LE~FTEEEEE T ~EMPLETEEET TR EMIT T 2 5 AUG 2006 *166166* LEAD- FREE -
TIN-SI LV OY SOLDI ER COWPCSI TI ON  Background of the | nver}'geon %U'UB
Techni caﬁﬂwmmmmﬂwresent i nvention relates generally to a | ead-fr AUG

e

al I oy sol ion 5 and nore specifically to a tin-silver-copper

r conposi
al I oy sol der *éﬁtg%%osition. 2. Related Art A chip parr:B(érA malydbe EO:JIOl edStoha
circuit card b bal rid arra BGA) _conprisin sol der balls. Suc
BGA sol der bal %/sfﬁéabh&& EHMS;ILX’&% %Aé{thftS%lI_JDIaER@OWIQN)n of
63 %tin (Sn) and 37% | ead (Pb) which has a low nelting 10 tenperature of
183 C and is highly reliable. Unfortunately, lead is toxic and o
environmental | y hazardous. As a rBagkground.ofdh¢ Inventioh ders are now begi nni ng
to be used comercially. However, many |ownelt, |ead-free solders have
adverse physical characteristics which may cause reliability problens.

Thus, there ib a nekethnical Bielb| i able |ownelt, substantially |ead-free
sol der ball for coupling a chip or chip carrier to the next 1s | evel of

assenbly (e.g., co [ chl D ' eyt card) . Sunmary. of the
| nvention There i sulglre vi&ggtdﬁgénglgﬁgéeléeeggﬁ%gaslgttﬁSrllffgaldc%er?paﬂog |Sﬂléiera?°§’m odélron
al | oy, wher eiandtare spdcifooally $o s tibstleertdoppdnallby edldafcohmasitiomher ei n t he al | oy

i ncludes tin (Sn), silver (Ag), and co.pper.(CuL, zzagd lb:smjtp (Fil), W?erei n
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under cool i ng afidy b&hssitich d1&3t418n BSH) @64 B P TBId (PBPwhich has a low melting
1o temperature of 183 "C and is highly reliable. Unfortunately, lead is toxic and
environmentally hazardous. As a result, lead-free solders are now beginning to be used
commercially. However, many low-melt, lead-free solders have adverse physical
characteristics which may cause reliability problems. Thus, there is a need for a reliable
low-melt, substantially lead-free solder ball for coupling a chip or chip carrier to the next

15 level of assembly (e.g., coupling a chip carrier to a circuit card).

Summary of the Invention

There is provided a solder composition, comprising a solder alloy, wherein the
alloy is substantially free of lead, wherein the alloy includes tin (Sn), silver (Ag), and
copper (Cu), and bismuth (Bi), wherein the tin has a weight percent concentration in the

20  alloy of at least about 90%, wherein the silver has a weight percent concentration of X in
the alloy, wherein X is sufficiently small that formation of Ag;Sn plates is substantially
suppressed when the alloy in a liquefied state is being solidified by being cooled at to a
lower temperature at which the solid Sn phase is nucleated, wherein the lower
temperature corresponds to an undercooling 8T relative to the eutectic melting

25 temperature of the alloy, wherein the copper has a weight percent concentration in the
alloy not exceeding about 1.5%, and wherein the bismuth has a weight percent

concentration in the alloy from 0.1% to about 0.2%.

NI 1

*G00002*



25 tenperature of the alloy, wherein the copper has a wei ght percent
conceﬁration in the alloy not exceeding about 1.5% and wherein the
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(Cu), wheéy ei Peredng conagntatmonaXs in the modified solder ball is sufficiently small that formation of
AgsSn plates is substantially suppressed during said cooling, and wherein said cooling the

modified solder ball is at a cooling range of about 1.2 °C/sec to about 3.0 °Clsec.

