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Whiskering refers to the formation of slender, lomgetallic filaments, much
thinner than a human hair, that grow on a mettiiic film surface. They are readily

observed for pure and alloyed zinc (Zn), silver YAgadmium (Cd), indium (In), and tin

Figure 1 Micrographs of typical Sn whiskers



(Sn) surfaces. The longest reported whisker lersgdh5 mm long but most high-aspect
ratio whiskers range from 1-500 um. The focushef tesearch is upon Sn whiskers.
Sn whiskers pose serious reliability problems far ¢lectronics industry and are known
to be the source of failure in a wide range of tetetc devices, such as nuclear power
facilities, heart pacemakers, commercial sate|l@@gtion radar, telecommunication
equipment, and desktop computers. The problemwilitkering has been recently
exacerbated by the worldwide shift to lead (Pb¢ e&ctronics and the continuing
reduction in electrical contact pitches. A thorbuwoderstanding of the growth
mechanism of Sn whiskers is urgently needed. @tlysethere is no universally
accepted model that explains the broad range @&reasons on whiskering.

The goals of this research are: 1) to develop @rmdetailed understanding of the
physical mechanisms leading to the initiation arahgh of Sn whiskers and 2) to
outline reasonable mitigation strategies that ctxaldollowed to reduce or eliminate the
problem of Sn whiskers. The major contributionshié work are:

A reliable method for growing Sn whiskers with pigdble incubation times has
been developed and tested.

A surface oxide is not necessary for whisker growth

Intermetallic compounds (IMC) are not necessaryfbisker growth.

Smoother, not rougher, substrate surfaces promioiker growth.

Whiskers grow under both compressive and tensitefilm stress states.

Whisker growth increases with externally appliechpoession and tension forces.
Sn whiskers are composed of pure Sn except fomtpected thin, native Sn oxide

on their surface.
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For Sn on brass, the atom feedstock for whiskesswliithin the film exclusively; the
brass substrate does not contribute to whiskenyatozh.

The volume of film consumed by a metallic whiskeaisimple volumetric
calculation.

There are likely to be multiple mechanisms of whrsfrowth depending on the
substrate — thin film system.

In general, the thickness of a metallic film does mave an effect on whisker growth

qualities.
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CHAPTER 1 INTRODUCTION AND BACKGROUND

1.1 Problems in Electronic Components

Metallic whiskers have been anecdotally observeslentronic components for
decades. In the first published paper on thisctagpobb [1] (1946) noted the presence
of cadmium whiskers on capacitors. Since that tmegearch on metallic whiskers has
been sporadic, with particular attention being degtdo Sn whiskers. Sn whiskers are
important because the modern electronics indugtpgedds on Sn for a variety of circuit
applications where the growth of Sn whiskers maata short circuits. In a complex
electrical circuit, for example, a thin metallic im is frequently used to solder
components (resistors, capacitors, inductors)itdeut circuit boards (PCBs). Due to its
ideal wetting characteristics and low capital inwgnt, Sn is an ideal metal for board
finishes, but it is from Sn that whiskers are mib&tly to grow.
1.2 Failure Modes

There are at least four ways a Sn whisker may cadag#ure in an electronic
system. When a whisker grows between two eledliyicsolated contact points, a short
circuit occurs. If the current is low, the whiskeitl form a 1) stable short circuitbut if
the current is high enough, Joule heating will eatine whisker to fuse and forn2a
transient short circuit This occurs when its current density is gretitan 4.5 mA/crh

(calculated from data collected by Dunn [2]). Byntrast, if the ambient pressure is low



say as in a vacuum chamber or in the vacuum ofesplae fused whisker can sublimate
to the plasma state and become significantly monglactive ( > 200 amps), causing a
catastrophic meltdown of the entire electronic sysknown a8) plasma arcing
Finally, whiskers may break loose from a surface lamcomet) debris or
contaminationn the system. The debris becomes a problem wtialls between two
electrical connectors, causing one of the othereHailures. It could also interfere with
a micro electro mechanical (MEMS) type device [3].
1.3 Timeliness of the Issue

The use of Pb in Sn alloys was first introduced & whisker mitigation
technique in 1959 [4]. It is thought that the grese of Pb in the film serves to reduce
stress to the point where Sn whiskers are elimthaléhis mitigation technique
temporarily solved the problem of Sn whiskers, feats that the Pb in discarded
electronic systems will seep into human water sssilave lead to global legislation
mandating the use of ‘green’ or ‘Pb-free’ electosni The European Union (EU) passed
legislation in 2006 known as "The Restriction of thse of Certain Hazardous
Substances in Electrical and Electronic EquipmenttheRoHS Directivg5]. This
legislation and related market drivers are cauthegelectronics industry to abandon the

best defense against Sn whiskers.



Figure 1.1 Input output (I1/0O) connectors of a Qfith a pitch of
20um[6].

A second factor that has increased the needljettar understanding of Sn
whiskers is the electronics packaging industry, whistinues to decrease the
input/output connector pitch. The original DIP &linline package) had a pitch of 100
mils (0.1 inches, or 2500 um), but current QFPs¢bflat packages) and flip chip
packages can have pitches as low as 6-8 mils (08Qi#h). Since Sn whiskers can
approach 1-500um in length, this means that Snkergshave to be completely
eliminated, not just confined to a limited growé&mgth.

Due to the worldwide elimination of Pb and the @ouing decrease in
packaging dimensions, the area of Sn whiskersrigitly being pursued vigorously.
There have been more published papers on the swbjehiskering in the past 6 years
than in the previous 54 [7].

1.4 Thin Film Deposition

There are many ways to produce thin films with ations that can drastically
change the characteristics of the deposited fiomfwvhich whisker grow. It is
important to be aware of the thin film methods artdrpret their results accordingly. In
industry, the most common way to deposit a thim i$ by electroplating. This is the

process of using a Sn anode and the substrate aattiode in an acidic liquid solution,
3



commonly a sulfuric acid solution. The lengthiofé, applied voltage, and the specific
acid solution control the thickness of the film aftect the stress state of the Sn.
Impurities in the acid solution may lead to impistin the film, which then modifies
the stress within the matrix of the film’s atomtousture.

Sputter deposition is a method of film depositiomenon in academic
laboratory studies. In sputter deposition, siragtans of Sn are removed (sputtered)
from a target of solid Sn by a plasma [8] (typigalr). The Sn atoms leave the solid
and adhere to an adjoining substrate. Sputtersipois conducted in a vacuum
chamber with a low atmosphere of pure Ar. Themggassure, which determines the
mean free path of the Sn atoms, gas purity, theeédegf bias between the solid Sn
cathode and the substrate anode, and the possiblef tnagnetic fields all have effects
on the stress state and grain structure of thesiteyoSn layer.

Deposited Sn films are conveniently grouped intedlcategories based on their
final appearanceMatte Sn describes deposited Sn that is dull gray in agmee and
has a large non-uniform grain structuright Sn reflects light better than matte Sn and
is characterized by the smallest grain structuBstinSn falls between matte and bright
Sn in reflectance. Board finish manufacturersgréd have a bright Sn coating because
it is more visually appealing, but bright Sn suffénlom the highest incidence of whisker
formation [9].

A related issue for thin films involves adhesioritie supporting substrate.
Many factors contribute to film adhesion [10], iding chemical and mechanical
bonding, diffusion rates, built-in stresses, thdrstigesses, surface topography, surface
impurities, and surface preparation. A few stadiel] have suggested that whisker
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growth is directly correlated to adhesion, so important for researchers to ensure
adequate adhesion in their studies.
1.5 Research Objectives
The objectives of this research were to:
1) develop more detailed understanding of the gaysnechanisms leading to the
initiation and growth of Sn whiskers; and
2) find ways to reduce whiskering, particularlyHb-free electronic components.
The experimental design to pursue these objeckeed the following set of
investigations:
Determine a method to predictably grow Sn whiskiersugh manipulation of
background Ar pressure during the sputter depasjirocess.
Determine the effects of surface oxides on whigkewth.
Determine the effects of IMC growth on whisker gtbw
Determine the effectiveness of surface polishing astigation practice.
Evaluate the film stress state required for whigkervth.
Determine the surface and bulk composition of Siskérs grown from Sn on
brass.
Find general characteristics of whisker growth tuglging other types of
metallic whiskers (ie. Zn, Ag, Cd, and In).
Experimentally quantify the effects of varying amtsiexternally applied stress.

Determine the effects of film thickness on whisgeswth.



CHAPTER 2 REVIEW OF LITERATURE

Early research on Sn whiskers largely consisteathetdotal observations of
whiskering. A complete understanding of how Snskhis are formed has eluded
investigators for over fifty years; this understamgdhas been dubbed ‘the end game.’
[11]In order for a single, comprehensive theory to #agdgame, it must reconcile the
abundance of empirical observations on whiskefiag have been reported throughout

the literature. The observations are the listad [(E2]. The end game theory must

describe:

1. Why Sn whiskers are made of pure Sn.

2. Why Sn whiskers are composed of a single crystal.

3. Why Sn whiskers are not observed immediately, hsieiad require
unpredictable incubation times.

4, Why Sn whiskers do not continue to grow indefinitddut instead reach
a point at which growth completely stops.

5. How Sn is transported to the whisker.

So far there have been no models that fully caedlzese observations. End
game theories typically include three primary whisikg factors; namelygxidation
crystallography andextrusion A complete description of end game theoriesiwhd
the scope of this chapter; instead, a general stateting of the important ideas will be

presented here.



2.1  The Oxidation Factor

Several research groups believe oxidation drivasken formation [11, 13, 14].
Proponents of oxidation-based models of whiskeairgge that the growth of whiskers
can be forestalled or eliminated by simply prevantoxygen from entering the Sn film.
The oxygen exists as native Sn-oxide at the sudétee Sn film and the oxygen or Sn-
oxide within the grain boundaries of the Sn filfhe Sn-oxide surface layer is believed
to seal the Sn into place and form a pressure ddmthe Sn film. A crack, hole, or
weak spot in this oxidation layer subsequently ftes a way for the Sn to escape the
pressurized Sn layer, initiating a whisker.

Others believe that the stress within the Sn iseduly oxygen seeping into the
grain boundaries of the deposited Sn film. Thesgen atoms occupy a previously
unoccupied volume within the film pushing on thersunding atoms to create an
overall internal tangential compressive stressnfabion of Sn-oxide (either SnO or
SnQ) in the grain boundaries of the film also incresatfee internal compressive stress
tangentially to the surface and is thought to sesréhe driving force that pushes the
whiskers out.

2.2 The Crystallography Factor

Papers from the 1950’s were captivated with the oblcrystallographic
dislocation in whiskering [11]. Some recent reskaupports its validity [15]. This
factor posits that Sn atoms migrate to the whiskeng crystallographic dislocations,
although the suggested driver for the migrationegirom theory to theory. One study
assumed atomic migration through screw dislocatiorise whisker center, where each
atom worked its way through the core of the whigkalteposit itself at the end of the

7



whisker [16]. Others have suggested that screleaiions move each atom to the base

of the whisker. The Burger vector is frequentlgdiso calculate the growth rate of the

Figure 2.1 Columnar grains pushing a whisker vanamperfect grain [11].

whisker.

Edge, slip, or glide dislocations are thoughtdaase atoms to migrate from the
bulk or surface of the Sn to the whisker nucleapomt. A study by Smetana [11]
examined the sliding of one grain along the bounpdétwo or three others, suggesting
that the compressive stress acting parallel tatinace pushes on the columnar Sn grain
boundaries, with slippage beginning at any graimngary that is not perfectly vertical.
Figure 2.1 shows that stress parallel to the sarifmevenly applied in columnar tin
grains, but at the boundaries that are not vertibal stress is lower than in the
surrounding areas. As the crooked grain slipgéwertical direction, vacancies are
formed beneath it. The vacancies and the surrogratress gradient drive the Sn atoms
to the nucleation point of the whisker. Smetarentbxplains why some whiskers are

straight while others are curly, which he ascritzesnperfect crystal structure. If a row



of atoms are missing, there is a kink in the whistahile if a series of rows are missing,
effect is magnified and a curl forms.
It has also been suggested that strain energytggnays a role [14]. Strain

energy density is defined in equation 2.1,
1 .
U :Eg.g (Equation 2.2.1)

where the nine element (six of which are indepet)dsdress and strain tensors are

written in six dimensional vector form as, equatib® and equation 2.3 respectively.

511
S 22

(Equation 2.2.2)

(Equation 2.2.3)

el3
82 3

Stress and strain are also linked through Hoolkets(Equation 2.4),

§:

llen

S (Equation 2.2.4)
where S is the 36 element symmetric (assuming that thgr8ms exhibit elastic

characteristics) compliance matrix. Sn grainsaatieotropic in nature and there are 9
independent elements in the symmetric compliandexnarhe strain energy density

can be calculated at any grain boundary, whichbearepresented by 3 grain boundary
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points assuming the(hl, K, Il) ! (hz, kz,lz) ! (h3, k3,l3). The energy can be calculated
as each grain is rotated through the 360 degregsfof each 180 degrees pf,
expressed in spherical coordinates. To aid irc#heulations, Hoffman et al. fixed,

and steppedy through the full rotation in 2dncrements. The results revealed that
when the strain energy density reached a critiahle; one of the grains began to be
destroyed by neighboring grains and the piecesdqoassibly recrystallize into a
uniform crystal, effectively lowering the strainezgy by escaping in the form of a

whisker.

Figure 2.2 A grain being destroyed and recrysedlimto a whisker [15].

The crystallography factor is often used to explaw the crystallographic
orientation of the whisker growth is related to @reentation of the grains from which
the whisker grows [17]. Lee and Lee suggestedwhatkers prefer to grow at angles of

63 and 27 to the surface and thus the kinks in the whiskarsonly be at either 9@r

Figure 2.3 Growth orientation and kink orientat[&].
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27° to the growth direction. The angles of @&d 27 are formed by the
recrystallization of Sn atoms along the [100] dii@t (63) or the [010] direction (29.
Lee and Lee determined the preferred orientatiatepbsited Sn by comparing XRD
measurements of the film to those for powderedaiimch made it possible to relate the
voltage of the electro-deposition to the prefewadntation of the grain structure. By
using TEM, they measured the preferred angle okérigrowth by measuring the
projected length of whiskers at two known anglestegervation and the direction of the
whisker growth axis. They argued that whiskery @nbw when the planar orientation
of an individual grain is different from that ofettmajority of the grains around it (for
example, if the grain is (420), while the preferdaekction is (220)). They suggested
that this difference in orientation causes an iaseein the out-of-plane strain, which
forces a crack in the oxide layer. The crack pey@whisker to escape in order to
relieve the internal stress in the bulk Sn. Theyuad that the Sn atoms are transported
to the crack via a Bardeen-Herring dislocation,clitprovides the source of Sn atoms
for the whisker until the stress is relieved.
2.3  The Extrusion Factor

Extrusion advocates argue that the whisker isdilgsqueezed through a hole
similar to the way toothpaste is squeezed outtaba. In metallurgy, this process is
known as cold extrusion [18, 19]. Sn can be exddud two ways—from the (IMC)
layer and through cracks in the grain boundaries.

