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Common electronics materials, such as tin, copper, steel, and dreassnbient

reactive under common use conditions, and as such are prone to corrosiang tBeiri
early 1940s, reports of failures due to electrical shorting of comporesnised by
‘whisker’ (i.e., filamentary surface protrusion) growth on mamyece types — including
the aforementioned metals — began to emerge. Lead alloying (§-10% by weight,
typically in the eutectic proportion) eliminated whiskering fskdecades, until the July
2006 adoption of the Restriction of Hazardous Substances (RoHS) dinwesvissued
by the European Union. This directive, which has since been adoptealifoyr@a and
parts of China, severely restricted the use of lead (<1000 ppm) @leatrical and
electronics equipment being placed on the EU market, imposing théanessl/eloping
reliable new “lead-free” alternatives to SnPb. In spit¢hefabundance of modern-day
anecdotes chronicling whisker-related failures in satellitesJeaucpower stations,
missiles, pacemakers, and spacecraft navigation equipment, puiaigires are still
increasingly being employed today, and the root cause(s) oktiskering remains

elusive.

This work describes a series of structured experiments expkhenfyindamental

relationships between the incidence of tin whiskering (as dependeablearand



numerous independent variables. These variables included deposition method
(electroplating, electroless plating, template-based eldwtmical synthesis, and various
physical vapor deposition techniques, including resistive evaporatioriroaldoeam
evaporation, and sputtering), the inclusion of microparticles and organtamination,
the effects of sample geometry, and nanostructuring. Key fingergain to correlations
between sample geometry and whisker propensity, and also to t$seestodution across
a series of 4”-diameter silicon wafers of varying thicknesgi¢h respect to the degree of
post-metallization whiskering. Regarding sample geometnyas found that smaller,
thinner substrates displayed a more rapid onset of whiskering imedgdiallowing
metallization. Changes in wafer-level stress were not fourdrtelate with whiskering
morphology (humber, density, length) after 6 weeks of aging. Tt qgoints either to
the irrelevance of macrostress in the substrate/film compamitéo a difference in
whiskering mechanism for rigid substrates (whose stress gradientime is significant)
when compared with thinner, flexible susbtrates (whose strésssivariable with time).
Organic contamination was found to have no appreciable effect whercitgxpl
introduced. Furthermore, electron-beam evaporated films whiskevesl nr@adily than
films deposited via electroplating from baths containing organigtiteners.” Beyond
such findings, novel in themselves, our work is also unique in that we singltihe
“clean” deposition of tin (with chromium adhesion layers and copper laydes) by
vacuum-based physical vapor deposition, to circumvent the question of coni@mina
entirely. By employing silicon substrates exclusively, we hdtinguished ourselves
from other works (which, for example, use copper coupons fabricaiedrblled shim
stock) because we have better sample-to-sample consisten@rms of material

properties, machinability, and orientation.
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CHAPTER 1: INTRODUCTION

Problem Statement

“Tin (Sn) whiskers” are crystalline metallic ‘tendrils,’ or filantary
outgrowths, of tin which originate from electroplated or physical vapor d¢edos

tin-containing surfaces (see Figure 1).

] V10.7mx10.0k SE(M) .
Figure 1: Tin Whisker on electron-beam evaporated
Cu-Sn thin film (10,000x magnified)

Their reported sizes, growth rates, proliferation conditions, and maogibsl|
have a wide range of reported values and properties, makingdifiécnlt to
predict and, as a result, rather perplexing to study. Given ttiegt are
conductive, and also that they are capable of piercing through
protective/conformal overcoats (nevermind that encapsulation is naysl
practical), tin whiskers pose a significant reliability probléo the electronics
industry’®. For years, such risks were unimportant, given the almost exclusive use
of tin-lead solder. The RoHS-driven resurgence of pure tin pldandg the
corresponding certain, though gradual, elimination of lead as an ojtam)
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renewed the commercial and scientific commmunities’ interedisicovering the
root cause of tin whisker growth, how best to prevent it, and/or hownionirne

the risk of shorting if whiskers are inevitable.

Outreach & Collaboration

During the course of this research, | attended multiple conferences and

workshops related to whiskering and RoHS transitioning, including:

“Lead-Free Track” at the International Microelectronics and Paegag

Symposium (IMAPS) in 2006

“Lead-Free Solder Joint Reliability Workshop” by Jean-Paul Clech in May 2007

NIST Workshop: Measurement of Stress in Sn and Sn Alloy Electrodeposits in

April 2008

CALCE Symposium on Part Reprocessing, Tin Whisker Mitigations, and

Printed Wiring Assembly Rework/Repair in November 2008

“Achieving High Reliability of Lead-Free Soldering — Materials Gdaegation”

Professional Development Course by Ning-Cheng Lee (Indium Corporation of

America) at ECTC 2009

Reports detailing what | learned at these events are also iddludgpendices
C, D, E, and F. | consulted with members of NIST’s Metgltal Division
during several phases of this dissertation, including Maureen WAllidril

Boettinger, Kil-Won Moon, Daniel Josell, and Gery Stafford. Eaclhese

scientists have been very active in the area of tin whiskeand were very



accommodating in offering me their advice and suggestions. | lsvegoyed
a standing invitation to listen in on and/or participate in the rexuyiNEMI Tin
Whisker Team conference call, allowing me to regularlyriate with several of
the field’s most recognized experts, including Richard Parkelp(i), Tom

Woodrow (Boeing), and Carol Handwerker (Purdue).

Review of Literature and Concepts

A thorough review of scholarly publications on the subject of tin whiskers
leads to the following categorization: Fundamentals of Growth andlMey,
Anthologies and Case Studies, Theory/Modelling, and Mitigation. A discussion
of each category is included in the following sections, with emphasis placed on
the more significant papers and their contributions to the general understahding
tin whisker formation physics. It should be noted that, while much of the
fundamental information presented therein is widely agreed upon and/or lgurrent
being researched, there exists in the field a resounding lack of consensus when it
comes to a comprehensive picture of the tin whiskering phenomenon, its causes,
and its remedies. This fact, coupled with the strong economic impetus for firms
to successfully transition into RoHS adoption, makes the understanding and

mitigation of tin whiskers critically important to the global electronnchustry.

Fundamentals of Growth and Metallurgy

Whiskers (especially but not exclusively tin whiskers) pose risks to

microelectronics reliability from multiple standpoints. They can causesdf



hard electrical shorts, debris contamination, and ‘metal vapor arcing,” aproces

by which high power conditions result in the vaporization of tin whiskers into a
massively conductive and long-sustaining plasma. The emergence of one or more
of these deleterious effects has in numerous documented cases been shown to
destroy small electronics, medical devices, communications systemsiomsni

and spacecraft. Public sources of fundamental and/or background information on
tin whiskering are largely in agreement when it comes to generalized
characteristics of whiskering, and also employ common language while
describing those characteristics. To begin with, whiskers are widely define

being “filamentary” protrusions, or “outgrowths” of crystalline metakeging

from a surface having that same metal within its composition (this is often
presumed to be aglectroplatedsurface, though not in every case). Distinct from
dendrites, whose growth proceeds via metal ion dissolution in water and the
subsequent application of an electric field, whiskers are believed to require
neithersuch condition in order to form. Whiskers have been observed on tin,
zinc, cadmium, iron, antimony, silver, indium, gold, lead, palladium, and nickel,
individually, taking on a variety of trajectories, shapes, and surface textures

Their growth has been shown to commence after an “incubation period” which
has been shown to last minutes, weeks, or decades, and to display rates ranging
from <0.03 to 0.9 mm/ye¥3r They may contain striations (see Figure 2) and/or

kinks, and may be solid, hollow, or ‘perforat&d’



It is universaly believed that stress (usually compressive stiis the
driving force behind whisker formation, and manymses elaborate that stress
be comprised of residual stresses due to platieghamically and thermal
induced stresses, and the stress caused by sakddsifusion. Although a moi
complete examination of contending theories wilpbesented in the Theory a
Modelling section, the bulleted list below providesampling of the mot

confident (and/or implied) claims encountered ia likerature

Whiskers DO grow...

* Spontaneously from pure electroplated Cd, Zn, fkeam Sr

* After incubation periods from seconds to dece

* At accelerated rates with applied compressive fetsss
* At higher incidence wit applied compressive force/stre
+ Up to several millimeters in leng

* With diameters ranging from 6nm to @t (1-5 um typical)
* More readily from a ‘bright’ plating surface thamom a ‘matte’ one

+ More readily when stress and/or diffusion is augtee



* At typical growth ates of 0.1 angstrom/second (ambient,

4 At accelerated rates with Zn present in Cu sules

* From Sn on quartz with Cu underl

* From AFAg films when exposed to hydrogen sulfide@)l

4 Due to material being added at baseof the whisker
(not the tip)

* When an intermetallic compound (IMC) has formednaen tin and th
substrate metal (though some research suggesthitbas not a necessa
condition)

* From plated finishes whose grain structure is colar

Whiskers usuallyDO NOT grow..

* From Sn when alloyed with Pb (at 5% or grea
¢ From Sn on quartawithout Cu underlay).
* When the ambient temperature exceedsC.

Accepting as valid the premise that whisker forovatis a stress reli
mechanisit??**¥42 one may infer that the corresponding redistritnutivhich
is imposed upon the local lattice will effectivedjter aspects of that materic
When considering the role of crystallographic tfamsations leading to and/
occurring during whisker growth, it is critically importario identify anc
understand all of the germane materials scienceeqts. Although tin whiskel

have been confirmed by-ray diffraction to display single crystal orderifiin



has a tetragonal structure), in practice the films from which whiskevs may be
polycrystalline and contain imperfectidhs

Disruptions to crystalline ordering are known as crystallographic deteadshey
can manifest themselves as points (such as impurities, interstiidigaeancies),
lines (such as ‘dislocations’), planes (such as stacking faultg), three-
dimensional groupings (known as ‘bulk’ defects). The presence of
crystallographic defects necessarily implies that strerejttied properties of the
material have been altered. Dislocations, arising for exardpk to plastic
deformation, may be of the ‘edge,” ‘screw,” or ‘mixed’ (i.e., botdge and
‘screw’) type, and may in turn result in ‘slip’ (or ‘glide’), deédf® as the
“process by which plastic deformation is produced by a dislocataiiom” Slip

is one of several processes by which a lattice may becotherfatistorted, and it

is most likely to occur “between planes containing the smdllesgers vector.”
The burgers vector is the vector signifying the magnitude andtidimecf the
dislocation causing the relevant lattice deformation, and its atientrelative to
that dislocation indicates the dislocatitype (i.e., it will be parallel to a screw
dislocation, butorthogonalto an edge dislocation). Naturally, a burgers vector
will be a multiple of one of the translation vectors of the hatiice unless it
corresponds to partial dislocation. ‘Creep’ is the general term used to describe
the irreversible migration of material in response to a stigg®sing a time-
dependent deformation. ‘Climbing,’” a special case of creep, octumns avlattice

vacancy diffuses into the vicinity of a dislocation, allowing tdelocation to



move to another slip plane, thereby propagating through the crystak raiatk

imparting additional deformations.

Stacking fault energy (SFE), or the energy associated withoadimensional
discontinuity in crystalline ordering, is an influential factdatieg to the motion
of dislocations. SFE values for many materials have been iequeally
determined using weak-beam transmission electron microscopyllagsweray
diffraction. If a host material has sufficient stacking faelergy, the
corresponding dislocation mobility will enable the spontaneous onset of a
thermodynamically driven ‘recrystallization’ event. In suchciecumstance,
dislocations glide onto nearby slip planes and are able to tratherskattice.
They do so because sustainment of deformations is energetictdhor to
recrystallization. During a recrystallization process, neaingr nucleate from
existing subgrains, incubate, and grow/merge until they have gne@hced the
deformed grains. An analogous process associated more specivdallyhe
subgrains themselves, known as ‘recovery,’ also involves energy izatiom, in
this case via defect rearrangement or annihilation. In cadesewfull
equilibration has not been achieved upon completion of both recovery and
recrystallization, further evolution of the matrix can proceedgnan growth,” a
lateral augmentation of grain size (and reduction in the numbermrawfisg
occurring most appreciably at “high temperatures.” It should bedribiat for
some materials, including pure tin, room temperature is signifieaough a

fraction of the melting point that mechanisms such as creep andygoavth may



be observed. At room temperature, the homologous temperature of0tBBijs
slightly lower than the SnPb value of 0.6535. (The homologous tempermsture i
defined as the ratio of the ambient temperature to the melting baitit, in

Kelvin.)

Grain boundaries are the interfaces between metallic graiasfiim or
bulk material. The average (or local) grain size (i.e., distahetween
neighboring grain boundaries), a property which can be modified irs tefrtne
plating conditions or of the deposition technique itself (explored integreeatail
later), relates directly to the strength of a materialtheéyield stress, as defined

by the Hall-Petch relationship:

N ky
Oyield = Oo T T3
' Ja (Equation 1.1)

where oyielg IS the yield stressy, is the starting stress, d is the average grain
diameter, and kis a “fitting parametef”. It is partly the movement of high angle
grain boundaries through a material which enables the recizestiaih process to
take place. Grain boundaries may be assigned mobilities whecdegpendent
upon, among other things, theiegreeof misorientation (i.e., ‘high angle’ or ‘low
angle’ boundaries, with the former having a generally higher mgbénd the

temperature (likely because bulk diffusion plays a role). Becaidsés



temperature-dependent nature, boundary mobility (i) is often desasbeaving

an Arrhenius-type behavior, i.e.:

U = *exp(-Q/RT) (Equation 1.2)

where the prefactor (u and activation energies (Q) are often experimentally

determined, R is the universal gas constant, and T is the temparatgelvin.

