earth Metals (REM) has b&®wn to consistently grow
whiskers within hours of sample preparation. Am&iM studied were cerium,
lanthanum, neodymium, lutetium, and erbium [33][38][36][37][39][40].
Recently, researchers demonstrated that preserniteaxide is not an absolute
necessity in whisker growth by growing whiskersatuum on surfaces that had
oxides etched [52][54]. These findings contradiet &ssumptions that whisker
growth requires a layer of oxide on the surfacd[H.

In Sn-Cu systems, the formation of Sn-Cu interniethhs been suggested as a
driving force for whisker formation [55], althouglher research has shown that
whisker growth also exists when deposited on satestrthat do not form an
intermetallic with Sn [57] (or refer to Figure 3here Sn-Cu plating does not form

intermetallics with the Zn substrate).

External Stress
Extremely high rates of whisker growth have beeseoled in presence of external
pressure applied to tin-finished surface [58][98tks and scratches have also been
observed to promote whisker growth [42], althoughquite as fast as growth cited

in high-pressure load applications.

Use of Environmental Testing in Whisker research

Some of the earlier works on metal whiskers hawsvsithat in addition to ambient
whisker growth, it can occur in vacuum conditiossagell as when submerged into
oils, as determined by Arnold in his 1956 publicatj2]. At the same time, he

observed that while whiskers could grow at tempeestas low as -40F (-40°C), the
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optimum temperature is perhaps 125F (~52°C). lreaiBer paper [20], Arnold
makes mention that the environment is not the decfactor in whisker growth,
since whiskers have been observed to appear imtisrconditions of temperature,
relative humidity and pressure. But according &t ffaper, the optimal condition for
whisker_densityhas been observed to be 125F (~52°C). Since thegriad of
literature has claimed that whisker growth is mazed by the 50°C storage
conditions; all of these publications in one wayanother looping back to these two
publications by Arnold. Harris[19] speculated ttie 50°C temperature may be
contributing to faster grain growth due to moreidagiffusion of Sn atom, but
possibly also changing the nature of growth, antigges inducing some abnormal
grains to grow. Nevertheless, at least two soya2}$43] have experimentally found
whisker growth to be higher at 20-25°C storage @t as compared to dry 50°C.
A more clear demonstration was given by Woodrow,[8Biere Sn-plated brass
specimens have produced minimal growth while iniemtbconditions, but later on
placement of specimens in 50°C/50%RH environmesatty increased the rate of
whisker formation. In conjunction with work thatesked less whisker growth at
50°C as compared to room temperature, this shosvsthortance of humidity as a

factor in whisker growth.

Glazunova and Kudryavtsev [44] have demonstrategbaal amount of tin whisker
under room conditions, in 98% relative humidity (Rk dry oxygen, and in a
vacuum of 16 mm Hg (107 Pa). Again, growth occurred also on tin finishes

submerged into Vaseline oil.
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In 2001, the National Electronics Manufacturingiltive (NEMI, which later went
international and became iNEMI) initialized a graegponsible for producing a set
of environmental test conditions that could be usegredicting the propensity of tin
whisker formation. The group conducted five phasfdssting to try to identify the
testing conditions to accelerate whisker formatidihis work resulted in JESD22-
A121A [45]. The test standard identifies a tempaeatycling condition, an elevated
temperature humidity condition, and a control ambstorage condition. More

details on the test standard will follow in Chaer

Elevated temperature humidity conditions (ETH, alemetimes called damp heat or
high temperature high humidity storage), have ladled out as possible whisker
growth contributors back in the 1956 by Arnold, amte then received great
attention throughout the years. Perhaps the masprezhensive study of various ETH
conditions was conducted in Phase V of the INEMlitg [46]. It detailed work on
Sn-plated surfaces from three industrial supplierswo plating thicknesses (3um
and 10um), use of reflow as preconditioning, amdE&H storage conditions as listed

in Table 1.

Table 1 Evaluation Test Matrix for INEMI Phase V project, detailing Elevated Temperature
Humidity studies and their durations

o % Relative Humidity
Temperature [°C] 10 20 60 a5
30 625 days -- 333 days 435 days
45 -- - 420 days --
60 462 days| 422 days 412 days 273 days
85 -- -- -- 167 days
100 -- -- 333 days -
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As a result of the test, an important issue wittrazion and whisker growth has been
identified, where whisker growth in corroded areas identified as different from
that in areas, where corrosion was not observepic@illy, whiskers were found in or
near the corroded areas, with low density and sharhiskers away from areas of
corrosion. As a result, INEMI group has outlineepst within JESD22-A121A
standard to minimize corrosion during ETH storaye] allows disregarding test
specimens from the evaluation, if corrosion has\ldeserved on them [47]. The
experiments described in Chapter 3 and Chapted4pecial precautions taken to

not allow corrosion to initiate on the surface,glliminating that concern.

The first citation of the use of temperature cygl{or temperature shock) is in a 2001
paper by Nakadaira [61], where different Pb-fregshes (namely Sn, Sn/2Bi,
Sn/0.7Cu) were studied as possible finishing maltefor interconnect lead-frames.
The study was meant to evaluate manufacturabilibysker growth, solderability,

and solder joint reliability of these finishes ionsbination with Pb-free solders. It is
thus unknown where the selected test condition8%1C/+125°C and -55°C /+85°C
for temperature shock came from, although one rsayrae that these conditions
were used for reliability testing of finished pamBit the results suggested that the
latter condition was a far more aggressive whigkemoter. Continuation of this
paper published a year later [62], detailed rexfl39 weeks of ambient storage, and
stated that although whisker growth has occurtedas still far behind the growth
seen in -55°C /+85°C conditions. This condition Wader on incorporated into

JESD22-A121A test standard.
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Within Phase Il evaluation [26], INEMI group has@kconducted sequential testing,
using a sequence of temperature cycling conditiest’C / +85°C), followed by
30°C/90%RH storage. Their results indicated thatatidition of humidity exposure
did not significantly add to whisker growth, if ttemperature cycling was conducted

first.
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Chapter 2. Measurements of Whisker Growth

We measure shadows, and we search
among ghostly errors of measurement
for landmarks that are scarcely more substantial
E.P. Hubble
Quantification of whisker growth may include varsoparameters, depending on the
particular needs of the documentation. For exaniplhe case of collecting data for
the melting current of a metal whisker, the raditithe whisker is most important
[63]. But to assess possibility of whiskers bridghletween fixed spaced isolated
conductors requires collecting data for the nunabgrossible whiskers or surface
density, their lengths, and their direction of gtiowT he following section describes a

methodology for collecting data on all three parterseand the ambiguities existing

in their current definitions.

Density

Whisker density is defined as the number of whisker unit area. Ideally,
measurement of whisker density would be done byibog all whiskers on a given
surface and dividing by total surface area. Howewés generally impractical to
measure density in this manner. Therefore, theitdeis measured by random
selection of smaller-size regions, counting whiskeselected regions, dividing by
that area, and then evaluating the distributiooodiected whisker densities. Unlike
the total number of whiskers over total area, sargmllows for examination of

density variation. .
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The following are guidelines used for whisker dgnstported throughout this work:
Density measurements done under Scanning Electroo$tope, where high
depth of field gave accurate identification of sid features. Additionally,
Secondary Electron and Backscattering Electronctiat® allowed
differentiating between metallic whiskers and delpriesent on the surface.
Minimum of 30 areas per experimental conditiondensity measurements
Use of consistent area dimensions for density eo(et. 0.62mmM) for all
individual measurements of density within the saxgerimental condition.
Note that while the area was kept same for all ilgenseasurements within
one experiment, it might have differed from expemnto experiment.
Counting only whiskers that have their base locatdte field of view of the
area. Meaning that whiskers that have their ramtated out of field of view,
while visible whiskers originating outside of sekxtarea, would not be
counted. An example of this counting scheme is detnated in Figure 16.
The importance of using both Secondary and Bactesoag electron
detectors is also illustrated in Figure 16, sincg @ne image may provide
incomplete information: Secondary Electron (SE)gmagives only surface
topography differentiation, while Backscattering&lon (BSE) image
provides a difference in materials, with darkerdgsarepresenting lower
atomic number elements, but loses in topographysBurface debris can be
clearly identified as a feature with the SE detediat as a non-metallic

particle with the BSE detector.
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Tilt mm 200.0pm
mm

Figure 16 Example of whisk rea displayed both as a Secondary Electron
image (left) and Backscattering Electron image (rigt). Whisker A lies entirely within the
picture, and is counted. Whisker B has its root vible in the picture, while part of whisker comes
out of the view, yet it still is counted. Whisker Coriginates outside of the view and a part of it is
visible in the image — it will not be included in he count.

Length
A whisker length historically has been defined ime @f two ways: (1) the segmented

length, or (2) the effective shorting length. Thw tdefinitions are described below:

(1) The segmented length is defined as the summatitengths for all individual
segments of the whisker. This definition has bessdun the original version
of JEDEC “Measuring Whisker Growth on Tin and Tilio& Surface
Finishes” standard JESD22-A121 (published May 2@0&) is illustrated in
Figure 17. Summation of the individual length segteean be correlated to
total volume of metal inside the whisker (volumérgth * cross-sectional
area). To do so, the cross-sectional area of thekehmust also be measured.
Due to the complex polygonal shape of most whiskess sections, it is

common to assume a circular cross section and metdsithickness of the
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whisker thus having area =* thiCkneS%. This measurement method is

useful if one needs to consider the amount of radtiérat is making up the
whisker.

(2) The effective shorting length is defined as théadtise from root of the
whisker to the point furthest away on the whisKéris can be visualized by
placing a sphere encompassing the whisker witteitder at the whisker root.
The radius of the sphere would thus be equal tetieetive shorting distance
(Figure 18). This definition has been utilized ion@recent standards:
JESD22-A121A (published July 2008) and IEC 600682 published May
2007). The justification for a switch from sum ehfjths method to the
shorting distance method is primarily the ease edsnrement — a single line
length defining all whiskers, no matter how comaled the shape. It may be
considered useful when assessing whiskers growiegectrical systems, with

the major problem resulting only if a whisker ipahle of spanning certain

distances.

/

A+B+C=whisker length / _ A
\ N adlus of Sphere=whisker length
Figure 17 Whisker length as a sum of Figure 18 Whisr length as an effective shorting
individual segments - JESD22-A121 distance - JESD22-A121A and IEC 60068-2-82
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One major drawback of the shorting distance measemein predicting the
possibility of the short is ignoring the fact thatisker are very capable of bending in
the presence of an electrical bias [63] or undé&real forces such as air currents.
Thus a whisker that contains a curve along itstlengay straighten out during such

bending, thus exceeding the originally measuredtsigodistance.

Length Formula
In order to measure the length using either arcaptir a scanning electron
microscope (SEM), the standards suggest that tliskerhneeds to be rotated and
tilted such that its length is perpendicular totrewing direction and can be
measured from a single view. If the observer, havewould not tilt the whisker and
align it with the view, only a two-dimensional peciion pf the whisker is visible.
The error in measuring only a projection of the skier instead of its actual length is:

% Error = (1-c0s)*100%

Where is the angle between the whisker and the planeepelicular to the view
(Figure 19). In case we are looking perpendiculddwn on the sample —would be
the angle between the whisker and its plane ofrarithis angle, or its
complimentary angle, is commonly defined as theskén growth angle. As
demonstrated by [65][66][67], tin whiskers do nend to have a preferential angle of
growth, however, they rarely grow parallel to tieface. Therefore, can be any

angle except close to 0°, making % error only large
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Observation
Direction

whisker
s

Surface of
whisker growth
Figure 19 Depiction of angle that is responsible for errors in whisker length neasurement, if
only a single measurement is taken from one obsertian direction. Obviously, if =0 and
whisker is perpendicular to the field of view, truelength of whisker would be measured

Given that JESD201 and IEC 60068-2-82 both statephssing a whisker test
requires maximum observed whisker length to betlems a stated critical length,
proper identification of the whisker length is aalcFor example, a whisker that is
70pm long that was growing at 60° angle from théase, and observed
perpendicular to the surface would appear to bg 85lim long, and therefore pass a

threshold set by IEC 60068-2-82 of 50um.

Clearly, the acceptance standards (JESD201 ané0B68-2-82) and estimates of
whisker failure risk require accurate measuremehtghisker length. This has been
reflected in the standards with precise instrudifon tilting and rotating the whisker
under microscope to see its actual length. Tohmstlong it would take SEM
operators to position whiskers perpendicular tovikey, three individuals were asked
to conduct a single length measurement under SBEMxperienced user may take up

to 10 minutes to position the whisker perpendictdahe view. The time spent on
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measurement only increases for less experiencaadtope or ones that are not
familiar with whiskers. If time limits are impos®ea inspection, it is likely that long

whiskers can be missed or whisker lengths may decurately measured.