For Sn films on a copper (Cu) substrate, a comimnatften used in the
electronics industry, there are two possible IMIBya: CySn, and CgSns (Fig. 2.4).
CusSns forms readily at room temperature, whilesSao occurs at higher temperatures.
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Figure 2.4 The copper-tin phase diagram [9].

During IMC formation, although there is diffusiveorement of atoms in both
directions, the diffusion rate of Cu into Sn isheg than the diffusion rate of Sn into Cu
and it is through this inter-diffusion that the IM&yer is formed. Proponents of this
school of thought claim that the IMC layer causesnarease in compressive film stress
tangential to the surface because botkStyiand CySn occupy a larger molar volume
than either Sn or Cu. Since diffusion processeskaw in condensed matter, the
process takes time, which is why the whiskers daappear immediately. Because the
IMC layer does not form in a uniform manner, thess is not spatially uniform (i.es,
=s (X, y)) and stress gradients form within the Sime tin is transported by the stress
gradients to areas where the stress is leasthe&etpoints, the G8Bn; grows nearly to
the surface (Galyon and Palmer referred to thiskthill of CusSrs as a “pedestal” [18])
and it is from these pedestals that the whisker®atruded. Any remaining bulk Sn or
surface Sn oxide between the pedestal and free spacshed aside by the growing

whisker.
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Figure 2.5 A whisker with a striation along itedgh, possibly explained by
the shape of the hole through which it was extruded

It is also possible that whiskers are extruded ftbenSn film through tin grain
boundaries. Here, the presence of surface oxideslsvant. The argument is based on
Le Chatelier's Principle, which states in this eamtthat when a tangential compressive
stress is induced in the Sn film, whiskers formeiieve the stress via extrusion through
the grain boundaries. This idea is supported tgtgins that are often observed along
the sides of whiskers, such as the one shown ur&ig.5, indicating the shape of the

hole or crack in the grain boundary from whichrigmated.
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CHAPTER 3 EXPERIMENTAL INVESTIGATIONS

To organize our work in this dissertation, ten kssues fundamental to the
whiskering process were identified. An experim&as then devised to explore each
issue. The issues and experiments are fully de=ttin the following sections.

3.1 Reproducibility of Sn Whisker Incubation

The development of Sn whiskers can be convenieletbgribed in three distinct
phases. During the initisdcubationphase no whiskers are visible. After the whiskers
begin to appeagrowthis observed for a time, after which equilibrium pointappears
to be reached once the whiskers have reachedniagimum growth. Little is known
about the timeline of whisker development, howevEnere is no agreement among
researchers about the length or cause of the itioanb@eriod; the length, cause, or
growth rate during the growth phase; the estableitrof the equilibrium point; or even
if growth ends at all.

Most reports of whiskers are anecdotal, with fewaile on the time that elapses
before whiskers are observed. Few groups havedddero reproducibly grow
whiskers with consistent incubation times. Repbnteubation periods vary from a few
hours [19], to one year [13], to as long as mudtyzears [20]. Only in a special Sn-Mn
alloy not used by industry has reproducible whigkemation been observed [19].

A major goal of this section of our work was todia whisker production

method with a reproducible incubation time usirigné composed of pure Sn.
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Achieving this goal was a necessary prerequisitéii® remaining objectives of this
study. The process allows whiskers to be reprduyigrown in 90-110 days.

The process is detailed here. A metallic subsf{tatess, Cu, Ag, Zn, Al, and Ni
were all found to be satisfactory) is first degeghsvashed (soap and water), and rinsed
with acetone. The substrate is then placed ifdiadrical magnetron sputtering system
~ 12cm directly above a 99.999% pure Sn sputteetdkKurt J. Lesker™). The
chamber is pumped down to <Atrr using a turbo molecular pump. At this pahme
turbo molecular pump is partially restricted ang@asured flow of Ar is introduced and
a potential difference is applied to produce a Ddtld plasma. The Ar flow is then
slowly reduced while the discharge voltage is adgiso maintain the plasma until the
background Ar pressure in the system is ~ 2 mtdhre substrate is then introduced to
the bombarding Sn atoms and the film depositedce@me desired thickness of Sn has
been deposited, the sample is removed from the lobiaand allowed to incubate in an
undisturbed location at standard temperature agsspre for 90-110 days.
Representative samples of the whiskers produceshanen in Table 3.1 below. This

process was applied to all the whisker growths ntean this thesis.
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Whisker(s)

Conditions of production

Incubation time

Brass substrate, ~3000A o
Sn deposited at 2 mTorr
background Ar Pressure

i

110 days

Brass substrate, ~3000A o
Sn deposited at 10 mTorr
background Ar Pressure

i

110 days

Brass substrate, ~3000A o
Sn deposited at 2 mTorr
background Ar Pressure

i

110 days

Brass substrate, ~5000A o
Sn deposited at 2 mTorr
background Ar Pressure

i

110 days

Zinc substrate, ~5800A of S
deposited at 2 mTorr
background Ar Pressure

110 days

Silver substrate, ~5800A of

Sn deposited at 2 mTorr
background Ar Pressure

98 days

Table 3.1 Micrographs of whiskers grown using @producible process.
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Key Result: A method for reproducibly growing Snskers with predictable
incubation times has been developed and tested.

o This technique has been used throughout theseestudi

o0 The incubation time is 90-110 days.

o To our knowledge, there have been no previous tepba

reproducible method of whisker production from p8refilms.

3.2 Role of Surface Oxide

Sn forms two oxides, Sn@nd SnO, and many researchers [17, 13] have
postulated that whiskering and oxidation are diyeelated. The suggested mechanism
is that the surface oxide, or oxygen seeping iméograin boundaries, causes a
compressive (normal and tangential respectivehgsstwhich drives whisker growth.
This is inferred from the fact that oxides have anaolumes which are greater than
those of either Sn or Cu (Sp© 21.84 cm, SnO = 20.89 cth Sn = 16.29 cfh and
Cu=7.11 cr).

The surface oxide theory was tested as followsndgJhe sample preparation

method described in the previous section, a 1” sjbeass sample with ~3000 A of Sn

Figure 3.1 Pictorial representation of native exidmoval by an Ar
ion beam and the resulting whiskers.
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was produced and placed immediately in an Augetrele spectroscopy (AES) system
and pumped to a background pressure &fT@rr. Subsequently, an oval section of the
surface was cleaned with an"Aon beam to remove any native, 3nO, or Sn@that
may have formed on the surface during the trarisfex from the sputtering system to
the AES system. Auger analysis verified that nggex was present on the cleaned Sn
film area, although it was present on the surrougdin-cleaned area. The samples
were left to incubate in the Auger chamber at Torr for 110 days, after which the
samples were examined in an SEM. Whiskering wasdmn both the cleaned surface
and the un-cleaned surface (Fig. 3.2). Repeatilsgekperiment produced the same
results, which are in agreement with findings régadby Moon et al. [20] for a Sn-Cu
alloy film.

This result clearly shows that surface oxides atenecessary for whisker

growth and that the normal stress caused by sud@ades cannot be the primary

Figure 3.2 Micrographs of whiskers on cleaned )lafid un-cleaned (right) sections
of the sample.
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driving force for whisker growth. Since oxygen gage into the grain boundaries was
minimized but not eliminated, oxidation within tgeain boundaries may still be a
contributor to whisker growth through tangentiaéss. Barsoum et al. [21] used finite
element analysis (FEA) to show that Sn oxide foromaat grain boundaries was capable
of providing sufficient tangential stress to drivaisker growth. Further experiments

are necessary to verify this work.

Key Result: A surface oxide is not necessary fosker growth.
0 This result does not support the hypothesis sét foy Tu. [13].

0 This result supports the findings of Moon et a0][2

3.3 Role of Compressive Stress from Intermetallic @npound Growth

It has been suggested [17, 18, 23] that the IMErmwhich form between the
film and the substrate are the primary source @finkernal stress in the thin film and
thus the cause of whisker growth. The experimezgsrted here were designed to test
this theory.

The Al-Sn phase diagram in Fig. 3.3 shows thaketieno Al-Sn IMC that forms
in this binary system at equilibrium. Since no IMGormed, clearly IMC growth
cannot contribute to any compressive or tensikssts that may be exhibited in the thin

film.
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Figure 3.3 Al-Sn phase diagram, with no IMC indecht

We produced a 1 cm square Al sample with ~5800 &rof After 96 days of
incubation, substantial whisker growth was foumufact, measurements revealed a
whisker density of 154 whiskers per square cengemetith an average length of 13 um.

These results show that IMC growth is not necesaryhisker development.

Parenthetically, an interesting ‘bubble’ of Sn vi@snd upon examining the sample,

Figure 3.4 Bubble in the Sn film on an Al subsrat
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indicating weak adhesion between the Sn and Al feamte no IMC layer) and direct

evidence of a compressive stress state in the@n fi

Key Result: IMC growth is not necessary for whigkewth.
0 Thousands of whiskers were grown in a Sn-Al thim f§ystem that
can have no IMC.
0 This result does not support the hypothesis sét foy Galyon et al.

[18].

3.4  Role of Surface Smoothness

Galyon and Palmer [18] argue that non-uniform aigilo IMC growth causes an
increase in tangential compressive stress witherthin film (Fig. 3.5). This implies
that a rough surface leads to greater compressiessand the formation of more
whiskers.

In order to investigate this theory, we fabricatecke types of substrate surfaces.

Figure 3.5 How a rough IMC produces a compressingss parallel to the
surface [from 18].
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A 1-cm square brass (Goodfellow) substrate witbdlsurface roughness conditions was
used:as receivedmechanically polishedandelectrochemically polishedThe as

received samples served as the rough (control) lesmpo attain a mechanically
polished surface, samples were potted in a regadysa solution to provide a convenient
way to handle the sample while polishing. The dasywere then mounted in a
modified Buhler polishing attachment and groundchgs$iC paper, progressing from

320 grit through 1200 grit, and then using a 3 pamdnd suspension on a woven nylon
polishing pad. Finally, the samples were polishsithg a gritless polishing compound
and a polishing pad. The electrochemically polisk@mples were connected to the
anode end of a DC low voltage source and loweredarsulfuric acid solution. Since
charge tends to accumulate at sharp points, thal meizes best at the corners and thus

leaves the metal surface from the roughest pdimiis, smoothing the surface.
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Figure 3.6 Electrochemical etching showing how ghpanints are smoothed.

Once the roughness conditions were prepared, tighness of each was
carefully analyzed using an Atomic Force MicroscpEM). To obtain a roughness
measurement the thickness of the sample is recatdealch measuring point and the
results compiled into a histogram whose standavehtien is, by definition, the
roughness. Table 3.2 shows the extremes of possibiace roughness, their
characteristics and a sample histogram for eaetleT3.3 shows a 3-D computer
generated picture of the three roughness condjtanm$the associated histogram for

each surface.
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Extreme | Characteristics Sample Histogram
Measure
ment

Perfectly | - All
Smooth measurements
are exactly the
same
thickness at
every point
Resulting
histogram is
a delta
function Roughness = 0 nm/100 gm
Not realistic
for this work

Perfectly | - Nearly every
Rough point has a
different
thickness
measurement
Resulting
histogram hasg
contributions
at all
thicknesses
Not realistic
for this work.

Roughness = 7200 nm/100 Aim

Ideally - Each
Smooth measurement
is similar to
the maximum
or minimum
thickness
Resulting
histogram is
a Gaussian
function Roughness = 600 nm/100 fim

Table 3.2 Extremes of roughness measurements ctiemiacteristics, and the
resulting histograms.

24




Surface
Condition
(Roughness)

3-D Image and Histogram

Electrochemically,
polished

(2.62 nm/100
pnt)

Mechanically
Polished

(6.42 nm/100
unt)
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As Received

(33.87 nm/100
pn)

Table 3.3 Surface conditions used, surface rouggrand the associated histogram
from AFM analysis.

Once Sn is deposited on the brass surfaces, IM@ begevelop. Itis
reasonable to suppose that the resulting IMC wbaldoughest on the as received
(roughest) samples, leading to the greatest srasents and hence, based on Galyon
and Palmer’s hypothesis [18], the most Sn whisk@&r§000A layer of Sn was sputter —
deposited on each sample and the samples inculbadied ambient conditions for 114

days. The results are shown in Table 3.4.
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Surface Condition Whisker Average Length Longest
Population Density (um) Whisker(s) (um)
(cm?)

Electrochemically 2265 15-20 80 (of which ther
Polished were 5)
Mechanically 598 8 100, 60, 60

Polished
As Received 55 5 14

Table 3.4 The impact of surface roughness on wenigkowth.

The results of this experiment are opposite to Gagnd Palmer’s supposition.

Repeating the experiment twice with brass substrate a variety of other substrates

(Al, Ni, Cu, and Zn) showed similar results. Maketails are provided in Section 3.10.

The results support the experimental findings ddelechi et al. [23].