There is also an energy associated with each boundary, as dafitlkee Read-

Shockley equation:

Ys = Yo" 0(A —InB) (Equation 1.3)

whereys is boundary energy is the degree of misorientation (ratio of Burgers

vector to dislocation spacing), and:

Yo= G*b / 4rt(1-v) (Equation 1.4)
and

A=1+In(b/ Zrr,) (Equation 1.5)

wherev is Poisson’s ratio, G is shear modulus, b is Burgers vector,,asndhe

radius of dislocation concentration. The boundary energy, together lath t

10



subgrain size @l relates to the driving force approximation for metallurgical

recrystallization as follows:

AE = 3ys/ ds (Equation 1.6)

All grain boundaries can become ‘Zener pinned’ by point defeuifon
disruptions to the boundary plane, thereby preventing further lattigenrother
than localized bowing which results from forces exerted on uncompmmise
portions of the plane). If these particulates are widely dis&ihthowever, they
can actually lead to accelerated recrystallization idstéa fact, there is a
transition from retardation to acceleration depending on the t&td, i.e. the

ratio of the volume fraction of particles to the average particle diatheter

Anthologies and Case Studies

George Galyon of IBM has compiled several review articles on the
chronology and theory of tin whiskeritfg2 which serve as excellent, systematic
primers on the subject. In a comprehensive Watesented at SMTAI (Surface
Mount Technology Association’s International Conference) in 2004, he
characterized each decade between 1946 and 2004 in terms of its major relevant
technological breakthroughs, as well as of the general climate of tin whisker
inquiry during that period. The 1940s brought reports of some of the first known
observances of whisker growth, on electroplatings of both cadmium and tin. The

following decade saw a proliferation of fundamental research and publications, as

11



well as the implementation of many whisker “mitigation” practicekistilise

today. It was during this period that whiskers were first grown as singials,

with augmentation occurring at the base/root, rather than the tip, an observation
which gave rise to the publication of multiple dislocation-based explanations.
The first of these came from J.D. Eshéfbywho supposed that a Frank-Read
Source was involved, a type of dislocation amplification in which two ends of
said dislocation have been pinned, leading to the emission of stress relief seeking
dislocation ‘loops’ which emanate to slip planes and cause atomic migration
along grain boundaries up to the surface. Other theories included mixed (i.e.,
edge and screw) and helical dislocations, in the latter case with climb playing a
role as well. Galyon asserts in his anthology that all subsequent works on the
subject are essentially offshoots of these few initial works. The prevailing
modern-day opinion, he tells us, is that whisker growth is unrelated to lattice
dislocations, an opinion first voiced by W.C. Eflisalso in the 1950's. He was

the first to argue that ‘recrystallization’ might play a significaérand that

since whisker cross-sections have revealed some to be neither coherentiwith the
base materials, nor coincident with expected glide directions, they canridiet al
explained by dislocations. Rounding out the 1950’s discussion was the seminal
Fisher-Darken-Carrdlif paper, in which tin-on-steel substrates were subjected to
very large clamping forces, ahighly accelerated whisker growth rates were
observed. This work, verified in the subsequent literature by others, led to the

widespread belief that compressive stress is what drives whiskethgrow

12



During the 1960’s, Russian experimenters found that zinc, when present in
copper substrates (as brass substrates), causes tin whiskers to grow more
readily’®. They also expressed their concurrence with the Fisher-D&r&enll
results, as well as with the recrystallization hypothesis, they were first to
introduce the notion of annealing for whisker mitigation. Also activenduhis
decade were S.C. Britton and M. Clarke of the International TiredRels
Institute (ITRI), who published data on the effectiveness of undeslafenickel
and copper on brass substrates, as a means for mitigatinggtsgioni of zinc
into the superficial tin matrix. Their findings were mixed, depeg on the
brightness of the tin electrodeposits. When Cu and/or Zn atomsabbreto
migrate to the tin surface, whiskering would occur. Though thag,wa the
time, many years from having the capability to image such a plemmthey
wereable to electrochemically measure (correctly) that trexnmetallic incidence
at the substrate surface was ‘island’-like, rather than contigtiodhe 1970’s
brought at least two particularly notable works which continue to imfedin
whisker research today, namely U. Lindborg's zinc stdiich concluded, via
x-ray stress analysis, that micro-stresses (i.e., thosetalubslocations and
impurities) are unrelated the incidence of zinc whisker growth, and K.N. Tsfs fi
paper (of many) in which he found whiskers to grow from tin on quentizwith
an intermediate copper layer. In the latter work, Tu postulated Ih@
formation is critical to whisker growth.

In Reference 27, Galyon combines the accomplishments of the 1980’s and

1990’s into a single section, as they are few in number. An integdstiropean

13



Space Center paper, published in 1987, asserted that mechaegs¢stilidhot
accelerate whisker growth in their samples. The experimesetaip did not
involve macro-compresson (i.e., the pressing of two surfaces togdtherather
investigated the whiskering impact of a thin tin film which baen electroplated
onto a surface and was bent into tension and/or compression (vich@€xs
ring). Galyon interjects that this result may be due to twifiguration, i.e. their
technique does not lead to a direct ‘extrusion’ of tin. Rather, hs, shgir
experiment involved relatively small (‘micro’) stresses, heiit assisting
recrystallization (as had been surmised in Fisher, et al.). In T89egcame the
first to propose that whiskers may grow through cracks in weak ,oxigeemise
which is still being explored today. Lee & %é@ublished groundbreaking data
on cantilever beam stress measurements, employing the Comiuary'S
equation (the application of which requires that the non-alloyed tietdeed
away) to demonstrate that annealed films were stress-frhey also presented
electron beam diffraction results which demonstrated that whiskentations
differed from those of their host grain(s).

Not surprisingly, the present decade has produced an extrdngtly
volume of scholarly publications on the subject of whiskering, to a dedrieh
dwarfs the previous six. Motivations for such a dramatic increageally stem
from the electronics industry’s need to respond to the RoHS idegeeind such
modern research efforts are enhanced by the comparatively high déeve
technological sophistication which is reasonably accessible to mgpdpistyers.

Chief among these technologies is certainly focused ion b&B) Mmilling;

14



when coupled with scanning electron beam (SEM) imaging, FIB prevade
highly controlled and informative means by which to planarize surfaces mdsnte
(i.e., cross-sections of whiskered films) and to make morphologicahaisns
at a snapshot in the film’s evolutionary life. Dr. Galyon mentidwes first FIB
work in 2001, by Zhang et al., which led the authors to agree that nickel underlays
were an effective means of whisker mitigation, perhaps due téathdéhat Sn
diffuses more readily into nickel, while in the absence of nickepper will
diffuse unimpeded into tin. Also described in Galyon’s anthology wesee t
developments of various research groups and consortia dedicated togbeota
ending whiskers, and also to the emergence of a discussion on tlo¢ stiess
gradientsin as-plated films (i.e., as measured by micro-x-rayyaisgl Galyon
closes with an overview of his own “Integrated Theory” of whiskeringyhich

he provides the following (summarized) criteria:

“1. Whiskers do not grow from as-plated microstrresis.

a “different” whisker grain must be formed.

2. Whisker grains are formed by recrystallizativers.
Recrystallization events are driven by macro - and/

micro -stresses within the film.
3. Tin atoms are transported to the whisker gfaiaugh a

grain boundary network that connects the whiskaingr

with the film / substrate interface region.

15



4. The driving force for tin transport is a positistress

gradient...not a compressive stress state.

5. Intermetallic formation at the substrate inteefgenerates
very high compressive stresses in the intermetadtion.
The intermetallic region is always a combination of

intermetallic and unreacted/displaced tin atoms.

6. The unbalanced inter-diffusion of copper andeisults in
a Kirkendall effect with a vacancy-rich zone withire
copper substrate in the vicinity of the film/sulbsr

interface.

7. The Kirkendall zone within the copper substratllts in
a shrinkage effect that establishes a tensilessttase in

the Kirkendall zone.

8. Dislocation mechanisms are probably not relet@nt
whisker growth. Tin atoms can move into the whisker

grain from the whisker grain boundaries by diffusand
thereby lift the whisker grain surface so as tongeo

filamentary whisker.®®

In a 1993 work featured at the IEEE Aerospace Applications Conference
CPT Mark E. McDowell related the U.S. Air Force’s understandihghe tin
whisker problem as well as their rationale when making rétbiased

decisions about plating finisiiés He reported that, at the time, there were ~50
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military specification (MIL-SPEC) documents which still pettedl the use of
pure tin. It was the Air Force’s belief that whiskers @ity emerged from
surface “nodules,” in keeping with the published opinion that the shape and/or
proximity of such nodules is a deciding factor in the morphology of the coincident
whiskers. CPT McDowell's paper speculates that whiskers faust due to a
long-distance diffusion process, since there is no observablezkdtdhinning of

the tin beneath heavily whiskered regions. He also observedatke off
agreement in the literature regarding the strength of whigkerswhether they

are difficult to break or whether they are prone to breaking),edlsas whether

slower growth or faster growth correlates with higher dormancy.
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Theory/Modelling

As evidenced by the proliferation of academic inquiry into tin whiskering
over the past several decades, there has been a sustained effort within industria
and academic venues to identify a comprehensive theory to explain the
phenomenon. Many such attempts can be described as including at least one of
the following factors: plating stresses, applied stresses (micraswle
macroscale), intermetallic growth, CTE mismatch, crystallographictefe
recrystallization, grain growth, creep, the presence of a native oxide and/or
imperfections therein, and mechanical deformations. The claims presented in
Table 1 below illustrate the widespread lack of agreement on any single

given theory.
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Primary Theory

Counter Claim

Whiskers grow when dislocations migrate to the film
surface, dropping off atoms.

-Dislocation loops emitted from a Frank-Read source
-Edge dislocations stuck to screw dislocations
-Helical "climbing” |:|'|5Iu:n:at'u:rns'4123’1'F

Dislocation Theory cannot be correct since:
-Whisker roots aren't always coherent with the
film grains

-"Kinking" would not cccur with dislocated
atoms

-Mot all whisker growth directions match up

with possible dislocation glide planes 17

Whisker Growth is a special case of recrystallization 17

No counter-claim exists

Whisker growth is independent of micro-stresses
{which are due to crystallographic defects) in Zn on
stee| 0

Lindhaorg's x-ray stress mapping has never been
repeated, and so this result has never been
confirmed.

Whiskers grow due to stresses which arise when
copper-tin intermetallics form 11,4264

Whisker growth can he prevented by copper as

an interlayer between matte Sn and brass (Cu +
2

Zn).

Whisker formation is accelerated when a 5n cample is =5
mechnically stressed (direct c Iar'rlr:l].33

Eurcpean Space Agency says that stress has no
effect (C-c Iar'rlr:l].28

Aluminum electromigration can cause hillock and

whisker growth at grain boundaries 22

Electromigration is irrelevant to tin whiskering,
as whickering has been observed to cccur in the
absence of both current and moisture.2

Whiskers grow through cracks in a weak or
compromised surface oxide Iaver.Eldﬁ

Whiskers grow in the absence of SnD,c‘.?‘

Whisker growth cccurs via simple mass transport

23

{i.e., diffusion

Whisker growth occcurs via & combination of
mechanisms, which may or may not include
ordinary diffusion.

Whisker growth relieves hiaxial (i.e., at grain
houndaries) compressive stressses built up ina film
due to excessive intermetallic (CugSns) formation
through a large number of grain boundaries (e,
smaller grains are wu:rrse].44

A MIST study revealed hillock farmation in films
where a tungsten diffusion barrier separates the
copper layer from the tin layer, suggesting that
intermetallic compounds are not required for

whisker formation 12

Whiskers grow when the following three conditions
are present:

1. Fast atomic diffusicn at room temperature

2. Compressive stress driving force (mechanical,
thermal, ond chemical)

3. Protective surface oxide (to confine, and also to

induce a stress gradient)

Mechanical compressive stresses have been
ruled out by some, micro-stresses by others, and
surface oxides by still others!

Table 1: A Summary of Popular Whiskering Theories and Counter Claims
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Mitigation
Whisker mitigation practices approved by the Indtional Electronic:

manufacturing Initiative (iNEMI) Tin Whisker Userr@up can be viewed i

http://www.inemi.org/cms/pljects/ese/tin whisker usergroup.r. As of

January 28, 201G, the approved technologies were described asfs

“Mitigation practices recommended by the User Graongude use of
nickel-palladiumor nicke-palladiumgold instead of tin; use of a nickel underl:
annealing/heat treatment (150°C for one hour) oftenéin within a short tim:
after plating; use of a hot dip tin or tin alloy finiskather than plating (SnAgCu
the preferred dby); and fusing (reflow above 232°C) by the tiatiplg supplier

within ashort time after platin

Common techniques advocated and/or employed fagatiing tin whiskel

growth, ageported in the literature, include one or moré¢heffollowing

¢ ALLOYING WITH LEAD (3-10% by weight)

o FUSINGREFLOW’

* HOT-DIPPING>

. ANNEALING (150-200°C, in nitrogeri}

¢ UNDERLAYING (i.e., fcr tin on brass: Cu for matte &md Ni for bright
Sn are suggeste®®

* ORGANIC ENCAPSULATION/CONFORMAL COATINC (mitigates

shorting, not formation of whiske’
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. INCREASING Sn THICKNESS (8 or greater if not flow melte®®

4 USE OF ALTERNATIVE MATERIALS:

Criteria Sn SnBi SnCu Snfg Au flash/PdNi | Au flash/Pd
Solderability OK QK Ok QK QK QK
Solder Joint SnPBBi
Reliability OK r‘e-l'nl:riil'g,r1 oK Mot tested Ok oK
Tin Whisker Shghlly higher | Slightly higher Significant Shightly higher
Susceptibility risk’ risk’ Risk® risk" Mo whisker risk| Mo whisker risk
SnPb and Pb-free SnPbBi
Process oK n.al'nl:ri.il'g,r1 QK Mot tested QK QK
Contact Resistance OK Ok 0K Mot tesled QK QK

Better than Better than
Fretting Resistance oK QK oK Mot tested SnPb SnPb
Coefficient of Friction QK Ok Ok Mol tested QK OK
Easier than
Plating Process SnFb Difficult! Difficult | Very Difficult’ Ok, OK
Bismuth
Scrap Value QK content® QK QK oK OK
Cost QK OR QK Expensive | Very Expensive|Very Expensive|