A training session conducted by HP [68] suggedtatithe ability to detect the
longest whisker on a sample is highly variable framobserver to observer. This
problem is two-fold: the observers either havefoahd the same whiskers or, once
found, the whisker’s length was measured inconsilsteWhile the method presented
below does not guarantee finding the longest wihjskdoes give an easy and
reliable way of correctly measuring whisker lengtindependent of measurement
approach; shorting distance method or whisker sagmethod. It also avoids the
problem of shadowing whisker by geometries of aganonce the sample has to be
tilted significantly. For example, a leaded compangith a whisker growing on one
lead may need to have a significant degree ofigito align the whisker
perpendicular to the line of view. Component bodgther leads, however, may

prevent viewing of the whisker from a desired angle

The method for measuring length is a fairly stréiginward geometrical derivation,

that calculates the length of a line in three-disi@mal space by using two views of

that line (in our case — whisker, or its segmema} tire off-set by a known angle.
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View 2 View 1

/ Y ; //

Figure 20: Schematic of measuring a line in 3-d spa via two views offset by a known angle

The formula is:

+(L 4tan )?

sin®

L = \/L"’Cd +12, d 2L L cos

Variables are identified below, and representeéigure 20:
Axis along Ly is the tilt axis
L.q = projection of whisker length on axis perpendacub tilt axis in Plane 1
L.e = projection of whisker length on axis perpendacub tilt axis in Plane 2

= tilt angle between Plane 1 and Plane 2

= angle betweendiand Lygin Plane 1

= growth angle of whisker. (Will be provided laterthe chapter)

Note: Angle defined for %Error equation above is- 90° -
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Use of Whisker Length Formula
In order to test consistency among multiple obssri@ use the above formula, 15
people have been selected, each to measure 15amhiskut of 15 participants, only
four have been previously exposed to whiskersthgt have never used the above
method for measuring whisker length. All particifgreceived a presentation-format
tutorial on measuring whiskers with one exampléhefmeasurement, instructions on
how to use Image J software [69] to measure whiskespreadsheet with the
formula already embedded for ease of use, and it$ gfamages showing whiskers
from two views. Participants were encouraged tocasdstions, but with no

interaction amongst themselves.

The images provided for measurements had a siétaddle , and length was
specified to be measured either by effective shgistance method (JESD22-
A121A) or sum of segments method (JESD22-A121)leéxlgth measurements done
by participants were compared to measurements loppae experienced user of the
formula. Whiskers were chosen of different lengthgging from 10um to 1500um.

All provided images were taken using SEM, and niicapimages were used.

The method by which whiskers were asked to measuisted under “Measurement
Type” column in Table 2. Straight line refers tavhisker that had no bends or twists
in its length, and thus could be measured by desiimge. Shorting length
measurements as per JESD22-A121A were employesbfoe whiskers with

multiple segments. Other whiskers with multiplersegts were measured via
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JESD22-A121 method, where sum of lengths of theneads were used. The average

and standard deviation for each whisker measurdtidparticipants and compared

to measurements of the experienced user are pegsient able 2. All the images

used for this exercise are presented in Appendix A.

Table 2: Average results for each of 15 whiskers masured by 15 participants

Whisker # | Measurement Type |Participants Avg + STD ( um) | Experienced User (um)
Whisker 1 straight line 132+ 6 132
Whisker 2 3 segments 675+ 43 671
Whisker 3 shorting length 54+6 52
Whisker 4 straight line 12+1 10
Whisker 5 shorting length 437 51
Whisker 6 2 segments 54+4 57
Whisker 7 straight line 3042 307
Whisker 8 shorting length 30+1 29
Whisker 9 shorting length 129 + 30 125
Whisker 10 10 segments 303+ 24 294
Whisker 11 shorting length 108+1 111
Whisker 12 straight line 1515 + 30 1503
Whisker 13 2 segments 152 + 17 147
Whisker 14 2 segments 50+5 50
Whisker 15 straight line 48+ 6 45

On average, 7% + 3% error is observed among altssurements done by the

participants as compared to the experienced uberdiktribution in average % error

is given

in Table 3.
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Table 3 Average error in measurements for each paidipant, as compared to measurements
done by an experienced user, using method proposédthis thesis

Participant # | Avg % error for each participant for 15 whiskers

Participant 1 8
Participant 2 3
Participant 3 4
Participant 4 5
Participant 5 9
Participant 6 11

Participant 7 9
Participant 8 4
Participant 9 9
8
9
9

Participant 10
Participant 11
Participant 12

Participant 13 10
Participant 14 5
Participant 15 8

The above results demonstrate consistency betw#eredt users to perform
whisker length measurements. The accuracy and sgekdse measurements would
increase with more exposure. Time to take two imageslight tilt to each other
would be mostly defined by the speed of beam st&EiM, since tilting and locating
the whisker is a matter of 10-30 seconds. This viaknot assessed measuring
whisker lengths based on optical images. Once dkesware familiar with Image J,
measurement of whiskers takes from less than atminuwseveral minutes, depending
on how many segments of whiskers are being measticegissist in measurement,
the length formula may be imported in a spreadsiseeh that inputting
measurements from Image J (or other measurementasej would quickly convert
to final length values. The whisker length measweinthus takes just under few

minutes.
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To contrast this, seven participants were askexnploy JEDEC-suggested whisker
measurement method. Here, a sample with three efisishearly identified to the
participants, was placed under the SEM, and ppéits were asked to rotate and tilt
the sample to align each of the whisker with tleédfof view. Each participant was

an experienced SEM user, but had limited exposuvéhiskers.

Among the three whiskers (whiskers can be seerppeAdix B), one was a straight
line whisker with only one measurement requirede @hisker was a three-segment
whisker, where each segment needed to be tiltedaated to get it perpendicular to
the field of view. And the third whisker was a nigégmented whisker measured via
a shorting length method. The average and start#asidtion across all the

participants measuring length for each whiskeivsmin Table 4.

Table 4 Average results for each of the whiskers rasured with JEDEC and IEC suggested

methods
Whisker # Measurement Participants Length Length as calculated
type Avg + STD (um) from Formula (um)

whisker 1 Straight line 440 £+ 137 763

whisker 2-segment1 Segment 1 of 3- 113+ 11 124
segment whisker

whisker 2-segment2 Segment 2 of 3- 175+ 26 202
segment whisker

whisker 2-segment3 Segment 3 of 3- 372 +97 464
segment whisker

whisker 2 (total) Sum of 3 643 + 119 790

segments
whisker 3 Shorting length 66 + 6 70

Among the seven participants, the average % erasr20% + 11% - compared to 7%
+3% as with the two-image and use of formula measent. The average % errors
for each participant are given in Table 5. Notedhamatic difference in measured

and calculated length for whisker 1 — this whidhas a growth angle <5° from the
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surface normal, and would require a tilt exceedBgin order to be positioned
perpendicular to the view. SEM stages are typiaadiyequipped to be tilting this far,
thus all of the observers had to stop short oftlngahe optimum. Rest of the
whiskers had growth angles such that they coulpdds#ioned perpendicularly to the

view with the SEM stage tilting.

Table 5 Average error in measurements done via JEDEIEC method for each participant, as
compared to the length calculated from the formula

Participant # | Avg % error for each participant acro  ss 5 length measurements
Participant 1 20
Participant 2 20
Participant 3 5
Participant 4 33
Participant 5 6
Participant 6 32
Participant 7 21

A more significant advantage of measuring whiskegth via two images instead of
tilting the sample is time spent for the measurdmestead of tilting the whisker by

a designated angle to acquire a second imageusdzewith the formula, the
observer is forced to the adjust position of eablsker in order to align the whisker
perpendicular to line of inspection. Measuring kasgof three whiskers under SEM
through tilting and rotating sample, participamerst 1.5 to 3hrs each on the task. As
noted before, these were all experienced SEM ubatslid not require any

additional SEM orientation. The same 1.5 to 3hrs tha range for the participants
measuring 15 whiskers from two views of the whisHérat time also included

getting familiar with the Image J software and iagdnstructions.

It is clear that the method currently proposed BREHC and IEC standards can be

simplified in both time spent and effort utilizitige two images approach. More
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importantly, the accuracy of measurement can batlgranproved by using the two

image approach.

Throughout this work, whisker lengths will be calied from different experiments in
order to construct distributions of whisker lengthe definition of whisker length
(sum of segments or shorting distance) for eachsareanent set will be identified

individually.

Length Distribution
Since whisker lengths may span across a large réngemportant to collect a
significant number of whiskers for the proper idication of distribution
parameters. The current practices of trying totlcaly the longest whisker and
measure do not give the full picture to the varmtyhisker lengths present. Also,
locating the maximum whisker on the specimen magrbblematic, unless thorough
inspection of all surface areas and proper whiskesisurement techniques are
employed. Collecting a set of whisker lengths amaistructing a distribution, on the
other hand, gives the probability that a certanmgth exists on the surface and allows
for much more accurate predictions. Such distrdngiare also useful when
attempting to virtually reconstruct whiskers oruaface. As an example, whisker risk
assessment softwares utilize the distributiongdgths to see, whether whiskers of
certain length may grow and possess shorting hagareih geometry of electrical

contacts.
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Growth Angle

Growth angle is another important parameter in iileisg whisker growth. Just as
whisker length distributions are needed to assesssk of whisker shorting through
simulations, growth angle is needed to determieeditection of growth. It is
possible to have a situation where a whisker sgiificant length that it can cause
an electrical short, yet growing in a harmlessaiomn away from a nearby
conductive surface. Of course, as mentioned atelgetrostatic forces or other
external forces (e.g. air flow) may cause the wénigk bend substantially and make
electrical contact, but this should be consideegghsate from the natural growth

angle of the whisker.

Throughout this work, growth angle of the whiskiealsbe defined as angle between
the whisker and the axis perpendicular to its srfaf growth (denoted in Figure

20).

To help with identifying the growth angle, first whall define height of the whisker
— the vertical distance between the tip of the Wdrind the plane from which it
originates. Height can be calculated by the follayiormula, where all the
nomenclature comes from Figure 20. Angis the angle between plane in View 1
and the surface from which the whisker is growihyiew 1 was taken
perpendicular to the whisker-growing surface, then0°. Also if = 0°, then Height

= Lpg in Figure 20.
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sin cos? cd +
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Height= el \/LZ +12_ - 2L L _cos
sin

It can be easily shown, that the growth angle calculated through the following

formula, where all designations refer to Figure 20:

H 3 I—cd
sin cos* +
Heiaht —\/L2 +L2% - 2L L cos
= cos® 2N _ gt Sin , \/LZ +12_ - 2L L cos
L., L_sin

An issue comes up at the time of measuring the tjrawgle of the whisker with
multiple segments. One of the two cases is thenilples
(1) Defining the growth angle as the angle betweeraserhormal and the line of
the effective shorting distance for the whiskes@sn in Figure 21.
(2) Using the angle between surface normal and thiesiegment of the whisker

that is closest to the root of the whisker as showFigure 22.
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Figure 21 Growth angle measured as the angle Figure 22 Growth angle measured as the angle
between surface normal and the line of between surface normal and the segment of the
effective shorting length for the whisker whisker closest to the root

In either case, it is possible to see that the gr@mgle would change if an additional
kink in the whisker occurs, adding an extra segnigaitis oriented in a different

direction from the previous segment.

Throughout this work, the case of measuring angtevben surface normal and the
line of effective shorting length shall be defireegithe growth angle. While here the
angle between surface normal and whisker has dezsen, there is currently no
consistent manner in defining angle of growth. Hilt0] defined the growth angle
between the surface orthogonal and the whiskeldewdaing [71] and Huang [72]

measured the angle from the surface to the whisker.
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Thickness (Diameter)

Along with whisker length, knowing whisker crosszgenal area would allows one
to approximate the volume of material present anittdividual filament. Of course,
to do so, one would need the length of the whiskésulated via summation of all
individual segments of the whisker (if it is musieggmented) instead of using the
shorting length. Note: the terms diameter and tiesls will be used interchangeably
in this work, as it will be approximated that whas& have circular cross-sectional

area.