There is further provided a method for forming a solder composition,

20 comprising: providing a solder alloy, wherein the alloy is substantially free of lead,
wherein the alloy includes tin (Sn), silver (Ag), and copper (Cu), wherein the tin has a
weight percent concentration in the alloy of at least about 90%, wherein the silver has a
weight percent concentration in the alloy not exceeding about 4.0%, and wherein the
copper has a weight percent concentration in the alloy not exceeding about 1.5%; melting

25 the alloy by heating the alloy; and solidifying the melted alloy by cooling the melted alloy

at a cooling rate in a range of about 1.2 °C/sec to about 3.0 °C/sec.

There is further provided a method for forming an electrical structuré,
comprising: providing a first substrate and a first solder ball attached to a first electrically
30 conductive pad that is coupled to the first substrate, wherein the first solder ball comprises
a solder alloy, wherein the alloy is substantially free of lead, wherein the alloy includes
tin (Sn), silver (Ag), and copper (Cu), wherein the tin has a weight percent concentration

in the alloy of at least about 90%, wherein the silver has a wei ght percent concentration in



wei ght percent concentration in the alloy of at |east about 90% wherein
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el ectrically conductive pad coupled to the second substrate; coupling the
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substrate andsoiﬁ’lder ball is coupled to the second pad, wherein the first solder ball is adapted to being
melted by being heated to form a modified solder ball, wherein the modified solder ball is
adapted to being solidified by being cooled to a lower temperature at which the solid Sn
phase is nucleated, wherein the lower temperature corresponds to an undercooling 6T

20  relative to the eutectic melting temperature of the alloy, wherein the solidified modified
solder ball is a solder joint that couples the first substrate to the second substrate, and
wherein a silver weight percent concentration X, in the modified solder ball is sufficiently

small that formation of Ag;Sn plates are substantially suppressed during said cooling.

25 There is further provided a post-soldering electrical structure comprising: a first
substrate; and a second substrate, wherein the first substrate is coupled to the second
substrate by a solder joint, wherein the solder joint comprises an alloy, wherein the alloy
is substantially free of lead, wherein the alloy includes tin (Sn), silver (Ag), and c-opper
(Cu), wherein the tin has a weight percent concentration in the alloy of at least about

30 90%, wherein the silver has a weight percent concentration in the alloy of X, wherein X,
is sufficiently small that AgiSn plates are substantially absent in the solder joint, and

wherein the copper has a weight percent concentration in the alloy not exceeding about



15 second el ectrically conductive pad coupled to the second substrate,
wherein the first solder ball is coupled to the second pad, wherei r‘smtt\hem[]6
first solder ball is adapted to being nelted by being heated to fdr @5_
nodi fied solder ball, wherein the nodified solder ball is adapted to being
solidified by being cooled to a | ower tenperature at which the solid Sn
phase is nucleated, wherein the |ower tenperature corresponds to an

under cool i ng 8’20 eherqiy thethisrauth hata weightperesnt tongentestivariather alloyffranne. 1%

al l oy, wherei g, iR 80bj dified nodified solder ball is a solder joint that
couples the first substrate to the second substrate, and wherein a silver
wei ght percent concentration X2 in the nodi Li ed sol flfar ball is sgf](‘jl ci egt |y
smal | that formation,of .A93Sn pl ates are substantially suppresse urin

sai d cooling. 25 Thip%reilséguftﬁ?rtlﬁBYldff?%Wl R FORPpYLen. SompEsag seldstelidyeal
structure ¢onphefimthe afloy lsrsﬁbstarﬁiéﬂ?tﬁ"e@%?lea@,%e?eiﬁﬁ?eoﬂfévé/sﬁgaﬁﬁersq{rﬁgwﬂe?' n
the first substrate is coupled to the second substrat y a solx r J ol r)t,
wherei n the sbth@lesonpst (ftw)canddrisnwsh (B, whéreip thedirehasi aweight @dréeny coricsntration in