Table 2: Comparisc of SnPb ‘Alternative’ Plating Materiaf

It is the preliminary opinion of this author thahisker growth occurs dt

to a combination of recrystallization and grainwgtio. The former is believe

likely to play a dominant role in whisker formaticparticularly when considerin

that (upon completion of an initial nucleation stagecrystallization proceeds

a site-specificsaturatior type growth process. The relatively weak driviogece

behind recrystallization, which can be acceleratedslowed based on tt

prevalence and geometry of foreign particulatesy rhalp to explai

the

occasional ‘unusually lor incubation periods. Furthermore, the grain baamy

‘pinning’ which results from higher particulate c#ires may have the effect
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translating what might have been lateral grain growth intacatrgrain growth,
once the recrystallization and recovery mechanisms have beenehlized. On

the other hand, a specific means of grain boundary pinning, known to
metallurgists as ‘Zener pinning,’ involves incorporation of a fingelsion of
particulates into a material for purposesetarding the recrystallization process.
Incorporating foreign particles of a properly engineered morphatoigirt also
prolong the crystallization step (an effect known as “continuous
recrystallization”) and/or contribute additional relaxation sudatethe end of
relieving the stress precursors to whiskers. Investigahegconsequences of
such a treatment on a variety of substrates, and for a varigtyesof tin plating
finishes (including SnZn and potentially other alloys) may aid in pgpwr

disproving the recrystallization hypothesis.
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CHAPTER 2: EXPERIMENTATION

PHASE I: Substrate Preparation

Early in this work, it was presumed (based on numerous reports in the
literature as well as on INEMI endorsement) that substrates chemicadhimed
from rolled copper shim stock, in the geometry outlined below, would be ideal
test structures for tin whisker studies, given that (as in most solderaliterales
applications) the metallization underlayer would be comprised of copper, and also
that cantilevered structures were widely believed to be useful gauges of “as
plated” film stresses, via the uncompensated Stoney equation. In prepamation f
the test coupon fabrication, samples of several thicknesses of copper shim stock
were submitted to the JHUAPL sheet metal shop for rolling/flatteningvohkt
for the production of the flexure beam stress testing coupons was getgrated
Johnston in the Board Fabrication area at the Applied Physics Laboratory, and a

checkplot rendering of the geometry is presented in Figure 3 below:

15.00 |

3. 00— I
13. 00

20 e
op o2
28. 00

:

2. 00—B g—TYP

A 28. 0D o

Figure 3: Flexure Beam Coupon Geometry
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Dry-film photolithographic processing was carried out according to the

following process steps:

1. Hand cleaning of copper surfaces with Microscrub cleanser

2. Deionized water rinse

3. Heated solvent soaks (5 minutes in acetone, 3 minutes in isopropyl
alcohol)

4. Deionized water rinse, dry nitrogen blowoff

5. Oven pre-heating of copper shim stock to 90°C (~5 minutes)

6. Lamination of dry film onto shim stock

7. Exposure of cantilever beam pattern in double-sided UV table

8. Tank develop
9. Deionized water rinse, dry nitrogen blowoff
10. Double-sided pattern etch in ferric chloride

11. Deionized water rinse, dry nitrogen blowoff

4

¥ |
Figure 4: Flex Beam Structure Etching Figure 5: Completed FlarBEletail)

Numerous issues arose pertaining to the viability of these larger copper

cantilevered structures, particularly the difficulty in achieving aepiable
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tradeoff between how “thin” the coupons could be while retaining planarity
(indeed, achieving planarigyrior to micromachining was also impractical for the
lower thickness range) and the ability to obtain flexure in the central beam.
Furthermore, discussions with colleagues at NIST, including Bill Boettengykr
Maureen Williams, suggested that any attempts to employ the Stoney equation for
stress calculations using rolled copper stock would be error-prone if the “roll
direction’ (or absolute orientation to it) was not also taken into consideration.
Based on these manufacturing and analytical complications, we chose t@migrat
our experiments to an alternative substrate material and geometry. ettecel
silicon for our new base material, based on its maturity (from a matsciance
standpoint), the availability of supplies, and the ease of machining. We scaled
down the geometry of the test sample to allow for the higher throughput of
samples, as well as to enhance the sensitivity of the flexure beam appemfdages.
checkplot illustrating the dimensions of our modified, smaller test die, aldhg wi
photographs of the microfabricated die, are shown in Figures 6 and 7 below. The
microfabrication was accomplished using deep reactive ion etching of thedarray
pattern shown (emulsion photoplotted artwork and negative-working Futurrex

NR5-8000 resist were used).
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Figure 6: Modified Silicon Test Die Geometry

_A

Figure 7: Microfabricated Silicon Test D.ie

PHASE Il:  Substrate Metallization (Thin Film Deposition)

A. Plating
All plating experiments were performed on the 100-micron thick silicon test
die structures described above, with an electron-beam evaporated seed layer
of 300 angstroms of chromium (to aid in adhesion) followed by 2,500
angstroms of copper. The silicon parameters for all plating experiments ar
included in Table 3 below.
(1) Techni-Matte Tin Sulfate 89T
Electroplating of tin was performed using the Techni-Matte Tin
Sulfate 89T formulation, a bath containing stannous sulfate and

sulfuric acid. Samples were solvent rinsed prior to plating, and dipped
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in ammonium hydroxide for 30 seconds afterwards. One sample was
plated for 10 minutes, another for around 96 minutes.

(2) Datak Tinnit Electroless
Electroless plating of tin was performed using Datak “Tinnit” acid-
based plating solution. Samples were solvent rinsed prior to
deposition, and dipped in ammonium hydroxide for 30 seconds
afterwards. The sample received 20 minutes of deposition (with
agitation every 5 minutes) at a bath temperature of 55°C.

(3) Techni Bright Acid Tin
Electroplating of tin was performed using the Techni Bright Acid Tin
formulation, a bath containing stannous sulfate, sulfuric acid, a
proprietary brightener, and an antioxidant. Samples were acid pre-
cleaned in LAC-81 for 5 minutes at 60°C and then dipped in sulfuric
acid prior to plating. No post-plating treatment was performed. One

sample was plated for 10 minutes, another for around 96 minutes.
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“Thick | Big or Plating
Sample | Sample or Thin| Small | Deposition Composition Deposition Deposition Aging
Mame | Shape | Substrate |Type | Pecictivity | Sid i Type Sl sce Prep [ applicable] End Comditions: Poct Processing | Temperature | RESULTS
“Wingrr S - Twchnd Maite Tin Sulfate
Beam | 30084 Ci - BT [stanicas sullite « Auraronam Hydnouide
LE1 Patiern | 25008 Cy IN OGS0 | Thn Sl |Electicplaiing | gobsend tings HESO B0 mirete g FiT, aegitaticen dip, Mg d X2 whizlets
Wl i+
Beam | 3004 Crs Eleticdess Dhatak Tiewrd Eleciocbess BEC, wpitaion woery § Aremoeium Hylroside
LEZ P attern | 25008 Cu (] 00T (Thin  [Small | Plating Fobnbrd rinse Ilm 20 maruptes st dip, 1) seconds = whithar s
Wl S Technd Maite Tin Sulfate
Beam | 30084 Ci - BT [stanncas sullite « |98 1 mn (798 AuraTroram Hydnouide
| 1E3 | Pattewn [200aCy [N |wooseor [Thn  smat  [Electopiuing : A AT, agitation dp, 30 seonds 2 |mowhiskess
]
Waam S« [Franncus culiste -
Beam | 3004 Crs LAC-81, Wi HEE0M » Biaghtenayr » 3255 min [ 281 BT T
LE# P attern | 25008 Cy ] 00 I Thin  |Small | Electioplating | sulbuic dip i b Aimsin) | FIT, st atiecens g, W) seconds = frec whieeh g s
Waen S | FLanncas Fulf s -
Beam | 30084 Ci - LAC-81, e HIEOH « Brighbena = AT
| LES Pattern | 25004 Cu IN OGS0 | Thin Small  |Electicplaing | pulfueic dip wressmd | SE maruses BT, degitation dip, H) geconds X2 Jirecs wbiphans
Pl 5 TT, T Ponesd, 5
Beam | Wum S, um Elepticon Ebeaem =2 Tmiceons | Adse, S08V, QU0HER
LEE P atbern | Sn IN OOE-Q0F | Thin  |Small | Evsporstion | HF dip |5, QCH T SO S i [ g 2 fre whieeh g s
e am Flédaitee: FaS Dae-BMEL TT2 Porsts,
LET | Pattern | W00um S [N 10005002 IThn  [Smal  |Eveporstion  |HF dp L E00nm GCM_| - L 3 | o whishens
' o HEp
SO0, ppaptnad e
Eeam SO0 124, B1TV,
LE® Pattern | Wlom 5 IN TOE-Q0T [ Thin  |Small | DC Spatteing | HF dip | A, Himiragtes 5. T scem Aa) [ g - f e wbiceh g s
Wi 5 -
Beam | 30084 Ci - LAC-81, e
LES Patieom | 25008 Cuy IN OGS | Than Small | Electicplaiing | sulfueic dip L X [ kg

Table 3: Deposition Experiments Datalog
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B. Physical Vapor Deposition (PVD)

All PVD experiments were performed on the 100-micron thick silicon test
die structures described above, with an electron-beam evaporated seed layer of
300 angstroms of chromium (to aid in adhesion) followed by 2,500 angstroms of
copper. The silicon parameters for all PVD experiments are included in Table 3
below.

(1) Electron Beam Evaporation

E-beam evaporation was carried out in a CHA evaporation system,
with cryogenic pumping. Typical vacuum levels at the start of
depositions were ~2.5 x f0rorr or better. Deposition rate and

thickness were determined using a quartz crystal monitor located in the
bell jar center, directly above the substrate planetary.

(2) Resistive/Thermal Evaporation

Resistive evaporation was carried out in a BOC/Edwards Auto 306
resistive evaporator system, with oil diffusion pumping. Typical
vacuum levels at the start of depositions were ~4.0%T1or.

Deposition rate and thickness were determined using a quartz crystal
monitor located in the bell jar, oblique to the evaporant path.

(3) DC Sputtering

Direct current sputtering was carried out in a Denton Discovery
confocal sputtering system, with cryogenic pumping. Typical vacuum

levels at the start of depositions were ~2.5 X T6rr. Deposition rate
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and thickness were empirically determined via a series of calibration
runs.

PHASE Ill: Experimental Subsets

A. Deposition Type

In consideration of the pervasive argument that plating bath contamination
may contribute to the incidence of whiskers, we elected to evaluate ébts eff
deposition type on the morphology and whiskering propensity of as-fabricated, as
well as “aged,” films. The processing parameters involved with each deposition
technique were described and tabulated in the Phase Il subsection above. In each
case, a chromium ‘adhesion’ layer was applied to the bare silicon surface,
followed by a copper interlayer (to mimic standard printed wiring board
metallurgy, and to allow for the creation of the notorious copper-tin
“intermetallic” compound widely believed to contribute stresses whichraieal
to tin whisker formation), and finally by a top surface of pure tin. By including a
series of high-vacuum, high-purity deposition processes (i.e., electron beam
evaporation, resistive evaporation, and sputtering), we were able to makerwhiske
character comparisons between “clean” (contaminant-free) sanmolésase
which had been plated (including some with proprietary, though assuredly
organic, ‘brightener’ components). Several authors in this field have maahes clai
regarding the whiskering propensity of “matte” tin compared with “bright”
(divergence of opinion exists here as well), however we are aware of no other
work that so fully considers the means of tin deposition within the context of lead-

free reliability, nor have we found any study on PVD tin whiskering.
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B. Microparticles
In an effort to explore the mitigation approach described earlier, in which

stress “relaxation surfaces” are presented to the tin film matrieiform of
chemically inert particles, two particle types were selected. Ttenfas a cross-
linked polystyrene (carboxyl type) microbead, having a mean diameter of 15.2
microns, and the second was a cross-linked polystyrene (amino type) microbead,
having a mean diameter of 2.48 microns. Both particle types are commercially
available from Spherotech, Inc. (Lake Forest, IL, part numbers CPX-150d10 a
APX-20-10, respectively). Cross-linked polystyrene was selected bexfatse
inertness, its ability to be adhered onto smooth surfaces, and its ability to
withstand elevated temperatures and flow “in place” without permanently
deforming. The figures below show SEM images of the results of various
attempts at adhering the particles to bare silicon surfaces by:

Spincoating (20 seconds spread at 1krpm, 40 seconds spin at 2krpm)

Spincoating + hotplate baking at 100°C for 60 seconds

Spincoating + dipping in boiling water for 60 seconds.
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Pl:  Carboxyl Polystyrens, 152 microns in diame ter
Spincoated (208 at Lkrpm, 40z at 2k

Carboxyl Polystyrens, 152 microns in disrme ter
Spincoated (20 at 1krpem, 405 at 2kepen’, Hotplate Bake at 10092 for 40s

Carboxyl Polpstyrens, 152 microns in diame ter
Spincoated (208 at 1krpen, 40z at 2k, Dipped in Boiling DI Water for 605

Figure 8: Carboxyl Polystyrene Microparticle Adhesion Tests

32



Amino Polystyrens, 2,48 microns in diameter
Spincoated (205 at Lkrpin, 408 at 2krpen)

Amino Polystyprens, 2,48 microns in diameter
Spincoated (20s at lkrpem, 405 at 2kepen), Hotplate Bake at 1007C for 605

dmino Polystyrens, 2,48 microns in diameter
Spincoated (20s at Tkrpm, 40z at 2krpm) Dlpped in Bu:u.hng DI Water for 605

Figure 9: Amino Polystyrene Microparticle Adhesion Tests

C. Organic Contamination (Surface, Buried)

To study the question of organic contamination’s role in tin whiskering,
certain samples were “treated” with AZ9240 photopolymer (diluted with acetone
to aid with application), applied with a fine-bristled paintbrush either prior to

metallization or afterwards (to the plated surface).
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D. Geometric Studies

Over the course of experimentation and inspection related to experimental
trials A through C, we began to suspect a general relationship between sample
geometry (size and/or shape) and the whiskering result, both with and without
aging. As such, a new experimental trial was conceived in which we sought to
compare a vast array of die sizes and silicon host wafer thicknessestlyA cos
assortment of custom-prepared silicon wafers were acquired for this purpose, and
careful DRIE-based die fabrication was performed (sample handling was
particularly emphasized during this phase, given the fragility and short safpply

expensive materials).