While historically whiskers have been observedaasny uniform diameter along
their length, but that is not always the case ta cases, flamentary whiskers may
have a varying thickness, where part of the whisleesra significant change in
thickness as compared to the rest of the whiskgu(€ 23). Figure 24 shows a
whisker that has a split along its length. Whiska&ith gradual changes in thickness
have also been observed. . For this discussiarkrbss and diameter will be used
interchangeably. Whisker cross-sections are notpbetely round but have been

assumed round for the purposes estimating voluaséd and strength properties.
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Figure 23 Example of a whisker with abrupt Figure 24 Example of a whisker with a split on
thickness changes along its length the end

It should be noted that tin growths are not alwidgmentary shapes. As examples,
consider the nodule like tin growth in Figure 25lad shaped eruption of tin in
Figure 26. These growths are not appropriate fameéier measurements as

previously discussed.
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Figure 25 Example of a nodule with length:

Figure 26 Example of a whisker with cross-
thickness ration less than 2:1 section that can not be approximated as circular

For this work, measurement of whisker thicknesserewnade from close-up views
near the location where the whisker emerges fransthface. Whiskers were
assumed to have a circular cross-section; thergtoee thickness would appear the
same independent from the angle of view. The blimekin Figure 27 is an example
of how thickness of filamentary whisker has beemsoeed for the purpose of this
work. To ensure that the thickness is measuredowitbapturing some distance along
the length of a whisker, either software that oetsi the boundaries perpendicular to
the measurement was used, or a circle was fittemlawhisker such that it touches
the edges of the whisker without overhanging. Tiaendter of the circle is thus the

diameter of a whisker (Figure 28).
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for a filamentary whisker diameter measurements
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Chapter 3: Evaluation of Environmental Tests

If you can look into the seed of time,
And say which grain will grow and which will not,
Speak then to me

W. Shakespeare, Macbeth (Act 1, Scene 3, Line 60)

The industry has put forward several documentaiefines in assessing tin whisker
growth on tin-rich finishes, namely
JESD22-A121A [45] (issued by Joint Electron DeviEggineering Council -
JEDEC)
IEC 60068-2-82 [73] (issued by International Eletgchnical Comission -
IEC)
ET-7410 [74] (issued by Japan Electronics and madion Technology
Industries Association - JEITA).
These documents define environmental testing comdifor assessing whisker
growth. Limited knowledge, however, exists withaedjto comparing the whisker

growth in these short-duration stress tests to-teng ambient storage conditions.

All three documents require environmental storagyeaans of evaluating Sn

coatings as whisker prone. The environmental carditare summarized in Table 6.
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Table 6 Summary of whisker environmental tests

Standard IEC60068-82-2 |JESD22-A121A ¢)| ET-7410
Issue Date 2007/5 2008/7 2005/12
Soldering simulation Reflow

Optional Preconditioning

Lead Forming

Lead Forming

Lead Forming

Ambient Storage

30°C, 60%RH
25°C, 55%RH

30°C, 60%RH

30°C, 60%RH

4000 hrs 4000 hrs
Elevated Temperature 55°C, 85%RH 55°C, 85%RH |55°C, 85%RH
Humidity Storage (ETH) 2000 hrs 60°C, 87%RH (*) 2000 hrs

Temperature Cycling (TC

Min: -55°C or -40°C
Max: 85°C or 125°(
1000 or 2000 Cycle

Min: -55°C or -40°C
Max: 85 (+10/-0)°G
51000 or 2000 Cycle

-40°C to 85°C
s 1000 cycles

Acceptance Criteria

50um

(T) JESD22-A121A does not prescribe duration dbtes Acceptance criteria. JESD201

should be used for that

(*) Earlier version JESD22-A121, published May 2005

JEDEC has issued an additional acceptance requitesr@EESD201 [47]) to go along

with JESD22-A121A, which states accepted whiskegtles for different classes of

products (ranged from most critical to least caticonsumer hardware, 3 to 1) as a

result of conducting environmental tests.

Given that these tests are designed to assessexloethot a certain tin coating (or

coating process or coating system or set of mddearad processes, etc.) is prone to

whiskers, one would expect that these tests (lieayraccelerating reliability tests)

would simply speed-up the process of whisker foromalby minimizing the

incubation time before the first whiskers grow alnel time for whisker to reach a

certain length as well. The test documents themaselvowever, are not as optimistic:

JESD22-A121A has a disclaimer that “these testg Ima¥ been correlated with

longer environmental exposures of components wvicEt IEC 60068-2-82 states
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that no quantifiable acceleration coefficient exigtr the elevated temperature
humidity storage as compared to some use condjtiamge in applications where
temperature cycling is present, the following aecaion conditions have been

derived for Alloy42 (Fe-42%Ni) substrates:

In(n)=-2.8In — +22.2
1K

where
n — is the number of cycles

J -is the range between lower and upper temperature
The equation was derived on assumption that thiicieat of thermal expansion
(CTE) for the substrate material influences theaghoof whiskers. As a result,
material with CTE different from Alloy42 would prade different acceleration factor
in temperature cycling test. No similar trend wafirted for copper-based substrates,

nor does the model provide any measurable progestithe materials involved.

Since no data exists comparing long-term storadmqflated surfaces to the
predictions of the environmental tests, the effestess of these tests are highly
guestionable. It is also not apparent how condistenthese tests in creating more
dense growth than the tin surfaces that are starachbient for the same duration of
time. The questions to be asked are:

- Do the environmental tests predict what whiskemghovould exist, if this tin

plating was stored in ambient conditions for selvgears?
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- If comparing between whisker growth during envir@mtal test and whisker
growth during the same amount of time spent in amtbis it correct to
expect

o either no growth anywhere (equivalent to non-whisigetin)

o or afar more prominent growth during environmemtgbosure as
compared to ambient storage? In this case, eltfeeenivironmental
tests have hindered whisker growth, or statistig@irpretation of
results is needed to make sure that the testduhigshes are equivalent

to the ones stores in ambient.

This chapter presents three sets of experimentsvii@over several objectives.
Experiment 1 — involves commercially-plated coppaupons that have seen
sequential environmental exposure. The span dittds 5 years and
compares the whisker growth in environmental expo$u long-term storage.
This experiment also assesses the ability of Nedagier to mitigate whisker
growth. The sequential environmental exposure asessed in Chapter 4 as
well. Data collected from whisker thicknesses aohgared to whisker
lengths will be explored in Chapter 5.

Experiment 2 — involves copper coupons platedodatory with
commercially-available electrolytes. Specimens Haeen subjected to
environmental exposure and compared to ambientsexpa@s control.

Additionally, Chapter 4 will describe part of tlegperiment concerning
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different sequences of environmental exposuredflaidgrowth results as
compared to single-exposure tests and ambient.
Experiment 3 — looks at an experimental electropdeof tin over brass
coupons. Specimens have been subjected to theamantal exposures and
are looked at several years after the exposureedomng-term effect of the
tests.
All temperature cycling (TC) experiments were cactdd in temperature shock
chambers, with dwell times of 10min at each temjpeea(-55°C and +85°C). Al
whisker growth that occurred during elevated terapge humidity (ETH) was not

corrosion-related — no corrosion observed on arth@tEpecimens.

Experiment 1

Keywords: long-term storage comparison, end-of-é@sbient vs environmental,
sequential environmental test, nickel barrier lay@ating thickness, whisker growth
angle

Test coupons were prepared with a copper (Olin94.4Fe-0.03P-0.1Zn)
substrate to simulate the substrate material coriymumed in electronics industry.
Individual coupons measured 31.7x12.7x0.5mm. Alsisgmmercial vendor
electroplated all coupons with Sn with half of §pecimens first plated with a Ni

layer.

Surface Sn grain size averaged 4um with a stardian@tion of 1 um. Using X-Ray
Fluorescence (XRF), the thickness of tin plating weeasured to average 7.5um with

a standard deviation of 1.7um — further discussa@rovided in Plating Thickness
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section below. On samples containing Ni, the uragen thickness averaged 1.4 with
a standard deviation of 0.2um, which is close ®127um suggested minimal Ni
barrier thickness [75]. Summary of the specimenadtaristics may be found in
Table 7

Table 7 Specimen characteristics for experiment 1

Substrate Olin 194 Cu-2.4Fe-0.03P-0.1Zn
Specimen Size 31.7x12.7x0.5mm

Plating Type Commercial line plated Sn
Underlayer 1.4+0.2um Ni

Surface Grain Sizes 2-5um

Plating Thickness 7.5£1.7um

After plating, samples were held in room ambiemtZ® years. Over that period, no
whisker growth was observed. Some samples werephiethrough sequential
environmental testing, while others were left inbé@nt conditions as control (Table
8).

Table 8 Number of coupons in each category of thedt
Sn on Cu with Ni

Snon Cu
underlayer
Control (4 years of ambient 5 5
exposure)
Test (sequential environmental 6 6
exposure)

At the time of test initiation, only JESD22-A1216]Apublished May 2005) test
conditions were available, and the test was cormduisased on this standard:
Temperature Cycling: -55°C to +85°C, 10min dwedlgycles/hour
Elevated Temperature Humidity: 60°C and 85%RH
Standards published later (including IEC 60068-28& JESD22-A121A) have only

changed the Elevated Temperature Humidity conditiorb5°C and 85%RH. Figure

44



29 below shows the flow diagram of environmentgdasure that coupons went

through during the test. Whisker growth parametiersgth and density) were

gathered prior to temperature cycling, at 500 éd@Dltemperature cycles, after

1500hrs of elevated temperature humidity, and afti@nd two years of ambient

storage after environmental testing. All whiskesgactions were done using

Scanning Electron Microscopy (SEM).

0.5 year
—+{ ambient
storage
Cu 8um 2.5 years 2 years
(Clin194) {nominal) +» ambient ambient
Substrate Sn plated storage storage
2 1000 Temp | [1500n Temp
{tlomiral) Cycles B Hunmidity
Ni plated

Figure 29 Flow diagram for Experiment 1

The length of a whisker was defined in accordanitle WESD22-A121A with a

single measurement of the effective shorting disgadefining the whisker instead of

the sum of lengths of the individual whisker segtaen

For the density measurements, areas of 260um hyr@2@re randomly chosen

across each coupon, with 11 areas analyzed peond@p per condition). For the

purpose of comparison, some — but not all — aredsndniskers were returned to at

various stages of the test to visually record ttogression of growth.

Upon completion of the environmental exposure réf@®0 temperature cycles and 2
months in elevated temperature humidity, both lergtd diameters of whiskers were

measured.
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For two years following test completion, couponsevatored in ambient
environment. After one year, previously inspectesha of each coupon were re-
examined to update whisker length and density nreasents. Same was done after
additional year, summing up to two years of ambextosure after the end of
environmental testing. We shall note here thathranges were observed on the
coupons between the end of environmental stresaesthe completion of two years

in ambient storage.

Prior to the test, about 2.5 years after platimgyhiskers were found. After the
sequential environmental exposure, whisker demsitylength distributions were
recorded and are documented in Table 9 and Table 10

As previously mentioned, no additional whisker gilowas observed in two years of
ambient storage following the end of the sequeeti@ironmental test for specimens
both with and without Ni underlayer. Control coupdhat were not exposed to
sequential environmental testing have remainedkehifee for 5 years of ambient

exposure.

Table 9 Whisker density (# whiskers/mrf) mean # standard deviation at various stages of ¢h
environmental stress test. Each datum point represgs 66 density measurements

Snon Cu Sn on Cu with
Ni underlayer
500 temp cycles 2707 £ 1320 1535 + 1392
1000 temp cycles 3216 £ 955 1906 + 1524
2 months in elevated temp humidity | 2987 + 999 1864 + 1480

Whisker length data was gathered from measuringe®@0whiskers at different
observation intervals. Whiskers were chosen froenatteas used for density

measurement.
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Table 10 Whisker length mean + standard deviationtavarious stages of the environmental stress

test
Snon Cu Sn on Cu with Ni
(um) underlayer (um)
500 temp cycles 9+5 9+5
1000 temp cycles 12+5 12+7
2 months in elevated temp humidity 12+ 6 19+ 18
0.15 0.15 T T
m500=2.1316, $500=0.4903, 1=0.9599 MB00=2.1, S500=0.54, =0.9798
m1000=2.3769, s1000=0.4781, r=0.9783 m1000=2.3, s1000=0.54, r=0.9955
mTH2=2.33¢3, sTH2=0.5445, r=0.9866 m2TH=2.6, s2TH=0.81, r=0.9776

500 Temp| Cycles
0.12 0.12

/\ 1000{Temp Cycle [\
0.09 0.09

1000 Temperature Cycles
2 months Elevated Temp Humidity

\
N

500 Temperature Cycles

()
(t)

0.06

0.06

N

months in Elevated Temperature Humidit

% 0 —

0 ‘

0 8.00 16.00 24.00 32.00 40.00 0 10.00 20.00 30.00 40.00 50.00
Whisker Length (um) Whisker Length (um)

Figure 30 Whisker length distributions for Sn on Figure 31 Whisker length distributions for Sn on
Cu at three stages of the test Cu with Ni underlayer at three stages of the test

Consistent with observations made by Fukuda [Ti# Jéngth data closely followed a

log-normal distribution, with parameters displayedrigure 30 and Figure 31.

Data collected for both whisker density and lersgthmed to progress forward from
500 to 1000 temperature cycles, however, haveatfback for 2-months of elevated
temperature humidity that followed. This was mdstlly due to measurement
uncertainties, where new areas and new whiskers welude in density and length
data sets. Note that variance has increased with @mnsecutive set of

measurements. ANOVA statistical analysis conduotetoth sets of data (with Ni
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and with no Ni underlayer) for length and densiggvireen 1000 temperature cycles

and 2 months of ETH are identified below in Table 1

Table 11 ANOVA results of density and length of whskers from Experiment 1 as compared
between 1000 temp cycles and 2 months of ETH

Sn over Cu Sn over Cu with Ni underlayer
Density | No statistical difference No statistical difference
Length | No statistical difference Statistical differencegent

It was noted previously that plating thickness lbsamples was measured using X-
Ray Fluorescence (XRF). Average thickness of trosall 12 samples was 7.5um
with standard deviation of 1.7um. The spread ofi@alis indicative of the variations
within a commercial plating process — the nominatipg thickness for the parts may
not always be representative of the true valuesurAmary of plating thickness and

whisker growth metrics is presented in Table 12.