Key Result: Smoother substrate surface finishespte whisker growth;

polishing the substrate is not an effective whiskérgation technique, although

making the substrate rougher can be effective.

o Whisker growth (both in population density and aggr length) are

enhanced by smoother substrates.

o This work complements and provides evidence to auppsults

reported by Takeuchi et al. [23].

o This result does not support the hypothesis sét foy Galyon et

al.[18].
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3.5 Role of the Film Stress State

In most models, whisker growth is attributed to poessive stress within the
thin film, where growth serves as the stress re@lie€hanism. Whisker growth is
assumed to stop when the stress within the filmbleas sufficiently lowered [18, 19].
In this section the role of compressive stresti@nformation of Sn whiskers is
examined. Three samples on brass substrates vegrared using the method described
in Section 3.1, except that the background Ar pneswas altered. Thornton and
Hoffman [24] showed that the internal stress ipatter deposited film can be
controlled by the background Ar pressure. Wherbekground Ar pressure is low
there are fewer particles (Ar atoms) between theteptarget (cathode) and the
substrate (anode). The sputtered atoms thus tiatkér without colliding into other
atoms in the system (i.e., they have a longer nreampath) and therefore have more
kinetic energy when they arrive at the substrateasa. The resulting impulse that is
experienced by the developing film at the surfacthen greater:

impulse’ DP = N2mT, (Equation 3.4.1)

where T is the kinetic energy of sputtered ator Ipegore impact with the sample
surface, P is change in momentum of sputtered atom duriagntipact with the
surface, and m is mass of sputtered atom. Consdguas each new Sn atom bombards
the film’s surface, the film’s crystalline struceubecomes tighter and compressive stress
results. As the Ar pressure increases, the regultnpulse is reduced because more
kinetic energy is lost to collisions with Ar moldes along the way (which lowers T in

equation 3.4.1), and the film’s internal stressomees more tensile. Thornton and
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Hoffman found experimentally that the Ar pressure/hich the stress state was neutral

(threshold pressure) was roughly linearly proporido the square root of the atomic

mass of the sputtered element (threshold preqsuu@ , as is impulse shown in
equation 3.4.1), likening this process to the paegprocess used by metallurgists.
Figure 3.7 shows Thornton and Hoffman’s resulty,[24th the addition of the atomic
mass of Sn to allow the threshold pressure of Sretmferred. Their results indicate a
threshold pressure for Sn of between 7 and 9 mfdéoi®n, so the Ar pressure at which
most of the samples for these studies (2 mTorrg lieeen deposited is well into the
compressive stress range. It is important to tiwethis chart cannot be used to obtain

a quantitative value for internal stress; thereaarget no reports in the literature of these

Figure 3.7 Thornton and Hoffman’s chart, modiftedshow Sn’s threshold
pressure [24
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internal stress values for Sn, however a methoddantifying this information has been
identified and carried out in Section 5.2.

In our work, the background Ar pressure was vainearder to change the
intrinsic stress state of the Sn film. Samplesend@posited at 2 mTorr (compressive
stress state), 7 mTorr (neutral stress state) @mdTorr (tensile stress state). As shown
in Figures 3.8-3.9, after 110 days, both the 2 m&ad 9 mTorr samples produced
numerous whiskers, while the 7 mTorr sample produewhiskers. This study
indicates that either compressive or tensile sseges form whiskers and an effective

whisker mitigation technique results when thin 8lmith no intrinsic stress are used.
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mTort

mTort

10
mTort

Figure 3.8 Micrographs of three Sn Figure 3.9 Micrographs showing the
films before incubation, deposited at 2,7, whiskers that grew on the samples in
and 9 mTorr, respectively. Figure 3.8.

Key Result: Whiskers grow when either compresgivensile stress exists in the
Sn film.
o This contradicts the many authors who hypothesikzatlit is

exclusively compressive stress which drives whigkewth.
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3.6  Composition of the Whisker Surface

The presumption that Sn whiskers are composed ¢6i3y) has been derived in
part from X-ray techniques [25]. Since the spoéf a conventional X-ray system is
substantially larger than a typical Sn whisker, boer, conclusions on whisker material
properties are based on area-averages over adartjen of the substrate surface
covered with whiskers. Micro-focus X-ray technigueave permitted stress and
crystalline orientation for single grains, but ey recently been applied to Sn
whiskering [26]. A further important question ipadle of investigation with
diffraction methods is whether the Sn whisker hasunexpected concentrations of
surface or bulk elements (such as oxygen), longghbto be a key element in models
of whisker growth.

Thus, there has been a lack of direct materiatgmmétion on the composition of
Sn whiskers. In 1980, Fujiwara and Kawanaka [24l.ereported finding Zn in Sn
whiskers grown from Sn films which had been eletgqmosited on brass substrates. The
guestion of whether Zn or Cu is found on or witBim whiskers grown from brass is
important because it would help elucidate the ghomvechanism of Sn whiskers. In
particular, the amount of Zn or Cu pulled up irfte whisker from the brass substrate
would indicate the relative contribution of the strate in the whiskering process.

Brass substrates (1 ém 0.125 mm thick) (60Cu/40Zn by weight) were plhce
in a cylindrical magnetron sputtering system opegatvith a 99.999% pure Sn sputter
target and we deposited a 6000 A Sn film on thesrahe sample was then removed
from the chamber and allowed to incubate in anstndbed location at ambient room
conditions for 114 days. Our specimens deposit@dnalorr were well into the
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compressive regime (based on the information ptedean section 3.5). After the
incubation period, the specimens were introducealarhigh-resolution Physical
Electronics PHI 680 field emission scanning Auganaprobe for surface analysis. For
the purposes of this work, we selected several-aggect ratio (0.5 um diameter, 10 um
long) Sn whiskers for study. Fixed-beam AES waslit® measure the surface
composition at the base, middle and tip of varmbhsskers. AES sputter profiling
subsequently generated a depth profile into theskeni By using this combination of
surface and depth analysis, we have been abld¢ontiee the composition of Sn
whiskers at depths of 250, 500, and 1000 A intonthisker.

The clean surface and bulk composition of the wdniskvere found to be entirely
Sn with an Auger signature identical to the adjogndeposited Sn thin film. Points 1
and 2 on Figure 3.10 show a high-resolution SEM@Ilob representative AES analysis
positions at the base of a whisker and on the Uyidgrdeposited Sn film. Only the
elements Sn, O, and C are observed (Figure 3.1fh)eosurfaces before sputter
cleaning. O and C are expected on surfaces exposgthospheric conditions before
sputter cleaning; in fact, the Auger signature letis expected from a surface of pure
Sn after introduction into a vacuum system (naBweoxide and C). The middle and
leading tip of the whisker (points 3 and 4 in Fg3r10) also showed only Sn, O, and C
in the Auger spectra (Figure 3.12). Next, theveaBn oxide was removed by sputtering
~ 200 A into the whisker surface (Figure 3.13).tWfurther depth profiling, the Auger
spectra continued to yield Sn only and no Zn om@s found. The measurements were
taken at depths calculated (based on known spaties) to be 250 A, 500 A (Figure
3.13), and 1000 A (Figure 3.14) into the whiskeafsh The results show that Sn
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whiskers grown on brass from thin sputtered Sndiare pure Sn and contain no
evidence of the substrate elements (Zn and Cingreiin their surface or in the whisker

bulk.
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Figure 3.10 High resolution micrographs showinghisker base (1), film (2), whisker
middle (3), and whisker tip (4) analyzed using AES.
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Figure 3.11 Auger spectra of the surfaces of thél® and the
whisker base.
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Figure 3.12 Auger spectra of the surfaces of &rakn
portion of the whisker and its tip.
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Figure 3.13 Auger spectra at point #3 after 2504 500A of the
whisker had been removed using ari idn beam.
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Figure 3.14 Auger Spectra at point #3 after 1000fe whisker had been
removed.

Key Result: Sn whiskers are composed of pure@h,dn their surface and in
their bulk.
o This is contrary to the findings of Fujiwara andw&maka [27] who

found that Cu and Zn were found on the whiskers..

3.7 Feedstock Origin of Sn Atoms

The findings in the previous section are signifida@cause this means that Sn
whiskers must get their supply of Sn atoms excklgifrom the Sn film; the substrate
does not contribute to the composition of the whiiskSimple volumetric calculations
enable us to calculate how much of the film willdepleted in order to grow a whisker
of a given length (Table 3.5).

The calculations imply that there must be a sigaift migration of Sn atoms

from the Sn film to the whisker. The fact thatdga®n whiskers are composed of pure
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Sn and grow from such thin layers of Sn shows esttenSn migration is occurring
during whisker growth. The migration path couldabeng the surface, through the

IMC, or via grain boundaries within the bulk. Tald.5 shows that this migration could
be expected to yield Sn-deficient regions aroundavBiskers, at least in optimum cases.
During our investigations of Sn whiskers on bréssyever, we rarely observe
depressions around whiskers. The scarcity of tbbservations may indicate that 1) the
area of Sn depletion draws from a significantlgé&rbut shallower area of the film than
assumed in Table 3.5 (and therefore unobservai&); there are multiple mechanisms
of whisker growth; or 3) the grain structure anigkhess of the Sn film does not lend
itself to easy observation of the expected Sn dieple Figure 3.15 shows one whisker

with a significant depletion around it.

Radius of Circular
Area Around
Whisker Base
Needed for Whisker
Synthesis (um)

Area of 0.6 um Sn

Whisker Length Whisker Thin Film Needed
(Hm) Volume (um 3) to Synthesize

Whisker (um 2)

1 0.20 0.33 0.32
10 2.0 3.3 1.0
100 20 33 3.2
1000 200 330 10
10000 2000 3300 32

Whisker radius (um) 0.25
Film Thickness (um) 0.6
Assumption: Density of Sn whisker is the same as that of the surrounding Sn film

Table 3.5 Area of Sn film necessary for whiskeavgh.
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As Sn whiskers are formed of a single crystal@rid thus dense Sn), while the
film is composed of multiple grains, it seems likéhat the first option offers a more
credible mechanism. If the Sn atoms travel ovey \erge distances, the driving force
for this migration must be very strong, which raislee question: what path do the Sn
atoms follow? There are four possible avenuesghaalong the surface, through the
bulk material, along the grain boundaries, or altmgIMC/ interface. Clearly more

research is needed in this area.

Figure 3.15 High resolution micrograph showingreah area of depletion for a large
whisker. (Photograph courtesy of Mr. Peter BushNSU

Key Result: For Sn on brass, the feedstock famldekers lies within the Sn film

exclusively; the brass substrate does not contelbotwhisker production.

3.8  Whisker Growth From Metallic Films Other Than Sn
To shed further light onto the fundamental causdsra the growth of metallic
whiskers, other types of whiskers likely to exerfypiinteresting characteristics were
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examined. Sixteen 1cm square brass samples wepaned, 8 of which were
electrochemically polished, and 8 in the as reakstate. Four sputter targets, Ag, In,
Cd, and Zn (metals which have been reported tolisker prone), were used to build

the thin films. The matrix of this experiment iysmarized in Table 3.6 below.

Sample Substrate Substrate Surface Film .F|Im
” " .. Thickness

Number Composition Condition Composition A)

1 Brass As Received Zinc 6000

2 Brass As Received Zinc 1500

3 Brass EIectroqhem|caIIy Zinc 6000
Polished

4 Brass EIectroqhem|caIIy Zinc 1500
Polished

5 Brass As Received Cadmium 6000

6 Brass As Received Cadmium 1500

7 Brass EIectroqhem|caIIy Cadmium 6000
Polished

8 Brass EIectroqhem|caIIy Cadmium 1500
Polished

9 Brass As Received Silver 6000

10 Brass As Received Silver 1500

11 Brass EIectroqhemmaIIy Silver 6000
Polished

12 Brass EIectroqhemmaIIy Silver 1500
Polished

13 Brass As Received Indium 6000

14 Brass As Received Indium 1500

15 Brass EIectroqhemmaIIy Indium 6000
Polished

16 Brass EIectroqhemmaIIy Indium 1500
Polished

Table 3.6 Experimental matrix for metallic whisk@ther than Sn.
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After 85 days the samples were examined and 2 smmédkers were found, one
on the 6000A Zn film and the other on the 1500Afi#n (Fig. 3.16), both on
electrochemically polished substrates. These sssnwékre then allowed to further

incubate for a total of 220 days.

Figure 3.16 Zn whisker found on the sample witBA of Zn after

85 days.

After 220 days of incubation each type of film detl a wide variety of
whiskers. These findings are discussed in turaveel
3.8.1 Zinc Metallic Films

No whiskers were found on the samples which wetgalished, but the
polished (smoother) samples had high populationghi§kers. This is in agreement
with the results obtained for the Sn on brass sasn@ported in Section 3.4, where
whisker growth increased as the substrate smoathneeased. Two types of whiskers
(spherical and linear) were observed, both appganmthe sample with 6000A of Zn,

while only the spherical whiskers appeared on #meme with 1500A of Zn. This may
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suggest two different growth mechanisms. One nmasha(the one which produces
linear whiskers) requires 6000 A of film, while theechanism which produces spherical
whiskers works with either film thickness. It seelkely that both mechanisms exist in
the other types of films, but only with Zn do thepduce different types of whiskers.

To better grasp the types of Zn whiskers two tabbge been provided. Table
3.7 qualitatively describes Zn whiskers throughnegkary micrographs of all samples
with Zn films. Table 3.8 quantitatively describ&s whiskers by listing the population

density and average length of Zn whiskers on eanipte.
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Sample
Description

Exemplary Micrographs

Notes

6000A of Zn on
“as received”
(non-polished
brass)

no whiskers were
found

1500A of Zn on
“as received”
(non-polished
brass)

no whiskers were
found

6000A of Zn on
polished brass
Substrate

Two kinds of whiskers
were observed,
‘spheres’ and ‘lines’.
Average sphere
diameter = 2.3 um,;
average line length =
2.4 um. Both types of
whiskers appeared in
large numbers. The
spheres appeared at a
locations on the
sample, especially

along lines of substrate

defects. There were 4

D
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times as many lines as
spheres.

1500A of Zn on
polished brass

Only spheres were
found. These spheres
appeared in much
greater numbers (6
times) than on the
6000A film.

Table 3.7 Micrographs of surfaces with Zn film.
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Thickness Population Average
Surface A Description Density Length
(A) 2
(cm™) (Hm)
As Received 6000 No 0
Whiskers
. No
As Received 1500 Whiskers 0
. 2.3
Polished 6000 Spheres 47007 (Diameter)
Lines 226144 24
Total 273150
Polished 1500 Spheres | 577783 16
only Diameter

Table 3.8 Data for whiskers found on Zn film saespl

3.8.2 Cadmium Metallic Films

The samples with a metallic film of Cd also prodiliteo types of whiskers:
nub-like whiskers and cauliflower-type whiskershelcauliflower-type whiskers only
formed when 1500A of Cd was deposited to the asived sample and no other types
of whisker occurred on this sample. The otherdls@mples all had nub-like whiskers.
The nub-like whiskers that formed with 6000A of @u polished brass tended to be
slightly longer than the other nubs, appearing nsorelar to the high aspect ratio
whiskers commonly observed Sn.

