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¢ these copper-tin compounds can be brittle and may impair the usefulness of the tin

20 coated component, their presence also adversely affect subsequent soldering operations
due to the generation of metal filaments known as tin whiskers which sometimes grow
spontaneously from these tin deposits. These whiskers are hair-like projections extending
from the surface and may be either straight or curled or bent. The presence of such
whiskers is undesirable due to the very fine line definition required for modern circuitry,

25 since these whiskers can form both electrical shorts and electrical bridges across
insulation spaces between conductors.

The mechanics of the tin whisker problem are not clearly understood. The
filaments can begin to grow within days of the application of the coating or even several
years thereafter. There is speculation in the literature that the whiskers grow from stress

30  concentration sites, such as those created in many electrodeposition techniques, as tin
extrusions which are dendritic in nature. There is also speculation that temperature and
humidity affect whisker growth. The article "Simultancous Growth of Whiskers on Tin
Coatings: 20 Years of Observation,” by S. C. Britton, Transactions of the Institute of
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20 (MSA) solutions over copper/copper alloy substrates in the as-plated condition generally
start out with no or slightly low compressive stress but during deposit aging compressive
stress increases significantly. It is theorized that this increase in compressive stress is due
to the formation of copper-tin intermetallic compounds, due to diffusion of copper from
the base material into the tin deposit, and that this compressive stress generates tin
25  whisker formation.

Additional approaches for dealing with this problem have generally involved a
whisker inhibiting addition to the tin coating solution. A number of different tin-alloying
metals including antimony, cobalt, copper, germanium, gold, lead and nickel have been
suggested to reduce the growth of tin whiskers in the resulting deposit. In order to avoid

30  the high cost of precious metals, the most common approach has been to deposit an alloy
of tin and lead. This alloy is also compatible with the solders that are later used to make
electrical connections to wires or other electrical components. Unfortunately, lead and a
number of other alloying elements are undesirable due to their toxicity and related

environmental issues.
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a crys{’aia orienting surfactant. The acid is preferably a sulfonic acid, sulfuric acid, a halide

ion acid, a fluoborate or mixtures thereof., The solution can also include an alkylol

20  sulfonic acid or solution soluble salt thereof in an amount sufficient to improve deposit

appearance. The crystal orienting surfactant preferably comprises a solution solub]e
organic compound having 2 to 4 joined rings, a total of 6 to 24 ring members, and at least
one oxygen or nitrogen atom present in or attached to at least one of the rings. More
preferably, the solution soluble organic compound has 2 to 3 fused rings, a total of 6 to 14

25 ring members, and at least one nitrogen atom present in each of at least two rings,

Alternatively, the solution soluble organic compound can be a condensation compound of

an alkylene oxide or block copolymer. The most preferred surfactants are biquinelines,

dialky] phenanthrolines, block copolymers, or ethoxylated naphthols.

Another embodiment of the invention relates to a method for reducing tin whisker
30  formation in plated tin deposits, which comprises plating tin or tin alloy deposits onto an
underlying metal from one of the solutions disclosed herein so that the deposits are
essentially free of compressive stress and have crystal orientations that are compatible

with the underlying metal in order to inhibit tin whisker growth.
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pl ati ng I t al rates including both copper and iron.
See for gégtﬁigsé?teé?@mﬁ%‘%tﬁ*ﬁ%@%ﬁ@%’ﬂ@fg‘?m%}toz9, 556 and 3, 770, 599. These
baths are preferred where plating speed is inportant and the fl uoborate
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FLUOBORATE SOLUTIONS: Tin fluoborate plating baths are widely used for plating
20 all types of metal substrates including both copper and iron. See for example, U.S, Pat.
Nos. 5,431,805, 4,029,556 and 3,770,599. These baths are preferred where plating speed

is important and the fluoborate salts are very soluble.

HALIDE SOLUTIONS: Tin plating baths with the main electrolyte being a halide ion
25  (Br, Cl, F, I) have been used for many decades. See for example, U.S. Pat. Nos. 5,628,893
and 5,538,617. The primary halide ions in these baths have been chloride and fluoride.

SULFATE SOLUTIONS: Tin and tin alloys are commercially plated from solutions with
sulfate as the primary anion. See for example U.S. Pat. Nos. 4,347,107, 4,331,518 and

30 3,616,306. For example the steel industry has been tin plating steel for many years from
sulfuric acid/tin sulfate baths where phenol sulfonic acid is used as a special electrolyte
additive which improves both the oxidative stability of the tin as well as increasing its
current density range. This process, known as the ferrostan process, is usable in the
present invention but is not preferred because of environmental problems with phenol
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sulfate as the primary anion. See for exanple U S. Pat. Nos. 4,347, 107,
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sul f oni ¢ PIRGEFRIRBIEY -heen found to I mprove the performance of these plating

solutions. Especially preferred are salts of 2-hydroxy ethyl 20 sulfonic
acid, and particularly the sodiumsalt (sodiumisethionate or "I SE'). These

salts gener alThesd suluth@seah be updddlomdoria REBosInbdes.t D8e $PbidklPPSkifigdy be
used gt ch hi q%gr current densities. The solutions can also be run at
gr eat®r g%eaéﬂ b salest theppspesfermedacid ppacid arixture foneny paticulyr pltihge

deposi t s gpAfaWeh! as in the oxidative stability of the tin. The anmount of
tin (as tin nmetal) in the plating solutions of the present invention 25

may be vari ed Adkalr matalyi aliealinaregeh gieed), Asmbfiam HAQubstkufea aﬂﬁﬂﬂﬁurﬁ%gltﬂ?fﬁm of
net al per or up.to the solubility Iimt of the