i [ | L.oy includes tin (Sn), silver
(Ag) . “and" copie 16y & st 1ERF bl 808 Briidfh e 5% b bERuhertint SEsheitionaa on
in the alloy ofthaplloyadreabslis s@ficiefty smblethai forhitorsil AGBn pasesds M&ﬁislfhﬂﬁally I

trati i he.all oy. O ., Wherein X2 is sufficiently snall
Phat -Asasn pi arelsievidhbe S mAiananeti e benessobifisdyihsinacooiedat o
wherein the clpRetenijRsatdreWeivilth t(Redoliasn @Qﬁﬁﬂﬁélé’étécﬁgvﬂgpeiﬁ%l@ﬁkloy hot

exceedi ng about 3 2 5 AUG 2006 1.5% and wherein t I smuth has a wei ght

per cent concelfIPETRBR comespprdsp payndarennliog @I@ﬂ“ﬁ ebﬁm‘;g)l tgﬁ fﬁf;ftli'dgﬂﬁlﬁg'g s erein
o O QAL PRGBSI PO e
) oo B0 ions useus s btmaph i1 1 2,
}[Aﬁlegg;[ I 52: Cﬁe;%mg%v\%ﬁg%ina%llgg@%}h{fmceéﬁ?gmgr%g?tﬁ?odf X in the alloy, wherein X
is sufficisently small that formation of A93Sn plates is substantially
There is further provided a method for forming a solder composition,
comprising: providing a solder alloy, wherein the alloy is substantially free of lead, herein
the alloy includes tin (Sn), silver (Ag), and copper (Cu), wherein the tin has a weight
percent concentration in the alloy in a range of 90% to 95%, wherein the silver has a
20 weight percent concentration in the alloy not exceeding about 4.0%, and wherein the
copper has a weight percent concentration in the alloy not exceeding about 1.5%; melting
the alloy by heating the alloy; and solidifying the melted alloy by cooling the melted alloy
at a cooling rate that is high enough to substantially suppress Ag3Sn plate formation in the
alloy during said cooling, wherein the cooling rate is in a range of about 1.2 °C/sec to
25 about 3.0 °C/sec.

There is further provided a method for forming a solder composition,
comprising: providing a solder alloy, wherein the alloy is substantially free of lead
wherein the alloy includes tin (Sn), silver (Ag), and copper (Cu), wherein the tin has a

30 weight percent concentration in the alloy in a range 90% to 95%, wherein the silver has a
weight percent concentration in the alloy not exceeding about 2.8%, and wherein the

copper as a weight percent concentration in the alloy not exceeding about 1.5%: melting



suppressed when the alloy in a liquefied state is being solidified by being
cooled at to a 10 |l ower tenperature at which the solid Sn phase

nucl eat ed, wherein the |lower tenperature corresponds to an underéﬁbAU&gmﬁ
delta. T relative to the eutectic nelting tenperature of the alloy, wherein
the bismuth has a wei ght percent concentration in the alloy fromO. 1 %to
about 0. 2% aﬂgﬁﬁhere n the copper has_a weight percent concentration in

the alloy not!ealueky fhij‘“é&&l?ﬂ”@)’@"‘%ﬂ sehdifyjag theinselted atlpye by pedlingibd melted sltmyd
for formng a&tgQ ot i:SLRQ: ew, di.ng a sol der all oy,
wherein the aIIo?gggﬂggggggﬁ?%g?ﬁ?ﬂﬁggg%é hp%gaﬁbh§#%?n the alloy includes
tin (Sn), silver (Ag), and copper (Cu), wherein the tin has a weight

percent concentration in the alloy in a range of 90%to 95% wherein the
silver has a 20 wei ght percent concentration in the alloy not exceeding
about 4.0% and wherein the copper has a wei ght percent concentration in
the alloy not exceeding about 1.5% nelting the alloy by heating the
alloy; and solidifying the nelted alloy by cooling the nelted alloy at a
cooling rate that is high enough to substantially suppress A93Sn pl ate
formation in the alloy during said cooling, wherein the cooling rate is in
a range of about 1.2 'C/sec to 25 about 3.0 'C/sec. There is further