The different whisker growth patterns again maydatk different growth
mechanisms, with possibly as many as three diffarthanisms being in operation.
One mechanism occurs in the samples with 1500AdodiCa rough substrate
(cauliflower-like whiskers); another in samplesm@8000A of Cd on a polished
substrate (longer nub-whiskers); and the thirdaimgles with 6000A on a rough

substrate or 1500A on a polished substrate (nonmallike whiskers).
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To better understand the types of Cd whiskers ahtes have been provided.
Table 3.9 qualitatively describes Cd whiskers tigfoexemplary micrographs of all
samples with Cd films. Table 3.10 quantitativegsdribes Cd whiskers by listing the

population density and average length of Cd whskereach sample.
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Sample
Description

Exemplary Micrographs

Notes

6000A of Cd on
“as received”
(non-polished)
brass

Many small nub like
whiskers were found

1500A of Cd on
“as received”
(non-polished)
brass

Many small
cauliflower like
whiskers were found.

The surface appeared
to be bubbling with
bumps ready to let a
whisker grow through,
indicating a sub-
surface transport
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Many small whiskers
grew from this surface

600?’?‘] O('; g?agg There were also many
pOS'S be trat spots on the surface of
ubstrate smaller grain structure
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Many nub like
whiskers appeared.
They formed in random
order and in lines
which coincided with
defects on the surface
of the substrate.

1500A of Cd on
polished brass

Table 3.9 Micrographs of surfaces with Cd film.

It is interesting to note that the surface of tample with 1500A of Cd and a
rough substrate is littered with tiny bumps thgtesr ready to burst, possibly indicating
that this substrate will produce many more caul#o whiskers if allowed further

incubation time. These tiny eruptions appear thicate that the whiskers are coming
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from below the surface; since there is little bod&terial in this very thin film (15004)
the atoms may be transporting through the IMC fata.

As with Sn and Zn, the Cd samples also produced mbiskers on the polished
surfaces than on the non-polished surfaces. ThHisates that the whisker-forming

mechanism is more effective when the substratelished.

. Population Average
Surface A QIS Description Density Length
A 2
(cm™) (um)
As ~1-2
Received 6000 nub 34590 Diameter
As : ~1-2
Received 1500 cauliflower 253659 Diameter
Polished 6000 longer nub 90466 ~1-4
Polished 1500 nub 382262 ~1-2

Table 3.10 Data for whiskers on Cd film samples.

3.8.3 Silver Metallic Films

Only a single type of whisker formed on the Ag fikamples. Sputtered Ag
forms a fine and uniform grain structure that réselae roughness and imperfections of
the underlying substrate and, unlike the other hiefdms tested, more Ag whiskers
are formed when a rougher substrate is used. etiagly, the same is true when Sn
films are deposited on Ag substrates (Section 3.A®other notable feature is that
microscopic dents in the film were observed aroonashy of the whiskers, particularly
in the sample with 1500A of Ag on a polished sudistrwhich may be delineating the

area from which the feedstock of the whisker isaarathicker films or rougher

substrates in the other samples appear to maskaditisThis is an important
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observation because it reveals that bulk matesgalisibly depleted by the whisker
formation process.

ERDAS Imagine software was used to examine onkeoWhiskers on the
sample with 1500A of Ag on a polished substrategre the area of the whisker and
estimate its height, and measure and label thecdrs@ dent surrounding its base. A
calculation similar to the one used in Table 3.5 warformed to predict the area of the
circle that would be depleted if the density of widsker and the film were the same.
The radius of the actual dent (Figure 3.17) wag shgjhtly larger than the area of the

predicted hole (Table 3.11).

Figure 3.17 The Ag whisker which was
measured using ERDAS Imagine software.
The radius of the dent was measured at
14 m
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Estimated
Whisker Length

(pm)

Whisker V?E)Iume
(Hm”)

Area of Needed
Film (um ?)

Radius of Potential
Hole (um)

2

0.82

5.45

1.32

Measured Whisker
Area (Um?)
Film Thickness
(Hm)

0.41

0.15

Table 3.11 The calculated radius and area ofviimch would be needed to
grow the whisker in Figure 3.17.

Sample
Description

Exemplary Micrographs

Notes

6000A of Ag on
“as received”
(non-polished)
brass

Many small nub like
whiskers were found

1500A of Ag on
“as received”
(non-polished)
brass

Many small nub like
whiskers were found.
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6000A of Ag on
polished brass
Substrate

Many nub like
whiskers were found.

1500A of Ag on
polished brass

Many nub like
whiskers appeared.

There also appeared tq
be a ‘dent’ around mos
of the whiskers
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Table 3.12 Micrographs of surfaces with Ag film.
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. Population Average
Surface Thlclf&ness Description Density Length
A 2
(cm™) (um)
As 6000 nub 3168276 05
Received
A.S 1500 nub 2380397 0.5
received
Polished 6000 nub 118847 1-2
Polished 1500 nub 179157 1-2

Table 3.13 Data for whiskers on Ag film samples.

3.8.4 Indium Metallic Films

Indium metallic films produced whiskers that masisely resembled those of
Sn, with clear striations along the length of tHeskers as frequently observed for
many Sn whiskers. Unlike Sn whiskers, howevers¢himrmed by In also had striations
in the azimuthal direction, giving the whisker @ygpearance of an extended mariners
telescope. The film itself had an unusually |af{@®& — 1 m) grain structure. The as
received (rough) substrates did not grow any whigkeaut the polished substrates did;
the 15004 film produced significantly more whiskénan the 6000A film. As with Zn,
Cd, and Sn; In films also had longer whiskers \hitfher population densities on the
smoother substrates (Ag films and Ag substrates sede the exception to this rule).

Tables 3.14 and 3.15 show the qualitative and dpadine data from In whiskers.
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Sample
Description

Exemplary Micrographs

Notes

6000A of In on

“As received”

(non-polished
brass)

No whiskers were
found.

A large grain structure
was observed.

1500A of In on

“As received”

(non-polished
brass)

No whiskers were
found.

6000A of In on
polished brass
Substrate

One whisker was
found.
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1500A of In on
polished brass

Several ‘traditional’
whiskers appeared.

Table 3.14 Micrographs of surfaces with In film.
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Thickness Population Average
Surface A Description Density Length
(A) 2
(cm™) (nm)
As .
. 6000 No Whiskers 0 N/A
received
As .
; 1500 No Whiskers 0 N/A
received
Polished 6000 stubby 8 7.0
Polished 1500 whiskers 50 7.3

Table 3.15 Data for whiskers on In film samples.

Key Result: There are probably multiple mechanisimghisker growth
depending on the substrate — thin film system.
Key Result: The film volume consumed by the groiéhsingle whisker car
be estimated by a simple volumetric comparison.
o This was confirmed by measurement of a Ag film
o The Ag film had an extremely fine and uniform gratructure,
clearly revealing changes beneath the surface lamdisg the area

affected by the growth of individual whiskers.

3.9 Influence of Known Extrinsic Stresses

It has long been observed that whiskers tend to fogar surface defects [22].
The assumption is that surface defects cause additstress in the film, and thus the
whiskers tend to develop there. However no reselaas been done to quantify the
additional stress required to accelerate the grafvithe whiskers. In an attempt to
address this issue, two fixtures were designed pcden aided models with precise
dimensions and construction details are shown ipedix 4) and built to impose
varying levels of stress in the thin film of thergales at well known increments. In
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order to apply an evenly distributed tangentis@strthroughout the thin film, samples

were forced to conform to a curve, as shown in fgg8.18 and 3.19.

Figure 3.18 Direction of external moment requitedreate a uniform
tangentially compressive stress state in a thim. fil

Figure 3.19 Direction of external moment requitedreate a uniform
tangentially tensile stress state in a thin film.
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The exact stress value for the known radii of cture in the thin film can be
calculated from fundamental mechanics (derivatimvigded in Appendix 1). The

calculation depends on the film thickness and Y&ngpdulus of both the film and the

Figure 3.20 Fixtures used to create a uniformeatigl compressive (left)
and tensile (right) stress state in a thin film.

substrate. The two fixtures designed and manufadtior this study (Figure 3.20), one
of which was concave and the other convex, hadaturgs with diameters of 57, 3", 27,
and 1” (= 19 mils, see Appendix 4 for details),|gieg stresses of £43, +71, £107, +214
MPa (on brass samples) respectively.

A series of 8 brass and 8 Al substrates with 60008n and 8 Al substrates with
1500A of Sn (each 1 x 5 cm) were fabricated angamed for sputter deposition as
described in section 3.1. The samples were mountdg fixtures and incubated for 85
days under stress, with one of each type of saatmach radius of curvature. After 85
days, only one whisker was found at the very edgme of the samples where there
was a bulge in the Sn due to edge effects andppiéed uniform tangential stress was
probably ineffective (Figure 3.21). Incubation tiooed for a total of ~220 days, after
which time many whiskers were found.
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Figure 3.21 Whisker found after 85 days. Notlee Ibulge of Sn that formed on
the very edge of the sample; stresses at an edgegy different from those in the
bulk sample.

During production of the external stress fixtur@sting oil had to be used when
the threaded holes were hand tapped. Althoughuatempts were made to remove
the oil residue using compressed air, acetone amdvdpes™, an extremely thin film
of oil was observed on these samples that seepedtfre threaded holes onto the
sample surfaces. It is possible that this thietayf oil slowed the whisker incubation
time to the observed 220 days, which suggestssysa¢matic use of an oil layer on a
thin film may be a useful whisker mitigation todAfter the 220 day incubation period,
many whiskers were found. The results for samyiés brass substrates, samples with
Al substrates and 1500A of Sn, and samples witbulistrates and 6000A of Sn are
discussed in turn below.

3.9.1 6000 A of Tin on Brass Substrates

The figures in this section show a series of micapps of representative

whiskers on each of the 8 brass samples. The grapbs are in order from most

compressive (-) to most tensile (+) stress.
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Figure 3.22 Surface of sample (middle) incubate@B5 MPa, with whiskers from
side and surface (right and left). The longest wérigright) was 41um long.
Magnification ~490x.

Figure 3.23 Surface of sample (left) incubatedl&7 MPa (magnification
~490x), with close-up of whisker (right).

Figure 3.24 Surface of sample (left) incubateeratMPa (magnification ~490x),
with close-up of whisker (right).
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Figure 3.25 Close-up of whisker on sample incubate-43 MPa.

Figure 3.26 Close-ups of whiskers on sample inmdat 43 MPa.

Figure 3.27 Micrographs of grooves on samplesestander tensile stress. These
apparent ‘stretch marks’ were common on these ssntile micrograph on the
right shows a whisker found on a sample incubatéd aMPa.
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Figure 3.28 Surface of sample (upper left) incatlatt 107 MPa (magnification
~490x). Remaining micrographs show whiskers os shirface.

Figure 3.29 Surface of sample (left) incubatedlst MPa (magnification ~490x)
showing vertical ‘stretch marks, and horizontalafetarks, with close-up of
whisker (right).
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The results of the experiment described in Se@iérindicated that whisker
growth increases as stress in either direction fecessive or tensile) increases. If
whisker growth is assessed in terms of whiskertlgrtigese results confirm this
prediction; however, if whisker growth is assessettrms of population density these
results neither confirm nor contradict it. These tonclusions are shown in Table 3.16

and Figure 3.30.

Externally
Applied Population  Average
Stress Density Length
-215 26.5 17.7
-107.2 2.4 19.3
-71 5.5 6.5
-42.7 16.7 7.4
42.7 16.7 3.5
71.3 2.4 1.0
106.8 97.9 5.9
213.3 26.5 10.1

Table 3.16 Externally applied stress
on brass substrates: raw data.

Figure 3.30 Whisker population density (left) anwrage whisker length (right)
as a function of stress. Data presented is foDAQff Sn on brass.
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Another interesting observation is shown in FigBu&l, where there is a slight
normal stress (imposed by the clamp) as well asathgential stress (imposed by the
curvature). These micrographs reveal an extraariyrhigh whisker population
density; in this area (approximately 0.19 ftie population density is more than 3500
times greater than in the rest of the samples Uiniclear if this population explosion is
due exclusively to the normal compressive stregshetlamp or the complete stress
state, which encompases the normal compressiv&ssifeéhe clamp, the tangential
tensile stress from the curvature, and all thensit stresses. This issue is discussed in

more detail in Section 5.2. Clearly further stusipeeded in this area.

Figure 3.31 Surface of sample incubated at 107 WWReaynification ~490x ) close
to the source of compressive normal stress exestélde clamp. This area was
excluded from the data set due to the abnormadjlzg humber of whiskers, and its
close proximity to the fixture clamp.
3.9.2 1500 A of Tin on Aluminum Substrates
Figures 3.32 — 3.39 show micrographs of the whskaund on the samples on

Al substrates, in order of most compressive (fntust tensile (+) stress.
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Figure 3.32 Micrographs of whiskers incubated482-8 MPa. Notice the dust
particle at the tip of the 104 um whisker (top)ietihere are also 3 smaller
whiskers on the surface. The micrograph on theigd shows a 79 um whisker
and a smaller whisker. The bottom micrograph larged to show a 151 and a 38
pm whisker, the 151 pm whisker has vibration natlassed by the rastering
electron beam from the microscope.
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Figure 3.33 Collage of micrographs showing they&st whisker (543 um) which
was found on the sample incubated at -215.3 MPe wWhisker (magnified image
of base shown in inset; location on sample indat&yearrow) was one of many
long whiskers on the sample.

Figure 3.34 Long whiskers on sample incubated42.5 MPa.
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Figure 3.35 Typical whiskers found on sample irated at -85.5 MPa.

Figure 3.36 Typical whiskers found on sample irated at 85.5 MPa.

Figure 3.37 Typical whiskers found on sample irated at 142.6 MPa.
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Figure 3.38 Short (left) and long (right) whiskers sample incubated at 213.3
MPa.

>

Figure 3.39 Micrographs of whiskers from samptesibated at 425.1 MPa. The

top micrographs show striations along the edgessarall pieces of debris,

presumably picked up from the surface as the whigkaw through it. The top

right micrograph is a magnification of the baséhef whisker shown in the top left

micrograph.

The results are summarized in the table and figoeé®swv. The graphs portray a

very similar picture to that for samples with theds substrate, although the scale is
very different. In both population density and i&ge length, the Al substrate with

1500A of Sn proved to be more productive. Thisepbation is contrary to expectations

as Al and Sn have no IMC, as discussed earlieeatié 3.3.
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Externally Population  Average
Applied Density Length

Stress (MPa) (cm-1) (um)
-432.8 389.4 32.8
-215.3 6085.3 39.1
-142.5 809.1 36.4
-85.5 4207.1 13.2
85.5 358.3 8.8
142.6 1085.1 9.5
213.3 161.8 17.2
425.1 6287.3 8.9

Table 3.17 Population density and average
whisker length at each stress level.