parti cul gpeﬁﬁﬁéﬁéoqsﬁk%%%%f%%ﬂ@mg agifis\have heent foundito ismdrout thent , the tin
I'S preseprfdrhahbEof MRECHRAIARPE. %slgéclialﬁropr@gg%ﬁ a8salts of 2-hydroxy ethyl
20 sulfonic acid, and particularly the sodium salt (sodium isethionate or "ISE™). These salts
generally increase the plating range so that the solutions can be used at much hi gher
current densities. The solutions can also be run at greater speeds.. Further improvements
are seen in the quality of the deposits, as well as in the oxidative stability of the tin.
The amount of tin (as tin metal) in the plating solutions of the present invention
25  may be varied over a wide range such as from about 1 to about 120 grams of metal per
liter of solution (g/1), or up to the solubility limit of the particular tin salt in the particular
solution. In one embodiment, the tin is present in the range from about 5 g/l to about 80
g/l. In another embodiment, the tin is present in the range from about 10 g/l to about 50
g/l. In another embodiment, the tin is present in an amount from about 20 g/1 to about 40
30 g/l In another embodiment, the tin is present in an amount of about 30 g/l. In another
embodiment, the tin is present in an amount of about 20 g/1. Higher Ievels of tin may be
included in the plating solutions, but economics suggest, and solubility may dictate, that
the metal levels be maintained at lower levels. It should be understood that the foregoing
quantities of tin in the plating solution are disclosed as metallic tin, but that the tin may be
-5-
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the aromatic organic compound includes rings of

20 benzene, naphthalene, phenol, quinoline, toluene, bisphenol A, styrenated phenol, or an
alkylated derivatives thereof Other surfactants, such as those based on block copolymers
having a molecular weight between about 1000 and 4000, can instead be used,

The surfactant(s) to be added to the plating bath in accordance with the invention
will not only improve the dispersibility of the components in the solution but will also
25

ensure excellently adhesive, dense and smooth deposits. Especially, it has also been

found that a cationic surfactant is markedly effective in preventing the dendrite growth in

the high current region, whereas a nonionic surfactant improves the throwing power of

the plating solution in the low current region. Preferred nonionic surfactants are selected
from condensation products of ethylene oxide and/or propylene oxi
alkyl ethers, quinolines, phenanthrolines, alkyl quinolines, alky] ph

styrenated phenols, alkyl phenols, naphthols, and alkyl naphthols.

de with aryl ethers,
30 enanthrolines, phenols,

A combination of
surfactants can be used depending on the current conditions to be adopted. For example,

the combined use of the two different surfactants makeg possible plating under a wide
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will not only inprove the dispersibility of the conponents in the solution
but will also 25 ensure excellently adhesive, dense and snooth deposits.
Especi al I¥) it has also been found that a cationic surfactant is markedly
ef fect VB WA BHeventing the dendrite growth in the hi gbCeMSh N, T €0i on,
whereas a nonionic surfactant inproves the throwi ng power of the plating
solution _jn the low current region. Preferred nonionic surfactants are

sel ect ed 1 GCLBARIEHBELIPBR TpIdsting the infensivhpbplimbib 48 paHQEcHEQRY) ene

oxi de W §kclaiNé HRUHAREP 14030 |, et her ui nol i nes, phenanthrolines, alKkyl
qui nol i nes, alkyl phenant e Ll‘%‘ehsoie’ﬁﬁgmﬁhgs,pee‘gfwaﬂfeﬁa%mﬂ@ﬂs.al kyl

henol s, naphiThekkylamdxalekpmpoanhinaobs ' ' f rfactants can
Ee used Q&Pﬁ(ﬂ‘di 19 QN tze gur gnt congitfglr?é&l'?(?i{)de&%ﬁgﬂijg’gwq%gragg&t Pl e,

t he conbfne H’Q@ @? “fhylene Q51dg; andopreferably betacrm sixsinduwesty s, o asqd @t | ng
unders a fyrahehe 6o 41 r e.of current conditions,
renderi ng the | nﬂ\%ﬁ%%gog%g%ﬁ}ugg#g@%gfé?%oé?sa%?%@d?@&ﬁqi%bés up tq $%udi ng

t he bar r'®@py be saptaced writhughpyleheoxidsn dOhd gHESDEAH: ﬁﬂ@\%\%@é&ﬂ %e%ﬁ-jﬁjﬂ'ef}ge rTEt hods.

The al ky, xi.de_compound may be et hyl ene oxi de wherefn between about

f our ar#cfg%grenﬁpggng?%ﬂ‘&]?%@x@ﬁ(bﬂ@unaﬁI:Psbn&f erably between six and

twent y- ei ght , Tiad oSkt C: sat. on .co nd. Some of the

nol es of et hyl ene(.)o;?dg_, chlséfgc%%l%g&fd&?g%@yl an g ag%gfg’“&/ia?ﬁ sehBion ene

oxi de. CH# akieiqontains ISEtiherder to pranideaks bmfdﬁd&fryétﬂ%deﬁﬁﬁoﬂﬁz@fﬁ{lﬁﬁ L grount of
surfac

propy! erﬂﬂl%@iﬁ&ﬁ%\ﬁ{hoa%iﬁ{]ﬁy:o%“ ng. The nost preferred ants for use

i n conbi nat’1 on a W& acid solution that also contains ISE in

order to proﬁ%iqdm%lﬁfeefaqefe@gc)@ﬁgg{,@#oﬂ{d’ entation which hinders 10 tin
whi sker gr owtqh are as follows: 2,2 -bfquinoline - a heterocyclic conpound
2, 9- di met hy| 2£-dnetdriaH plreotmthelinea alieteeselic bogps@mpound Jef f ox W.1400 -

a EQ PO copol VihR Y ecul ar i ght of 1400 Noigen EN - a
pol yoxyet hyl é%feﬁ{a‘rv}[q@phgﬁsdfgb@% e\gﬁéﬁngétr%plwammghwfﬂm% nol es EO