E. Tin Nanowires

In the spirit of experimental subset D, we became interested in
investigating the effect of tin nanostructuring on its tendency to spontaneously
whisker. An electrochemical, template-based synthesis of tin nanowires was
performed using Whatman “Anodisc” filter membranes with nominal pore
diameters of ~200 nanometers. The plating solution was Techni Bright Acid Tin
(stannous sulfate + sulfuric acid + brightener + antioxidant). Electrachke
analysis was performed on a CHI760 (CH Instruments) analyzer. Cyclic
voltammogram (CV) and chronocoulombetric (CC) plots for the tin nanowire
electrodeposition are presented in Figure 10 below. Characteristic depasdion

dissolution peaks were observed at -60mV and +90mV, respectively. The
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potential sweep covered a range from -75mV to -60mV over the course of the
deposition, and the total accumulated charge transferred was 1.658 coulombs.

This corresponds to an expected nanowire length of ~2.22 microns, as calculated

in Figure 11 below.
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Figure 10: Cyclic Voltammetry and Chronocoulombetric Plots for Tin
Nanowire Electrodeposition
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CALCULATION RESULT
Single Pore Volume {200nm pore diameter) 6.28e-12 cm?
Total Volume, 50% Porosity across 1.267cm? area 6.3e-3 cm®
Mass of Tin Needed to completely fill membrane 0.045913633 grams
Mass of Tin Needed for 1.5-micron length 0.001377409 grams
Molar Mass of Tin 118.69 g/maol
Number of Moles of Tin Needed 1.1605e-5 moles
tFaraday':Saz:;nt‘:ff:3&3;:1?S;E;I::§E$ii Meeded) 1119721774 Coulombs

F'igure 11: Charge Calculations fbin Nanowire Electrodepositian
Anodisc Membranes (200nm pore diameter, 1.5um length)

PHASE IV: Whisker Documentation (Microscopy)

A. Deposition Type

There are marked differences among the samples whose deposition
technique was varied. Whiskering results immediately following thelitiitia
deposit were included in Table 3 above. At age “zero,” only the thin matte
electroplated and electroless plated samples had grown whiskers. Afteekd w
of aging, whisker onset “ages” (see Table 4 below) have been determined for
several of the samples. Whiskering has yet to occur on the thin bright
electroplated sample, nor has any whiskering occurred on the e-beam evhporate
resistively evaporated, and sputtered tin films on bare silicon (no underlayers of

Cr or Cu).
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Takle 4: Description of "LE" Sample Preparation and Subsequent Whiskenng Eesults
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B. Microparticles

Side-by-side samples, wherein half of a ~1” scribed silicon square had
been masked during the microparticle spincoating step prior to deposition, were
analyzed (along with untreated control samples) in the Microanalysis lab at
JHUAPL. Samples were named “A” or “C” (for “amino” or “carboxyl” type
cross-linked polystyrene) followed by a sequential number. Figure 12 below
shows the analytical reference sheets used during SEM imaging. Ne@whisk
activity was observed on any particle-treated sample, regardless plies
geometry (size, shape, and die thickness) employed, particle type/tneased,
thermal aging, or silicon wafer type (the latter, however, was notteg® have
any impact). By contrast, both particle-free control samples whiskerpdedes

there being no thermal treatment (ambient storage only).
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Sample(s):

Al & Cl

Description: Previously imaged “side by side™ samples (tape was used to

mask the particle-free regions)
Analysis Desired: Top view of interface, to see if additional aging has caused

vhiske ring to occur on one or both sides,

_frE
Vi / | —
e e
L
Sarple (s): A2 & C2
Descripton: New “side by side™ samples (this time, used clip-on mask to
minimize residue left behind in whisker-free regions)

Analysis Desired: Top wiew of interface, to see if aging has caused whiskers to grow

an either side.

e =
‘ *J mdertace of mierest
Sample : CTRL2
Description: New, contral sample with no particles anywhere,
Analysis Desired: Top vie w of surface, to see if aging was sufficient to cause
whiskering on a non-particled samples.

Sample : Sn Wires
Description: Pre viously imaged “Sn nanowires™ sample
Analysis Desired:  Cross-section views, to see if aging has caused whiskers to grow

from any of the swfaces of the nanowires.

Figure 12: SEM Analysis Reference Instructions (example)
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Thick | Hig or Filstimg
Sample Gample or Thim| Small | Depozition Compoilion Depoitian Depoition Agimg
| Mame | Shape | Substeste |Type | Fesistivitg | Si7 | Die? Tepe | Suriace Prep | (i applicable) Fnd Conditians Post Processing | Tempesatue | RESULTS |
L]
004 Cr.
L) THORE, T, ks [Eliir s Blie ™ Caiboagl FS, 2000 HP,
thinSS C | WAFER [ M ooesae |Tees [Ex  E s b ooy o) [ [T £ DL rtvns Sxcriiioend 200 [#e sbushens
s, .
W | F50ACu, lem Electron Bram Auning FE, HOE HP,
thinSh A | WAFER |90 2| D0 | Thin (15} e ) che s L) BiA | [ S 10ugr prirer consered Ful] e whicharg |
BT Tl
04 Cr. Carbomyl FE, 3000 WP,
SO0, Ty, i Elechicr Blewm .3 D, ptii S0
€1___|rsquare s B lmar  Ithen lew  lEvaporsicn |chean na Ma fran :5 Dags 200C Duen 20 loowhishers |
m.p'l'i'hu
00 Ci,
TR, Cag, bm Bl bt Bl Cawteoagl PS5, 2000 HF,
ci Fsquane | Sn [l ol Thick [ E e ol by MA MA L) 4 8 Dlags 2000 Drren Ful) Lo whashars
D T
= Furino P25, 200E HP,
Ly TRA Cuy, b Ebectron Beam .3 Dags, petrir Covmried
A L E__ 154 Tick 1% IEveporsion ghoyn MA ] L3 :300ys J00C Oven 100 joo whigheey
L
004 Cr
ZRORE, Ty, ks [Eliird s Bl ™ Burrates FD, 2000 HP,
AL 17 fdjindil & 'EIE‘!'-JHE F Al Thetk E=) [E Rl e e v L] i L | L) 4.8 Dags D000 Dk L1} Jrel whRskars |
S, Oy,
5008, Gy, bEm Electron Besm 00T WP, 4.8 Duss
CONTROL | 1Fsquare | & [ sl Thick [ il T e ) ol i L) (2 E) L5 R0 Ot Ful] e whicharg |
2 R
004 Cr
Besm | FN00ACy, bem Eleckrin Bleam
THI_thiek | Fattern | S5 o] R0 ) T Sl Evrisgerst sty the ity o] BA | [5) 2000 HF, 1 heivars ) Jiren whinhard |
mm'h-
00 Ci,
B i | Z700 Ty, BET [Elpr s Badim
THM thin | Pattern |Sn M 0002 | Thin Small || E'vapentathon ey MA MA | L) J00C HP, W i s Ful) oo whashars
T TR
#0048, Cr.
g | SR00A Cy tem IClac e Dl ey DO HIP. W hour s,
T thieh P s N 1ens e IThe I5mod ISveporsion ghoyn NA ] JA pasicley 200 jeeo whigheey
04 Cr
B b | TR0 Ty, b [Elitrs s Bl ™ DT HF ¥ hisasi g,
THIL thim | Pattern | 5o M lootsa0z IThin  [Smal | Evaporstion che ay M A [T partecles i) |ee sbeshons
00 Cr,
Beam | 25008 Cu bem Bl Be wm whsking 5t 3
Ll _ghick | Pattern |50 2 D000 | Thin fmal | Evaporstion iy ey o [PA | L5 T p.ro AagE
LoD
004 Cr.
Beam | FH00ACy, bem Eleckrcn Ble g whitheif 90 3
LW thin | Pattern |5 M looreone vhe loma |Evacorsion [cten MA Lbas [ none 2 e

Table 5: Description of Particle and "TH" Sample Preparation and Subsecuent Whiskenng Eesults
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C. Organic Contamination (Surface, Buried)

Whiskering occurred on all samples within experimental subset C,
including the control samples. No appreciable differences in whisker lengths or
densities were observed when comparing post-processing thermal aging
conditions and the situation of the contaminant (surface or buried) within the
sample stackup. After 61 weeks of aging, samples TH1 through TH8 contain an
average (per 100pum x 100um area) of ~45 ‘short whiskers’ (length = 2-4 um), ~5
‘medium length whiskers’ (length = ~10 um), and approximately 1 ‘long whisker’

(length = 20-50 pm).
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Thiek | Hig or Flatimg
Sample | Sample il Thin| Small | Depatilicn Camparlidn D pailion Dhpin ot Aguieg
Name | Shape | Substiate | Type | Resistivity | S5i7 | Die? Tape Suiface Prep | (il apphicable) End Conditions Post Processing | Tempeiature | RESULTS
W Ca
00 Cr,
Beam | IR00A Cy, e Ekpstrgn B SO0 Chewns, 5 Dlrgs,
THI Patierm |55 L] OOE-002" | Thn Small | Evaporaton | chean MA A ke o)) whighikd
Witk 53 - s
004 Cr, O ST RO
Beam | 25004 Cu, lum Ebectron Beam | AZ3240 « 200C Oven, S D,
THZ | Pattern | Sn - IN_[0005002" |Thn |Smal  |Evaporstion | scetone MA WA s i) 200 whith g
$00A Cr,
Beam | E500A Cy, em Ekicitron B DO0C O, I D,
TH3I | Pattern |50 [N [0005-002" |Thn |Smal  |Evaporstion |chean MA WA i ars i) 200 whith g
Wi 5+ Cegan
#00A Cr, AT T A ROy
Beam | I50008 Cy, m [Ekecitron B g | basiesd S50 = D00 Crewn, ) D,
THE | Patterm |56 L] “O0E-002" | Thn Sl | Evaporatonh | sceiode MA MA e ahaba] o] whidh i
Wilham 53 - [T
004 Cr, O ST O
Beam | Z50005 Cy, o Electnon Beam | fusipcs AT « JOGC O, I Dlager,
THS Fatterm ﬁmg N DD 02" | Than Srmul Erig=sl et o el hlA BLA, b LiH) i
#00A Cr,
Beam | &500A Cu, om Ekecitron B am DGC HP, T Dlgs, petrie
THE Fatterm |55 L) “ODS-00E" | Than Sl Ewapesipimnh | chisn MNA MA Sfpnbad L)) il
Wil 5 = CEgaee
#00A Cr, CORMTdnAton
Beam | I5008 Cu, m Ekecitron B g | baiesd S50 - D0C HP, T Dugs, patrie
THT Fatteim |55 L) L ] Senal [ il nes il el hA BLA e ako] i) bl
Witk 52 = [
4004 Cr, CORR Mmdnation
Beam | 25005 Cu, o Ebeciron Baeam | susipcs AZIIE) « JOGC HP, T Dlgs, pedtrie
THR Fatterm |5 L) OO0 0Z" | Thin Srmul [Evrig=sl atatehi o el MR bR k] L) il

Table &: Descrption of "TH" Sample Preparation and Subsequent Whiskenng Eesults

42




D. Geometric Studies

Due to the volume of datapoints associated with experimental subset D,
bivariate graphical representation (bubble charts) of tabulated whisgeef@es
were employed as a convenient means of making qualitative assessments. A
number of trends can be observed within Figures 13-15 below. Whiskering
frequency (or “density”) immediately following tin deposition (within 2 hours of
venting the evaporator and removing the samples for inspection) appears to trend
lower as the silicon thickness increases (along the x-axis), and to aebetesdr
appears to trend lower as the length of the sample side increases. Aftek42 wee
of ambient aging, there was much more uniform whiskering character altross a

samples, as evidenced by the second, “fuller” bubble chart shown in Figure 14.
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Ladgirin Mag tAverage Whisker |  ®/area Largesn | Graim |Whitkers | Average | 8farea
% Thickness (um) | X-¥ Dimension [mm] Date Recorded Size [um] | Whiskers? Length fart 1,.000x] Date blag | Size jum) ¥ ‘Whisker | fat 1000w
20 L] TIRO% 20000 1 i A T Ti21lf0s | BOLD 1 LT £ EH
10 4 7/8/09 15000 1 e 1.5 2 ] 1 yoi 3 34
it & TI8/CE 20000 1 fL 1] i F] LR ] S000 1 hit] F il
it 5 [baam) T80 30000 1 bL H 1.5 3 T | 20000 1 V3 3 38
20 [ 7/8/08 30000 1 yei 15 1 72108 | 11800 1 yis 3 27
20 7 7/8/o9 25000 1 yés 15 3 7i23/08 | %020 1 a3 3 35
it 10 TI8/0% 200060 1 fL ] 3 i AL 20000 | Va3 3 i%
20 12 TI8/0% 15000 1 T H I 1 TI2LMS | 11000 1 YA 3 32
58 3 7/8/0% 25000 1 yei 2 6 7/21/08 | 8000 1 ve1 2 26
S0 [ 7/8/09 25000 1 vz 2 0 7j21/08 | 15000 1 Vo 3 3%
Lo ] g TI80S 30000 1 WEL 2 ] Tr210n | 108480 1 WS 2 &0
50 L ibaam) TIBf0% 0000 1 T} 2 g TI21f08 | 0000 1 ES b | 3%
50 6 7/8/09 20000 1 vés 2 5 7j23/08| 20000 | 1 s 2 34
50 7 Ti8/05 250060 1 FL i ] TI2108 | 20660 | fLE] F 30
50 10 TI8/0% 25000 1 WEL 2 3 Tr2lfon | 25000 1 WEE 2 30
52 12 Tigjoe 15000 1 W F | T 7i21fce | BOOO 1 Y 4 <8
75 3 7/8/09 20000 1 vl 2 3 7j21/08 | 6000 1 vl F] 34
i '« Ti8/08 25000 1 pLH F4 3 TI2L0e | 20000 1 T3 F 23
75 L] TIEOS 1858 i (iG] & ML T2l f0n | 1%0G0 1 VT E 5L
75 § baarm) 7/8/09 1000 1 re Hfa /A 7/21/08 | 15000 1 yai ) i9
i & 118105 1600 1 o M A T2 AGE ] 15000 1 Vil F i
i 7 TI8/0S 15000 1 ¥ A | T/210e | 20000 1 VA3 3 30
75 16 TIR/C0S 15000 1 Wi 4.5 . Tralfs ] 11000 1 yitl g 28
TS 12 Tigjo9 20000 1 Wil &5 4 7239 | 8010 1 vl ] 3%
ot Fi 1i9/0s 15000 1 fL 1 Fi 72305 | 18000 1 i3 F 3
3 & TIao% 20000 i T H 1 2 TI2300 | SO00 1 YT 2 [
50 5 TiSj0% 20000 1 Wil :I._E_E | '.F.I'.E_iE_B'_ B0 1 il 4 79
50 5 ioearm) 7/9/0% 20000 1 yes 1 1 7i23/09 | 15000 1 a3 2 57
-] [ Tiao9 15000 | Wl 1 2 TI23M00 | 20000 1 FEL 2 g1
] 7 Tie0% 30000 1 RS 1.5 1 TiI23M08 | 15000 1 VAT F 4 L]
=0 10 TS0 1000 1 - Hs Mia Ti23fe | 15000 1 vl F 50
50 12 7/9/09 | 25000 1 yes | 15 5 7/23/09] 18000 | 1 ves 2 45
138 3 T a0 150600 i WEL 2 2 TI23 00 | 18840 i WEE . L]
115§ & 7ejo% 20000 1 1T H 1 4 7i23/08 | SODD 1 i F | L
135 5 7/5/09 | 20000 1 yes 1 4 |72308] 20000 | 1 ves 2 53
125 5 ipaam) 7/9/09 | 15000 1 a3 2 7/23/09] 5000 1 vas 2 63
128 £ TR0 15000 ;| wEL 1 1 TraR s | 11000 1 T 2 ]
115 7 7/8/09 15000 1 el 2 2 7/23/08| 7000 1 yez 2 5%
135 10 7/9/09 | 20000 1 vaz 1 1 7/23/09] 2500 | 1 vas 2 53
125 12 TIeee 15000 1 f ] F4 3 I3 20000 1 T3 i 51