Table 12 Plating thicknesses along with average Igth and density values for each sample at
the completion of test

Ni Sn Average Max Average
Sample# | Sample Description| underlayer | plating Length Length Density
(Hm) (Hm) (Hm) (Hm) (#/mm?)
1 Sn on Cu, 1.6 9.5 13 66 3573
Ni underlayer
2 Sn on Cu, 1.6 8.5 14 50 1493
Ni underlayer
3 Sn on Cu, 16 8.9 20 244 3337
Ni underlayer
4 Sn on Cu, 1.3 45 30 214 126
Ni underlayer
5 Sn on Cu, 1.3 45 30 256 185
Ni underlayer
6 Sn on Cu, 1.3 9.1 22 213 2531
Ni underlayer
7 Snon Cu 8.6 10 20 2556
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Ni Sn Average Max Average
Sample# | Sample Description| underlayer | plating Length Length Density
() () () () (#/mm’)
8 Snon Cu 6.8 14 39 2793
9 Snon Cu 8.7 10 21 2192
10 Snon Cu 7.2 12 27 3317
11 Snon Cu 6.7 13 32 2984
12 Snon Cu 7.5 12 24 3956

The whisker density and length appear to be relatgdating thickness as can be
seen in Figure 32 and Figure 33. Thicker platingsdeeem to induce more whisker
growth, while average whisker length is greatertfiomner coatings. Both whisker
densities and lengths appear to be equally disg&tbalong the higher plating
thickness values (7-9um), while a distinct differerexists at lower thickness
(4.5um). Maximum whisker lengths observed coulddeelated to plating
thickness: whiskers in 200-300pum range existedath thicker and thinner plating,

but not on medium-thickness finishes.
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. *° Te ¢ ¢
& 3
g 1000 — =078
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% 1004 * g 101 b
[ -
o 5
S
1 T T T T T 1 1 T T T T T 1
4.0 5.0 6.0 7.0 8.0 9.0 10.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Plating Thickness (um) Plating Thickness (um)
Figure 32 Correlation between whisker density Figure 33 Correlation between whisker length ant
and Sn plating thickness Sn plating thickness
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As part of the study, 588 whiskers were selectedfowth angle estimation. Not all
whiskers used for the length distribution were npooated in the growth angle
distribution. The decision to ignore some whiskees based on their shape —
whiskers that generally were shorter than 10umadnide same time ended up
curling into an arc were ignored for angle caldolas, due to the difficulty of
assigning the growth angle for them. For the puepmighis work, the growth angle is
defined to be between the effective shorting letigghand an axis orthogonal to the
surface, meaning that a whisker was first fittethvai single line to represent its
length. The distribution of growth angles is givarFigure 34 with very few

whiskers growing close to parallel to the surfatée 81°-90° range.

25.0

20.0 ]

100— [—1 —

: 11

0-10 11-20  21-30 31-40 41-50 51-60 61-70 71-80 81-90

% occurrence

Angle groups

Figure 34 Growth angle distribution for 588 whiskers. Growth angle defined between the
whisker effective shorting length and the axis pergndicular to the surface

These findings were consistent with previously regmbobservations of whiskers not
having a preferential angle of growth and being l@®ne to grow parallel to the
surface [64][65]. (Note: Hilty [64] defined the grth angle between the surface
orthogonal and the whisker, while Fang [65] meaddne angle from the surface to

the whisker).
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Angle of growth, however, is not necessarily a séag property of a whisker. As the
whisker becomes longer and longer, it may chargerientation through addition of
kinks or even by rotating a whisker without notiskabends introduced along the

length. Figure 3 demonstrates a whisker that hasgdd its growth angle during the
19-minute growth period without adding a kink. A maaletailed video of this growth
can be observed via CALCE tin whisker web page.[8hilar effects are observed
in Figure 46; it also compares two phenomena: adddf kink and an untraceable

change of orientation as the whisker grows.

It is apparent that the Ni underlayer was not ¢iffean preventing whisker growth
during environmental exposures. To confirm the gmes of Ni between Sn plating
and base Cu, a Focused lon Beam (FIB) section araducted at the root of several
whiskers (Figure 35). Continuous layer of Ni wagrfd between the copper substrate
and tin deposit under base of the whisker (Fig@e Bo verify that Cu has not
seeped through Ni underlayer, Sample 4 (with Stktigss of 4.5um) was analyzed
under Electron Dispersive X-ray Spectroscopy (ERBS)ng a 10kV accelerating
voltage, and with the density of Sn at 7.3 gicthe penetration depth of the beam
would be approximately 1um [81]. At this depth,@o was detected, suggesting that

Ni has prevented migration of Cu into the Sn.
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Figufe 36 l'\/lagnifiedri age from Figure 35,
4 showing a continuous layer of Ni between Sn and
Cu at the root of the whisker

Sn-plated Cu with Ni underlayer

The results of this test add to existing literatilva does not confirm the benefit of Ni
underlayer in whisker mitigation. While some [8&[$have shown that Ni underlayer

has prevented whisker growth, others [84] [85][86]not see its effects.

Experiment 2

Keywords: end-of-test ambient vs environmental

Experimental coupons were created from shearedri2x52.5cm squares taken from
a 0.8mm thick Cu plate (C11000, 99.9%Cu). Each cowpas polished with silicon
carbide sandpaper and then with alumina powder dovabum particle size.
Samples were then rinsed in water and later byhalao remove surface debris left

by polishing and were ready for electroplating.

A 1.5L sulfuric acid-based Sn plating bath was pred with commercially-obtained

electrolytes (Caswell, Inc) and de-ionized watesigtivity 18.2M cm). To ensure

Sn deposition only on one side, the back of eantptawas taped with an acid-
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resistant tape. Samples were polished one daytorelectroplating. Immediately
before plating, samples were immersed into 25%udalfcid for 5 sec, rinsed in de-
ionized water, and then placed in the plating lnatmediately. The bath was
continuously agitated by a magnetic stirrer, wbib¢h the sample and the anode were
placed vertically in the bath approximately 10crardpThe plating set up can be seen
in Figure 37. Plating was conducted at 23°C opegdtie bath at a constant current
density of 3.5mA/crh Plating efficiency at the given current densigswalculated
based on pre- and post-plating mass of the sartplas >90%.

To calculate plating efficiency, used Faraday’s ta#welectrolysis:

M

m= &
F =z

where

mis the mass of the substance altered at an ediectro

Q is the total electric charge passed through thstance (multiply
your current in Amps by the amount of time you gp#ating in sec)

F = 96 485 C mot (same as Amp*sec/mol) is the Faraday’s constant
M is the molar mass of the substance (118.9 g/mdd

zis the valence number of ions of the substan@eff®ns transferred
per ion, 2 for Sn)

The formula thus becomes:

_ Curren{ Al * Timdsec] 1189[g/mol]
9648%A* sec/imol] 2
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Compared this theoretical calculation to the mass fyom weighing specimens
before and after plating, and determine the efficyeof plating:

Yeeff = actualMass

= : *100%
theoreticdMass

No hydrogen evolution was observed during the pdatirocess. Samples were rinsed
in de-ionized water and dried with a pressuredastref air promptly after plating.

All 21 samples were electroplated individually viftl2 days.

Cu substrate
covered by
chemically-resi
tape (pink

stirring
plate

Figure 3”777Electroplating bath set up for Experiment2
Surface grain sizes were measured to be 2-5punmameter. Plated tin thicknesses
were measured using X-Ray Fluorescence (XRF) andd/aetween 4 and 7um
from sample to sample. Summary of specimen charsiits may be found in Table

13.
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Table 13 Specimen characteristics for Experiment 2

Substrate C11000, 99.9% Cu
Specimen Size 2.5cm x 2.5cm x 0.8mm
Plating Type Commercial Sn electrolytes platechim
Surface Grain Sizes 2-5um
Plating Thickness 4-7um

Samples were distributed into test sets betwederdift environmental exposure
conditions such that different thicknesses andraofiplating would be equally
distributed between the tests. The environmentabgures and the times of

inspection are presented in Table 14.

Table 14 Environmental exposure conditions and insgction points conducted for Experiment 2.
Each sample set consisted of three test coupons

Sample| Environmental Exposure Condition Inspection Points
Set #
1 Temp Cycles, -55°C/+85°C, 3 Pre-test, 500 cycles, 1000 cycles
cycles/hr, 10min dwell, 1000 cycles|
2 Elevated Temp Humidity, Pre-test, 1000hrs, 2000hrs, 3000hrs
55°C/85%RH, 3000 hrs

7 Ambient* Days after plating: 0, 20, 44, 72, 83,

96, 119, 132, 149, 168, and 180

(*)Note: As will be discussed in Chapter 4, muiphspections of ambient-stored
samples were needed to compare to whisker growtsiXalifferent environmental
tests.

Samples were held in ambient conditions thirteers deefore distributing between
different environmental exposures. A total of theaenples were used per sample set.

The conditions used for testing are identical witles stated in JESD22-A121A.

Temperature cycling (TC) was conducted in a shbéeiber between -55°C
and +85°C, with 10 min dwells, 3 cycles per hour
Elevated temperature humidity (ETH) was a constapbsure to +55°C and

85%RH
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For control, ambient exposure was done at ~23°C-&08o0RH

All samples were examined under SEM prior to envinental exposures, and no
whiskers were observed upon initial inspection.olighout the test, all samples were
examined for whisker growth with whisker length alehsities documented at
selected time intervals as indicated in Table \\hisker density was measured by
examining 10 areas on each sample; this total® tr@as for each of the seven sets

of samples. Each area was 0.23mamd was selected by randomly generating X- and
Y-coordinates on each sample, such that the restdtaot biased to the observer.
Only tin growths with length to diameter ratios apex than two were considered. As

an example, Figure 38 depicts whiskers (circled) aher post-plating formations.

~

HY WD Mag | Pressure|Spot|Sig| Tilt |X: -3.0 mm ——100.0pm—
20.0 kV|10.0 mm|500x 3.0 [SE|0.0 °|Y:-0.0 mm
Figure 38 Example of whisker density count on ambi#-stored sample after 168 days. Total of
16 whiskers present on area of 0.23mm
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When whiskers were present on the documented airésgst five whiskers per area
were documented for length. If less than five whrskwere present on a given area,
all whiskers were measured. At least half of themaron each sample were revisited
at each inspection interval — the rest were rangaimbsen locations. Special care
was taken to try and capture the longest whiskesamnple each time. For the purpose
of this experiment, whisker length was definedressgum of all individual segments

of the whisker.

The end-of-test results are presented in Tableni®Bd detailed results can be found
in Chapter 4, Experiment 2 description). The logmalrdistributed lengths at end of
respective exposures can be seen for temperataiagin Figure 39, and for

elevated temperature humidity in Figure 40.

Table 15 Summary of whisker density and length atite end of tests for Experiment 2

i Maximum
Mean Density + Mean Length +
Exposure ' Observed
STD (whisker/mm2) STD (um) Length (um)
TC: -55°C/+85°C.
1000 cycles 129 104 33
ETH: +55°C/85%RH
3000hrs 19+1 11+4 34
Ambient at 44 days
(same as end of TC 32+16 14+ 7 38
Ambient at 149 days
(same as end of ETH) 41 £16 17 + 10 49

57



99.90 99,90
A
A 4
: y
®, ‘A }
o
: /
»,
r 8
i ;
& i Vi “ 5000 A At end of 3000 hours of ETH
J g f |~
At end of 1000 temperature cycles I w1=2.2991, 61=0.3829, p=0.9780
-
W1=2.2493, 51=0.3647, p=0.9722 i I L
8 k‘ A:blent et 47 days /: M =2 7158, 5220 5364, p=0 9963
10.00 ' |2=2.5347, 52=04534, p=0.99301 10.00 ®
500 500
P £
1.00 - ¥ i b
100 1000 100.00 100 10.00 100.00
Length {m) Length (um)
Figure 39 Lognormal cumulative probability Figure 40 Lognormal cumulative probability

distribution plot for whisker lengths after end of distribution plot for whisker lengths after end of
TC exposure and corresponding control 44 day® ETH exposure and corresponding control 149
ambient days in ambient

It appears that the ambient exposure has producedwshat more and longer growth
than either of the environmental exposures, althdbgs difference is not very
pronounced. This is not consistent with the resaflS8xperiment 1, where even if
looking at specimens after temperature cycling syp® (and ignoring the sequenced
elevated temperature humidity), they have producegiderable growth, compared

to no growth for control specimens stored in ambien

Experiment 3

Keywords: environmental vs long-term storage consoar

For this experiment, specimens were prepared frantnidge brass and later
electroplated with tin. Brass (Cu-30%2Zn) sheetrofithickness was sheered into
2.5cm x 1.2cm individual coupons. An experimentat&oplating bath with pulse

reverse current deposition was used. Unlike the@siepin Experiments 1 and 2
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which were done under direct current, this depasitised two different set current
levels, a periodic reverse of current, and som&iwfi€. During direct current stages
of the plating (also known as cathodic modulatidim)would be reduced on the
surface, and a potential for hydrogen evolution Ma@lso exist. However, during
reversal of current (or anodic modulation), tin \bhbe oxidized, and during this
time, tin ions will be replenished around the catéor subsequent cathodic pulses.
Off-times are characterized by no current pasdinguigh the system, and this too
serves to replenish tin ions in the vicinity of dehode. More information on this
plating procedure and the theory behind it candomd in the original publication
[87]. The specimens described herein have beemactesized as “low tensile stress”

specimens by the manufacturer.