More generi cNeide 8N ab @olyak AtRY1kfke ﬁg,p@[[mlcan al so be used. Electroplated tin

depgfits are_po crystals. Fromthe crystal growth perspective, internal
S

ly-
stress can bEhEHist betp-naphtied withylStmblel 80t i ce of the deposited netal as
wel | asMogesg&gﬁgréﬂ.}%(p%aﬁégrag(g%%t&n? %r?gg%}sg | | ow certain preferred

orientations. During d¢edthe first few atonmic layers
are characterized as epitaxial; with the crystal lattice

Electroplated tin deposits are poly-crystals. From the crystal growth perspective,
intemal stress can be generated if the crystal lattice of the deposited metal as well as its

20 growth direction do not follow certain preferred orientations. During the deposition

process, the first few atomic layers are characterized as epitaxial; with the crystal lattice
of the coating afttempting to match that of the substrate. However, as layers build, the
epitaxial behavior may change to a structure dictated by the electrolyte and additive
composition.

25 In addition, during the deposition process, if the growth direction of the tin
coating is completely random, the growth rate should be the same in all the
crystallographic facets and directions, However, in practice, the growth directions of the
tin crystals are not completely random, and they usually exhibit one or more preferred
orientations. This means that the growth of the tin grains with the preferred orientations

30  are kinetically more favored (i.e., more stable) compared with other orientations. In other
words, other orientations eventually are replaced by the preferred crystal orientations
during the nucleation and crystal growth process. The present bath chemisiries are

intended to produce tin coatings with strong preferred orientations.
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of the coating attenpting to match that of the substrate. However, as
| ayers build, the epitaxial behavior may change to a structure dictated by
the electrolyte and additive conposition. 25 In addition, during the
deposi t "Sh'¥P&tss, if the growth direction of the tin pEBLENGILS
conpletely random the growmh rate should be the sanme in all the
crystall ographj'[c facets and directions. However, in practice, the growth
directions of tAeKYThthal yaiskererawth issphevamérenetlyick Anttoren bendriphayivesual | y
exhi bit oftesdm AP £r r.eentations. This neans that_ the growth of
the tin grains \;lv? Elﬁ ctB %\@"br}g‘g?vreg’dk%lrgi(%%?Sé{](f%ﬂgﬂ%%‘:%seorg‘?rﬁléﬁlicl:‘éﬁslr?blﬁnr e
favored (thets willbsrlessstradste nitiawperisitr widvwihOtIRfHE RO LA MF wiidal her
wor ds, otljgﬁjireg(r&ﬁent. tionsf.evelgt ual l.y are repl aced by fhe prel}verre crystal
orientatiGhs dut ?ﬂ%e?cﬁ’é) NOOPESH ishins3Y lattips defecty thalresuftrio deseatidimeopr esent
bat h Sherthshhies Rbehctil C )Ny Goatings W th strong.
preferred O%Iir ent at |bonsl bé}&l%‘é?%’\%&oﬂﬁggfg% %@8@% gﬁs@{a&%ﬁ ‘]th’t"‘qgéi’el?ﬂ%%ﬂﬁ hat
whi sker @PBRYeF thesealefivtimmrtarcaskiriii hite MheicyRIDYrHRITRIRSSHIE 10 ST €SS in
the tin Mebﬁgdelalgvt\ever I.f the deposit crystal |attice is orderly and
desi rabl e, e PRI oW I the nrpseak deqtepnlating selusion,ithi ergagivadtiitives
Ther ef or greféfabl B @drtaid ' t exi st ence, of. i nperfect
T aer o Ft Srout PR cE s o s BirE 5T 8 i

grains and |attice defects t| 0881 rains. In
pract i ceryehbewwih in athgndisections crystal defects generated during

depogi tion; hese defects. do not necessarily have the

crystal | ograp %\ggérg%ne%ﬁ’f% F%e%entzﬁmﬁge%@ WepRASNES pPeseisteertain stropg pr esent
el ect r oppafirred csgtaliorRittiohd) SheoW BRR: el SbYER: ygerf abl.y suppress
certain cr%ﬁ al growth directions, gﬁ% conﬁcﬂaﬁﬁﬁﬁg, egtg\é{qdﬁfeﬁj%%’f‘he
crystal YidshAle most sigaequs arealorniedhiskentest cormiitidne avheh QoRthafeRRiA AENt al | v

t hat whe, ks | sess cegrtain .strqng referred crystal

ori ent at c:ibghgﬂih t?ﬁfgddv\# ?Qgt% &8@&3{6{?}18%8%’?@90’?53 ¢S>Dfrsédu>‘émeﬁwieh’ under
t he nostprefeged engtA otehietieistdclnhé CORgLL compared with
tin 5deg?c‘)?si t%nt.Bat do not1 _con(t: ai_na%%rgs’?g??ferrgélhgrgﬁlée\ggggﬁ%ﬁg?’ ‘E‘ﬁﬁsrml es of
sucH?" beifeR identified thet sihen Hodleposjls passesr deenirndthangpdsei-degimard>, <200>,
<420> a 17 all.has 15 heen identified that when tin
deposi tgﬂ E)Egg‘gg@s?g?ﬁ%%t?\ééﬁé il WPVE%‘@BW%*H@PPWH% mcreasst. dfxampdes eff yst al
or i ent atshonSdettimenibl "gteferrgd omWistal BHORSNSIsliNcliSe | gﬁﬁe l.es of such
“detrinmental " ﬁre{_er?:gd crysi'?‘gl ori ent at i%ﬂlsléff n{?‘il% e <%f§i(%}‘r?é°tg?f1>, and
others. It idti5deliexsddhatiedin denosis wheghowmintainsihe Hbemficai hsrefded doasaf | ci al "
p Pt

preferr Qﬁegfﬁﬁ&is?br alternately a tin deposit which lacks the “detrimental” preferred crystal