Takle 7 SEM Analysis Eesults of Geometry-Based Expertimental Trialz
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Largest Mag Average Whitker | #/srea Largest | Grain |Whiskers| Average |  #/farea
Si Thickness {um) | X-¥ Dimension Date | Recorded | GrainSize fum) | Whiskers? | Lengun | (ar2.000w) | Date | Mag |sivefum)| 7 | whisker | (ot 1,000 |
150 3 719008 15600 1 fLE) F F FI23/09 | &G0 i fL ] F g3
150 & 7/8/08 20000 1 fL ] F | J/23/08 | 13000 1 3 F [ ]
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178 B Ill'ﬂ‘f'ﬂ! 0000 1 Wil 1 1 1/23/09 E010 1 LT 1 B0
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175 10 T9/09 19000 1 (2] Ma Hia 723009 | 15000 1 ol E 25
175 i2 1/9/09 20060 o] w3 1.5 F| F123008 | 13600 i L] F 4
150 3 118108 20000 | WilE F& g T/ALIO9 | 20000 1 V3 i a7
185 a T80 30000 1 WBE 2 g Ti21jo8 | 15000 1 (1] 2 51
180 £ TB/08 25000 1 W 2 g FiZ1f08 SO00 1 [T F | 30
180 E [Baam) TIB09 25000 1 'L H F 4 1] TI21j08 | BODD 1 iL F] 3 IE
180 1 TI8/0% SS000 1 wii 15 ) 72108 | 4000 1 UL+ ] F ] a7
158 7 1/8/09 F0000 1 wil 1.5 4 7109 | 106060 1 il i i6
150 10 T/8/08 | 20000 : vas 15 s 72109 1000 | 3 | ves | 3 28
150 12 71809 20000 1 FLE) F 5 7/21/09 | 20000 1 L] 2 28
235 3 718/08 200060 i [L L] F 2 F21/08 | 116060 i S F 22
125 4 718108 25000 1 Pt 4 1 Fali08 | 20000 1 L H H 3%
225 £ T/80% 1006 1 (] HA& /& Ti 108 | AIBRGOO 1 (1] L) 51
115 5 [b&am) TIBI09 1000 1 NG Hia WA 72109 jijein] 1 yEl Ll 25
i1% & T/8/09 1000 1 (5] Ma W& 72108 | 11000 1 i 3 28
135 7 ejos | 1000 1 no WA WA | 3/21/08] 20000 | 1 yes 3 37
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£25 12 TI809 15000 1 i3 i F H 7/2100% | E010 1 Wli3 F] F1
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150 & 7/8/08 1000 1 ] A& W& FELI00 | SO0 1 RS 5 Fi)
250 £ TR 1000 1 ] MA & Taljos | BODO 1 UL ] £ =K
£ 50 5 [ mrm T/B/08 1006 1 (5] W& 72108 | 20000 1 Wi 5 3B
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Table 7 {cont'd): SEM Analysis of Geometry-Based Expenmental Trials
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Whiskering Frequency at 0 Weeks
(Geometric/"Area" Samples)

13

11

Length of Sample Side {millimeters)
e 0 @ o

a 25 50 75 100 125 150 175 200 225 250 275

Silicon Wafer Thickness

Figure 13: Whiskering at 0 Weeks, Sample Thickness vs. Side Length

Whiskering Frequency at 2 Weeks
(Geometric/"Area" Samples)

13

11

Length of Sample Side {millimeters)

a 25 50 75 100 125 150 175 200 225 250 275

Silicon Wafer Thickness

Figure 14: Whiskering at 2 Weeks, Sample Thickness vs. Side Length
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The coefficient of determination for f-orderpolynomial trendline in th
case of the smallest sample geometry (3mm x 3mMpBRO8 whn the 200um
die thickneswalue (8 whiskers) is included, but improves teear-perfect 0.9988
when thadatapoin is removed. In either case, there is a downtthat is
reasonably suggestive of a delayed whiskering angle case of the thick
dies, for a given-y geometry.There is also an unexplained, but consis

“inflection” in whiskering frequency on the 1-micron thick sample
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Figure 15:Sample Thickness vs. Whisker Density for VariougeSiength
‘t6Order Polynomial Trendline Fitting)
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Die Geometry vs. Whiskering
(Sample Side Length=12)

10
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Figure 15 (cont’'d) : Sample Thickness vs. Whisken§ity for Various Sic
Lengths (8 Order Polynorial Trendline Fitting

The effect of including the 1-pum thick samples on the statistical significanc

the downtrend curves generated by polynomial fittlarge

Polynomial Curve Fitting
With 190-pm Sample Without 190-pm Sample
Coefficient of Correlation Coefficient of Correlation
sample Side Length | Determination Coefficient Determination Coefficient
in mm.) (%) (R (R%) (R
3 0.6608 0.812896057 0.9988 0.99939982
4 0.5875 0.766485486 0.8633 0.920139387
5 0.3998 0.632297398 0.9415 0.970209229
o] 0.4651 0.681932404 0.7601 0.871837141
7 0.7649 0.874585616 0.938 0.968504001
10 0.485 0.6964159414 0.3856 0.941063228
12 0.8585 0.926552751 0.9017 0.949578854

Table 8: Curveritting Statistics for 3mi-12mm Side Lengths, With and Witho

the 190um Thickness Samples
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E. Tin Nanowires

Despite thermal aging (200°C hotplate for 5 days) following the initial
electrodeposition, along with an aging period of more than 7 months under
ambient conditions, no whiskers can be found growing on the template-
synthesized tin nanowires. Cross-sectional scans of the aged wiresvamarsho

Figure 16 below.
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PHASE V: Wafer-Level Stress Study

A custom batch of 100mm-diameter <100>-oriented silicon wafers of
assorted thicknesses, ranging from 20 to 250 microns were employed in a stress
study to determine the effect of ambient aging on the magnitude of the canmposit

sample stress. A laser-based (670nm and 750nm) KLA-Tencor FLX-2908 Thin
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Film Stress Measurement system was used for this purpose. First, backgrou
“radius of curvature” and “bow” measurements were taken of the as-réctabe
cleaned) wafers. Next, electron beam evaporation of 400A of chromium,
followed by 2,690A of copper, followed by 1pum of tin were deposited at an
ultimate vacuum of 6.8 x 10Torr. The chromium was deposited at 24% power
at a rate of ~3&/sec. The chamber pressure prior to the copper step read 3.1 x
107 Torr. The copper was deposited at 38% power at a rate df/sdc’ The
chamber pressure prior to the tin step read 1.2%THdr. The tin was deposited

at 32% power at a rate of ~A/dec. Samples were allowed to cool for a period of
approximately 10 minutes prior to atmospheric venting, after which immediate
radius, bow, and stress measurements were taken. Post-metallization radius, bow,
and stress measurements were again recorded after 43 days of ambgnt agi
Microstrain (strain multiplied by fpvalues, computed using the Young’s
Modulus for isotropic tin, are also provided for both sets of stress values. The
numerical data from these experiments are tabulated in the figure below an

presented graphically in the scatterplots that follow.
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First Measurement Second Measurement Third Measurement

sample | Thickness | Tolerance Dopant Radius Bow Radius Bow | Stress (Mpa, | Microstrain | Radius Bow Stress (Mpa, | Microstrain

Name {um) (+/-) (um) {m) (um) (m) (um) |Compressive)| (unitless) (m) (um) | Compressive) | (unitless)
WW20a 20| 10/p s -8.595] 10501 -13.218] 6057 -110.8 2,216|NM NM NM NA
WW20b 20] 10/p s
Wws0a Erﬂl 10N Ph 17.182 44,11 166,303 -32.11 -3 &0 -63.293 26.61 -d.3 8
WW50h 50 10| Ph
WWS50¢ s0| 10|N Ph
Wws50d s0| 10[N Ph
WWT5a Fis 10(P |B 52.674 -15.19 -3. 731 120.48 -17.49 358 -8.14 103.63 -18.3
WWT75h 75 10p I8
Wanala 90| 10(F IEI- 130641 652 - T.496 130.61 -26.3 526 -7.16 143.23 -27.4
WWS0h 50| 10p I8
WN125a 125 10 IEI- 345.193 -3.33 -3.598 99.81 -42.8 256 - 7.905 101.64 -46.5 93
WW125b 125 10/p ls
WAAL500 150| 101N Phi 134277 =54 -6087 129.2 -88.8 1.7/ -10.086 f8.15 -55.1 1,10
WW150b 150] 10| Ph
W1 T5a 175 10 |B 86.166 -9.08 T2 105.49 -103 20600 -13.476 59.29 -60.4 1.20
WW175b 175 10|p s
WA190a 150| 101 M Ph -919.432 213 727 105.72 -113.2 2. 264 =-12.06 63.52 -67.9 1.35
WW150b 190] 10N Ph
WA 225a 225 25| |B 93.219 -8.85 -10.389 3,92 =124.5 2490 -23.327 33.96 -62.4 1,
WW225b 225 25| s
WAA250a 250| 23| Ph 570,358 =1.12( -13.718 60.57 =110.8 2.216 =36.34 23.28 41.7 i
WW250b 250] 25N Ph

Table 9: Wafer-Level Stress Study, Assorted Thicknesses (custom wafer set from Wafker World, West Palm Beach, FL)

51




Pre-Metallization Planarity: RADIUS
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Figure 17: Wafer-Level Radius, Pre- and Post-Metallization/Aging
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Stress Evolution in Cr-Cu-Sn on Si
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Figure 19: Film Stress vs. Sample Thicknesses, Aged 0 and 6 Weeks

SEM inspection of all ten wafers (loaded intact into the chamber, one by
one) after 6 weeks of ambient aging reveatelistinguishableesults in terms of
whiskers. All specimens contained an average density of 20 whiskers per 100 pm

x 100 um area, with lengths of 2-4 um.
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CHAPTER 3: SUMMARY, CONCLUSIONS, & FUTURE WORK

This work has described a series of empirical studies exploring the
fundamental relationships between the incidence of tin whiskering (as dependent
variable) and such independent variables as deposition method (electroplating,
electroless plating, template-based electrochemical synthesis, amasvari
physical vapor deposition techniques, including resistive evaporation, electron
beam evaporation, and sputtering), the inclusion of microparticles, organic
contamination, the effects of sample geometry, and the aging of tin nanowires.
Several of the trends that have been observed/identified by this study are

summarized in the diagram of Figure 20 (below).

Our most significant and novel findings pertain to the relevance of sample
geometry to the whiskering character of samples, particularly eattheir
evolutionary stages. Bivariate graphical analysis revealed a treodiagit
lower whisker densities for thicker silicon substrates, and a less pronounced (but
still observable) trending toward lower whisker densities for larger sasigse
lengths. The impacts of samplecknesson tin whiskering propensity, with
respect to the changes over time in stress for a series of wafertiessl s
measurements, were also observed. Despite the fact that all stresssampl
whiskered, there was no time-induced stress shift (at the macroscale) themong
thinnest samples after 43 days. Downtrending in whiskering propensity clgves, a
shown in Phase IV, Section D, was found to be statistically significant, at psvalue

ranging from 0.63-0.92. Removing the presumed anomalous datapoints from the
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Figure 20: Summary of Observed Whiskering Trends

55



190-um thick sample resulted in improved p-values, ranging from 0.87-0.999,
across all data subsets. These results suggest that thicker silicon gncaedi
therefore less able to compensate for stress through intrinsic detormsiti
undergoing a slower stress relief mechanism (such as whisker growile) thve
films on thinner silicon die are accomplishing this stress relief ovgnéisantly

shorter period.

We found differences in whiskering onset ages depending on the
deposition techniques employed, with thin “bright” electroplated films showing
no whiskers after 61 weeks of ambient aging. We determined that even high-
vacuum physical vapor deposition techniques, ostensibly “clean” and
“contaminant free,” produce whisker-prone films. Organic contamination, when
intentionally introduced either beneath or atop Cr-Cu-Sn films, appeared to have
no significant impact on whisker character, and showed comparable morphology

to untreated “control” samples which were otherwise identically processed.