Figure 3.40 Population density (left) and averafesker length (right) as a
function of stress for samples with 1500A of SnAdn

3.9.3 6000 A of Tin on Aluminum Substrates
The series of micrographs below show the whiskbseosed on samples with a

coating of 6000A of Sn on Al substrates. Theygiven in order of most compressive

(-) to most tensile (+) stress.
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Figure 3.41 Typical whiskers on sample incubated32 MPa.

Figure 3.42 Typical whiskers on sample incubate@B5 MPa.

Figure 3.43 Typical whiskers on sample incubated 4?2 MPa.
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Figure 3.44 Typical whiskers on sample incubate®ai MPa.

Figure 3.45 Typical whisker on sample incubate84 MPa.
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Figure 3.46 Typical whiskers on sample incubatethd MPa.

Figure 3.47 Typical whiskers on sample incubate2il8 MPa.
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Figure 3.48 Detailed micrographs of typical whisken sample incubated at 424.6
MPa. The orientation and shape of the sample albexcellent resolution, so extra
micrographs are provided in the next figure foriiddal detail.
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Figure 3.49 Additional micrographs of sample ieypous figure.

The results are summarized in Table 3.18 and Figit@ below. The graphs
portray a very similar picture to those found ie firevious two sections. Again, both
the whisker population density and average lengtrewgreater than for the comparable

brass samples.
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Externally Population Average

Applied Density Length
Stress (MPa) (cm-1) (um)
-432.4 1206.6 14.7
-215.1 2294.8 46.4
-142.3 363.8 34.3
-85.4 669.1 15.0
85.4 114.4 13.6
142.5 1423.3 14.1
213.1 1045.0 11.8
424.6 3169.4 16.6

Table 3.18 Population density and average
whisker length at each stress level.
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Figure 3.50 Whisker population density (left) awtrage whisker length (right)
as a function of stress for samples with 6000A b8 Al.

In all three sets of samples, both population dgrsid average length generally
increased as either compressive or tensile stnessased. This supports the findings
presented in Section 3.5 where whisker growth viseived in samples with an
intrinsic compressive stress state or an intriteisile stress state. Although general

trends may be observed from this data, howevermxhet nature of the relationship




between stress and whisker growth is not clearpgeroomprehensive study is needed
to quantify this apparent relationship. Furtherentbre data presented thus far in this
section only relates the externally applied sttesshisker growth and does not
correlate the total stress state (the 9 elemesdéstensor, which also needs to take into
account all intrinsic stresses) and whisker growals.a first attempt to find this stress
state, a method for finding this total stress sgf@oposed in Appendix 3, and the data
used to find the particular intrinsic stress statesach sample, as well as the resulting

total stress states is presented in Section 5.2.

Key Result: Whisker growth qualities appear to @ase with externally
applied compression and tension.
o This finding is outlined here, although a largempée matrix is
necessary to strengthen this statement.
Key Result: A method for differentiating typestoéss sources has been
proposed and used.
o0 This method is fully described in Appendix 3, aa@pplied in
section 5.2.
0 This method should be adopted in all future stutiiesder to fully

understand the relationship between stress wittaritiin film and the
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3.10 Influence of Film Thickness

The thickness of the thin film has an effect onldreggth, number, and type of
whiskers formed. This conclusion can be drawn ftbenfindings reported in Section
3.7 (where it is shown that a whisker obtains &ltomaterial from the film) and
Section 3.8 (where different whisker qualities elearly observed with different film
thicknesses). This supposition was tested in s¢wethe studies reported in this
section, where film thicknesses of 1500A and 600@he deposited on a range of
samples which were otherwise the same. Since afidists data was presented in
previous data sets, this section focuses on thétsea which the only variable was a
difference in film thickness. The results showiolein Tables 3.22-3.24 fail to show

any overriding effect due to film thickness on plapn density or average length of

whiskers (Sn or otherwise). The results for diffgéreubstrates are combined in Table

3.22.
1500A Film 6000A Film | 1500A Film | 6000A Film
Population Population Average Average
Stress | Density (cmi®) | Density (cmi®) |Length (um)| Length (um)
-433 389.4 1206.6 32.8 14.7
-215 6085.3 2294.8 39.1 46.4
-143 809.1 363.8 36.4 34.3
-86 4207.1 669.1 13.2 15.0
86 358.3 114.4 8.8 13.6
143 1085.1 1423.3 9.5 14.1
213 161.8 1045.0 17.2 11.8
425 6287.3 3169.4 8.9 16.6

Table 3.22 Population density and average whigggth from the study
in Section 3.9. The highlighted cells are thedargalues. This data
shows no conclusive trend.
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1500A 5800A 1500A 5800A
Film Film Film Film
Population | Population | Average | Average
Density Density Length Length
Conditions |  (cm?) (cm?) (Um) (um)
Al, rough 76.0 154.0 12.0 13.0
Al, Smooth 109.0 144.0 4.0 5.0
Ni, Rough 0.0 4.0 N/A 4.0
Ni, Smooth 248.0 85.0 5.0 5.0
Cu, rough 11.0 51.0 6.0 8.0
Cu,
Smooth 1204.0 119.0 4.0 6.0
Ag, Rough| 1.51E+06| 2.60E+05 1.0 3.0
Ag,
Smgoth 5.10E+0§ 1.96E+06] 3.0 1.0
Zn, Rough 0.0 1410.0 N/A 7.0
Zn,
Smooth 373.0 116.0 6.0 3.0

Table 3.23 Population density and average whikgrggth from
the study in Section 3.3. The highlighted celks e larger
values. This data shows no conclusive trend.

1500A Film | 6000A Film | 1500A Film
Population | Population Average 6000A Film
Density Density Length Average
Conditions (cm? (cm?) (Lm) Length (um)
Zn,
Smooth 2.78E+05 2.73E+05 1.6 2.3
Cd, Rough| 2.54E+05 3.46E+04 15 1.5
Cd,
Smooth 3.82E+05 9.05E+04 15 15
Ag, Rough| 2.38E+06| 3.17E+06 0.5 0.5
Ag,
Smooth 1.79E+05 1.19E+05 15 1.5
In, Smooth 50 8 7.3 7.0

Table 3.24 Population density and average whilgkagth from the study
in Section 3.8. The highlighted cells are theédargalues. This data

shows no conclusive trend.
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Key Result: While the thickness of the metallin filas an effect on the type
and quantities of whiskers grown, it currently &t a predictable effect.
o The data analysis shows that although thicker fillmsiot always
yield longer whiskers or larger population densitigifferent types of
whiskers (different in appearance, and incubatime) can be

produced by altering the thickness of the film

U7
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CHAPTER 4 CONCLUSIONS

The work reported in this dissertation represergstestantial contribution to our
understanding of the formation of metallic whiskefhese significant and original
contributions can be summarized as follows:

A method for reproducibly growing Sn whiskers wpitedictable incubation

times has been developed and tested.

0 This technique is fully described in Section 31id avas used throughout.
The incubation time is 90-110 days.

0 There have been no previous reports (that we aseea®f) of a
reproducible method of whisker production from aegp8n film.

Surface oxide is not necessary for whisker growth.

0 The results supporting this finding are descrire8éction 3.2.
0 This result does not support the hypothesis sét foy Tu [13].
0 This result supports the findings of Moon et a0][2

IMC growth is not necessary for whisker growth.

o This conclusion is based on observations of thadsahwhiskers grown
when a Sn film is placed on an Al substrate (wherdMC is present) in
the studies described in Sections 3.3, 3.4, 3@ 3al0.

0 This result does not support the hypothesis s#ét toy Galyon et al. [18].
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Smoother substrate surface finishes promote whigia@vth; polishing the
substrate is not an effective whisker mitigatiarhtéque, although making the
substrate rougher can be effective.

o In all cases (except when Ag is in either the galbstor the film),
whisker growth qualities (both in population depsihd average length)
are enhanced by smoother substrates (Section3.8,4nd 3.10).

o0 This result is contrary to certain practices inusily.

0 This work complements and provides more evidencipport results
reported by Takeuchi et al. [23].

Whiskers grow from both compressive and tensigsststates.

0 This conclusion is based on the results reporteétkirtions 3.5 and 3.9.

o This contradicts the many authors who hypothesilzatlit is exclusively
compressive stress which drives the whisker growth.

Sn whiskers are composed of pure Sn, both ondbéi@ace and in their bulk.

o This is contrary to the findings of Fujiwara andwamaka [27].

o This validates the indirect investigations of othesearchers.

For Sn on brass, the feedstock of metallic whiskesswithin the film
exclusively; the brass substrate does not contellboitwhisker production.

0 The feedstock of Sn whiskers comes from the thm &xclusively. This
does not imply that the substrate has no effe¢hemualities of whisker
growth, as the substrate does have an effect,iplysthat the substrate
does not contribute any atoms to the whisker (8estB.6, 3.7 and 3.8).

o This finding narrows the range of possible whislgerwth mechanisms.
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There are probably multiple mechanisms of whiskewth depending of the
substrate — thin film system.

o The findings reported in Section 3. 8 revealed ipl@ttypes of whiskers
growing from both Cd and Zn films. These typesvbiskers could only
be produced by different growth mechanisms.

o0 There has been no known publications of this figdin

The film volume consumed by the growth of a siwhlisker can be estimated by
a simple volumetric comparison.

o0 This was confirmed by measurement of an Ag filmorégd in Section
3.8. The Ag film had an extremely fine and unifognain structure,
clearly revealing changes beneath the surface lamdisg the area
affected by the growth of individual whiskers.

Whisker growth qualities appear to increase witteexally applied compression
and tension.

o This finding is outlined in Section 3.9, althoughaeger sample matrix is
necessary to strengthen this statement.

While the thickness of the metallic film does haveffect on the types and
guantities of whiskers grown, it currently is nopreedictable effect.

o This finding is presented in Sections 3.8, 3.9, &id). The data analysis
shows that although thicker films do not alwaydd/ienger whiskers or
larger population densities, different types of siars (different in
appearance, and incubation time) can be producedtdryng the

thickness of the film
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As a first attempt, a method for differentiatingdyg of stress sources has been
proposed and used.
o0 This method is fully described in Appendix 3, asdpplied in Section
5.2.
0 This method should be adopted in all future studiesder to fully
understand the relationship between stress witt@rthin film and the

whiskers that grow from that film.
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CHAPTER 5 SUGGESTIONS FOR AND DEVELOPMENT OF

FUTURE WORK

5.1 IMC Development in a Thin Film-Substrate Syste

Many Sn whisker end game hypotheses rely on thedton and time-
dependent growth of IMC layers [18]. Several famign beam (FIB) studies have
shown the fully developed IMC layer, but none hggeexamined how this layer forms
and grows over time for sputtered films in the exhof whisker growth.

Studies of the solder-substrate system, which fammich thicker IMC layer
than a sputtered substrate-thin film system, haggbtential to address this lack. The
thin nature of substrate-thin film IMC layers hasyented such studies in the past, but a
more complete understanding of the IMC layer waittithose working on the

formation of Sn whiskers.

Figure 5.1 The IMC layer developed in a solder-galbs system.
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5.2 Intrinsic Stresses in a Thin Film-Substrate Sgtem

There are at least seven possible sources of strassubstrate — thin film
system several of these sources have been lalmeleitiually as the underlying cause
behind Sn whisker growth [15, 18, 20, 22, 24]. Wwek presented in this section show
that these sources work together to create an lbg&ess state, which may a driving
force underlying the growth Sn whiskers. The ses@urces are as follows: 1) atomic
peening, 2) coefficient of thermal expansion (ChEgmatches between the substrate
and the film, 3) microstructure stabilization, diyface oxidation, 5) grain boundaries
oxidation, 6) non-uniform IMC development, and X)eznally applied forces or
moments. Factors 1, 3, 4, 5, and 6 are diffiaulpgecify analytically and must be
experimentally measured. The first six factorsetbgr add to yield a net stress referred
to as ‘intrinsic stress.” Figures 5.2 and 5.3 sliogvtwo ways these stresses effect the

film-substrate system.

Figure 5.2 Effect of an intrinsic compressive s¢ren a thin film-
substrate system. Notice the curvatureppositeto that of a
compressive state caused by an external curve shokigure 3.18.
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Figure 5.3 Effect of an intrinsic tensile stressaothin film-substrate
system. Notice the curvaturedppositeto that of a tensile state caused
by an external curve shown in figure 3.19.

There have been few studies that have addresseutiinsic stress state in
deposited thin films. One of those studies briefigntioned that the state of stress
changes with time [17]. In a preliminary study &atso found this to be true. If whisker
growth depends on stress within the Sn film, thengaof the stress needs to be
understood. An understanding of stress as a fumcii time is an integral piece to a
complete understanding of Sn whisker growth. Mwoegpthe exact stress state imposed
by background Ar pressure during sputtering shoeldjuantified.

Our preliminary study used brass and Al sampleb ditnensions 1cm x 10cm.
Then a precision slow-speed diamond saw was useudt t 0.4 mm slit in the middle
that went 9 cm along the length of the sample.o¥ec was made to shield one half of
the sample, and a thin metallic film was depostiedhe other. Figure 5.4 gives the
dimensions of the samples. The dimensions werserhto ensure two things. First, the
large aspect ratio of the individual leaves ensbifescation along the length of the leaf.

Secondly, the un-coated half of the leaf providesfarence point from which to
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measure the amount of displacement caused by thegcaoated leaf. A fixture was
designed and constructed to mount 8 such sampksina way as to negate the effects
of gravity on the curling of the samples. Figurg Shows the fixture and sputtered

samples.

Figure 5.4 Dimensions of samples used to meastnigsic stresses in a
deposited film.

Figure 5.5 Fixture used to mount samples. Eighies are loaded,
and some of the curvatures can clearly be seen.
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After a thin film was applied to one leaf of eaamgple, the displacement
between the coated leaf and its uncoated countesmaarmeasured at regular time
intervals over a period of 3,000 hours. Usingdbeations and methods described more
fully in Appendices 1 through 3, the total stresgesin the thin films can be
experimentally determined. The 8 sample combinatare listed in Table 5.1, and the

results of this preliminary study are listed in Tes5.2-5.9 below.