The electroplating was done in a methanesulfona @¢SA) based bath consisting
of:

240 mL/L of MSA

107 g/L of tin (II) methanesulfonate

300 ppm Triton-X
Electroplating was carried out at 37°C using athogecathode. Each coupon was
plated to 9um of Sn and had plated area of 108mniotal of 6 specimens were
prepared as having ‘low tensile stress’ in tinipgat Summary of specimen properties

may be located in Table 16.
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Table 16 Specimen properties for Experiment 3

Substrate Brass 260 (Cu-30Zn)
Specimen Size 2.5cm x 2.5cm x 0.8mm
Plating temperature 37°C
Plated Area 100ufm
Plating Type Experimental electrolytes plated im la
Surface Grain Sizes 2-8um
Plating Thickness 9um

After plating, specimens were stored in ambienirenwnent for 4 months. Beyond

that, three of the specimens have been subjectednperature cycling (TC), and

three to elevated temperature humidity (ETH). Upompletion of the test,

specimens were stored in ambient environment tewsited later on (Figure 41).

The details of the exposure can be found in TaBlbelow.

1000 Temp o 2 years ambient
Cycles storage
4 months
Brass (C260) ; :
Sihstate | 9um Sn plated |- ambient
storage
12 months i 1 year ambient

o Temp Humidity

storage

Figure 41 Flow diagram for Experiment 3
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Table 17 Details of environmental exposure for Exgénent 3
Elevated Temperature
Humidity (ETH)

Temperature Cycling (TC)

Enwronmental -55°C to +85°C, 10-min 60°C / 85% RH
conditions dwells, 3 cycles per hour
Duration of exposure 1000 cycles 12 months

Pre-test, 500 cycles, 1000 Pre-test, 5 months, 9
cycles, 1 year after TC, | months, 12 months, 1 year
2 years after TC after ETH

Whisker inspection
intervals

Total time since
plating

~ 2.5 years

Examination of each sample included whisker derctlection on at least five areas,
and if whiskers were present, at least five wereudtented on each area, with the
exception of areas that had fewer that five whiskier which case — all of the
whiskers present were documented. Upon revisitiegsamples at different
inspection intervals, same areas were looked dtiasg prior observations, and
additionally several new areas were added. Whigkegths for this experiment were

defined as the shorting length between whisker andtpoint furthest on the whisker.

The results at different intervals throughout tb& tan be seen in Table 18. Note that
the inspection intervals of 2 years after TC arygdr after ETH actually refer to the
same point in time: ~2.5 years after samples wiei@replated. No whisker growth
was observed on any specimens during the 4-moniheatnstorage prior to the test.
For specimens in temperature cycling, no whiskeesvgluring the environmental
exposure or for one year of ambient storage dftétawever, an additional year in
ambient has produced extensive whiskers, with sexneeding 4mm in length

(Figure 42).

61



Specimens that went through ETH exposure showecdraus whisker growths at
the end of five months of exposure. The densityloskers (# of whiskers per nfin
was almost unchanged throughout additional seveartimaf ETH and a subsequent
one year in ambient. Whisker lengths did see atiigrease between five and nine
months in ETH, but almost no changes occurred eyt (Figure 43). After 12
months in ETH, specimens were placed in ambient@mwment, and revisited only a
year later. By locating the exact areas used foskehn observations after 12 months

in ETH inspection, it was apparent that no whigk@wth has occurred during a year

of ambient storage that followed it.

Table 18 Whisker growth results for Experiment 3

Inspection Whisker Whisker Maximum
Exposure Interval density (#/mm2)| length (um) whisker length
Mean £ STD Mean = STD | observed (um)
Pre-test No whiskers
500 cycles No whiskers
TC 1000 cycles No whiskers
1 year after TC No whiskers
2 years after TC 24+ 12 125+ 181 4143
Pre-test No whiskers
5 months 246 + 41 1818 161
ETH 9 months 285 + 135 3128 194
12 months 281 + 147 31+26 194
1 year after ETH 281 + 147 31+ 26 194
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Figure 42 Lognormal cumulative probability Figure 43 Lognormal cumulative probability
distribution plot for whisker lengths 2 years  distribution plot for whisker lengths at 5, 9, and
after TC 12 months of ETH and 1 year after ETH

Looking at the whisker growth on specimens thateuwent temperature cycling, it is
unclear whether the environmental exposure hagibated to the whisker growth.
However, given that no whiskers have appeared dacione year after the
exposure, it is likely, that its effect was minimi that case, the growth that was
observed two years after the exposure may be atiddkto the time in ambient
exposure alone. On the other hand, the specimansitiderwent ETH have not
gathered any new growth in the two years sincefpesure. Perhaps emergence of
whiskers during ETH had an impact on future whigk®@wth. Nevertheless, the
whisker density and lengths seen during ETH argredictive of the growth seen

after 2 years of ambient exposure.

Summary

The three experiments presented above have shdigredt outcomes. All three

experiments utilized similar environmental exposutepromote tin whisker growth.
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Experiment 1 had Sn-plated Cu specimens (with atitowt Ni unerlayer) stored for
a period of 2.5 years prior to the environmentaaosure, with no whisker growth.
During the sequence of 1000 temperature cyclesG5 +85°C, 10 min dwells, 3
cycles an hour) followed by 2 months in elevatedgerature humidity (60°C,
85%RH), whisker growth in thousands per fnmas evident, with whisker lengths up
to 250um. However, no further whisker growth ocedrin the following two years

of exposure, nor did any whiskers grow on the adrgjpecimens stored in ambient
environment for five years. The whiskers appedraanduced by the environmental
exposures. Ni barrier layer was shown insufficiargreventing whisker growth,
furthermore, longer whiskers were evident on speasrwith Ni underlayer as

compared to just Sn-plated Cu.

Experiment 2 also dealt with Sn-plated Cu (différ®n electrolytes) specimens that
saw environmental exposure soon after platinghAtend of temperature cycling and
elevated temperature humidity exposure, whiskewtiravas similar to that observed
on ambient-stored specimens that were stored inesrnfor time equal to that of
environmental stress tests. It appears that envieoal exposure did not have an

effect on whisker growth as compared to ambienbsue.

Experiment 3 addressed an experimental electrogl@tiocess with Sn-plated brass

specimens. Whisker growth was apparent during edeM@mperature humidity

(ETH) exposure, but no additional growth was sestedhe specimens were out in
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ambient for one year after completion of ETH. Oa tlontrary, the specimens in
temperature cycling test have shown no growth duttie test or for an additional
one year of ambient storage after. However, betweanone and two of ambient
exposure after the test, a massive amount of whgglosvth was apparent, far
exceeding the whisker lengths seen in ETH, but esittorder of magnitude lower

density.

From these results, it can be concluded that tistieg temperature cycling and
elevated temperature humidity tests may over-ptedngder-predict, or have no effect
on whisker growth as compared to ambient storageir&mental conditions alone
are thus not the single driving factors behind wéiggrowth. As was mentioned in
Chapter 1, tin whisker growth is a function of mangcro-scale parameters, and
temperature and humidity are just some of thems.ithportant to develop an
understanding how other factors play a role, and they act in collaboration with

environmental exposures in whisker formation.

65



Chapter 4. Evaluation of Sequential Environmen&sts

If we knew what we were doing,
It would not be called Research
A. Einstein

As Chapter 3 has shown, the environmental testdumad in accordance with
existing testing standards do not have consistadiqtive value with short-term or
long-term tin whisker growth in ambient storageisT¢hapter explores the possibility
of sequential environmental tests providing sughealiction. Experiments 1 and 2
will be revisited from Chapter 3, this time witltkser examination of the effects of
sequencing temperature cycling (TC) and elevategéeature humidity (ETH)
exposure. Results will provide an answer as to ndresome combination of

environmental tests should be used for whisker ptam, as compared to a single

environment exposure.

Experiment 1
This experiment has already been described as Bxgetr 1 in Chapter 3, where the
specimens were commercially tin-plated copper. \Witbtal of 16 specimens: eight
that have Ni underlayer between Sn and Cu, and wigihout the underlayer.
Specimen properties may be reviewed in Table 7spdicimens were stored in
ambient for 2.5 years with no whiskers growing loa surface. After 2.5 years of
ambient exposure, four specimens (two with underiayd two without) were kept
in ambient as control, and the rest were subjetctsgquential environmental load:
1000 Temperature Cycles: -55°C to +85°C, 10min thy8lcycles/hour

2 months of Elevated Temperature Humidity: 60°C 85%hRH
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After environmental loading, an additional two yeaf ambient storage have brought
the life of specimens to five years since platirayiew flow diagram of specimen
exposure in Figure 29). During this time, the cohéimbient-stored specimens have
produced no whisker growth. The growth seen onrenument-stressed specimens
was confined to the time of environmental exposwaad no whiskers grew prior or
after it. The growth progression can be seen iniféigi4 for specimens with Ni

underlayer and in Figure 45 for specimens without N
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Figure 44 Lognormal cumulative probability Figure 45 Lognormal cumulative probability
distribution plot for whisker leng ths on specimen distribution plot for whisker lengths on specimers
with Ni underlayer in Experiment 1 without Ni underlayer in Experiment 1

The results of this experiment show a massive drafshorter (<50um) whiskers
during TC, and little additional growth during cesstive ETH. However, some

specimens have produced significantly longer whiskiering ETH (>200um).

Experiment 2
Experiment 2 was initiated at the end of Experimnferwhen the data for TC and

ETH was gathered. It was of interest to see théridanion of TC and ETH to the
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growth of whiskers in sequential environmental esqpes. And perhaps devise a test

where a combination of exposures would serve actave whisker promoter. At the

time, it was unknown that specimens from Experiniewbuld not add any growth in

the two years following the environmental exposure.

Experiment 2 specimens were prepared by platingv®n Cu substrates to a

thickness of 4-7um. (More details on specimen papmn can be found in Table 13)

Specimens were distributed into test sets betwdteht environmental exposure

conditions such that different thicknesses andraofiplating would be equally

distributed between the tests. The test sets asepted in Table 19. Each specimen

set received three test specimens.

Table 19: Environmental exposure conditions and irngection points conducted during the test.
Each specimen set consisted of three test coupons

D

Specimen| Environmental Exposure Condition Inspection Points
Set #
1 TC (1000 cycles) Pre-test, 500 cycles, 1000 sycl
2 ETH (3000 hrs) Pre-test, 1000hrs, 2000hrs, 3G00hr
3 TC (1000 cycles) followed by Pre-test, 500 cycles, 1000 cycles,
ETH (3000 hrs) 1000hrs, 2000hrs, 3000hrs
4 ETH (3000 hrs) followed by Pre-test, 1000hrs, 2000hrs, 3000hrs,
TC (1000 cycles) 500 cycles, 1000 cycles
5 TC (500 cycles) followed by Pre-test, 500 cycles, 1000hrs,
ETH (3000 hrs) followed by 2000hrs, 3000hrs,
TC (500 cycles) 1000 (total) cycles
6 ETH (1500 hrs) followed by Pre-test, 1000hrs, 1500hrs,
TC (1000 cycles) followed by 500 cycles, 1000cycles,
ETH (1500 hrs) 2000 (total) hrs, 3000 (total) hrs
7 Ambient* Days after plating: 0, 20, 44, 72, 83,

96, 119, 132, 149, 168, and 180

(*)Note: Control specimens left in ambient exposweze inspected each time an inspection
was conducted on environmentally exposed speciimenrsler to obtain a baseline for
comparison.
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Specimens were held in ambient conditions thirtiegys before distributing to
different environmental exposure conditions. Theditbons used for testing are

identical with ones stated in JESD201 [47].