Results from the inclusion of inert microscale particles (cross-linked
amino and carboxyl terminated polystyrene) in tin films were inconclusives sinc
although whiskering did not occur in any “particled” samples, we were unable to
induce whiskering on the control side of side-by-side samples either.
Additionally, tin nanowires did not display whiskering after an ambient aging

period of more than 7 months.
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This work contributes to the general body of tin whisker inquiry in several
respects. First, no prior studies could be found in which deposition method was
explicitly evaluated with respect to the whiskering its films would (or dowt)
produce. Second, a unique observation about the influence of sample geometry
was made, which led to an extensive and costly study involving a matrix of over
70 permutations of X, Y, and Z substrate dimensions. Third, “clean” specimen
preparation was stressed during several phases of this research, @ cbtcac
which contrasts with the majority of tin whisker literature, which tend to foous
plated films. Finally, the use of silicon as our substrate of choice provided better
sample-to-sample consistency, in terms of surface inertness andsfla@neslso
by virtue of its clean, reproducible micromachinability.

It is the opinion of the author that tin whisker growth originates from
localized strainwhich has not been compensated for once a tin film’s internal
recovery and recrystallization processes have ceased. Within this ttedoreti
framework, variation among whiskering ‘incubation periods’ should be explained
by differences in recovery & recrystallization time. More spedlficthe sooner
a transition to the ‘grain growth’ regime of metallographic transfoonatan
take place, the sooner tin whiskers will begin to emerge. The localized strai
which leads to tin whiskering does not necessarily correlate with the sethmat
‘macro’-stress in the overall thin film. Organic residue contamination does not
have an appreciable impact on the whiskering strain. Converse§nCu
intermetallic compound (IMC) formation is a critical precursor to whisikgrand

as such is likely one of the primary sources of whiskering strain. This IM@for
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at the Sn-Cu interface, and is illustrated graphically in Figure 21 below.
Augmenting the susceptibility of tin to form whiskers via abnormal grain growth
(i.e., in distributed locations where grains are incapable of expanding in-plane,
due to grain boundary pinning) is the grain structure itself. Unlike SnPb,
intrinsically whisker-immune and having an equiaxed, mosaic-type cross-
sectional morphology (see Figure 21 below), pure Sn films are characadiyist
columnar when viewed in cross-section. As such, pinned grains will naturally

expand in the only unconstrained direction; normal to the film surface.
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|:| CuSn Intermetallic Compound (IMC)

Figure 21: Cross-Sectional Diagrams of Grain Morphology for (a) SnPkoand (
Pure Sn

Future work should include further investigation into the concept of tin
whisker mitigation through particle introduction. The mechanism through which
this mitigation is expected to work is either by artificial extension of the

recrystallization process (“continuous recrystallization”), theredyirsg off the
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onset of grain growth, or through the provision of strain relaxation surfaces.
Experimentation should involve the introduction of dispersions of fine patrticles,
of varying mean diameters and volume densities, into tin thin films on copper
surfaces. Particle introduction should be attempted through additional avenues
not explored within this text, as well, including incorporation through a
combination of electroplating and agitation. Additional particle ‘types’ should be
explored as well, provided that the criteria of temperature resistar2@0(at),
shape permanence, and inertness within the context of the film stackup and

substrate, are adhered to.
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APPENDIX A

Phase V: Wafer-Level Stress Plots
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Post-Metallization (0 Days Aging)
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Post-Metallization (43 Days Ambient Aging)
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APPENDIX B

Scanning Electron Microscope (SEM) Images - Complete Catalog

LE Samples — 0 Weeks Old
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LE4 LES LE6
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LE Samples — 13 Weeks Old

LE Samples — 16 Weeks Old
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LE Samples — 25 Weeks Old

LE Samples — 44 Weeks Old
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LE Saples — 47 Weeks Old

70



71



72



73



74



APPENDIX C

39" IMAPS SYMPOSIUM TRIP REPORT

Subject: Trip Report, IMAPS 89nternational Symposium on Microelectronics,

San Diego Convention Center, San Diego, CA

Dates of Attendance: October 7-11, 2006

Introduction

The International Microelectronics and Packaging Society annual symposium
provides the opportunity for its industrial and academic members (as well as other
interested par ties) to meet, exchange ideas, and conspire for continued sugtess in a
ever-changing climate of international redistribution and consumer demarsly€eBnis
conference, held at the San Diego Convention Center in California, featured 16
Professional Development Courses (PDCs), 6 technical tracks, and 180 vendor
exhibitions. The symposium also included keynote speeches by Dr. Irwin Jacobs of
QualComm and Col. Danny McKnight, retired former First Army Chief offStafvas
originally scheduled to attend a workshop which focused specifically on Lead-Fre
Solder process implementation, however due to its last-minute cancellaésnnstead
moved into a ‘Practical Electronics Reliability’ workshop. Summaries ofatbr&shop,
along with overviews of the talks | attended within the Reliability Track teehni

program session, are provided below.

75



Professional Development Course S3

Practical Electronics Reliability — An Overview

This workshop, led by Andrew Kostic, PhD, provided a large body of background
information and techniques pertaining to microelectronics reliabilitingeand statistical
organization of test data. Our discussion began with an extensive listing of tegginol
and definitions meant to put everyone on the same ‘page’ for the remainder of the course.
Distinctions were then made between the electronic and mechanicalitglldbiturves,
and the basic computations of failure rates and identification of failurebdisbims
(normal, lognormal, exponential, gamma, Weibull, and extreme value) were present
Emphasis was placed on the notion that a thorough understanding must be achieved of
the physics of failure (POF) for your device or application - for eagngiet of test
conditions - beforealid reliability testing can take place. The empirical relationship
between activation energy (for a specific failure mechanism withincfispe
application), temperature, and failure rate, known as the Arrhenius equation, was
described in detail, followed by a presentation of several common failureitypes
microelectronics testing, along with their background and causes, imageslexaatr
governing equations. A brief discussion was included regarding the implicati@alof |
free solder process implementation and the associated reliability conttexas.
asserted that there is an inherent reduction in a product’s mean time betwees fail
(MTBF) when switching to lead-free materials. Furthermore, thenalas made that
the existing models for leaded solder testing (or any other conceivalpatadigm, for

that matter) are neither sufficient nor appropriate for computing valabiiy numbers,
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primarily because our understanding of the POF (particularly of tin whiskesing
incomplete. The remainder of the workshop focused on the determination of confidence
intervals, the modeling of system reliability (including how to project failates when
taking into account multiple failure mechanisms), the choice of screenindilevgbart

level vs. system level, etc.), and the cost-benefit analysis of relyabiiing as a

practice. This workshop provided a good foundation for understanding how to approach
reliability testing in microelectronics, and included a wide variety ofuliseference

materials.

Technical Program Papers

Session TA4

“Reliability and Microstructural Assessment of Hybrid CBGA Assensjlilark K.
Hoffmeyer, Mukta Farooq, IBM Corporation

This work explored the reliability implications of using a mixture of, or *hykaadi, Pb-

free (SAC) and Sn-Pb assembly technologies. The SAC alloy used in thisvasthe
95.55n-3.8Ag-0.7Cu composition, and was in ball form. Arrays of such solder balls were
attached to FR4 test board using a Sn-Pb eutectic solder paste and subjectegetofa ra
reflow profiles. The assembled modules were then thermally cycled andtedafor

failure behavior, microstructural integrity, etc. It was found that hidiaer hormal

reflow temperatures were needed for adequate homogenization of the SAC-StiBb junc
(i.e., such that the mechanical stability at the interface was comparadda-hybridized
assemblies). Increased performance was also observed with longetirdesht

temperatures elevated beyond the liquidus-forming point. The metallurgy of the
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assembled joints post-process (full interdissolution, pad plating dissolution, and IMC

formation) was also described.

“Effect of Thermal Aging on Electrical Resistance of SnAgCu/Cu JoiMSE.

Marques, E. Monlevade, Nokia Institute of Technalogy

This aim of this work was to investigate the correlation between elaegistance and
thermal aging of a circuit with daisy-chained CSPs attached usindrésadelder (Sn-
3.7Ag-0.5Cu). Stress testing was done at 100°C and 125°C, for up to 1000 hours, and at
150°C, for up to 200 hours. Comparison measurements of the electrical resistance were
made using a four-point technique on an LCR meter. Microstructure and intdometal
thicknesses were observed. Strangely, a near-perfect (~0.96) correlatimumes

between the incidence of the £Sm intermetallic and the decrease in electrical resistance
(R), though the resistivity of G8n is lower than any of the Cu- or Sn-containing

elements of the starting solder material. Of the three known age-induced inlobRyrs
solder resistivity changes, IMC thickness changes, and Kirkendall vpttimdtatter is

said to have the greatest impact on electrical performance degradation.

“Lead-Free Die-Attachment with High-Temperature Capability bwiTemperature
Nanosilver Paste Sintering]'G. Bai, J.N. Calata, et al., Virginia Polytechnic Institute
and State University

A suspension containing nanoparticles of silver was used as an experimentalaneans
high-temperature stable die attachment (desirable, for instancegliepdnver silicon

carbide devices). Naturally, this means of attachment is also ‘lead-Tihhe
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metallization sequence began with a direct-bond copper (DBC) layer, was thereébllow
by electroless nickel (to protect the copper), a silver or gold plabngdhesion), and

the stencil application of the nanosilver paste. A ‘low-temperature’ sigtstep was

then performed (maximum temperature was 300°C), followed by an extensivg batter
physical characterization tests. In most respects, the nanosilve(wlasse fired Ag
density is >80%) performed comparably or better than common reflowed solders. In
particular, its electrical and thermal conductivities and maximum use rtatapewere

far superior.

“Board Level Reliability of High Density Flip Chip BGA with Largaddand Large
Package,R. Chaware, L. Zhang, L. Hoang, Xilinx Inc

‘Large’ die (19 and 26mm) ball grid array (BGA) package assemblies vateel tor
reliability based on variability in lid/heat spreader adhesive choice, soldler bal
composition, lid shape, number and type of stacked layers, and board pad finish. Finite
element modeling was used to generate a model for predicting the perforimamgpe (
stress and ball stress) of ‘flat’ and ‘hat’ lid configurations prior tessttesting of the

actual devices. Thermal cycling for all samples was performed in air up to,1dGfC
Weibull plots (cumulative failure % versus cycles to failure) wereged. Results
indicated that, despite modeling evidence to the contrary, lid shape had no expédyimenta
observed effect on the package reliability (nor did board pad finish). Lgiebr t

adhesives were found to delay failures (i.e., adhesive choice had an observallemmpac
the solder ball reliability within the FCBGA). Also, arrays which weesll&ee were

found to be more reliable than those which contained lead.
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“Some Factors Affecting Voiding in Lead-free Solder Join®&,J. Jackson, H.A.H.

Steen, Henkel Technologies

In this study, several BGAs were constructed and their voiding levels caiipged on
variations in bond surface metallization (bare copper, organic surface pno{€xs)
coated Cu, immersion silver, and electroless nickel/gold (ENIG), and on variation i
reflow profile. The solder used in this work was SAC387 (Sn-3.8Ag-0.7Cu), however
two levels of flux composition (one containing SAC387, the other Sn-3.6Ag) were also
investigated. Void quantification was performed using x-ray images of tbeveeff ball
arrays. The findings, common both to the surface metallization study aswelhe

flux formulation study, revealed that when no copper was present, voiding was
negligible, and as the level of copper increased (regardless of origin, andhitaga si
degree), so did the voiding. The proposed reason given for this was that SnAg aggregates
are larger in the presence of Cu (in the form of ‘platelets’), thereby pnegerapped

gases from escaping.

Session TP4

“Thermal and Mechanical Characterization of Lead Free Package withiOfCgrrier
for Server Applications,A. Sinha, IBM Server Development Group

This paper primarily documented an Ansys FEM simulation of the thermal and
mechanical stresses experienced by a fully assembled lead-d¢kegea The process
flow involved soldering a processor chip onto an organic substrate using a kad-fre
BGA, underfilling at two attach levels, and mechanically leveling theguechy

fastening down the corners. Carrier deformations after underfill werel@dods was
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the load distribution across the package for a no-underfill assembly. A spadinegnt
was also performed in which the failure rates for packages with and without linderfi
after thermal cycling at 100°C, were compared. The findings were that underfil
beneficial from a mechanical and thermal reliability standpoint, and that pé&tnarity
(i.e., reduced warpage) results when the organic starting substrate is coaterehan

convex, in shape.

“Study of Ni-P/Pd/Au as a Final Finish for Packaging,"Gudeczauskas, UIC Technical
Center, S. Hashimoto et al., C. Uyemura and Corporation, Ltd

As suggested in the title, the authors plated various NiP-Pd-Au finishes onto caaper-cl
laminate substrates either by purely electroless, by “electroldsd mlectroless
palladium immersion gold” (ENEPIG), or by ENEPIG with autocatalytic ggNEPIG-
AG, or simply ENEPAG) means, in order to study the effectiveness of palladiam as
intermediate blocking layer between nickel and gold (which interdiffuesdilyg and the
effect on reliability on SnPb and lead-free solder joints. Plating procedbiekiesses,
wire bond pull strength, location, and speed, and solder type were varied. Heat
treatments were conducted in order to accelerate the occurrence of diffagion, a
transmission electron microscopy (TEM), Auger spectroscopy, and scatettrgre
microscopy (SEM) data were gathered. The thickness value which agree@thdhe
requirement for good bond reliability as well as with the requirementlif@piting nickel
diffusion is 60nm. It was also found that the gold bond pad plating thickness
(particularly with ENEPAG) must be adjusted based on the application spmifscen

order to achieve optimal reliability.
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“Drop Test and Failure Mechanism of Sn-3.8Ag-0.7Cu and Sn-37Pb Solders in BGA
Package,J.W. Jang, A.P. DeSilva, et al., Freescale Semiconductar, Ltd

This work compared failure modes based on drop tests for packages assembled using
SnPb solder or using SAC (Sn-3.85g-0.7Cu) solder exclusively. Both solder-tyme BGA
were built using 200-micron balls on gold-plated nickel pads, however a comparison
between nickel and copper under-bump metallizations (UBMs) was also mada. Initi
drop tests indicated that the SAC joints had significantly higher incidenedwtfand

joint compromise than the SnPb eutectic solder did. One explanation offered by this
group was that, in instances of higher strain rates (as in drop testing), SAC becomes
brittle rather than ductile (as it is at low strain rates). Its ingltdielongate may be

based on the formation of less-compliang3ig IMC crystallites. Furthermore, the body-
centered tetragonal crystallinity of Ag does not allow glide movementlotdigons (as
does the face-centered cubic structure of lead). Copper UBM was shown to have a highe

drop-impact resistance than that of nickel.