provi ded a nmethod for form ng a solder conposition, conprising: providing
a solder alloy, wherein the alloy is substantially free of lead wherein
the alloy includes tin (Sn), silver (Ag), and copper (Cu), wherein the tin
has a 30 wei ght percent concentration in the alloy in a range 90%to 95%
wherein the silver has a weight percent concentration in the alloy not
exceedi ng about 2.8% and wherein the copper as a wei ght percent
concentration in the alloy not exceeding about 1.5% nelting 4 2 5 AUG 2006
the alloy by heating the alloy; and solidifying the nelted alloy by cooling
the nelted all oy



at a cooling rate, wherein the cooling rate is at least 1.2 "C/sec. 525
AUG 2006 WO 03/070994 PCT/ US03/ 04204 The present invention provi ddss AUG 2006
reliable lownelt, substantially |ead-free solder ball for coupling a chip
carrier toWQ P t card, or for coupling an integratedPeiTust/ia2ehi p to a
chip «carrier. Brief Description of the Drawings FIG | A depicts a
cross-sectional view of an electronic structure, showng a first substrate
in position for being soldered to a second substrate. FIG 1B depicts a
cross-sectional view of the electronic structure of FIG | after the first
substrat e hES DiRsenf inventien provides a redialye bynoiel sbbitardiaby lehGfiee R0t Ball & ct
cross-sectional inmages of a solder joint associated with a sol der ball
af t er dooplirgd dip chviento dvdsuidesrd, @by oplifgantiiegrarl cisl i @Sidhie. F! GS.
3A- 3B depi ct cross-sectional inmages of a solder joint associated with a
bal | gnaikkr. array (BGA) sol der ball after the solder joint has been subject
to thermal cycle testing, FIG 3C depicts cross-sectional inages of a
sol der joint associated with a BGA solder ball, show ng crack propagation
along a silver-tin plate in the solder ball follow ng thermal cycle
testing of the solder joint. ElGS, .4A-§ i Gt cross-sectional imges of a
Sn- 3. 8Ag- 0. 7Cu sol der bal &#E&ﬂ%&%ﬂﬁm&mﬂﬁm dered to a nickel -gold
pad at coolsl-;jI glr tes spanning 0.2 to 3.0 'C/sec, in accordance wth
embodi ment (g'f A fPicts 2eressrsertirnahyiey of atrslegtronis Atryetureeshiomting a Brstsubsteaté onal
i mges of a Sn-3.4Ag-0.9Cu solder ball after being reflowsoldered to a
ni ckelin pesitipnfarbeing soddsradrig arseqond sehstratni ng 0.2 to 3.0 ' G/ sec, in accordance
6 2 5 AUG 2006

FIG. 1B depicts a cross-sectional view of the electronic structure of FIG. 1 after the first

substrate has been soldered to the second substrate

FIGS. 2A-2B depict cross-sectional images of a solder joint associated with a solder ball
after the solder joint has been subject to thermal cycle testing.

FIGS. 3A-3B depict cross-sectional images of a solder joint associated with a ball grid
array (BGA) solder ball after the solder joint has been subject to thermal cycle testing.

FIG. 3C depicts cross-sectional images of a solder joint associated with a BGA solder
ball, shéw_ing crack propagation along a silver-tin plate in the solder ball following thermal cycle
testing of the solder joint.