Temperature cycling (TC) was conducted in a shd@toer between -55°C
and +85°C, with 10 min dwells, 3 cycles per hour

Elevated temperature humidity (ETH) was a constapbsure to +55°C and
85%RH

For control, ambient exposure was done at ~23°C-&080RH

All specimens were examined under a Scanning Blediticroscope (SEM) prior to
environmental exposures, and no whiskers were wbderpon initial inspection.
Throughout the test, all specimens were examined/iiissker growth with whisker
length and densities documented at selected titeevals as indicated in Table 14.
Each inspection point during the test collectedo®@tions of 0.23mreach on every
specimen set for whisker density distribution. @dst five whiskers were collected
from each location to be used for whisker lengstrdiution. If less that five
whiskers were present, all whiskers at that locatiere measured. Summary of
whisker density and length for each test conditibthe end of all the tests can be
found in Table 15. Detailed comparisons can be seé&ppendix C. In this
experiment, the ambient control produced the longesskers and the densest
growth. This finding implies that Temperature Qygl Elevated Temperature
Humidity or any sequence of the environmental eypessdoes not accelerate

whisker growth for the specimens under test.
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Table 20 Summary of whisker density and length atite end of tests

Mean Density Mean Maximum #
Set Observed ,
4 Exposure + STD , Length £ Length whiskers
(whisker/mm?) | STD (um) (um) measured
1 TC 13+8 10+ 4 33 53
2 ETH 13+ 12 11+4 34 74
3 TC - ETH 24 + 24 11+4 30 97
4 ETH-TC 12+ 12 12+ 4 24 81
5 TC-ETH-TC 5+13 17+ 12 39 23
6 | ETH-TC —ETH 11+12 11+4 21 62
7 | Ambient 180 dayy 42 +18 18 + 10 61 240

Table 21 and Table 22 below illustrate the progoessf whisker length and density

on the ambient-stored specimens. Captured whiskegths were found to fit a

Lognormal distribution.

Table 21 Lognormal parameters of whisker lengths adlifferent inspection intervals of ambient-
stored specimens

Time in .
Ambient m S # whiskers
measured
(days)
20 2.37 0.47 0.9821 58
44 2.53 0.45 0.9930 123
72 2.63 0.49 0.9923 125
83 2.67 0.51 0.9924 159
96 2.68 0.52 0.9927 170
119 2.69 0.53 0.9950 188
132 2.70 0.54 0.9963 200
149 2.72 0.54 0.9963 219
168 2.71 0.54 0.9974 236
180 2.72 0.54 0.9967 240
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Table 22 Normal parameters of whisker densities aifferent inspection intervals of ambient-

stored specimens
Time in
Ambient mean STD
(days)
20 22 10 0.9750
44 32 16 0.9855
72 32 16 0.9837
83 39 19 0.9863
96 37 18 0.9825
119 40 15 0.9749
132 41 17 0.9770
149 41 16 0.9825
168 42 18 0.9815
180 42 18 0.9763

To compare the effects of environmental exposWikBK)VA analysis was conducted
on whisker densities and lengths between all tleeigpen sets at the end of the test as
well as to respective end-of-test ambient conffelo sets of whisker density (or
length) data were considered identical, if Fcsida. They were considered different

otherwise. Results can be seen in Table 23.

Table 23 Results of whisker density and lengths AN®@A analysis on the different specimen sets
of Experiment 2.
First number: density correlation, second number: &ngth correlation
1 - data sets are considered identical. O - datatsare considered different

Setl Set 2 Set 3 Set 4 Set|5 Set 6
Set 1 — end of tes 11 11 11 00 11
Set 2 — end of tes 01 11 00 11
Set 3 —end of tes 01 00 01
Set 4 — end of tes 00 11
Set 5 — end of tes 10
Set 6 — end of tes
Ambient 44 days 00
Ambient 149 days 00
Ambient 168 days 00
Ambient 180 days 00 01 00

In general, the environmentally-stressed sets $edra similar to each other, with

the exception of set 5 (TC-ETH-TC). The environnadiyitstressed sets are identified
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as different from the ambient-stored specimens. &l@n Table 20 shows that this
difference is not profound, as has been seen ieifixents 1 and 3 from Chapter 3.
A time-lapse version of whisker growth in ambieaépa period of approximately
400 days can be observed in Figure 46, where the séhisker was captured on 11
different occasions. All images were taken perpeuldr to the surface of the
specimen, meaning that any change in view of thiske is due to a change in
growth angle of the whisker. Note how images frddt@®119 days show a straight
filament whisker, and yet its orientation is chamgiA more drastic change of
orientation is introduced at day 132, where a Kotkbend) has been added into the
whisker. This shows two different ways in which sker may change its orientation
during growth. While a kink in a whisker is a pemeat feature that may result in a
change in growth direction, the time lapse imagescate that a kink is not required
for a whisker to change direction. Thus, directwdgrowth is not necessarily fixed

and can be time dependent.
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Figure 46 Examplerowth proessmn of a whiskein ambient storage conditions captured at
19, 43,72, 84, 96, 119, 132, 149, 168, 180, arkiddys after plating

In summary, Experiments 1 and 2 have demonstratdddf consistency in the way
that sequential environmental tests influence tioavth of whiskers. While

Experiment 1 showed abundant whisker growth dutliegsequence of temperature
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cycling and elevated temperature humidity, no wéiskowth occurred during five
years of ambient storage used for control. On tmgrary, specimens stored in
various sequences of environmental conditions ipeiment 2, have retarded
whisker growth, as compared to ambient-stored obsfrecimens. The results
indicate that sequential environmental testingoignore reliable at predicting growth
than single environmental testing. Factors othantenvironment may be playing a

larger role.
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Chapter 5. Length and Thickness of Whiskers

While the length of the whiskers has been widelgrasised, their thickness has not
been so vigorously reported. From early reportt@dame obvious that tin whisker
thicknesses are typically in 1-5um range [88][&4me holds true for cadmium
whiskers [3]. The fluted-shape of whiskers, howedees not make them necessarily
circular in cross-section. As has been shown byi$Eaka [90], the whisker cross-
section is rather irregular at the edges (Figuie Bar ease of the following
calculations, however, whiskers will be approxindads cylinders, and terms

‘thickness’ and ‘diameter’ will be used interchaabhy.

Figure 47 Cross-section of a whisker [90]
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The objectives of this chapter are to present giadive analysis of a large group of
whisker thicknesses, as well as to assess whédtegiare related to whisker lengths.
The first objective gives the opportunity to do fpabilistic modeling of whiskers

penetrating conformal coatings and predicting mglturrents for whiskers.

Whisker thickness is important when consideringahidity of a whisker to penetrate
a conformally coated surface. It has been prelatsown that the ability of an
existing metal whisker to penetrate a layer of oomfal coating on an adjacent
conductor and come in contact with that conducdrnmdered by whisker buckling
Error! Reference source not found.when in contact with the coating as seen in

Figure 48.

Whisker touching
adjacent conductor
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Figure 48 Schematic representation of two whiskerone growing from a surface and buckling
upon contacting conformal coating applied on a secal conductor, and another whisker creating
mechanical contact with the adjacent surface on aarea with no conformal coating
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The force required to buckle a metal whisker ignestied to be [42]:

2El E d*
(kL)? 32 L7

F, =

E = Young’s Modulus of whisker material

4
| = Area moment of Inertia. For a circular crosstem | =

L = Length of whisker
d = diameter or thickness of whisker
K = Column effective length factor.
K=0.5 for whiskers fixed at both ends.

K=0.7 for whiskers fixed at one end, and pinnethatother

Whisker thickness is also important when estimatimegelectrical current level
required to melt a whisker. The theoretical currenvacuum [91] required to melt a

whisker is defined as:

2V LzT, 1 T 24LzT, 1 T
l meltvacuum — CoS = COoSs
' R, T 4L

melt melt

d2
L, = Lorenz number, ~2.45*10(V/K)?

To = reference temperature

Tamb= ambient temperature

Tmeit = Melting temperature

Ro = whisker resistance at reference temperature
: - 4 L
For a circular-cross-sectiongR 4
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where = = resistivity of material at reference temp T
L = Length of whisker

d = diameter or thickness of whisker

Experimental Sets and Goals of the Analysis

To quantify whisker thickness, two different setsamples were used for collecting

whisker thickness distributions:

Set 1 — Sn-plated Cu, and Sn-plated Cu with Ni dagler as described in Chapter 3
under Experiment 1. All of the samples have speniy2ars in ambient environment,
then went through 1000 temperature shock cycles f#5°C to +85°C (3 cycles per
hour), and then an additional two months in 60°@ &%RH. Upon completion of
environmental exposure, whisker thicknesses argthen(as shorting-distance
measurements) were collected for 877 whiskers fibitihe samples. A smaller sub-
set explored the correlation of whisker thicknegsdbe sum-of-segments lengths of

whiskers.

Set 2 — Sn-plated brass (Zn-30Cu) plated to a tleis& of 6-7um and stored in office
ambient environment for ~11 years. Tin grain sietliis set is of sub-micron
surface dimensions and finish has a shiny lustdr Many whiskers with lengths

exceeding 1mm are present on the surface.

The two sets of samples have whisker growth indampletely different settings. Set

1 had whiskers growing only during the environmeaigosure, and no whisker
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growth while in ambient storage prior to or aftee test (see Chapter 3 for more

details). For Set 2, however, all the growth ocedrduring ambient exposure.

Self diffusion of tin is responsible for the suppliytin atoms to the base of the
whisker. The long-range transport of atoms trougtingboundaries has been
attributed to growth of whiskers without visibly@arent or significant depletion of
Sn layers in the vicinity of the whisker [92]. Ttegminology ‘long-range’ should be
interpreted in context of individual atoms, whewveling 200pum in the direction
parallel to the surface, as was demonstrated bydden[92], is at least fdimes

greater than the Angstrom-size atom itself.

Two questions are set to be answered with this work

(1) If a correlation exists between whisker thickmand whisker length, can the
diameters of whiskers be measured at some poiotd#iey reach their growth
saturation, and estimate the maximum length it d@ubw to?

(2) Is it possible that the amount of Sn supptedach whisker growing on a single

surface is somewhat the same? If that were tre@, titre total volume of individual
whiskers would be the same, creating a lengthamdter dependency last iz As
d

a result, thicker whiskers will remain shorter, dmager whiskers will have smaller

cross-sections.
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Set 1 — Environmentally-Induced Whiskers

For the 877 whiskers measured from Set 1, thellligion of thicknesses fits a
lognormal distribution (Figure 49). As presentedrigure 50, the lognormal
distribution holds even when separating the whiskgrsubstrate (410 whiskers on

samples with Ni underlayer and 467 whiskers on $esnpith no Ni underlayer).
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Figure 49 Lognormal cumulative probability Figure 50 Lognormal cumulative probability

distribution plot for whisker thickness from Set 1 distribution plot for whisker thickness from Set 1.
Separation by presence of underlayer

The lognormal distribution parameters for Set llisted in Table 24.

Table 24 Lognormal distribution parameters for whisker thicknesses of Set 1

# of whiskers used VI
Set 1: All whiskers 877 148 0.4D0 0.9994
Set 1: Ni underlayer 410 1.50 0.43 0.9987
Set 1: No Ni underlayel 467 146 0.37 0.9982

The two sets of whiskers used above for thicknéstslnlitions are now correlated to
the lengths of whiskers. Note, for this part of thark, the whisker length is defined

as the sum of individual segments making up theskeri This is different from the
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length definition used in Chapter 3, where the fervgas defined as the effective
shorting distance between whisker root and thetgorthest away from it. True
length of the whisker is used here to see whetblemvetric consistency exists

amongst whiskers.

The distribution of whisker shorting lengths fort 3ecan be seen in Figure 51. The
lognormal distribution parameters for the sum-ajrmeent lengths are given in Table

25.

Figure 51 Lognormal cumulative probability Figure 52 Lognormal cumulative probability

distribution of whisker lengths for Set 1. Whisker distribution of whisker lengths for Set 1:
length measured as sum of lengths for individual ~ S€Paration by presence of Ni underlayer
segments of the whisker

Table 25 Lognormal distribution parameters for whisker lengths of Set 1

# whiskers used U
Set 1: All whiskers 877 259 0.70 0.97%4
Set 1: Ni underlayer 410 281 0.80 0.9748
Set 1. No Ni underlayel 467 239 0.%2 0.9853

81



The scatter plots with correlations of whisker lgngnd diameters are presented in
Figure 53, Figure 54 and Figure 55. No correlaggists between whisker length and
whisker thickness based on these results. Thegeefgvere constructed by
combining data for the thickness distributions igufe 49 and Figure 50 and the
length data from Figure 51 and Figure 52. The ¢atien coefficient for all of the

data from Set 1 (for samples with both Ni undentegred without the Ni underlayer)

is -0.06.

100.00

10.00

Thickness (um)

1.00 T
1.00 10.00 100.00 1000.00

Length (um)

Figure 53 Scatter plot of whisker length vs. thickess for all of Set 1
Correlation coefficient -0.06
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Figure 54 Scatter plot of whisker length vs. Figure 55 Scatter plot of whisker length vs.
thickness for Set 1 samples with Ni underlayer thickness for Set 1 samples without Ni underlaye
Samples with Ni underlayer. Correlation coefficient 0.06

Correlation coefficient -0.12
As mentioned before, the samples used in Set théolength to thickness correlation
have seen temperature cycling and elevated temperatimidity exposure, during
which all the whiskers grew, with no whiskers appeaduring ambient storage prior
to or after the exposure. Such whiskers were thezehduced by the environmental
exposure, and perhaps have not reached their maxiengths, meaning that if more
environmental exposures were to be done, morearget whiskers could have

grown.