Conclusion
This was my fourth trip to an IMAPS symposium, and my third as a full member
(non-student). | feel that attendance at such functions can benefit all pofssi
working in the broadly-defined electronics field, at any level, through exptstine
latest innovations and the reinforcement of industry standard practices. nueotati
appreciate this organization’s priority of making opportunities availabledaved as

promoting professional growth in, its professional members. | would be happy to loan
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the proceedings on CD-ROM to any interested person. More information about the

IMAPS organization and its events can be obtainediat.imaps.org
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APPENDIX D

CALCE TIN WHISKER SYMPOSIUM TRIP REPORT

Subject: Trip Report, Center for Advanced Life Cycle Engineeridd-(CE)
International Symposium on Tin Whiskers, University of Maryland

College Park, MD.

Dates of Attendance: 24-25 April 2007

Introduction

The Center for Advanced Life Cycle Engineering (CALCE) raldnternational
Symposium on Tin Whiskers on April B4 25" 2007 at the Samuel Riggs IV Alumni
Center, University of Maryland, College Park, MD. The symposium to&t&0
attendees, with representation from 6 universities, 80 corporatidngodernment
agencies, and 15 different countries. Several highly regarded expdtie area of
microelectronics reliability, including George Galyon of IBMym Woodrow of Boeing,
Bill Boettinger of NIST, Carol Handwerker of Purdue University, and Henbaidecker
of NASA GSFC, offered their perspectives on the status of fleadviability, and
presented their most recent work regarding tin whisker phgéialure. In all, 27 talks
were given and 2 panel discussions were held. Highlights freeradeof them are

presented below, followed by a brief discussion of the many calls for paditpa
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Metal Whiskering: Tin, Zinc, and Cadmium by Henning Leidecker GSFC/NASA

Dr. Leidecker began his talk with an historical overview of timsker awareness.
He explained that common electronics materials, such as coppedy,astd brass, are
reactive to ambient conditions and prone to corrosion. To combat sudis,dffsginning
around the early 1940s, ‘protective,” solderable surfaces of cadmiwmantl/or zinc
were commonly applied. Reports of failures due to electrivattisg of components
caused by whisker (i.e., filamentary metallic surface protrugjamyth on many surface
types — including the three already mentioned - began to enmed@6. These reports
continued until the publication of Bell Labs’ S.M. Arnold’'s 1959 paper antpll
effective whisker mitigation by lead alloying (3-10% w/wihich gave way to decades
of use of SnPb solders and finishes. The July 2006 adoption of thectrRestof
Hazardous Substances (RoHS) directive by the European Union has brbaghtaa
renewed interest throughout the field in developing new alternatovédnPb whose
reliability can be established. Being that the mechanisetsn8 the process of
whiskering have not, to date, been completely uncovered, many assewiblie$ are
reverting to finishes which remain potentially problematic. diiesthe numerous early
accounts of shorting failures caused by whiskering on pure Sn andiZne8, among
others, as well as the abundance of modern-day catastrophes (i.&,99A& shuttle
transistor failure) whose root causes have been traced badksikewshorts, these very
finishes are still increasingly being employed today. Drdéeker offered a number of
possible explanations for the general lack of urgency in solvingrttvéhisker problem,
including the persistent belief that whiskers are merely thieateor that the statistical

incidence is low enough not to be of concern. In spite of the mictomiécs
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community’s indifference, he maintained as imperative the need tmgents whisker
research.

Prior to closing, Dr. Leidecker provided some information regardintpine
statistical properties of whiskering (i.e., whisker density takeRoisson distribution,
while whisker length is lognormally distributed) as well as some data amdlée on the
average melting temperatures of whiskers of various compositia@.méhtioned that
dielectric breakdown of a whisker’s native oxide (a necesgarglitton for establishing
electrical contact) has been confirmed to occur within theerafd@.2V — 15V, and he
also warned of the risk of generating ionized metal vapor — capaBlgstaining very

high electrical currents - within very small conductor gaps.

NIST Sn Whisker Researchby W. J. Boettinger, et al, NIST

This talk began with a brief recounting of prior NIST workstgiaing to tin
whiskering as well as of current related efforts being pardme NIST's Metallurgy
Division. Several key material properties of electrodeposits were therssst; in terms
of their impact on the formation of tin whiskers, including intrinsiatiply stress,
interdiffusivity of Cu and Sn, intermetallic (IMC) formation antbcation,
volume/compositional changes, creep tendency, and grain shape. A gedetfadiory
for whisker formation was also presented.

Boettinger’'s group strongly advocates the use of the cantilever &ygamach for
stress measurement, and showed data suggesting that thicketsdepdwight Sn (1
micron thick or greater) contained greater compressive stéske (reminding us that

‘intrinsic’ plating stresses can be either tensile or compressiveflechen versus time
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curves were presented, as a result of beam flexure experiff@nésrange of deposit
thicknesses and compositions, and approximate models for the behavialseegeren.
A positive relationship between copper content and both whisker incidande
maximum whisker length was claimed. Metallurgical data couplgd FIB cross-
section images showed that the;8n intermetallic thickness which forms as a result of
electrodeposition of pure Sn onto Cu is approximately proportional4owith no
intrusion into the tin grains or grain boundaries. Based on publishededataing the
Cu/Sn and Cu/Cu-Sn diffusion couples and interdiffusion coefficientss Gurported as
being a “fast diffuser” in pure Sn, however within the;&y IMC grains, Sn diffuses
slightly more readily than does Cu. As such, it is theorizedaHaster reaction takes
place at the Cu/IMC interface, with a negative heat of mixwthgn compared to simple
Sn/Cu mixing.

Microstructure information obtained from cross-sectional imagesasegplated
deposits of pure Sn, Sn with 2% Pb, and Sn with 3% Cu, revealed thatsfandes
where hillocks and/or whiskers grew, columnar grains were presbih, iw the case of
the lead-compensated alloy, there was an ‘equiaxed,” smadl gizen distribution. It
was argued that, for an “equiaxed polycrystal,” stress retexavould occur via grain
shape modification rather than via forced filamentary outgrowth. @nother hand,
creep (specifically, “diffusion creep,” or Nabarro-Herring-Caotrleep) was mentioned as
being an eligible contributor to whisker formation, when considering ahaigher
chemical potential is present on the grain boundaremal to the stress than on those

parallel to it.
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Tracer Diffusion in Whisker-Prone Tin Platings by Tom Woodrow, Boeing

The objective of the work presented by Dr. Woodrow was to utilize non
radioactive isotopes of tin in order to track their diffusion witingg Two different
isotopes (SH® and Sh™® were deposited, in single and double layers and having both
bright and matte finishes, onto brass test coupons. After various fimcupariods, FIB
Microsection and Auger analyses were performed. ‘Nodules’ faméright finishes
within 30 minutes of sectioning, while whiskers (allowed to grow éwesal days) were
shown ‘perched atop’ grains along the matte plating surfacescon8ary ion mass
spectrometry (SIMS) depth profiles were performed on the dowseslthemselves (i.e.,
‘spot checks’) as well as on their whiskers. A clear tirepethdent interdiffusion was
evident, along with the suggestion that the diffusion rate eventsialys to pseudo-
equilibrium (i.e., only 1-2 time snapshots were provided). In allsgaswas found that
the ratio of isotopes along the whiskers, from base to tip, wd/e®yaconstant. It was,
however, also claimed that there is a gradient in the samenrda¢éin measuring along the

radial direction of the whisker (i.e., the core composition differs from thaedurface).
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Tin Whisker Stress Measurement and Analysi®y George Galyon, IBM

As perhaps the most published contributor to modern tin whisker indiry,
Galyon gave a thorough and engaging talk on the flexure beamtl{FBJilm stress
measurement technique. He opened the discussion by mentioningetlaaea of stress
measurement is of particular interest to the Whisker “Useduf® of the International
Electronics Manufacturing Initiative (INEMI), and listed costse of implementation,
access to high volume data, and a lack of publications using the teclwiquas being
among the benefits of using flexure beams. The basic assumptiahged with using
FB methodology, as described by Dr. Galyon, are that your stresside in a two-
dimensional plane, that the film strain is uniform along the nodmettion, and that the
Stoney stress equation accurately approximates the stressleflmition, Stoney’s
equation is valid only for “thin film approximations,” in which therfithickness is <1%
that of the substrate). Since FB analysis inherently resnltsome degree of
experimental error, one may wish to consider finding ways taragpout the effects of
IMC formation, stress gradients (both positive and negative), etcanfexample, Dr.
Galyon has suggested that one might vary the film thicknessssa@ number of
experiments, in order to test the uniformity of film strain, arfgren selective etches to
determine the contribution of individual layers to the overall flexurd “Complex
Stoney’s” approach was also described, in which the flexure efiffiet with and without
tin would be used to determine the plating stress. Dr. Galyon weatsay that, were it
possible to etch off the intermetallic without etching the undeglgmpper substrate, one
could also make observations about IMC contributions to stress. Hairedlthat

certain material alternatives to copper, such as Alloy42 andtiemgmay enable such
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analysis. Furthermore, it would be desirable te@teto account Kirkendall effects (tl
temperaturariven movement of an interfacial marker, indicgtthe onset of diffusior
in FB testing.

To supplement his talk, [ Galyon handed out a small publication entitled ‘Beal
Stresses in Thick and Thin Surface Coatings,” W.TClyne, from the “Encyclopedia

Materials: Science and Technology,” Elsevier 2

Stress Relaxation in Sn, S-Cu, and Sn-Pb Filmsby Carol Hmmdwerker and Aaror

Pedigo, Purdue University

Dr. Handwerker did an excellent job of summing ke prevailing presumptior
regarding the variables involved in, and the nesrgssonditions for, tin whiskering. Sl
enumerated several current and recenisker study findings from Purdue, NIST, a
Foresite, and also proposed a wide variety of pésslirections for future inquiry. TF

following bulleted list provides an overview of heain points

° It is generally held that increasing compressiress contributes in

positive way to whisker formatic

® Creep is less prevalent than whisker formation assties-relief

mechanisr in thin films of Sn-3% Cu.
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Compressive stress does not increase with filmkti@ss in SnPl
increases at a medit rate in pure Sn (forming hillocks), and increask
a fast rate in SnCu (forming whisker

Intermetallic compounds, though commonly presentwimske-ridden
parts, are not required for whiskers to grow (i.e., whiskédave bee

observedyrowing inthe absence of an IMC layer).

Hillocks and whiskers have been shown to form iitespf the existenc

of aPt surface laye

The number, length, and type(s) of asperity fororetion a SnCu surfa

change as a function of copper concentra

Contrary to prior belief, both briglandmatte tin finishes can whisk

SAC305 solder can whisk

CTE mismatch, ‘irregular’ growth of IMCs, and oxtatan/corrosion of Si

have all been shown to contribute to whiskel
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Dr. Handwerker's approach to solving the tin whisker problem gteeit
consistently towards attempts to minimize the differencesatemal properties between
SnPb and Pb-free solders.

Opportunities for Future Work

Despite the impressive quality and number of active reseffartsocusing on
the physics of formation of tin whiskers, there is widespread @egnsy and outright
disagreement on a number of fundamental questions. Boettinger, et al, of NIST, for
example, provided experimental evidence that a layer of oxide dtopkating surface
is not required for whisker formation, however Chason, et al, of Brown, conthatg
is in factcritical. Other points of contention include whether or not a finish must be
bright (as opposed to matte), exhibit a columnar grain structure,snayle-crystalline
domains, or contain copper, in order to whisker. Because the tin wipiskdem is far
from resolved, there is a vast and diverse landscape of possible @itactions for
research. To this end, the CALCE symposium served a dual punmoserms of
providing a forum for many of today’s researchers to plead featgr involvement.
Boettinger, et al, made note of a possible relationship between tnictase in plated
films and the growths which subsequently form on their surfacesiceiét may be
worth investigating ways to ‘break up’ an electrodeposit’'s grauctire as a whisker
mitigation strategy. Dr. Galyon believes that more flexhgam experiment studies are
badly needed. Dr. Handwerker posed the question “is there anythiognvwagld to Sn to
minimize its contact angle, thereby improving the solid-liquickriisice segregation?”
She also proposed comparing cantilever-based stress measurentieresirigtion in

Sn/Cu composition, and finding a way to ‘disrupt’ native oxide layetisowt using an
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FIB (since Ga implantation, an unavoidable side-effect under narincaimstances, is
problematic).
Conclusions

This was my first attendance at a CALCE event, and limpsessed to see such
a high level of participation. In my opinion, attendance at suchifunsctan benefit all
professionals working in the broadly-defined electronics field, ngt lavel, through
exposure to the latest innovations and the reinforcement of indumtdast! practices. |
feel that the information conveyed over the course of the 2-daycsyamp will be
valuable to my dissertation work, and that the thin film testingsamdple preparation
techniques presented may prove useful in the context of my job. | wouldppy to

loan the proceedings (hard copy) to any interested person. iMormation about the

CALCE organization and its events can be obtainedhat.calce.umd.edu
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APPENDIX E

LEAD-FREE SOLDER WORKSHOP TRIP REPORT

Subject: Trip Report, Lead Free Solder Joint Reliability Workshop, instirbgte

Jean-Paul Clech, hosted by Hobbs Engineering, Boston, MA.

Dates of Attendance: 23-24 May 2007

Introduction

The purpose of this workshop, led by Jean-Paul Clech, was to disctisxdse
and considerations related to the determination of lead-free goildieperformance. Dr.
Clech is an internationally recognized expert in the modelirsplofer alloy systems, and
has also done considerable legal and corporate consulting in elect@mbility. In his
opening remarks, he informed us that the legally accepted definiti@tiability is “the
ability of a product to function under given conditions and for a spdqiégiod of time
without exceeding acceptable failure levels.” The implicatiohshis definition were
elaborated on throughout the twelve-part course. The first émmaents focused on
modern trends in microelectronics reliability, motivations fardging the physics of
solder joint failure, and the overall subject of lead-free nateriThe next few sections
discussed matters specific to each of an assortment of packsee (gurface mount
leadless, surface mount leaded, ball grid array, flip-chip, angd stale packages),

followed by two sections on the material properties of solder, two on experiroardat
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modeling, and one section devoted to case studies. The following pepoides a

summary of the key lessons shared by Dr. Clech during this seminar.