FIGS. 4A-4D depict cross-sectional images of a Sn-3.8Ag-0.7Cu solder ball after being
reflow-soldered to a nickel-gold pad at cooling rates spanning 0.2 to 3.0 °C/sec, in accordance

~ with embodiments of the present invention.
FIGS. 5A-5C depiét cross-sectional images of a Sn-3.4Ag-0.9Cu solder ball after being

reflow-soldered to a nickel-gold pad at cooling rates spanning 0.2 to 3.0 °C/sec, in accordance




WO 03/ 070994 PCT/ US03/ 04204 with enbodi nents of the present inventi on

FI GS. 6A-6C depict cross-sectional images of a Sn-3.2Ag-0.9Cu sol d th
after bein refl ow sol dered to a nickel-gold pad at cooling rat es s Ur@g
0.2 to 3. Gg@’@?/ﬂ'@é% in accordance with ermbodi ments of t h@CEASEHHR04
invention. FIGS. 7A-7C depict cross-sectional inmages of a Sn-2.5Ag-0.9Cu
sol der ball after being reflow- sol dered to a nickel-gold pad at cooling
rates spanning 0.2 to 3.0 "C/sec, in accordance wth enbodinents of the
pr esent |nvg9‘L| on. FIGS. 8A-8C depl ct cross-sectional imges of a Sn-2. |
Ag- 0. owith &g F‘CB‘élofthﬁﬂ’EeéFmB’é‘feﬁBO" reflow sol dered to a nickel-gold pad at
cooling rates spanning 0.2 to 3.0 'C/ sec, in accordance w.th enbodi nents
of the presdfs. 6A\fé}dmmcr0ﬁ-@lor9meﬁ@fm $t-3.2Ag99Cevtdeobal afienbges of a
Sn- 3. 5Ag sol der ball after being reflow soldered to a nickel-gold pad at

cool i ngflowiseklesdan ainitlelzold pad a8 céblingha&tspanning@.2 @ Sl Chetiih Recortah@di ment s
of the present invention. FIGS. | OA-1OC depict cross-sectional images of a

Sn- 3. %Ehéx%&ﬁﬁxeﬂ@bfth@ﬁe@émmeﬂﬁon refl ow sol dered to a copper pad at
cooling rates spanning 0.2 ‘G 'sec, in accordance with errbodl ment s

f th I ti

o ey S ANk Lk s )19 D B e s 11T
wh th f th |, .has . b tch

vy, TROLSeBR R e Hicko bR FRlirE s SHEs L gD P GOERiN BRI 12 i s a
cross-sectional image of a Sn-3,8Ag- 0.7 Cu solder ball joint having

si | verYith ¢rabodiments ofthe present ivaRHioRngul ar ori entations, in accordance with

enbodi ments of the present 7 2 5 AUG 2006 WO 03/070994 PCUUS03/ 04204
i nvent i on. FIGS. BA-8C depict cross-sectional images of a Sn-2.1Ag-0.9Cu solder ball after being

reflow-soldered to a nickel-gold pad at cooling rates spanning 0.2 to 3.0 °C/sec, in accordance
with embodim_ents of the present invention.

FIGS. 9A-9C depict cross-sectional images of a Sn-3.5Ag solder ball after being reflow-
soldered to a nickel-gold pad at cooling rates spanning 0.2 to 3.0 °C/sec, in accordance with
embodiments of the present invention.

FIGS. 10A-10C depict cross-sectional images of a Sn-3.5Ag solder ball after being
rcﬂow-soldlered to a copper pad at cooling rates spanning 0.2 to 3.0 °C/sec, in accordance with
embodiments of the present invention.

FIG. 11 is an image of a top view of silver-tin plates of Sn-3.8Ag-0.7Cu solder balls
formed on an array of BGA pads wherein the majority tin component of the solder ball has been

_ etched away, in accbrdance with embodiments of the present invention.
FIG. 12 is a cross-sectional fmagc of a Sn-3.8Ag- 0.7 Cu solder ball joint having silver-

tin plates of differing angular orientations, in accordance with embodiments of the present