Film Substrate

Thickness Thickness
Film (um) Substrate (mm)
Ag 0.6 Brass 0.125
Zn 0.6 Brass 0.125
Cd 0.6 Brass 0.125
In 0.6 Brass 0.125
Sn 0.6 Brass 0.125
Sn 0.15 Brass 0.125
Sn 0.6 Aluminum 0.25
Sn 0.15 Aluminum 0.25

Table 5.1 Sample matrix used for preliminary

study.
This preliminary data clearly shows the wealth atadthat can be gleaned from

this relatively simple bent beam experiment. The of this method to find the stress
state of a thin film as the Ar pressure is changedld be a nice complement to the
experiment listed in Section 3.5, and to any furgtady. It should be mentioned that
the bent beam method has inaccuracies associatied valso several approximations
have been made (outlined in section 5.3). Thiswoweheeds further revision (as
indicated by the high stress and strain values),isimtended to be used as a starting

point for future study.
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Using Equation A3.3.2, the stress from the CTE nai®fm is calculated to be
-6.03 MPa. The final stress and strain statesimvitie film of the brass substrate — Ag

film system are:

- 3715 0 0
Sag = 0 - 4432 0 MPa
0 0 - 3715
-464 O 0
€= 0 -554 0 m
0 0 - 464

Table 5.2 Stress change over time in a brassrsist Ag film system The final stress
and strain states are also listed.

93



Using Equation A3.3.1, the stress from the CTE naisim is calculated to be
-41.49 MPa. The final stress and strain statelsimnvihe film of the brass substrate — Zn

film system are:

- 5141 0 0
Spg = 0 - 6906 0 MPa
0 0 - 5141
-476 O 0

€,= 0 -640 0 m
0 0 -476

Table 5.3 Stress change over time in a brassrsidst Zn film system The final stress
and strain states are also listed.
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Using Equation A3.3.1, the stress from the CTE nai®fm is calculated to be
-8.90 MPa. The final stress and strain statesimvitie film of the brass substrate — Cd

film system are:

-2534 0 0
Sag = 0 5009 0 MPa
0 0 -2534

-507 0 0
€,= 0 -1000 0 m
0 0 -507

Table 5.4 Stress change over time in a brassrabst Cd film system The final stress
and strain states are also listed.
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Using Equation A3.3.2, the stress from the CTE nai®fm is calculated to be
-2.46 MPa. The final stress and strain statesimvitie film of the brass substrate — In

film system are:

1215 O 0
Sy= 0 1167 0 MPa
0 0 1215

1104 O 0
€py= 0 1061 0 m
0 0 1104

Table 5.5 Stress change over time in a brassrabst In film system The final stress
and strain states are also listed.

96



Using Equation A3.3.2, the stress from the CTE naisim is calculated to be
-4.19 MPa. The final stress and strain statesimvitie film of the brass substrate — S

(6000A) film system are:

-8269 O 0
S,= 0 -1109 0 MPa
0 0 -8269

-197 0 0
€= 0 -264 0 m
0 0 -197

Table 5.6 Stress change over time in a brassrat#st Sn (6000A) film system The
final stress and strain states are also listeds Wwhbrk verifies Thornton et al.’s [24]
findings.
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Using Equation A3.3.2, the stress from the CTE naisim is calculated to be
-4.19 MPa. The final stress and strain statesimvitie film of the brass substrate — S

(1500A) film system are:

- 2492 0 0
S,= 0 -2357 0 MPa
0 0 -2492

593 0 0
€,= 0 -561 0 m
0 0 -593

Table 5.7 Stress change over time in a brassrsi#est Sn (1500A) film system The
final stress and strain states are also listeds Wwhbrk verifies Thornton et al.’s [24]
findings.
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Using Equation A3.3.1, the stress from the CTE naisim is calculated to be
-0.62 MPa. The final stress and strain statesimvitie film of the Al substrate — Sn

(6000A) film system are:

5590 0 0
S,= 0 -3127 0 MPa
0 0  -5590

133 0 O
€,= 0 -745 0 m
0 0 -133

Table 5.8 Stress change over time in a Al sulsstrgBn (6000A) film system The final
stress and strain states are also listed. Thik wemifies Thornton et al.’s [24] findings.
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Using Equation A3.3.1, the stress from the CTE naisim is calculated to be
-0.62 MPa. The final stress and strain statesimvitie film of the Al substrate — Sn

(1500A) film system are:

-7919 0 0
S,= 0 8938 0 MPa
0 0 -7919
-189 0 0
€y= 0 213 0 m

0 0 -189

Table 5.9 Stress change over time in a Al sulistrgBn (1500A) film system The final
stress and strain states are also listed. Thik wemifies Thornton et al.’s [24] findings.
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As a first attempt to quantify the total stresgesta a thin film producing Sn
whiskers, the data shown in tables 5.6, 5.8, a@ad&upled with the methods shown in
Appendices 1-3 has been used to calculate thedivéss state inside the film of the
samples used in section 3.9 (where an externassstate has been applied). These
stress states are presented in tables 5.10 - 312 conjectured results show that the
stress state is very different from the externapiplied stress. In the two Al cases, the
extrinsic stress is not even the dominant factetha intrinsic stress is over 150% more
than the externally applied stress. Indeed, theomponent never switched to the
tensile state in either of the sets with Al sulisBa The tables also show that even
though the shear strain is small, it plays a sigaift role in the final stress state of the
film. For instance, in the case of 1500A of SnAdriorced to conform to a 1”
compressive curve, the intrinsig, component is -791.9 MPa and the externally applied

x IS -432.4 MPa, yet the tota)y is -1936 MPa (which does not equal -791.9 + -482.2
These components cannot be simply added becausbehe strainy, (imposed by the
curvature) is coupled to via the compliance matrix. This implies that 4vaots,
one for each of the non-zero stress componentsiegessary for each set of data.
However this new data only shifts and scales th&ig; thus rendering 24 plots that look
extremely similar to the plots already presentedcbmpleteness the plots are provided

in Appendix 5.
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Population Average

Total Stress Density Length
State (MPa) (cm-1) (um)

- 670 509 0

509 -539 0 26.5 17.7
0 0O -518

- 496 254

254 -441 0 2.4 19.3
0 0 -420

- 438 169

169 -408 O 55 6.5
0 0 -387

-391 101

101 -382 O 16.7 7.4
0 0 -361

- 253 -101

-101 -304 O 16.7 3.5
0 0 -283

- 207 -169

-169 -278 O 2.4 1.0
0 0 -257

-149 -253 O

-253 -246 O 97.9 5.9
0 0 -225
23 -504 O

-504 -149 O 26.5 10.1
0 0 -127

Table 5.10 Whisker data for final stress states fo
6000A of Sn on Brass.
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Population Average
Total Stress State Density Length
(MPa) (€m-1) (Lm)

- 2465 00010 O
0.0010 -1977 O

0 0 -2159 389.4 32.8

- 2113 0.0005 O
0.0005 -1779 O

0 0 -1961 6085.3 39.1

-1997 0.0003 O
0.0003 -1714 O

0 0 -1895 809.1 36.4

-1904 0.0002 O
0.0002 -1661 O

0 0 -1843 4207.1 13.2

-1626 - 00002 O
- 0.0002 -1505 0

0 0 - 1687 358.3 8.8

-1534 - 00003 O
- 0.0003 -1454 0

0 0 - 1635 1085.1 9.5

-1419 -00005 O
- 0.0005 -1389 0

0 0 - 1570 161.8 17.2

-1078 -00010 O
- 0.0010 -1197 0

0 0 - 1378 6287.3 8.9
Table 5.11 Whisker data for final stress state$600A of Sn
on Al.
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Population Average
Externally Applied Density Length
Stress (MPa) (cm-1) (Um)

-1936 0.0003 O
0.0003 -390 0

0 0 -1629 1206.6 14.7

-1584 00001 O
0.0001 -191 0

0 0 -1431 2294.8 46.4

- 1467 0.0001 O
0.0001 -126 0

0 0 -1365 363.8 34.3

-1374 0.0001 O
0.0001 - 734 0

0 0 -1313 669.1 15.0

-1096 0.0001 O
0.0001 829 0

0 0 -1157 114.4 13.6

-1004 -0.0001 O
- 0.0001 135 0

0 0 -1105 1423.3 14.1

-889 -0.0001 O
- 0.0001 199 0

0 0 - 1040 1045.0 11.8

-547 -00003 O
- 0.0003 392 0

0 0 - 848 3169.4 16.6
Table 5.12 Whisker data for final stress stated &)0A of
Sn on Al.
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5.3 A Multi-Media Time Elapsed Comparison of Whisler Growth, Intrinsic
Stresses, and IMC Development

IMC growth is thought to be a function of timeshiould therefore be possible to
collect a sequence of SEM/ optical micrographs damnting this growth that can then
be used to construct a time-elapsed movie of thadton of the IMC layer. Similarly,
if stress is a function of time, then a high resolucamera can be used to record
changes in the curvature of a bent beam experimanttime and the images used for a
time-elapsed movie. The growth of a Sn whiskeesgilace over lengthy periods of
time, so a movie showing the incubation, initiataowd growth could be made using the
same approach. Finally, a split-screen time-eldpsevie showing the simultaneous
progress of these three key factors would cledrbynsany potential links that might
affect the growth of a Sn whisker. Such a multdragroduction offers a convenient
way to view Sn whisker formation. Furthermore,lsadool would clearly show
whether or not Sn whiskers actually relieve stissmonitoring the whiskers' growth
and simultaneously witnessing the stress relieifeahy.

5.4 Do Alloyed Whiskers Exist?

There have been rumors in the research commuratynthlti-element whiskers
have been found, although no formal reports havégen published in refereed
journals. If such a whisker were found to be gassithis would cause new insight in
the field and necessitate the rethinking of manghefexisting theories of whisker
formation. Using a eutectic combination of Sn &fdin a sputter target, our group is in
the process of attempting to grow a Sn-Pb whiskang the new reliable whisker
growth method developed for this study (Section.3.1
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5.5 Development of a Working Model of Whisker Incbation, Initiation, and
Growth

Once all of these areas have been fully explore@fowhiskers, it should be
possible to develop a model that explains why and & Sn (or any elemental) whisker
develops. This end game theory must be firmly gded both theoretically and
experimentally, and must be able to account footbservations reported in Chapter 3.
5.6 Confirmation of Model Validity Using a Finite Element Method

Once a Sn whisker model has been establishedit@ élement model should be
used to confirm its validity. Such a model mayaie able to explain any similarities or

discrepancies between the model and the movieidedan Section 5.3.
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APPENDIX 1 DERIVATION OF STRESS IN A THIN FILM

Al.1 Introduction

Stoney [28] did some of the earliest work in figlstress in a thin film-substrate

4 (h* +th)Dx

system. Stoney’s equatios:=§ o (E is the Young’s modulus of the

Figure Al.1 Shows an exaggerated bend in a suestrdtin film system and the
measurements needed to find the stress in the film.

substrate, h, t, L, andx are identified in Figure Al.1) uses several agpnations
which provide an elegant equation suitable for headdulations (Stoney’s paper was
published in 1909, well before computers were abdd to aid in the multiple tedious
calculations required to analyze an experimenttl dat). A less elegant, but more
exact equation is derived in this chapter of theemplix. The equations derived in the
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sections below provide a more accurate solutioe@apy in the extreme regimes that
are set forth by the experiments discussed indisgertation. Figures Al1.2 - A1.3 show
how the two equations compare in Stoney’s reginteiathe regime of the work

presented in this paper.

Figure A1.2 Difference between ‘exact’ stress ifgt in this appendix) and Stoney’s
approximated stress in the film in the regime @frf8ty’s data where the maximum
percent difference is 15% (left), while the maximdifierence is 34% in the regime of
the work presented here (right).

Figure A1.3 Difference between the ‘exact’ strasd Stoney’s approximated stress in
the substrate in the regime of Stoney’s data, wtierenaximum percent difference is
13% (left), while it is 62% in the regime of the tk@resented here (right).
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The purpose of Appendices 1-3 is to derive fromit firinciples a ‘first attempt’
to find the total stress state of the film whicloguces the whiskers, and furthermore to
relate that stress state to the various sourceseds which have been indicted as the
culprits behind Sn whiskers by various researcfiéss18, 20, 22, 24].

A1.2 Derivation of Intrinsic Stresses

The equations necessary to find the stress imdithi adhered to a metallic
substrate can be derived from basic mechanics tdrmabs. Starting with a straight
beam, one can identify an infinitesimally smalltdisce ds which is displaced from the

neutral axis a distance y.

ds
Thin Film

Neutral Axis Substrate

Figure A1.4 Thin film-substrate system that hasura@lergone bending.

That system can then be forced to conform to aec(caused either by uniform
internal stresses, external moments, or exterregdrdiorces), and the length of ds will
change to ds’. If (radius of curvature of the neutral axis) is knowhen the strain in ds
(which is parallel to the length of the sample) barfound:

From the definition of strain:

lim Ds-Ds _ds-ds
Ds® 0 Ds ds

o

Since ds=r>dgq,
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and ds=(r- yydg e=1299-ydq-rdg_-y
rxdg r
ezi (Equation Al1.2.1)
r
y
Thin Film ds’
Neutral Axis
Substrat

Figure A1.5 Thin film-substrate system that hadargone bending.

The neutral axis (the line where no strain is eigmeed during bending) is known to be

the horizontal centroidal ax(s;/) for a cross section of the width:

—. y>da
Yy .
da
For a bi-metallic system:
N W o nx ><h+—nxt2 + h*
- (YA, _ny A +yA 2 2 _(t+h)(nx+h)+txh(n- 1)
Yosen™ AT T A, + A nx +h 2(nx +h)

Which can also be written as

— 2 2
Y system— Z0th At +h ; (Equation Al1.2.2)
Y 2(nx +h)
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E
where the transformation factor® E—f with E as the Young’'s Modulus of the film or

S

substrate, and the cross section of the widthgwhown in Figure A1.6.

Film
Y

Ys
Substrate

Figure A1.6 Cross section of a substrate — thin §iystem, viewed along the width.

The film thickness t, substrate thickness h, fiklemta:oidglf , and substrate centroid
y, are all shown.

We can now use Hooke’s Law to find the stress gtl@cation along y. This is

the stress necessary to bend the system, so weav# to use the Young’s modulus of

the system:

S = Esystemm
- E 3
s :M; (Equation A1.2.3)
r

where the Young’s modulus of the system is appraxéu via a weighted average:

EtHE Equation A1.2.4
= uation A1.2.
system t+ h ( q )

It should be noted that equation A1.2.3 appliesrwingther the substrate nor the
film have undergone expansion due to any intriggiess (or stresses). If there is an

intrinsic stress in the film, then it will undergapansion (or contraction). This
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expansion will be limited by the substrate, andsthiclassic statically indeterminate
problem is created. Since the exact nature o$titess is not known, an alternate
solution must be used to find the stress. Comyienuation Al1.2.3 with the famous

Flexure Formula

s=-—2,
I

one easily finds the Moment Curvature Relationship

M
Ey e

system” " system

1_
;

Careful observation of equation A1.2.3 clearly se@nadient stress within the substrate

— thin film system (ie. varies with y) as showrfigure A1.7.