20  orientations, will have a lower propensity toward tin whisker growth. Conversely, a tin
deposit which lacks the “beneficial” preferred crystal orientations identified herein, or
alternately a tin deposit which contains the “detrimental” preferred crystal orientations,
will have a higher propensity toward tin whisker growth. A recent synchrotron radiation
micro-diffraction study of tin whiskers confirmed that the preferred tin whisker growth

25  direction is <100> and the tin deposit which produced these whiskers had a preferred
orientation of <321 >, (see W. J. Choi, T. Y. Lee, K. N. Tu, N. Tamura, R. S, Celestre, A.
A. MacDowell, Y. Y. Bong, L. Nguyen, and G. T. T. Sheng, "Structure and Kinetics of
Sn Whisker Growth on Pb-free Solder Finish", 52nd Electronic Component &
Technology Conference Proceedings (IEEE Catalog number 02CH3734-5), San Diego,

30 CA, 628-633 (2002).)

The organic additives of the present electroplating solutions preferably suppress

certain crystal growth directions, and conversely, facilitate crystal growth in other
directions. Although preferred crystal orientation may be a significant secondary factor

for explaining the tin whisker growth phenomenon, deposit stress is also a factor and
-8-



orientations, or alternately a tin deposit which | acks the "detrinental "
preferred crystal 20 orientations, will have a | ower propensity toward tin
whi skerg%r owt h. Conversely, a tin deposit which | acks the "beneficial"
preferr 88 UY¥MAl orientations identified herein, or alternately a tin
deposit which contains the "detrinmental" preferred crystpﬁmo?"'r‘/éﬁ‘ﬂat I ons,

w || have a higher propensity toward tin whisker growth. A recent

synchr ot ﬁlﬂieﬁmifﬂaﬂ@moﬂﬁresfsﬁre(ﬂn%ﬁiﬁ%éQ foti i skers confirmed

t hat the\ﬂﬁ(/&%?reg tin whi sker growth 2%031?;{%%?08‘650 t&gﬁé@%aalﬂhe tin
deposit whi CR ProdoicEt™iuskereromnt k’ﬂr@time\tj:oaitwreﬁﬁfemgth%b}o%é‘ésac}fiﬂ?é" of <321
>. (see eseht ifsh@lion dre e\fsen:qgﬁ Ko oMegite N Tamura, R S, Celestre, A A
VecOouel | v Y. Bong, T iy 5 oL pppsessive sftesspnppnsis@ntiy possess and

Ki net i cs'c8flic Sigsspatisk dhan@ eonipreiveRhe’ MBE Fi.nish", 52nd El ectronic
Conpanent. & Technol ogy Conf erence Pr oceedi N gﬁ%l 2Ikz bfﬂ‘[@f‘ﬂ%%ﬁ?fﬁ’éﬁh
02CH3734- 51083 %’i%ﬁ’g%/ whiskers fiangbesedBE pp2@e2)r. axhibiecansative 4di ti ves of
the present ehegbic@Bbs\d j Qns _preferably suppress certaln crystal
growt h g%éec%;ﬁ_ns, and é%@@%ﬁé&efﬁg]%&%{o@t%tﬂg@péhe Hrowtion ofi ot her

di rect i SRETMARYItCOTIPOpnES appeet te patlat iR WiBREAER0:MRY. P, a si gni fi cant
secondaroyti}lqdci:l[)?gt for  ex Ial ning the tin whi sﬁfgrr&g?%w %ﬂﬁﬁir?g‘ﬁ%ﬂ{l deposi t
stress is al'se) alpLeqnin mall amopnss s ptioping eleRETts\goadalld LoHibiHER >

speci f i ceylstay prietatisLohEY 8 f | h eposit has now found to be the
primary drivi ng force fo?p%tk{ﬁé%lngﬁgrb%%Sgﬁoﬂ! a“r%%ﬁ slutispthat cantginoduced by
the 1Pr ob@Rientipnal peditiyes shnis nowend baa oReiep A ALY ey .compr essi ve

stress ks 0ssess a, tensile stress rathér t a conpressive
one. These ggggﬁs%gp%a%ﬁﬂ@éﬁm%mﬂtedllm@emm&rﬁng esMilrandicéO BRoerate

whi sker partitidar 6riv@ssicn Rk bB ibit canpressive stress. As noted
above, c%nﬁr ssive stress ?f}ﬁ)?llﬁ%tdé%%gﬁs(l %tlﬁﬁ'éjlg%t‘? ghisesaridohom

i nt er met AR ISR BIIYh s Goilidated For thenedsdhethls diy, ioﬁ%ﬁfati%ﬁris”atti on. In
gener al desRAKIE irl{bntr% L ﬁFaI I Oés that contain shall anounts ot al | oying

el ggents g@gmra y &XniBidePasits Wﬂce%ﬁ%ltralxe@atiéhmﬂwﬁawmlﬁ@posi ted upon
a ditbstooatbénddrwith ere SWEAS QlAkk nt ains 10 conventional additives.
As is 1lércl)ovl_i‘/n to one of ordi nar‘y&rs%P?h}v(ér?t?%ne&oa?qtzsﬁ?wén@qwe iwesi gnation is
that of “HPEFSHYE siressioysetiviet Ahe besultsistinersin RbES T bl bbby’ ‘?rdalt jc:)da?] | g-l‘ll-hl S

parti cwhidfonQhi I as been found to be one that Is subje
stress angnfrgﬁ%hﬁt#gﬁe%ﬁgﬁgra ASUgsTaie.r Bether insighd intbehe inbalanigiason, this

cr yst abelpviarrufahis opstés cagbe 81811, hBring Qntrast, tin deposits produced
from mjjxed. aci d/ non- MBA el ectrol ytes hPuft PReLeREl crystal orientation of the
Cposits over copper alloy substrate by X-ray-diffraction (XRD) below:

20
XRD Comparison ]
Deposit Type Preferred crystal orientation
MSA Tin <211>
Mixed Acid/Non-MSA Tin <220>
Tin-lead 60-40 <220>, <200>
Tin-silver 97-3 <220>
Reflowed Tin <220>, <321>

As these results indicate, tin deposits produced from the MSA electrolyte and the
non-MSA electrolyte possess radically different preferred crystal orientations that
cssentially matches that of the underlying substrate, i.c., <211> vs. <220> respectively
which may help to explain their fundamentally different tin whisker growth behavior. |

The tin deposits from the mixed acid/mon-MSA process with specific additives have a

25
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15 conbined with the specific additives of the invention do not show an
increase in 20 conpressive stress over time. The results shown in Table |
bel ow were obtained for a 10 mcron thick pure tin deposit over a brass
subst r\ﬁg.mi‘—’aﬁ”ﬂher insight into the mechanistic behavi ;icTafsishig:syst em
can be found by exami ning the preferred crystal orientation of the
deposits over copger al l oy substrate by X-_ra_y-dl ffﬂr action (XRD) bel ow XRD
Conpar i sSPRIEHE S12E0Tpraderpeddrystaloatiantation athiclr it ehred inaomdvedh With ksadd> M xed

' ' Tin-1ead f0-40 <220> <200> Tin-silver 97-3 <220>
ég:‘ %xgb%.@?“@g égghzggcff Eérno ate%é’g & 3oy LfF'ﬁéjr??ﬁi PEREH 25 OHeT HBYYEI #e1-pr oduced
f rom t hewiBheghgtdepobiys sach asltih Mead, BRI AufRl BALKOY ¥he Possess radically

different preferred crystal orientations that essentially matches that of
the under| Si n4dditigaal imvestigptions shew that thesprefeped erystd peichtation yf th2Gneshi ch nay

' e f ILy. different. tin whiske rowt h behavi or.
The o} n SEBaBh spFLborch BRATGINRAEY e HErins odedd Gre et iored
addi t i vesrybtab@iemtatdn\WD<Q309970is, HEHHbhtS0R! it Qe drr&PRELS LR misARl b Ry er red
ntation which it shares in commbpn with known base netals such

tal ' : : .
ggyzogpe\(‘)’ﬁéﬁe@gc‘é gpareddpr By deposys thet ar§sp)lata@0nvle®ppeagr cxzpper ?l:kcr}owgsftfz_nem-
| skering" | . I.Ngl ndd skl wer  apnd fefl ol In.
Addi 1 onal” i rpaey Prarh pee Bty e FaR iRty HEsemBlir R B at fon of
the nmostmatShest ismset Yo imadicahPPestabbii @itatonlsTaldbest that RARI G Q8MesS
al so have a preferred crystal orientation of <220>. "Thus, this

Bp?ﬂ athehpitae ‘ﬁ?@flé(mgewbﬁwé% syahrthéi thedegsee @ﬁwhiskprinmiflsarawiis rlgsg iﬂa:andht & r edl

[ ' Qf_COo r. all oy substrates. n
the pr esanr® Soufl velee R/ et BB RRRT o PR Sonphef Al ent a1 1y
mat ches™‘eswnimbdfreey dfivotpaiessive stressyndan thak Hen@tiopRid déposienasibit hat is
sufficiently close to 1Q that of the underlyi n% substrate such that the
degr ee g@%ﬁf&%ﬁ%ﬁwﬁﬂ hyn Upss PpgsRlated yyith fugh depgsits dowet fadmealver sel y

arfect wtmohe b Gt & BELEAPLAR Sk SOIBPASHLTon 30 paris 25500t Ll 1Y

free" of conpressive stress neans t
so 15  Preferably, these deposits possess no compressive stress and actually exhibit a tensile

stress. The most preferred crystal orientations are those which are identical to that of the
underlying metal. However, this is not always possible to achieve and improved
performance can be obtained by providing crystal orientations that are as close as possible
to the orientation of the underlying metal while at the same time minimizing or

20  eliminating compressive stress in the deposit.

In support of this finding, it is noted that the following prior art reference sources
teach that tin whiskers grow from grains whose crystal orientation is different from the
major orientation of the underlying grains:

WC Ellis, et al, “Growth and Perfection of Crystals”, Wiley & Sons, NY, NY

25 1958,p.102

BD Dunn, European Space Research & Technology Centre, ESA STR-223, Sept.
1987

By correlation, the converse has been found to hold true, i.e., tin whiskers do not
grow from grains whose crystal orientation is essentially the same as or preferably is

30 identical to the major orientation of the underlying grains. Thus, by proper orientation of
the crystal structure, tin whisker growth and formation can be minimized, reduced or even
eliminated.

Another important factor in the production of tin deposits that exhibit reduced
whiskering or preferably no whiskering at all, is the type of stress within the deposit. As
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little conpressive stress that, in use, parts plated with such deposits do
not forma sufficient anount of tin whiskers to interfere with the nornmal
operati &P o; the parts. 15 Preferably, these deposits possess no

conpres Q&4 Yss and actually exhibit a tensile stresscr/IREesRSE
preferred crystal orientations are those which are identical to that of the
underlying netal. However, this is not always possible to achieve and

i mproved NqJed plonvienit éxhighly dseiraiie toi lmed abjovpa bavetbfrgngrysival suesd AoadibRNS

that are ossible. to the orientatiqQn of the underlying neta
whil o ar SR hORERE ARORRO S5 coriis T 1 e LIS c SR theampses | n

t he deposoftwhiblteriagpardcc@l THY predehi@idiitbns bﬁaﬂ\}\idi}%&ﬁg“ﬁtﬂﬁ) c{pﬂgyrésgwepw ng
prior art reference sources teach that tin I skers grow from grai ns whose
crystal direenodeinspdyceddFarthermore, theserdepusits audjibit a deristlasrtssand ab cvitence