As mentioned before, the whisker lengths for Setle measured as the shorting
distance (straight line between whisker root amdpbint furthest away from the root
on the whisker). This approximation may not prowide best assessment of total
volume of whiskers. For more accurate predictioviiskers of length:thickness ratio
greater than 4:1 were chosen from the specimeimsNvitinderlayer present to be re-
measured using the sum-of-segments method. Thisifxayrend existed for thinner
whiskers to grow longer, while thicker whiskersysshorter, then, perhaps it would

be more evident here. A total of 124 whiskers wermeasured in the sum-of-
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segments method. The relationship between whigkeyth and thickness is given in

Figure 56. As before, no noticeable correlatiorsexior these environmentally-

induced whiskers.
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Figure 56 Scatter plot of whisker length vs. thickess for Set 1: Samples with Ni underlayer,
length measured as sum of segments, only whiskergtlwlength:thickness ratio of 4:1 or greater.
Correlation coefficient -0.01

Set 2 — Long-term Ambient Growth

To contrast the above analysis, an 11-year old Eawgs selected for whisker length
and thickness measurements. In this case, tineplatess of plating thickness 6-7
microns was used. The sample had ~10exposed surface area of tin and has been
stored in office ambient environment for over 1ange During this time, whiskers of
lengths exceeding 1mm have grown on it. The grawtthe specimen, however, has
not saturated, as can be seen by comparing thea@a®n the specimen after 9.5

and 11 years of ambient storage (Figure 57 and&ig8). Among 30 areas thus
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compared between 9.5 and 11 years of ambient ersasn new whisker initiations

have been noticed, but a handful of whiskers daliadength.

-

Figure 57 Area on Set 2 specimen after 9.5 yearBigure 58 Same area as Figure 5after total of 11
of ambient exposure years of ambient exposure. The whiskers with
significant change have been circled

It is obvious that these specimens have not reashiedation as of 9.5 years of
ambient storage. The only way to find out whetherent 11-year timeframe has
achieved saturation would be to compare existiogvgr with what will be seen later
on. Nevertheless, if saturation does exist, thpseigiens are now closer to it than
ever before. And if some relationship between wérisksaturated (or maximum)

length and thickness exists, it would be more pr@mi now than before.

Whisker length and thickness data for 187 whiskérsindom locations throughout
the 11 year old sample were collected. Both lengtitsthicknesses of Set 2 whiskers
followed lognormal distributions as seen in FigbBeand Figure 60. Lengths were

measured as a sum of individual whisker segments.
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Figure 59 Lognormal cumulative probability
distribution of whisker lengths for Set 2

Figure 60 Lognormal cumulative probability
distribution of whisker thicknesses for Set 2

The lognormal distribution parameters are liste@able 26 below.

Table 26 Lognormal distribution parameters for whisker lengths and thicknesses of Set 2 (total
of 187 whiskers) after 11 years of office ambientxposure

U
Length 5.01] 1.15 0.9949
Thickness 1.17, 0.67 0.9971

As with the Set 1, no correlation between whiskegth and thickness for Set 2

whisker growth on 11 year old Sn plating exposedftice ambient environment.

The correlation coefficient is -0.137, and the data be visualized in Figure 61.
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Figure 61 Scatter plot of whisker length vs. thickess for Set 2 (Sn-plated brass after 11 years
office ambient storage). Correlation coefficient: 0.137

From the two sets of data presented above — onevirloisker growth during
environmental exposure and second from 11-yeaoffite ambient conditions — it is
clear that whisker lengths and thicknesses ardatecke Therefore, it is incorrect to
assume that only thinner growths will produce levigskers or that thick growths
will remain short However, data from Set 2 did shbat whiskers with thicknesses
greater than 10um existed only for whisker lengthg0-300um. It is unclear

whether this will hold true for all whiskers, or ether it comes from the limitations

of sampling.

Due to a lack of observed depletion of tin nearskaéis, it has been proposed and

stated that whisker form due to long range diffad@R2][93]. The material that
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constitutes whiskers is supplied by the surroundim@lating layer. If we assume a
whisker 500um long with a diameter of 2um, it takpsthe volume of ~1500pin(V
=L* *d%4). For a plating thickness of 5um, this whiskeuld have to
completely deplete all of the tin around it in thelius of 10um in order to make up
the whisker. However, in general no material depteis observed in the area

immediately surrounding a whisker.

Let us calculate percent of plating volume usedyiprhiskers on a given area with
whisker growth. For the 11-year old Sn-plated speci outlined above in Set 2,
plating thickness was measured as ~6.5um. Thetglerisihiskers was measured to
be 35 + 12 whiskers per ninThe length and thickness lognormal distribution
parameters are given in Table 26 above. Monte Garalations of whiskers on an
area of Imrhwere performed to compare total volume of tin iniskers to the
volume of plating in Imfarea. Total of 1000 areas, 1feach, were simulated, and
cumulative volume of all whiskers present on eaelaavas compared to the amount

of Sn available (6.5um thick Sn on area of Imresults in 6.5x1qun).

The results of the total Sn volume used up by wdrigls a percent of volume

available within 1mrharea with 6.5um thickness has a median of 0.248«an be
seen in Figure 62. Such a small percentage ofsed wp in whisker growth easily
accounts for lack of visual indication of mateudalpletion on the surface, as was seen
in images of this specimen (Figure 57, Figure B8)odrow’s proof [92] that long

range diffusion of tin supplies material to thenfiiamg whiskers coupled with the
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overall small percentage of tin consumed in fororatf a field of whiskers easily

accounts for the lack of visual evidence of degletenes of tin.

Figure 62 Cumulative probability plot (fit to Lognormal distribution) of Percent Volume of Sn
available within 1mm? area that went into making whiskers. Result of simlating 1000 areas
1mm? each

Examples of Whiskers with unusual Thicknesses

The whiskers presented above have ranged in thsskoetween 0.7um to ~21pum.
This range, however, is not all-encompassing. @& eacasions, whiskers that are
significantly thinner or thicker have been observexiimples of tin and zinc

whiskers that are far beyond the “usual” are presskhelow.
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Figure 63 depicts a 200nm-thick whisker found orfesie of Sn-plated brass. Figure
64 shows tin growths on Sn-plated beryllium-coppith a measured thickness of

30um. A 70um thick whisker growing on Sn-plategper can be seen in Figure 65.

Figure 63 Tin whisker of ~200nm thickness on surfaeof Sn-plated brass

Figure 64 Tin whisker of ~30um thickness on  Figure 65 Tin whisker of ~70um thickness on
surface of Sn-plated beryllium-copper surface of Sn-plated copper
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Thicker whiskers have also been observed on steielces coated with hot dip
galvanized (HDG) zinc. There whiskers with thickme$ up to 35um (Figure 66 and

Figure 67) have been observed, while still in pnesel-10um thick whiskers.

Figure 66 Zinc whisker ~35um thick on HDG steel Figure 67 Zinc whiskers of 10pum, 13pm, 20um,
and 35um thickness on HDG steel

Thicker whiskers present a greater threat. Sineertélting current of a whisker is
proportional to the square of whisker’s diametahieker whisker will melt under
much higher current, and thus sustain an undesleadrical short for much longer. A
thicker whisker will also penetrate a layer of aomfial coating much further without
buckling, limiting the benefits of conformal coalias a mitigator against electrical

short circuits induced by whisker bridging betweglppcent conductors.
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Chapter 6: Tin Oxide Possible Future Use

An experiment is a question which science posBstore,
And a measurement is the recording of Nature’s @&nsw
M. Planck

Background on Metal Oxide Gas Sensors

Like many metals, tin forms a layer of oxide on sheface when exposed to air. Tin
whiskers are not an exception, and similar oxided@med on them. As a result,
whiskers that make mechanical contact, do not sacigs create an electrical short,

until the dielectric of the oxide film is broken4R95].

A booming topic in research nowadays is the usseoficonductor properties of
metal oxides in gas sensing. Materials such as30@0,, Fe0s, TiO,, ZnO, and
others act as chemiresistors, which means thatdpesate on the basis of surface
reactions [96]. The ultimate goal of this resedrehd has been to create a single unit
with multiple gas sensors and intelligent recogmitof various gases. The choice of
metal oxide is complicated by many factors, inahgdamong others their surface
properties, electro-physical responses, and diabilisensing [97]. The principle of
gas sensing lays in the changing properties of lngtdes when exposed to gases in
as little as ppm range. Surface reactions withgtees cause electrons to transfer
from surface states back into semiconductor’s iotecreating conductive channels.
If continuously electrically measuring a gas-segsianowire, this change will

become apparent as a drop in resistance.
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Experimental

In a series of experiments, tin-finished surfacéh whiskers growing on them were
heated in a small enclosed space to temperatuceg@ixig the melting temperature
of tin. Typically, the measured temperature onaefof specimens was achieved to
be 280-300°C. Within the span of 10-30min, whiskapeared to partially or
completely expunge the metal back into the Sn fiGmying behind an oxide “shell”
or “skin”. An example of this phenomenon is demaatsd in Figure 68, where a
whisker heated at 280°C for 20min has been conlpléted of Sn. If the whisker
burst open, the remnants of Sn that have splaghéigecsurrounding surfaces would
be evident. However, upon close examination ofatleas surrounding such a
whisker, no changes in surface were observed.dtttuas assumed that Sn from the

whisker has sunk back into the plating.

Figure 68 Whisker before (left) and after (right) heating a Sn-plated brass specimens at 280°C

for 20min
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To confirm the idea of Sn metal flowing from theisker back into the plating, Sn-
plated brass specimen was heated at 260°C for 1Zmrisker with length over
600um was documented to almost expunge all meitd,just a few droplets of Sn
remaining (Figure 69). Remaining tin is seen taorfalistinct droplets within the tube
of tin oxide, and the droplets appear to have tweality, suggesting that the metal

was flowing down the length of a whisker towards tbot.
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(a) Tin whisker devoid of metal. The shellis  (b) Sn droplets solidified closer to the tip of the
outlined with arrows whisker

(c) Partially expunged part of whisker, with Sn (d) base of whisker with no Sn evident
solidified in form of droplets. Note the empty,
almost-transparent collapsed shell and the
directionality of the droplets, suggesting out-
flowing of the metal
Figure 69 Tin whisker (>600m) heated to 260°C foit5min showing clear distinction of metal
still remaining inside the tin-oxide shell and sotiified in form of droplets whose directionality
suggests that tin was flowing down the length of ghwhisker

To test the electrical properties of the oxide Ishéh whisker while still attached to
the Sn-plated surface, was heated at 280°C imaB@min to expunge Sn. The
remaining oxide shell was then removed and placeasa chromium (Cr) contacts.

The structure was then annealed at 500°C in aitlioto convert any remaining
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metallic tin into tin-oxide. P current-voltage (lrYheasurements were carried out at
room ambient temperature and atmosphere. The bptiage of the shell used in this
experiment and the characteristic I-V curve casden in Figure 70. The slight non-
ohmic behavior is due to Schottky barriers betw@€enontacts and the nanowire of

tin-oxide.

Figure 70 Electrical testing of whisker oxide shellLeft - tin oxide shell laying across Cr contact.
Right - Current-Voltage curves

These preliminary results are consistent with trels®vn for tin-oxide nanowires
[98]. Further investigation is needed to look itlte behavior of the whisker shells in
carbon monoxide environments. The potential beéfihis work may be the ease of
sensor manufacturing from tin whiskers. Currenthodologies for nanowire gas
sensor construction commonly involve vapor depasitf metal oxide in high-
pressure chambers [99], or growth of metal nanmatineough electrodeposition, and

converting them into semiconductors under high tenmafure annealing [100].
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Summary and Conclusions

The work presented in this thesis is aimed to asbespredictability of existing
environmental tests for tin whisker growth as coregao long-term ambient storage.
Through this work, whisker measurement techniquerewocumented and
improved. Three sets of tin finishes were assegsadcordance with environmental
exposure tests, and compared to ambient storageldition to single environmental
exposures, tests included sequencing existing @mviental tests to determine
effectiveness at promoting whisker formation. Rssiiom testing demonstrate the
unreliability of environmental exposure to produmeeaningful predictions of whisker

growth. Finally, no correlation between whiskerckmess and length was observed.

As part of this work, extensive measurements okt growth were required.
While measurements procedures may seem obviogsytik provided an
opportunity to define procedures and techniquesviasker. To ease the work load
required by this work in measuring whisker lengtiseasier way of measuring
whiskers has been put forward. Instead of tiltind eotating the whiskers to align
them perpendicular to the field of view as has meggested previously, whiskers
are tilted by a known angle, and then their truedgkdimensional length is calculated
from two views off-set by a known angle. This methas been shown to be more
repeatable in terms of whisker length results anaifigrent participants as
compared to aligning whiskers perpendicular tofidle of view to obtain

measurements.