Figure Al1.7 Stress gradients and equivalent foasssciated with a
substrate-thin film system that has undergone lendi

115



The distributed stress gradient in the film carekpressed as a single equivalent force.
However since the precise stress gradient is nmivknthe location where that
equivalent force acts is unknown. Stoney and sthave approximated this location to
be at the centroid of the film, here we will make same approximation. By Newton’s
3 Jaw, the substrate has an equal and opposite, fooveever the location of this
equivalent force is well known to be one third loé tvay to the centroid of the system.
We can now define the moment which causes themystdend:

M =F>Dy'; (Equation Al1.2.5)
where F is the equivalent force between the stdefilge and substrate anby' is
defined in Figure Al1.7 to be

t 1-

Dylo h+§ - éysystem'

This can be re-written in terms of the known quaegi

. 2E 0 (2h+t)+E oho(5h+3t)
- 6(E, *+E, %)

(Equation A1.2.6)

The bending moment of inertia of the systelny(.,) can easily be found by

using the parallel axis theorem and traditionalhrods:

- b¥
I o +Ady’.

system ™
i

This can again be re-written in terms of the delsgeantities:

~ (E2** + EZt* +2E, »E_ st {2h? +3nst +2t% ) paw
system ™ 12E_(E, s +E, )

. (Equation A1.2.7)

116



Now the curvature of the neutral axig (hust be written in terms of measurable

guantities, namely t, h., and R which are defimeBigure A1.8 below.

Figure A1.8 Substrate - thin film system with Rlarlabeled.

r =R- g/(t,h’n) (Equation A1.2.8)
We can approximate R (the quick derivation is irpApdix A2) to be

12
@2(Dx+ h)’

where x is the displacement due to bending identifiefignre A3.1. Finally it must

be noted that whatever intrinsic stress in the fimmis causing the system to bend is a
bi-axial stress, in other words it is causing thetem to bend in both planar directions.
The stress along the width of the sample will hawoisson effect on the length of the

sample, thus there is an effective Young's Modulus:

e E=s, -nls,+s,)=s,(1-n) ZX =
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This effective Young’s Modulus is regularly usedsasorrection factor for substrate —
thin film systems [29]. With this knowledge anegffive Young's Modulus of the

system can be approximated as:

. E _
S 1 I (Equation A1.2.9)
- nsyste
where
ngst+ng:h
nsystem:T

Combining equations A1.2.4 — A1.2.9, and the Mon@untvature Relationship,
one can solve for the equivalent force. Sincesstre force per area, the average stress
in the film can be re-written in terms of the knoaumd measurable quantities:

F Eyeend

system” ' system

s = =
Aﬁlm r foiIm

Which yields:

{E.h+E, x[E2h* +EZ %* +2E, %€, sh(2h? +3ht + 22 )x{h + Dx)}
E. #[2E, #(2h+t)+E, (5h+3E, s[h(h+Dx)- L2]+E, #[2(h+t)(h+Dx)- L2]}

Ao, - 1)+ nio, - 1)

(Equation A1.2.10)
At this point, this first attempt derivation mustdome less general and move to
the two specific cases in which R is measured wffdy depending on the direction of
curvature, and measurement capabilities. Thesepgoific cases are outlined in the

following tables.
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Intrinsic Tensile Stress in the Thin Film Forcing aConcave Curve on the System
R is measured to the outside edge of the curvegsation A1.2.8:
r=R-vy
is used. Using equations A1.2.4 — A1.2.9, andMbenent Curvature Relationship will
yield equation A1.2.10: =
{E.h+E, t)[E2h* +E? % +2E, 5E, sh(2h? +3h> +2t2){h + Dx)}

£ #[2E, #(2h+t)+ E, *(5h+3)[E, hln(h+Dx)- L]+ E, #[2(h+t)(h+Dx)- L2]]

>{t(/7f - 1)+h(”s - 1)]

Table A1.1. Equations describing the effect oéingl tensile stress(es) in a thin film
force the system to conform to a concave curve.
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Intrinsic Compressive Stress in the Thin Film Forcng Convex Curve on the Systen

In these cases R was measured from the outsidhe alurve which gives:
r=R- (t+h)+y. (Equation A1.2.11)

Using equations Al1.2.4 — A1.2.9, and the Momentv@uure Relationship will yield:

{E. h+E, t[E2® + E2 5% + 2B, %€, »hot(2h? +3nxt + 22|+ Dx)}
E, #[2E, #(2h+t)+ E »h(Bh+3t){L - E, ft(h+Dx)]+ E.|L? - (h+2t)(h+Dx)]}

Ao, - 1)+ nio, - 1)

(Equation A1.2.12

Table A1.2 Equations describing the effect ofinéd compressive stress(es) in the thin
film that force the system to conform to a convarve.
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Al1.3 Derivation of Externally Imposed Stresses

For the cases when a substrate — thin film sysseiorced by an external source
to conform to a curve, the equations to find tlesst in the film become much simpler,
due to the fact that the problem is not staticaltieterminate. Therefore one can begin

with equation A1.2.1:
e=_7Y
r
To find the stress one must notice two thingshg)dtress is along the length of the

sample only, so the effective Young’'s Modulus i$ meeded, and 2) we are only

looking for the stress in the filnso we simply apply Hooke’s Law to A1.2.1 and afota

(Equation A1.3.1)

The distance from the neutral axis (y, which isvehan Figure A1.8) must now be
written in terms of known and measurable quantities
y=h- §/+ X, (Equation A1.3.2)
where x is any additional distance into the filnytad substrate — thin film interface.
Like the intrinsic stresses,is closely tied to the value of R (the radius ofvature at
the outside of the curve beam), but in this casewell known.
Upon inspection one can easily verify that equafidr3.1 can be found from the

Flexure Formula

and the Moment Curvature Relationship
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M
Ey e

system” " system

1_
;

By similar inspection, the shear stregsoan be found:

Esystem>Q .
t=—— (Equation A1.3.3)
r L w
by comparing The Shear Formula:
t‘ = w ,

if M is uniform along the length of the sample. elquation A1.3.3, Q is the first

moment of the area (A’) above y (as defined inffggAl.3.1)

Q° yxdA.

o
For the case of finding the shear stress at tleefatte between the substrate and the film

becomes
Q=Y i XA -
When this is put into terms of known and measurghkmtities, it can be written as:

Q= (h-?/system)+% X%thw .

S

Q is shown in figure A1.9.
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Figure A1.9 Dimensions needed to determine Q @fitm at the interface between
the film and the substrate.

As with the intrinsic stress, we must now break thown into compressive stress
and tensile stress to actually obtain the equatibistress. These equations of known
and measurable quantities are shown in the follgwuwo tables. It should be noted that
R is measured directly from the curve around whighsamples were forced to
conform, so R is not approximated nor is it a fiorcbf X as it was in the intrinsic

stress cases (see Appendix 4 for precise valuB.of

123



External Source Forcing a Compressive Stress in thEhin Film
R is measured to the outside edge, this yields:
r=R-y. (Equation: .A5b)
This combined with equations A1.3.1, A1.3.2, Al,a8d Al1.2.4 yields:

_ E( (B ot(t- 2%)- E,>h(h+2X))
T E,*(2R-t- 2h)+E_*h(2R- h)’

(Equation A1.3.6)

Also combining A1.2.2, A1.2.4, A1.3.4, and Al.3iBlgs:

o E shots(Egoh+E; 5t _
" LAE, (2R h)+E, ®¥x2R- 2h-t)’

(Equation A1.3.7)

Table A1.3 Equations describing the normal and issieass that arise when an external
source is used to force a compressive stressisttte thin film.
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External Source Forcing a Tensile Stress in the ThiFilm
In these cases, R is measured based on the ingide gielding:
r=R+y. (Equatian.3.8)
Using this and equations A1.3.1, A1.3.2, Al1.2.2,224 the definition of n, and the fact
that this stress must be in the tensile strese satifityield:

_ E (B ot(2x- 1)+ E, >h(h+2x))
" E, #(2R+2h+t)+E_*h(2R+h)

(Equation A1.3.9)

Also combining A1.2.2, A1.2.4, A1.3.4, and Al.3i8lgs:

. E shots(E >h+ E, 5t |
" LYE.hxh- 2R)+E, % X{2h- 2R+t)|’

(Equation A1.3.10)

Table A1.4 Equations describing the effect of mir@eal moment applied to force a
tensile stress state in the thin film.
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APPENDIX 2 DERIVATION AND JUSTIFICATION OF THE
RADIUS OF CURVATURE FROM A MEASURED
DISPLACEMENT

Since R is well known in the extrinsic stress st(@gction 3.9), this derivation

is only necessary for the intrinsic stress studscdbed in Section 5.2. When one leaf is

Figure A2.1 Measurement ok relative to each leaf of the samples.
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stressed, it will conform to a curve and its tigl we displaced from the un-stressed leaf
a distance x.

From this displacement, the radius of curvature@R lee calculated. Starting
with the arc length formula,

L
L=R =—,
qg 4q R

where L is the length (or arc length) of a lealsd basic trigonometry says:

Cosq) =~ (DRx+ ).

where h is the thickness of the substrate. Combithese two equations yields:

Cos£ :m_

Equation A2.1
= = (Eq )

Directly solving equation A2.1 for R as a functiohL and x is not algebraically
possible. The solution to this equation must beesbnumerically using computer

software (Mathematica was used for table A2.1)r@ can assume that R >> L and a

2

small angle approximation (valid whgm< 20°) can be made (ie€Coqq) @l - %

which are the first two terms from Taylor's expamsof Cos()).

If the small angle approximation is made, then R loa solved for:

2

L
R _R- (Dx+h) R- (Dx+h) L2 , L2
1- @ 1@ + R - R(Dx+h)+—
5 @ = @ = R @R” - R( ) >
LZ
. (Equatio.A)
2(Dx + h)
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To show the validity of this approximation, it negd be shown that R is indeed much

greater than L. Table A2.1 shows the validitylo$ tapproximation for the two extreme

(smallest and largest) measured values»of

X h L Low end | High End | Approximate | Ratio of | Percent
(m) (m) (m) | Numerical | Numerical | solutionof R| StoR Error
Solution Solution (m) (in (%)
of R (m) of R (m) radians)
2032 | 1.25 | 0.09 27.87 27.87 27.87 3.229 6.882
x10° | x10* x10° x10*
1.201 | 1.25 | 0.09 0.3316 0.3316 0.3336 2.700 6.162
x10% | x10* x10* x10*

Table A2.1 Extreme measured values ®f This table shows that the small angle
approximation is valid for this experiment, as k@est angle is 0.27 radians (of)15

This is reasonable as the worst percentage erfo6% (i.e. £2 mm). Notice thatx was
measured to £0.0025mm (£0.0001 inches), so aN#hees in this chart have 4 significant

figures.
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APPENDIX 3 A DISCUSSION ON THE ORIGINS OF FILM STRE SS

A3.1 Introduction

The stress discussed so far in Appendices 1 apgplg to bent beam systems.
Appendix 3 will attempt to distinguish (as muchpassible) the seven different types of
stress sources as mentioned throughout this pagdsyavarious Sn whisker authors.
The only necessary information for this distinctisra plot of stress vs. time. The plots
in this paper were obtained via bent beam anallisiwever there are other more
accurate methods to obtain such plots. The gotlisfappendix is to: 1) show that
intrinsic stresses play a very significant and clicaped role in the internal stress state
of a thin film, 2) show that the entire stressesfaiot just one of the 9 components)
needs to be considered when discussing whiskewatmin, and 3) to shed some light
on the results of section 3.9. It should also i that the discussion of this appendix
makes several approximations, and only yields “patk’ solutions.

It is possible for any combination of the seveestrsources to be influencing
the total stress state at any point in time. Farrttore some of the stress sources are
functions of time, and thus have a varying effectlte total stress state of the film.
Some of the stresses act differently than othezsgome are normal to the surface,
some are tangential to the surface, and some aeg stresses). If the stress of interest
can be safely approximated as uniform, then a tg@mmation with stresses from other

uniform sources is possible.
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Seven potential sources of stress in the substrttim film systems are as
follows: 1) atomic peening, 2) differences coetfit of thermal expansion (CTE)
mismatch between the substrate and the film, 3jasicucture stabilization, 4)
oxidation on the surface, 5) oxidation within thraig boundaries, 6) non-uniform IMC
development, and finally 7) any externally appliectes or moments. Before detailed
descriptions of these stresses can be made,etissary to first define the elements of

our stress state. Here we will use the standarte€lan notation of stress:

S

XX S Xy Xz

yX SW SYZ !

S

zX zy 2z

I®
I
v 0 v

where X is in the lengthwise direction of the saemplis in the direction which is normal
to the surface of the film, and z parallel to thdt of the film (as shown in figure

A3.1).

Figure A3.1 Definition of Cartesian Coordinatetsys used for samples in this
study.