Wi ey k Sisehe, U dbish g Blgh appl St wikerinE sty ropised (Rescar ch &
Technol oguffGéattiydowHSkel HdRi2R2s nSidRterferc8BH ﬂﬁ)@r&;ﬁc}% Bgéltaaﬁbxg Bf tlfe&?at&? Y S¢€

has been fqund tf) hold true, i.e., tin whiskers row from grains
whose cr yuEihats joxnlexel ofpompressive sirpssiin fhe drposibienn testoberatpd.efremadtl y i s 30

i dent i calypheatiB ' Is j f the underlying grains, Thus, by

proper or F%_ntaalt ?% @%%ber?ﬁégﬁ#%egph%tnro JEFRFESIvE Fﬁeﬁﬁ%egﬁiﬁsrenbf%\%’ﬂm&ﬁh

f or mat i oaveidandeimmskeringd, reduced or even elimnated. Another inportant
roduct.ion of tin deposits that exhibit reduced whiskering

fact in the

or p?éf er abl y ‘A6 "HTERR PItAgRiZEs Qreduces tin wdiskppgrowth et formstion byrimatdhive
deposi t. . / 4 ted above, it is highly
dosi T abi & A er AT 0P it ErO R e B e B8R SAriegt o, ') nce

t he gr eapulinaryekiliriotint arbfvochimpe@miviey thesindsdng thetd1 0akl 898 Bhie mbdlp OF €at er
t he anount ] occur. The present sol utions enabl e deposits

Otf Misliﬁg‘ingwll_ ) ]

with no YBRBPEOLA metaldeppsit thapisplated erptheriscmupyided rperetheshbsmtal éPsi t s

exhi bit Bopddefagt & Ak ' c | skering. .O course, for
certain aplfol i patciﬁlosﬁig?&%hﬁi sker@ggﬁfégggg)eﬁﬁéggéglg@% & %Oss?g‘?%(?fyéﬁlll y | ow

| eveld t herientatiodad'shatin depusitrtd éae ofiih ntibibying sREN HoPRI@hieR. Gindbe pl at ed
part, s ﬁﬂ' ihat dI ow. | evel of conpressive stress in the deposit can be
tol erat el!é. 1PIF TN IenQsHP predpadsipon giesiete, the crysialyyrismgation o f theappen

conpr essmyg 15ek @5tha®hRh SRGNH bl Qbn Pl d U, example, in chip capacitors, a nickel
deposit is routinely provided prior to tin, and the tin deposit should have a crystal
orientation that matches that of the nickel deposit.

20 The mixed acid/non-MSA chemistry combined with specific additives
consistently produces a preferred crystal orientation which is often identical to that of the
underlying substrate. It is believed that this phenomenon reduces compressive stress and
imparts tensile stress in the deposit, therefore eliminating a major driving force for tin
whisker growth. Of course, one of ordinary skill in the art, having this disclosure before

25 them, can conduct routine testing to determine the preferred solution chemistries and
specific additives that will provide the preferred crystal orientations of the deposit during

electroplating to avoid or minimize tin whiskering problems.
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avoi dance of whiskering. 10 The invention mnimzes or reduces tin whisker
gromh or formation by matching the crystal orientation of the tin deposit
to that %ﬂggﬁnderlying netal. As one of ordinary skill in the art would
recogni ze, nderlying metal can be a base nmetal substrakes ki@ netal
deposit that is plated or otherw se provided upon the substrate. The

i nportant consideration of the invention is to match as cl ose as possible
the crystal 15 orientation of THeCLiMMEposit to that of the underlying
nmetal that it contacts. Wiere nultiple netal deposits are nade upon a
substrate, the crystal orientation of the upper nobst |layer is that which
shoul d be“@@h§ﬂ%%¥@dlSFor exanple, in chip capacitors, a nickel deposit is
routinely provided prior to tin, and the tin deposit should have a crystal
orientation that matches that of the nickel deposit. 20 The m xed

aci d/ don- MBA chemi sA hiyethed ol A& cid ddi.tives. caonsistently
produces aagreferred cryst al or|cer$tg{\?%%ﬁ%l?%&}oglBrattthqpﬂgﬁgYB’é’IWQl@ct hat

of the AP praglhaus metad eplated tin defraititiear eledshatall ?rfﬂe% &Q@&?P&mﬁ sfr&ss e oS
conpressive stress and inparts tensile stress in the deposft erefore
elimnating a mgjor driving force for tin whisker grom h. O course, one
of ordinary skl iThetth&héd bfc S befpre 25 them can
conduct routine testing to detlgirﬁ'}r/nl @eﬁ‘:"&ﬁlﬁ? &e P%ld @6 f"ﬁ’(pﬁseﬂem stries and
speci fi c “HIBIETVRESAAT exfpibits prepvilaarashe pr ef erred crystal orientations of
the deposit during electroplating to avoid or mnimze tin whiskering
probl enms. WO g3/ 092911 THE CLAIMS What is clainmed is: PCT/L'" S03/ | 541 5 1
. A nethod foB. r edThe rg:tiddoiwmigk B Lin.deposit by providing
upon an under| netal a _plat edpfvrhrr:rﬁ{inre]%g??{aebﬁ Spgogggdglﬁtaicm free of
conpr essT Ve %t{(%etggf 1s sompafeblestthdhe widerlyagmatalinesréémtotifigbi: ki wigaQsi t eit her
exhi bi t serg@th.conpressi ve stress or exhibits a tensile stress. 10 3. The

met hod of claim1 wherein the tin deposit is provided in a crystal
orientation that is corrpatible with the underlying netal in order to

mhrlgrt tin vy{nsk 4. The nmethod of claim 3 wherein the
underl yi ng me ef)‘i‘Fp‘%th@g 0@ H@ﬁ véherein th&)rpnierlyaiglrﬁytaﬁé‘tﬁnﬁﬁk%s 66;513%}6{-
or i ent ata cppefalidyank i A5RRFbAerRARErA LY aBLENSS, Lhat of

eposit essentially matches that of the
copper or copper alloy.