97



For Experiment 1, tin whisker growth on tin-finisheopper specimens with and
without a nickel underlayer was evident exclusivaélying a sequence of
environmental exposures. No whisker growth was meskin two and a half years
prior to the exposure, nor in two years followihgm addition, no growth was
observed on the specimens stored in ambient condithroughout the five-year
storage period. Nickel underlayer was shown ndieteffective in retarding whisker
growth, even though it is present as a continuaysrithroughout the specimens.
Within the sequential tests, temperature cycling vesponsible for a large amount of
whisker growth, while elevated temperature humiditgled significantly only to the

maximum whisker lengths.

Within Experiment 2, whisker growth on tin-finishedpper coupons was compared
for a number of different environmental sequencessangle-condition

environmental loads as well as ambient storageulReshow little appreciable
difference between whisker growth among the sseeqtienced, single environmental
exposures, and ambient whisker growth. The whigkawth in Experiment 2 was

overall significantly lower than growth observeddrperiment 1.

Results of Experiment 3 compare whisker growthimplated brass during
temperature cycling and elevated temperature hiyrtiaithe growth seen on the
same specimens after one-to-two years of ambierdage following the
environmental tests. While abundant whisker groméls present during elevated

temperature humidity storage, no additional growéis observed on these specimens
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in the following year of ambient storage. On thatcary, specimens that showed no
growth through temperature cycling tests followgdhe year of ambient storage
had substantial growth in the second year of antlsiemage. Growth seen after
elevated temperature humidity was denser, but shtitan that seen after two years

post temperature cycling.

In an attempt to see whether similar amount ofstipresent in all whiskers, making
thinner whiskers grow longer, while thicker whisketay shorter, two sets of
whiskers were measured to compare their lengthshrackhesses. One set was taken
from whisker growth that occurred exclusively withihe span of an environmental
test, the other was collected after 11 years ofiamilstorage. The thicknesses of
whiskers appeared to follow lognormal distributiand no correlation was found to
exist between the lengths and thicknesses. Unfatély) this also meant that given a
set of whiskers with different thicknesses, one mainpredict how long they can
possibly grow in the future. It is also shown ttadal volume of tin that goes to make
whiskers in an area of 1nfpis only fractions of one percent of total voluofein

available in that area, explaining why no noticeat#pletion of material is seen.

It has also been demonstrated, that heating upvahtiskers at temperatures above its
melting point, will allow the metal to drain out tife whisker over a period of several
tens of minutes. This leaves behind a tin-oxidesliSithat has the potential to be
utilized as a carbon monoxide sensor. Preliminapeamental results of current-

voltage relationship on such “shell” have followeetypical path observed for tin-
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oxide nanowires. Further investigation would reveal these structures behave in

carbon monoxide environment.
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Contributions

As part of this work, a more reliable, accurate am-efficient method of whisker
length measurement compared to existing induswtopol has been put forward.
The method involves capturing two images of a wérisikhere each image is tilted
relative to the other by a known angle. The trumgik of the whisker is computed by
taking measurements from each image and enteramg thto the trigonometric
function derived herein. With this new method is lieeen demonstrated that a
number of different operators can quickly and aatly measure whisker lengths
with minimal variation in results amongst operatanscontrast, the methodology
recommended by existing industry standards of jpositg a whisker perpendicular
to the field of view has been shown to be far ntone-consuming and yields large

variations in measured whisker length among diffeoperators.

Environmental tests for whisker growth based onperature cycling and elevated
temperature and humidity have been compared toearniorage of tin finishes. The
results indicate that the tests may severely ovedipt, or under-predict the whisker
growth as compared to long-term ambient storagbawe little appreciable effect.
This indicates that use of environmental testsvioisker growth is not reliable in
assessing future whisker growth. In addition, segung of different environmental

tests does not show any consistent results either.

Whisker thicknesses have been shown to follow logab distribution. However, no

correlation exists between whisker lengths andcktiesses, disproving that whiskers
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of different sizes may have similar total volumethmat their lengths may be

predicted based on the thickness.

First potential practical use of whiskers has bd#&monstrated by creating tin-oxide
“shells” to be used as carbon monoxide sensors. dduld serve as another method
of manufacturing quasi-one-dimensional tin-oxidedures for gas sensors that will
change from semiconductors to conductors uponselefan oxygen atom in a

surface reaction with carbon monoxide.
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Future Work

From this work, current environmental exposure aoorts for whisker growth as
well as sequential application of these environmlectinditions cannot be used to
determine future whisker growth. Based on thasdiriigs, it is clear that new test
methods are needed to assess whisker growth plippeS#ce plating process,
plating chemistries, substrate, and deposit pragsepiay a role, correlation with
measurable plating properties with environmentalditions may be required to
understand the confounding results that have bbseareed to date. Alternatively,
full description of whiskering phenomenon from nmetis science perspective may
explain the relationship between different paramseiee observe to effect whisker

growth on macro-scale level and aid in true acedilen of whisker growth.

Additionally, further investigation is needed inito-oxide “shells” left behind, when
the metallic tin is melted out of a whisker. Thelshresemble current-voltage
behavior of tin-oxide nanowires that can be used&mbon monoxide gas sensing.
Additional research into how the shells remainiegibd whiskers act in carbon
monoxide exposure is imperative for further progrdfssuccessful, this may be an

additional manner in which carbon monoxide senswyg be manufactured.
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Appendix A: Whiskers for Length Measurements fromwoT
Images

The following 15 pairs of images were given to plagticipants along with simple
instructions on measurement of three-dimensionakliand the formula described in

Chapter 2.

Whisker 1

Whisker 2
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Whisker 3

Whisker 4

Whisker 5
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Whisker 6

Whisker 7

Whisker 8
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Whisker 9

Whisker 10

Whisker 11
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Whisker 12

Whisker 13

Whisker 14
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Whisker 15
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Appendix B: Whiskers for Length Measurements fraitinig
under SEM

The following three whiskers were measured by s@aticipants. Measurements
were done under SEM by tilting and rotating theskbrs such that they are aligned
perpendicular to the field of view. These measur@mwere then compared to

calculated whisker lengths using the tilting method

Whisker 1: single filament
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Whisker 2: three-segment whisker, length measusesien of three segments

Whisker 3: multi-segment whisker measured as shgténgth distance
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Appendix C: Whisker length and Density Distribution
Parameters for Experiment 2

Table 27 Normal parameters of whisker density at dferent inspection intervals of Experiment 2
as compared to ambient

Setl mean std
TC500 | 12 | 18 | 20days TC500 | 9 | 12 | 20days
TC1000 | 13 29 | 44days TC1000 8 17 | 44days
Set?2 mean std
TH1000 | 13 29 | 44days TH1000 | 11 17 | 44days
TH2000 | 14 36 | 96days TH2000 | 10 18 | 96days
TH3000 | 13 41 | 149days TH3000 | 12 16 | 149days
Set3 mean std
TC500 | 27 18 | 20days TC500 | 29 12 | 20days
TC1000 | 24 29 | 44days TC1000 | 26 17 | 44days
TH1000 | 25 37 | 83days TH1000 | 25 20 | 83days
TH2000 | 24 40 | 132days TH2000 | 25 17 | 132days
TH3000 | 24 42 | 168days TH3000 | 24 17 | 168days
Set4 mean std
TH1000 8 29 | 44days TH1000 | 11 17 | 44days
TH2000 | 12 36 | 96days TH2000 | 12 18 | 96days
TH3000 | 12 41 | 149days TH3000 | 12 16 | 149days
TC500 | 12 42 | 168days TC500 | 12 17 | 168days
TC1000 | 12 42 | 180days TC1000 | 12 18 | 180days
Set5 mean std
TC500 2 18 | 20days TC500 4 12 | 20days
TH1000 9 29 | 72days TH1000 | 20 18 | 72days
TH2000 4 38 | 119days TH2000 8 16 | 119days
TH3000 5 41 | 149days TH3000 | 13 16 | 149days
TC1000 5 42 | 180days TC1000 | 13 18 | 180days
Setb mean std
TH1000 5 29 | 44days TH1000 7 17 | 44days
TH1500 5 29 | 72days TH1500 7 18 | 72days
TC500 | 10 36 | 96days TC500 | 10 18 | 96days
TC1000 | 10 38 | 119days TC1000 | 12 16 | 119days
TH2000 | 11 40 | 132days TH2000 | 12 17 | 132days
TH3000 | 11 42 | 180days TH3000 | 12 18 | 180days
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Table 28 Lognormal parameters of whisker length atlifferent inspection intervals of
Experiment 2 as compared to ambient

Setl m s
TC500 | 2.3 2.4 | 20days TC500 | 0.4 0.5 | 20days
TC1000 | 2.3 2.5 | 44days TC1000 | 0.4 0.5 | 44days
Set2 m s
TH1000 | 2.5 2.5 | 44days TH1000 | 0.3 0.5 | 44days
TH2000 | 2.5 2.7 | 96days TH2000 | 0.3 0.5 | 96days
TH3000 | 2.3 2.7 | 149days TH3000 | 0.4 0.5 | 149days
Set3 m s
TC500 | 2.5 2.4 | 20days TC500 | 0.4 0.5 | 20days
TC1000 | 2.4 2.5 | 44days TC1000 | 0.4 0.5 | 44days
TH1000 | 2.4 2.7 | 83days TH1000 | 0.4 0.5 | 83days
TH2000 | 2.4 2.7 | 132days TH2000 | 0.4 0.5 | 132days
TH3000 | 2.4 2.7 | 168days TH3000 | 0.4 0.5 | 168days
Set4 m s
TH1000 | 2.4 2.5 | 44days TH1000 | 0.4 0.5 | 44days
TH2000 | 2.4 | 2.7 | 96days TH2000 | 0.4 | 0.5 | 96days
TH3000 | 2.4 2.7 | 149days TH3000 | 0.4 0.5 | 149days
TC500 | 2.4 2.7 | 168days TC500 | 0.4 0.5 | 168days
TC1000 | 2.4 2.7 | 180days TC1000 | 0.4 0.5 | 180days
Set5 m s
TC500 | 2.4 | 2.4 | 20days TC500 | 0.4 | 0.5 | 20days
TH1000 | 2.3 2.6 | 72days TH1000 | 0.3 0.5 | 72days
TH2000 | 2.4 2.7 | 119days TH2000 | 0.5 0.5 | 119days
TH3000 | 2.6 2.7 | 149days TH3000 | 0.7 0.5 | 149days
TC1000 | 2.6 2.7 | 180days TC1000 | 0.7 0.5 | 180days
Set6 m s
TH1000 | 2.5 2.5 | 44days TH1000 | 0.3 0.5 | 44days
TH1500 | 2.5 2.6 | 72days TH1500 | 0.3 0.5 | 72days
TC500 | 2.4 | 2.7 | 96days TC500 | 0.4 | 0.5 | 96days
TC1000 | 2.4 2.7 | 119days TC1000 | 0.4 0.5 | 119days
TH2000 | 2.4 2.7 | 132days TH2000 | 0.4 0.5 | 132days
TH3000 | 2.4 2.7 | 180days TH3000 | 0.4 0.5 | 180days
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Table 29 Normal parameters of whisker length at diierent inspection intervals of Experiment 2
as compared to ambient

Setl mean std
TC500 | 11 12 | 20days TC500 4 6 20days
TC1000 | 10 14 | 44days TC1000 4 7 44days
Set2 mean std
TH1000 | 13 14 | 44days TH1000 4 7 44days
TH2000 | 13 17 | 96days TH2000 4 9 96days
TH3000 | 11 17 | 149days TH3000 4 10 | 149days
Set3 mean std
TC500 | 13 | 12 | 20days TC500 | 5 6 | 20days
TC1000 | 11 14 | 44days TC1000 4 7 44days
TH1000 | 11 16 | 83days TH1000 4 9 83days
TH2000 | 11 17 | 132days TH2000 4 10 | 132days
TH3000 | 11 17 | 168days TH3000 4 10 | 168days
Set4 mean std
TH1000 | 11 14 | 44days TH1000 4 7 44days
TH2000 | 12 17 | 96days TH2000 4 9 96days
TH3000 | 12 18 | 149days TH3000 4 10 | 149days
TC500 | 12 17 | 168days TC500 4 10 | 168days
TC1000 | 12 18 | 180days TC1000 4 10 | 180days
Set5 mean std
TC500 | 11 | 12 | 20days TC500 | 4 6 | 20days
TH1000 | 11 16 | 72days TH1000 3 8 72days
TH2000 | 13 17 | 119days TH2000 6 10 | 119days
TH3000 | 17 18 | 149days TH3000 | 12 10 | 149days
TC1000 | 17 18 | 180days TC1000 | 12 10 | 180days
Set6 mean std
TH1000 | 12 14 | 44days TH1000 4 7 44days
TH1500 | 13 16 | 72days TH1500 4 8 72days
TC500 | 11 | 17 | 96days TC500 | 4 9 | 96days
TC1000 | 12 17 | 119days TC1000 5 10 | 119days
TH2000 | 11 17 | 132days TH2000 4 10 | 132days
TH3000 | 11 18 | 180days TH3000 4 10 | 180days
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