Because of shear strain coupling to normal stresgés the compliance

matrix, it is best to discuss the strains (as opgde discussing the stresses) whenever
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shears are involved (such as in the case of eXtgagplied forces). Then Hooke’s law
can be applied to find the total stress state.
A3.2 Atomic Peening

The first stress introduced to a sample in a spaogerocess is due to atomic
peening. Atomic peening may also occur in eledatipy; indeed this may be the
primary factor influencing Lee and Lee’s [17] stunfystress as a function of voltage.
Although stress from atomic peening in sputteriag heen experimentally observed to
be roughly proportional to the square root of iha’s atomic mass [24], there is
currently no analytical method for determining teisess. The value of this stress can
only be found by experimentally measuring ihiéal stress state of a system and
subtracting out the stress caused by the CTE megmddue to crystallographic
symmetry, the stress from atomic peening is appnaied to cause equal stresses in the

normal and both tangential directions, ie.:

s = 0 s o ; (Equation A3.2.1)

Peening — exp

where ‘exp’ stands for ‘experimentally determined.’
A3.3 Coefficient of Thermal Expansion Mismatch

Stresses caused by differences in the CTE betweesubstrate and the film can
be calculated if the following assumptions are mddgerfect adhesion is made
between the film and the substrate, and 2) thedib®s not crack to relieve the stress.
We will assume both of these assumptions in oméntl a solution, however they may

not be safe assumptions. Once these assumptiemnsaale, stress determination
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becomes an elementary statically indeterminatelenob It can be solved upon making
the following two observations: 1) the force of filen on the substrate is equal to the

force of the substrate on the film

(which is Newton’s % law), and 2) the total change in length ¢f the film (caused by
both kand T) is equal to the total change in length of thiessrate. This can be

written in equation form as:

(df )DT i(af )F :(OS)DT (aS)Ff;

s

where the top signs are chosen if the substratéheagreater coefficient of thermal
expansion
a,>a;.
The expansion due to change in temperature caouvel foy:
oy =L»a>DT,
where L is the original length andis the coefficient of thermal expansion. The

expansion due to the approximately axial force is:

_PFL
AXE’

dr

where F is the applied force, A is the cross saaliarea and E is the Young’'s Modulus.
All of these equations can be combined to findgtness in the film due to the CTE
mismatch:

F.L Fi
Lxa, XOT +—=—— = Lxa_>xOT
txwxE; h>w>E
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_htEE, LoDT( a, +a,)

F.=F, =F
txE, +hxE,
Since
F F  hESE DT a,za,)
sOo S; = = :
A t X txE, +hxE,

for simplicity this equation can be broken into teguations:

for the cases whea, >a;, ;

_hEgE,oDT(a, - a,)

= , equation A3.3.1
f OE, +hxE, (eq )

and for the cases when, >a. ;

_hEgE,oDT(a, - a,)

= equation A3.3.2
f OE, +hxE, (eq )

Thermal expansion occurs in all three dimensionsjgonly resisted by the substrate in

the x and z directions, thus equations A3.3.1 aBBA apply to the,, ands ,,
components only. These equations can be writtéerins of strain by simply dividing
out the Young’s Modulus of the film. Although tlees expansion in the y direction and
thus there is @&,, component (found by:

e, =a;xorT),
it is free expansion, so there is no resultingsstreAt this point the stress state of a

substrate — thin film system due to CTE mismatahlmawritten as:

133



hxE, *E, OT( a, +a,)

txE, +hxE, ’
(sf)CTE: 0 0 h>E_ xE, >DQ|'( a; ias)
0
txE, +hxE,

(Equation A3.3.3)

One should observe that the effects of CTE mismatclir as soon as the
temperature changes. For the purposes of thiy,siwelhave assumed that the CTE and
Young’s Modulus do not change over time as Chiaral.s [30] study may indicate.
To gain a better understanding of how stress iotenaith whiskers, a full
understanding of the time dependence of the CTatish must be acquired, however
that concept is beyond the scope of this study.
A3.4 Microstructure Stabilization

Little is known about microstructure stabilizatif@®], although it is commonly
accepted that basic material data such as creemgf®Modulus and even the overall
appearance of the microstructure are affected pbienomena. This effect occurs as
the atoms within the recently sputtered film moveacant locations in the atomic
lattice to lower the potential energy of the filfihe results of this stabilization are
dramatic, but occur over a relatively short timeqe after sputtering. Again there is no
analytical method for determining these stres$es; tnust be measured experimentally
and are assumed (for simplicity) to be crystallpbreally symmetrical. The stress state

due to microstructure stabilization is:

Sep O 0
S stabilizaton — 0 S exp 0 . (Equation A341)
0 0 s

exp
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A3.5 Surface Oxidation

As oxygen from our planet’'s atmosphere interacth #ie film, an oxidation
layer builds on the surface of the film. Littlekisown about the magnitude of the
resulting stress (if one exists at all). To ouowitedge, there is no analytical method to
determine this stress, and the bent beam methotbtareasure its effects. It will not
be considered in this study.
A3.6 Oxidation Within the Grain Boundaries

Isometric expansion of the film that results duexggen seeping into the grain
boundaries and forming an oxide within the filnaistress which has been investigated
by Barsoum et al.[21]. In that study they apprcaded an analytical method for
determining this stress at the atomic level, aretlukis method to run a finite element
analysis (FEA) of such a stress. Despite thisleework, there is no analytical
method for determining this stress on a macrosdep#; thus, it must be determined
experimentally. This stress state is time depehdgthe oxidized atoms develop slowly

over a long time period. This stress state cap acdl bi-axially, and is outlined by

S exp 0

0
Soxydaion= 0 0 0 . (Equation A3.6.1)
0O 0 s

exp
A3.7 Intermetallic Development

Galyon and Palmer [18] hypothesized that non-umfdevelopment of the IMC
layer creates a tangential stress in the film wimcturn forces the whisker growth. It
should be noted that IMC growth is non-uniform irntlaree directions (x, y, and z), thus

there will be locals , components (neglected by Galyon and Palmer). thteissiew of
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this author that the, cannot be neglected in the study of whisker depraknt.

However, this component (which is not crystallodmaplly symmetric) cannot be
accounted for either analytically or by the berdarbheexperimental method, thus by
necessity it will be neglected in this study aslwélithough uneven IMC development
happens on a local level and creates local stresBemts, the bent beam method can be

used to find the average bi-axial stress caused ¢ko@Gth.

S exp 0

0
Smvc= 0 0 0 . (Equation A3.y.1
0 0 s

exp
A3.8 Externally Applied Stress
Stresses can be externally applied in a myriadayfsw These stresses can
usually be measured via strain gauges or some khanve, or in some cases can be

determined analytically. The stress state fronselsources can effect any of the 9

components.
Sm Sm Sn
Swme = So 82 sb (Equation A3)8.1
5 6 3
sm sm sm

where the subscript m stands for measured, ansuherscript indicates the 6

independent elements.
A3.9 Intrinsic Stress State
All of the sources of stress described in sect®BR-A3.7 are collectively
known as ‘intrinsic stress’. It is this intringtress which can be measured with the bent

beam method described in Section 5.2. The bemhimeathod measures tise,,
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component of intrinsic stress exclusively. Onae4h, component is known, one can

extrapolate to the other components based on kuigwlef the source stress. To
distinguish how much each source contributes tddtad stress state, a careful analysis
of the stress as a function of time must be unkerta To illustrate this process we will
now consider the case where 1500A of Sn have beeosited onto a 0.25 mm thick

strip of Al. The basic material data for all thaterials used in this paper are listed in

Table A3.1, the data needed for this example ajklighted. A plot of thes ,, stress as

a function of time which was measured by our bemtnb method for the case of 1500A

of Sn on Al is shown in figure A3.2.

Young's CTE Sputter
modulus Poisson's () Temperature
Material (Gpa) Ratio (parts/million- °C) (°C)
Sn 42 0.36 23.0 58
Ag 80 0.37 18.9 75
Not
Cu 124 0.34 16.9 Sputtered
In 11 0.45 32.1 40
Zn 108 0.25 30.2 ~60
Cd 50 0.3 30.8 38
Not
Brass 103 0.34 20.3 Sputtered
Not
Al 70 0.35 23.4 Sputtered

Table A3.1 Characteristics of materials used is gtudy. Sn and Al are
highlighted because they are used in the example
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Figure A3.2 Thes  component of intrinsic stress as a function otim1500A
of Sn on an aluminum substrate.

If there were no intrinsic stresses, then the stassa function of time would be
on top of the horizontal dashed line in the midafiéhe plot. The first point indicates

the s, component of stress measured in the first 30 rag;uT his point is nonzero due

to atomic peening and CTE mismatch. The subsivatened to a temperature of°e3
during the sputtering process, and room tempera2&°C. Using equation A3.3.1

(becausea > a, ), the stress due to CTE mismatch is calculatdeeted.62 MPa. The

initial stress point is observed to be 541.83 MRas the stress due to atomic peening
(at 2 mTorr Ar pressure) when 1500A of Sn are diggdsnust be 542.45 MPa;

S Peening +s CTE =S initial S Peening =S5 initial S CTE"
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This result is contrary to the prediction of Tham@nd Hoffmali®, although that study
was probably looking at the final stress stateamathan isolating the effects of atomic
peening, as in this analysis. If one only consdke final stress state (as Thornton and
Hoffman probably did), our results concur with tisei

The effects of microstructure stabilization cambéed by the red line in Figure
A3.2. The equation for this line fully describée teffects of microstructure
stabilization. In this case the effects of microesture stabilization continue the trend of
atomic peening, and make the stress state moréetefitie equation for line in this case
is

MPa

S =14.66h—>¢ +54183MPa.
r

stabilizaton

It should be noted that it is impossible to sepathaé effects of atomic peening and
microstructure stabilization, thus the equationdQL, ..., reflects its starting point
which is set by the previously imposed stresses@t peening and CTE mismatch).

The effects of oxidation in the grain boundaries ba noted by the blue portion
of the curve. Although oxidation begins as soothassample is exposed to the

atmosphere, this factor does not dominate thessstase immediately. In this case, it is

the effects of oxidation that bring tise,, component of stress into the compressive

regime. The equation for this curve is:

MPa ¢ 00007

S oxidation = 22523808MPa- 52317337
hr

The effects of IMC growth on the , stress state in this case are zero because Al and

Sn have no IMC. This shows that the blue cunanigrely due to oxidation. Again,
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attention needs to be drawn to the fact that effetbxidation cannot be separated from
previously imposed stresses (those of CTE mismatomic peening, and
microstructure stabilization), thus the equationdq,,...., reflects its starting point.

Now that this information has been gathered, wenmam extrapolate the entire
stress state of the film. First we note that tteeeno shear stresses in this example, so
all the components can be added straight awayaltreetlack of shear coupling in the

compliance matrix. Then we note that atomic pegaimd microstructure stabilization

happen in all three normal componengs (s ,,, ands ,,). CTE mismatch occurs via
equation A3.3.1 in the ,, ands,, components while the third component is zero.

Lastly the effects of oxidation in within the grddoundaries effect only the,, ands ,,

components. Thus the final stress state can bedsis

S Intrinsic O O
S = O S Before_Oxidation 0 ;
O 0 S Intrinsic

wheres ...« 1S found by evaluating the o, €quation when t = 3000 hrs, and

s is simply the stress state of the system befar@itidation became the

Before_Oxidation

dominant factor (the™ point on the plot for this case). In numbers, fthel stress state

for this example is:

- 79189 0 0
s = 0 89382 0 MPa.
0 0 - 79189

In the cases where an external shear stress iedgplich as section 3.9), the

final stress cannot be found through basic additecauses ,,,s,,, ands ,,are
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coupled by the shear strains through the compliamateix. Thus, it is also necessary to

find the intrinsic strain state:

-79189 0 0
§|t. _ :i: 0 89382 0 MPa.
=inwinsic  E_ 42GPa 0 0 - 79189
-189 0 0

= 0 213 0 »m
0 0 -189

Once the strain state is found, the externallyiagmtrain state can be added directly
and converted to look like a six dimensional vector

(Slntrinsic + SExternal ) ® (glmrinsic + QExtemaI) '

then the final stress state can be found througlyémeralized Hooke’s Law

+e

Intrinsic = External) !

i Final = g(@

where S is the 6x6 compliance matrix.
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APPENDIX 4 EXTERNAL STRESS FIXTURE DESCRIPTION,

DIMENSIONS, AND DIAGRAMS

In order to produce a uniform tangential, stress throughout a given substrate,
two fixtures were manufactured for this study. Jééwo fixtures had to accomplish
three main goals; 1) have multiple constant and kvedwn curvatures, 2) enable easy
sample removal and replacement (for intermediadéen@xations), and 3) inflict minimal
sample damage (particularly to the film). Theséufies were designed to have diameter
curvatures of -1”, -27, -3”, -57, 5", 3”, 2", and”land to hold 3 1 cm x 5.08 cm samples
at each curvature. The samples were designedhelden place by aluminum clamps.
These clamps apply no normal stress to the filmnth@tompressive samples, and only
apply a normal stress to the very edges of theléessmples.

The concentric curves of the compressive fixtureawnilled from a solid piece
of 6061 Al 3" x 3.25” x 6”. The solid piece was mded on a mill, and each of the
successive steps were milled into place and tHele was milled. Then the fixture was
mounted on a precision turn table fixed to the taitlle such that the 1” hole was
centered precisely in the center of the turn taflee y-axis of the mill was adjusted so
that as the turn table was rotated, the 1” milloited as a bore, and each of the
successive curves were bored in this manner. lifitied holes for the clamps were

drilled and hand-tapped.
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Figure A4.1 Computer aided drawing of the fixtused to impose external
compressive stress.

The concentric curves of the tensile fixture wdrenade from a single
cylindrical piece of 6061 Al (5.25” x 7”). This kyder was mounted on a lathe and
each of the steps were cut to size. Finally adlé kvas bored into the bottom of the
fixture so that it could be mounted on the precidiarn table which was fixed on the
mill. As with the compressive fixture, this fixeiwas mounted concentrically with the
turn table. Once it was mounted on the mill, tbkek for the clamps were drilled by
rotating the precision turn table to the calculaadle (to a precision of +5 arc-seconds)

which ensured arc lengths of 2” (5.08 cm) precisely
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Figure A4.2 Computer aided drawing of fixture use@npose external tensile
stress.

These two fixtures are geometrically pleasing ay #re exact volumetric
negatives of each other. This artistic elemeenibodied in the fact that the tensile
fixture fits precisely inside of compressive fixtwvith no extra space. This feature is
not only artistically pleasing, but also servesphactical function of minimizing storage
space when not in use. The post production medslim@gensions are shown in Figures

A4.3 and A4.4 below.
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APPENDIX 5 PLOTS OF TOTAL STRESS STATE VS QUALITIES

OF WHISKER GROWTH WHEN EXTERNAL STRESS IS VARIED

A5.1 6000A of Tin on a 0.125 mm Brass Substrate

Figure A5.1 Whisker growth as a function of the, component of total stress.

Figure A5.2 Whisker growth as a function of thg, component of total stress.
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Figure A5.3 Whisker growth as a function of the, component of total stress.

Figure A5.4 Whisker growth as a function of thg component of total stress.
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A5.2 6000A of Tin on a 0.25 mm Aluminum Substrate

Figure A5.5 Whisker growth as a function of thg, component of total stress.

Figure A5.6 Whisker growth as a function of thg, component of total stress.
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Figure A5.7 Whisker growth as a function of the, component of total stress.

Figure A5.8 Whisker growth as a function of thg component of total stress.
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A5.31500A of Tin on a 0.25 mm Aluminum Substrate

Figure A5.9 Whisker growth as a function of the, component of total stress.

Figure A5.10 Whisker growth as a function of thg component of total stress.
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Figure A5.11 Whisker growth as a function of thg component of total stress.

Figure A5.12 Whisker growth as a function of thg component of total stress.
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