5. The method of claim 3 wherein the underlying metal is present as a

20 substrateorasa deposit upon a substrate,

6. The method of claim 1 wherein the tin deposit contains at least 95% tin

and optionally at least one alloying element of silver, bismuth, copper or zinc in an
amount of 5% or less.

25
7. The method of claim 1 wherein the tin deposit is provided during
electroplating from a solution comprising an acid, a tin salt, and a crystal orienting
surfactant,
30 8.

The method of claim 7 wherein the acid is a sulfonic amd sulfuric acid, a
halide ion acid, a fluoborate or mixtures thereof,
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copper or copper alloy. 5. The nmethod of claim3 wherein the underlying
nmetal is present as a 20 substrate or as a deposit upon a substrate. 6.
The nethod of claim 1 wherein the tin deposit contains at |east 95%tin
and opt i q9§91&t | east one alloying elenment of silver, gsnuihesgGopper or
zinc in an anount of 5%or less. 25 7. The nethod of claim 1l wherein the
tin deposit is provirged during electroplating froma solution conprising
an acid, a tin%salt hgmethedafrlaim|7 wheremtthegplusar maktianin al®PloPsulfdyg. met hod

of cl ai m idbesdhiod H8aaC L ul fonic acid, sulfuric acid, a halide
ion acid, a fluoborate %?bgrﬁ%tgﬁ?@'lwoéﬂ SUNAFIcBRIc0yPoaVE deETSit ) Sri 3110c41

9. The netPREdrande.cl ai m 7 wherein the solution includes an al kylol sulfonic
acid or solution soluble salt thereof in an anount sufficient to inprove
deposit appearance. 5 10. The nmethod of claim7 wherein the crystal

ori enti ng surfi@ct anthCRB@RAH ¥ sol.ubl e organi_c conpound havi ng
PES THAh Bt Gl Srafad

2 to 4 joiped ri ngls a total n Sy fagtant cpmpElesane

oxygen oroition sglhleorganip caspaind nving Roteehrd s & ol 38k 1998 qpQf L he
rings. 1Q, erTgﬁdggfehﬁd of claim 10, wherein thé solution sol Ubfe organic
conpound " has 2 “F'0 *5 A LBH OXY RO 1ifTqgsp Aforp pregentdn vrattichgd reathersson@nd at
| east onefthetrirggen atom present in each of at least two rings. 12. The
nmet hod of claim 10, wherein the solution soluble organic conpound is 15 a
condensati on conpound of an al kyl ene oxi de or bl ock copolyner. 13. The

met hggl of cl agm 7, rein the.crystal orienting surfactant is a
bi qui nol i ne, zllamdi a%?ﬂeg%ogn@rﬁarﬂnohﬁ’ cregn theselation solubleangame campatrdoxy! at ed

napht hol hasZDto1%fuséd fihgd, bAetabet 4ol 1A} (SN n.acid, atin salt, and a
crystal orienting surfactant in an ?rmun%’ééu%fd?%ileé'lﬁ‘to“ted“%%@s%tomn

provi di mfesEnt iheash b8t leass fwanmingsider | yi ng  netal, which deposit is
essentially free of conpressive stress and has a crystal orientation that
is conpatible with that of the underlying netal in order to inhibit tin

whi sker growt¥2. i nThédwecthed@$ claim 10, wherein the solution soluble organic compound is

15 acondensation compound of an alkylene oxide or block copolymer.

13, The method of claim 7, wherein the crystal orienting surfactant is a

biquinoline, a dialkyl phenanthroline, a block copolymer, or an ethoxylated naphthol.

20 14, A plating solution comprising an acid, a tin salt, and a crystal orienting

surfactant in an amount sufficient to assist in providing a tin deposit on an underlying
metal, which deposit is essentially free of compressive stress and has a crystal orientation

that is compatible with that of the underlying metal in order to inhibit tin whisker growth
in the deposit.

25

15.  The solution of claim 14 wherein the tin deposit either exhibits no

compressive stress or exhibits a tensile stress,

16.  The solution of claim 14 wherein the underlying metal comprises copper

30 or a copper alloy, and the surfactant is present in an amount that provides the tin deposit

with a crystal orientation that essentially matches that of the copper or copper alloy.

17.  The solution of claim 14 wherein the underlying metal is a substrate or a
- deposit upon a substrate. |
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25 15. The solution of claim 14 wherein the tin deposit either exhibits no
conpressive stress or exhibits a tensile stress. 16. The solution of claim
14 wherein_the underlying netal conprises copper 30 or a copper alloy, and
the surtY2IPAM11 s present in an anount that provides the tin deposit with a
crystal orientation that essentially matches that of th&Cad{§p&indr copper
alloy. 17. Thglgsol ls"%;iyonI of claim 14 wherein the underlying netal is a
substrate or - de i Solufoarvf alad gtk &n ik 03/092911 PCT/ US03/ 10541
10 15 18.and bﬁﬁ(ﬁﬁhlgtait fé?:stOf cahai m 14 wher ei_ﬁheg%exgo gﬁ%ﬁg‘ﬁﬁﬂééﬁﬁé%@nat

|l east 95%tin and opth onalt)YiHe eieélf@foﬁﬂb’ealbﬁmydm,g:oggmr}q of, .5 | ver,