Course Summary

To introduce the course, Dr. Clech provided us with a background on the
composition of microelectronics solders prior to the European Union’s adofiti
February of 2003) of the Reduction of Hazardous Substances Directiva {mstricts
the use of six hazardous materials in the manufacture of vayipes of electronic and
electrical equipmehf’ among them lead (Pb). As is commonly known, ‘near-eutectic’
and eutectic tin-lead (SnPb) have been the most widely used soiderany years. As
the movement towards “green” electronics progresses, howeverjshiereewed interest
in lead-free alternatives, typically involving tin and/or @lloys with silver, copper,
bismuth, nickel, zinc, etc. The tin/silver/copper family (coined “SAC” gslde perhaps
the most popular of the alloy schemes, and a wide varietytio faave been proposed
thereof. Significantly challenging the institution of theseaepinent technologies is the
limited degree to which their reliability has been charactd. Additionally, firm
methodologies do not yet exist for testing such solders, as tfogenties vary too
greatly from SnPb for the same tests to apply. Dr. Cleatf ihe opinion that for
SAC387 and SAC 396 solders, which he considers to be the most heavilygeteelsof
the SACs, we are no better than “18 to 30% up the learning curvew@nseé that we
have only a 5% understanding of
SAC305. Failure mode acceleration factors (AFs), for exampdenair available for

many formulations of lead-free solder. Clech himself spdali & years compiling AF
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models for thermal cycling and vibration in SAC 387/396. In addition te,touost is a
major impediment to progress in these areas, particularly comgjdbat a “good” creep

test runs about $150Kk.

Because temperature is the leading cause of electronicefiltollowed by
vibration, Dr. Clech stressed to us that thermal cycling sastextremely important in
reliability determination. He mentioned a useful relationshippprasing the nature of
thermally-induced solder fatigue, which states that for mddesjgerated at less than 0.4
times their melting temperature, the dominant deformation modeversible, elastic
stretching, while those materials which operate at or above 40%eaf rnelting
temperature under load will deform via non-reversible creep. atwe of operating
temperature to melting temperature is also known as the ‘homologougérature, and
both SnPb and SAC solders have homologous temperatures greater thaBofh6.
solders are therefore susceptible to metallurgical creep dieamtemperatures.
Interestingly, Dr. Clech explained that thermal cyclingstesd beam flexure mechanical
tests are in facequivalentby the following expression, with the latter test being

considerably faster and simpler to perform:

h
Aa X AT

, and where R is the radius of curvature, h is the beam thickkessthe CTE mismaitch

(i.e., finish/substrate or component/substrate), Andis the change in temperature
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(modeled, in this case). Similarly, equivalence exists betileermal cycling tests and

power cycling tests when it comes to high-power integrated circuinatiss.

It is clear that endeavors in solder joint reliability evabrgta “semi-empirical
science,” should attempt to take into account a wide varietyctiirta enumerated by Dr.
Clech to include three-dimensional and time-dependent stress aimdhsstories, non-
linear, temperature, and time-dependent mechanical propertssidafr, metallurgical
considerations (such as intermetallic compounds, grain size, and),adailure
mechanisms (such as coarsening, matrix creep, and grain boutdarg),sand the
intermittent nature of solder joint failuresGlobal CTE mismatch is important when
evaluating leadless assemblies, wihdeal CTE mismatch is a more legitimate concern
for leaded assemblies. From a materials standpoint, CTE #Hez bwatched between
SnPb and Cu substrates than for SnPb and Kovar or SnPb and ‘Alloy A&28)(Nit was
noted that, despite the “standardized” manufacture of FR4 choards, thectual CTE
of a vendor supplied board may differ from its specified value, and cgrover a rather
large range (9-24 ppm/°C). Furthermore, specially treated FRAdaapable of
withstanding the elevated temperatures required for SAC soldeeg®iag are now
available, and the variability among their CTE is not weklilggthed. Irrespective of die
size, as packages have scaled down to occupy smaller footpssen)lay Safety Factors
(the ratio of ‘time to failure’ to ‘design life’) have dimimed. While plated through-hole
(PTH) technologies have typically allowed for an SF of ~10, modapiscale packages

(CSPs) have SFs around 1.5.
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A number of comparisons between SnPb, SAC, and SnCu solders wiéee ma
throughout the course, often in terms of their ‘characterisetiries’ with respect to
various external factors. SnPb displayed a longer expected lifie suigected to high
shear strain, high temperature conditions, and/or longer dwell ttuesg thermal
cycling, when compared to SAC. The two solder types were faubd tomparable, in
terms of pull strength versus number of thermal cycles, in quaghdtzts with either
NiAu or organic solderability preservative (OSP) finishes. {breral statement was
made that “SAC is stiffer (higher E),” “has higher yieldest ;) and strength (max.
stress),” and is “more creep resistant” than its SnPb prestecellso, unlike SnPb, the
coefficient of thermal expansion (CTE) of SAC is
somewhat temperature dependent, although at ambient temperaturgs #dre toughly

equal (~23-24 ppm/°C).

When advising us on how to perform predictive reliability work, Drec@l
stressed the importance of in-house determination of the maiesjarties (i.e., CTE,
Poisson Ratio, etc.) and strain datadlbrcomponents of the assembly under scrutiny (i.e,
the board material, solder mask, package, solder joints, metaliga@nd coatings, etc.).
The list of suitable inputs to a design of experiment (DOE)doh purposes is similarly
long, and includes aspects of the assembly process itself, thmevalf solder used,
geometry and orientation of pads, traces, components, and die, andepéors.
Because one is generally interested in streamlining retialvdst efforts as well as in
making good lifetime predictions and pinpointing accurate test AHs, viewed an

economical choice to develop experimental models along the way.h @idcated
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particular confidence in those life prediction models which asedban a “strain-energy
criterion,” since they have correlation values similar to tledsenPb models, and he also
provided formulae and descriptions of the Norris-Landzberg, Pan/HP, amkr Sol
Reliability Solutions models. Strain energy is defined as theuat of energy absorbed
by an item under load prior to fracture, and corresponds to the areahmdéess-strain
curve (also known as the ‘thoughness’). The practice of validating Isnadstrongly
encouraged, by way of making comparisons to internally-generatexetfatdn order to
fully develop a reliability model, Dr. Clech feels that arodhdozen such datasets are
required, in addition to detailed test vehicle information, a constitativéel for solder
joints, and wide-range failure distributions from acceleratechge$tcovering 2-3 orders
of magnitude in life”). To help maximize the efficiency of oulratality tests, he also
provided optimal ramp rates and dwell times for SAC and SnPb gblelenal cycling

tests.

Conclusion
In his Lead-Free Solder Joint Reliability workshop, Dr. Clech provides the
background knowledge, insight, and fundamental modeling principles necessary for
informing the formulation and launch of an independent series of reliabilisy tdkich
of the information conveyed was germane to TSD’s in-house lead-free sol@give,
and is likely to directly and positively impact our progress. | would be happy to loan the
proceedings (hard copy) to any interested person. More information about dean Pa

Clech and his company, Electronics Packaging Solutions InternationaERfsl)( can
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be accessed attp://www.jpclech.com/ClechBio.htnand

http://www.jpclech.com/index.htmtespectively.
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APPENDIX F

PART REPROCESSING SYMPOSIUM TRIP REPORT

Subject: Trip Report, CALCE Symposium on Part Reprocessing, Tin Whisker

Mitigations, and Printed Wiring Assembly Rework/Repair

Dates of Attendance: 11-12 November 2008

Introduction

The Restriction of Hazardous Substances Directive (RoHS) adopted by the
European Union in 2003 mandates the elimination of six toxic substances from
electronicsiead, mercury, cadmium, hexavalent chromium, polybrominated biphenyls,
and polybrominated diphenyl ether. Removing lead from plated finishes and solders
inevitably leads to the pervasive and unpredictable problem of spontaneous “tin whisker”
growth, a plague of microscopic metal protrusions which can cause — indeed has-caused
catastrophic failures across a breadth of applications. Of particulasrb&efact that
military, space, and medical industries no longer enjoy market dominance when
compared with consumer electronics, and as such, despite RoHS “exemptionsigallow
them to use lead in many cases, the availability of lead-containing contpdroen
suppliers has become increasingly difficult or even impossible. Firnstanepting to
“stopgap” their parts supply by purchasing whatever remaining avail@getataining

components they can find, but this is clearly only a temporary fix.
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The Center for Advanced Life Cycle Engineering at the Universiiariyland
held a symposium in College Park, MD on Novembé&tand 13' devoted to “Part
Reprocessing, Tin Whisker Mitigations, and Printed Wiring Assembly Rewq&iRe
This two-day meeting, which hosted over 100 attendees from 55 agencies, corporations,
and universities, sought to address a number of concerns relating to the leadkree pus
and implications affecting all tiers and supply chain elements within tbeies
industry. Presentations addressed whisker risk assessment, whiskeranitggtniques,
physics of failure studies, rework of lead-free assemblies, ‘courtit@dei detection,
and/or conversion of lead-free parts back to lead-containing parts (e.g., B&knge
component lead refinishing, etc.). This report summarizes the salient comnaomsicat

from this event.

Notable Papers

“GEIA Standardization Activities Related to Lead-Free Materidsduin Touw

(Boeing)

A classification system has been developed by the Government Electronics and

Information Technology Association (GEIA), which aids high-reliabilitgustries in
defining application-specific risk control mechanisms regarding tin wiaskeach
classification level (1, 2A, 2B, 2C, and 3, in order of increasing tin avoidance) specifi
the level of tin documentation, detection and control, mitigation, and risk analysis
required for a given task. Several audience members make remarksrieldkieir own
implementation and use of these GEIA designations. GEIA also works with JEDEC i

developing lead-free related standards and guidances.
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“CALCE Study on BGA Reballing,” Lei Ni¢CALCE)

Two reballing techniques were studied (solder wick ball removal followed by
preform ball application, and low temperature wave solder ball removal folloyved b
preform ball application), in which lead-free tin-silver-copper (SAC) sdidés were
removed and tin-lead (SnPb) solder balls were placed onto plastic ball gyid arr
(BGAs). Reballed assemblies were compared with non-reballed (S&é&nalies,
where both types were aged under 3 different sets of conditions, and then failure tested by
ball shear, cold bump pull, and four-point bend. Results indicated that solder ball
strength and overall assembly durability is similar in lead-free anddnsdeler
assemblies, with both outperforming reballed assemblies by a large mBagistrength
was not significantly affected by the ball removal method selected, blyséunability
(based on bend tests) was higher when the solder wick ball removal process had been

used, rather than the low-temperature solder wave method.

“BGA Reballing Reliability,” Ray CirimeldBEST)

In this study, control (non-reballed) BGAs were compared with otherwise
identical single-reballed and double-reballed assemblies, the lattededtéo simulate
additional rework. Extensive electrical tests, including base loopback, menagty, fl
script, SRAM and top loopback, were performed, revealing that the reballinggroce
does not have an appreciable effect on the BGA integrity. It was also stafechilea

the extra thermal exposures associated with second reballing events did aot@ppe

103



detriment the assembly’s operation, temperature profiles showed that sakiegwi

subjects BGAs to less cumulative heat than using a solder fountain.

“An OEM Perspective on BGA Reballing,” Michael Davisséwilent)

Agilent, formerly HP Test & Measurement, performed 1000 thermal cycles on
reballed video adaptor BGAs, periodically inspecting and testing them aleraysiet of
lead-containing control samples. The study found that ball shear, coeftittbermal
expansion (CTE) perforation, vibrational cracks and shock-induced failures were
comparable in both sample groups. The only noted physical difference between the
reballed and leaded BGAs was the thickness of the intermetallic layén (rigber
when reballed). The company plans to use reballing as their primary mdans of
whisker mitigation, and may also consider “mixed metal soldering” — the camglohi
lead-free and leaded chemistries, as available - in the future, contupgn more

research into its reliability.

“Manual Pretinning of COTS Components,” James L@kekheed Martin)

“Retinning” refers to the process of dipping the plated terminations of a
component into a molten solder (having a different composition than the original finish),
in order to replace the original tinned layer with a new tinned layer. A method for
manually retinning lead-free “commercial off-the-shelf” (COTS)}parto SnPb solder -
with better depth control and prevention of bridging - was described. The process

modifications discussed included utilizing a smaller-than-normal solder paitheme
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microscope (for better viewing of smaller parts and the depth of the dip) andglaat
~50-mil thick layer of water-soluble flux atop the molten solder, since “dippingdhrou
flux was found to decrease solder bridges between leads.” As of the presentation da
Lockheed Martin Systems Integration Oswego had already used this retechngjte

on ~3500 piece parts.

“Tin Whisker Containment with Flexible Ceramic Conformal Coatings,” OfehSne

(Sundew Technologies)

This paper was, in my opinion, the most remarkable of this conference, and
seemed to have been largely overlooked by those in attendance! Sundew Technologies
specializes in atomic-layer deposition (ALD) based conformal coating$ whey
believe can be 100% effective at containing tin whiskers. Their coatinggiaable” in
terms of flexibility, corrosion-resistance, % elongation to failune, lzermeticity, and
can form tensile layers with extremely strong bonds to tin surfaces, providing a
advantage over traditional encapsulants like Parylene C and Uralane 5750. Extensive
accelerated aging tests on whisker-free and already whiskeredeswifare performed,
and perfect mitigation was demonstrated over 24 weeks. The cost for “ALD-gajgpin
currently $30-50 per square foot of printed circuit board, and Sundew anticipates a

reduction in cost to $10-15/sq ft in the near future.
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Conclusions

The CALCE Symposium on Part Reprocessing, Tin Whisker Mitigations, and
Printed Wiring Assembly Rework/Repair was a productive success. It was bot
encouraging and reassuring to see such a high level of active participatis i
important field, and to confirm that the challenges faced by lead-frearobers are very
much “shared” challenges. | feel that the information conveyed over the cbtinge?-
day symposium will be valuable to my work on the “Lead-Free Reliabiligfineal
initiative. | would be happy to loan the proceedings (hard copy) to any intereste
person. More information about the CALCE organization and its events can be obtained

atwww.calce.umd.edu
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