bi smut h, 2@@epperf 586 ozlegs in an anount of 5% or |ess. 19. ¥he Lol uti on of
claim 14 wherein the acid is a sulfonic acid, sulfuric acid, a halide ion
acid, a fluoborate or m xtures thereof. 20. The solution of claim 14 which
furtider incluges a . 0l |.fopjc acid or solution soluble salt thereof
in an amount suffi glll%%#ﬁ{tk%n ‘i’f??i?’ﬁ\/@‘ Whgrew the agigéns aultmic 2dg sﬂﬁn’ég{:iﬂti on of
cl ai m 14afideiwi acid, hefhabystebr ARirgaL | %O§urfact ant conprises a solutfon

sol ubl e organi ¢ conpound having 2 to 4 jJoined rings, a total of 6 to 24
ring nenbers, and at | east one oxygen or nitrogen atom present in or
attached to ap le f. the.rings. 22. The solution of claim 21,
wherein the sol ut?g{r?sgo 88%5C%Fﬂ&ﬁi“@“@bﬁ*ﬁ@ﬁhﬂlelmmaﬂcmﬁsﬁlfb?ﬁga&h'393’ a

t ot al 015018ﬁ91a)sq1nblpisalgﬂ:reeafdf®ﬂ§naﬁBth%&fﬁc t,Qne nitrogen atom present in
eacpgpof at least two rings. 20 23. The s%%u?%?foﬁ?dﬂ?oéltﬁPMMEr ein

sol ution sol ubl e organic conpound is a condensation conpound of an

al kyl ene oxi gg or 3 I r, 24. The solution of claim 14 wherein
the crystal _ori engiﬁ%g&gﬁ% g@ﬁ%’ﬁf% ?hsfemz@em)qtal RUbntieg sudfabiadl ddthprise
phenant%?Cg}ltpqyegolldolgbrgakicamﬂ@bmhaviﬂé2%"4?&9% ¥l ated napht hol . IB%°A et hod
for reqﬁ&hggstinﬁga@a?ﬁkq%redg;é%ati o_g ih a pfa f ngna(ﬁ%tﬁ]o%ﬁﬁtp%ﬂh? I
conprises platin i o o genaatom esehyi r t he sol ution
of cl aiofittietrisg, ey Rt 1] L 05

15

22, i i i

- The solution of claim 21, wherein the solution soluble organic compound
as 2t i i

0.3 fused rings, a total of 6 to 14 ring members, and at least one nitrogen atom
present 1n each of at least two rings.

20 23. i i
The solution of claim 21, wherein solution solubje organic compound is a

condensation compound of an alkylene oxide or a block copolymer

24, 1 1 i
The solution of claim 14 wherein the crystal orienting surfactant is 3

biauinal: . .
1quinoline, a dialkyl phenanthroline, a block copolymer, or an ethoxylated naphthol

25
25, ing ti 1
- A method for reducing tin whisker formation in a plated tin deposit, which

Com - . . ’
' prises plating a tin deposit onto an underlying metal from the solution of claim 14 so
¢ : .. :

at the tin deposit is essentially free of compressive stress and has a predetermined
crystal orientation that is compati i

ible wit i i
, p ith that of the underlying metal in order to inhibit

tin whisker growth in the deposit.

2. . .
The method of claim 25 wherein the underlying metal is a substrate or a

deposit upon a substrate and the tin deposit has a crystal orient

ation that essenti
matches that of the underlying metal. sentially
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that the tin deposit is essentially free of conpressive stress and has a
predeterm ned crystal orientation that is conpatible with that of the
underly‘gvﬁg metal in order to inhibit 30 tin whisker growmh in the deposit.
26. The"HEPAEIbf clai m 25 wherein the underlying netal is a substrate or a
deposit upon a substrate and the tin deposit has a crysfail"G¥¥#Ktati on t hat
essentially che;n;ﬁrghat of the underlying netal. -14 WO 031092911

PCT/ USC3110541°°27. Gfoaf rodnufmotu eeCAng) A, qQpi.c, conpanent whi ch
conpri se§alatmgaatﬁﬂ1@eg?5ﬁ EBHF‘E'EOSi Lofrom the so%ogéﬁ%g%ﬁtcw F}ilncﬁlgg’a?ﬂso

metal lic portions { he e PEdelHenp Clé’@h'%n@mtm@adlitIpattidnb%ftﬂe'%lé’&l%’ﬁit i's

essent i acPRappneng s@fhat ey b¥i€; ; has a crystal orientation that

is corrpabi_}}# &Bwith.th t of ?he_ﬁ%%ﬁ%?ﬁgg%fwmﬁssﬁ’&rsﬁemdh‘as@rder 5to

i nhi bi t {PRWATEKE© MﬁomhétlféowichBatoﬁtHHﬁlﬂﬂI@ﬂyﬁEnE]é%Qﬂg' g snvi ronment al

cont &m nmﬁmitrmh&k&%r%&,&f%&l ated components whi'c COﬂ%I’I éoélgnb?’é]ﬁ ng the
0

conponents with a depo “for a tin all oy containing at |east 95%
tin fromthe solution of claim14 so that the tin or tin alloy 10 deposits
are essenti ali free of conpressive stress and has a crystal orientation

that is conpatibl® Withed eftaducing emdronarennnestsmidir dRhi A bPdg LN

whi sker cgfpohénts Wik oﬁﬁﬂ ' .1he need to plate the conpo ent8PESh a tin
al l oy that contains an erﬁ{glélﬂgtl’l] &PTPORHEHWIth adlehayit oftirebien®i hiioy

containing at least 95% tin from the solution of claim 14 so that the tin or tin alloy
10 . . .
deposits are essentially free of compressive stress and has a crystal orientation that is
compatible with that of the components in order to inhibit tin whisker growth, thus

avoiding the need to plate the components with a tin alloy that contains an
environmentally harmful alloying element,
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