FIGS. 13A-3B are images of a silver-tin plate that remained after the
Majority tin conponent had been had been etched away froma Sn-3.23§\gwg. 505
Cu solder ball, in accordance wth enbodi nents of the present invent rz
FIG 14 is WOPHHM¥4showi ng pasty range variations as a f uRETUSH4204. copper
concentration and silver concentration over a |limted conpositional range
in a Sn-Ag-Cu system in accordance wth enbodi nents of the present
invention. FIG 15 is a bar chart showi ng m crohardness as a function of Ag
wei ght percent concentration and cooling rate for a Sn-XAg-0.9Cu SAC al |l oy
wher ei ANYENH8N.\wei ght percent silver, in accordance with enbodi nents of the
present invention. FIG 16 depicts a section of the ternary Sn-Ag-Cu phase
di agram . ha¥Ghgl3A -8B astimages Gfla sibvende platathataBmeihedafter We m&fority finac cor dance
wi th enbodi nents of the present invention. Detailed Description of the
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structure (e.g., an electronic packagi ng structur oW n

subst r g, %ddnnmniéﬁ? ﬁ{"@““?&‘i{iﬁg sol dered to a substrate 18, in

accordance wth e 0 € present invention. An electrically
conductive pad | "ig)gt?"} 13.is attached, to the substrate 12, and a sol der
ball 14 is cotpred e haVing fastyrangs yarialions 4s @ fupqiion of carper Copeanfration nay be
in contact with the pad 13 (e.g., in_netallurgical and/or electrical

cont ac £ SiPERCAMSENFLEN 9wy & Innited compRstiauBLIRER 8 2 5p-Ag-Re sptem. it accartintche

sol der ball 14 are coupled together as a single nechanical unit. The

sol der Withlembedimeass of therpreseitinveitiom t he pad 13 by any nethod 8 2 5 AUG 2006
WO 03/ 070994 PCT/ US03/ 04204 known to a person of ordinary skill in the art
such as, i nFK}. 14li§ abariehart ghowing migrdhhelnewlasle furladidr ofldlg weighOpeidaat pad 13,
foll owed by cooling and thus solidifying the solder ball 14. A pad 17 is
at t acheahcetiteatioh @and tdeting edtefol 8 SnHWE-0.96QISALT alRS WHRrekPX 8w ei lied to
the pad 17 and is in contact with the pad 1]%? The substrlgtﬁt?arfgﬁ}os to be
sol der ghet,Qn betBrEHOSHIPERboENdYs SYARE pidnt FRbdtioR9: and reflow ng

FIG. 16 depicts a section of the ternary Sn-Ag-Cu phase diagram, having a constant Cu

concentration of 0.7 wt. %, in accordance with embodiments of the present invention.

Detailed Description of the Invention

FfG. 1A depicts a cross-sectional view of an electrical structure (e.g., an electronic
packaging structure) 10, showing a substrate 12 in position for being soldered to a substrate 18,
in accordance with embodiments of the present invention. An electrically conductive pad ("pad")
13 is attached to the substrate 12, and a solder ball 14 is coupled to the pad 13. For example, the
solder ball 14 may be in contact with the pad 13 (e.g., in metallurgical and/or electrical contact
with the pad 13). Thus, the substrate 12, 'the pad 13, and the solder ball 14 are coupled together

as a single mechanical unit. The solder ball 14 has been cbup]ed to the pad 13 by any method



the sol der paste 16 and the solder ball 14 such that the nelted and

refl owed solder fromthe solder paste 16 is incorporated into tn§5ggGQmB
ball 14 to formthe nodified solder ball 15 of FIG 1B. The nodi

sol der bal WolB/0¢cwepri ses the sol der paste 16 as havi ng . bR&SMHUSBESOpor at ed
into the solder ball 14 during the aforenentioned nelting and refl ow ng of
the sol der paste 16 and the solder ball 14. After being cool ed and
solidified, the nodified solder ball 15 serves as a solder joint that
couples the substrate 12 to the substrate 18. In sone enbodi nents, the

j oi ni ngBfvn 15 HBStERS R dihsry 3 laalelaasaa{ $sOrpE G ahteﬂuswﬁlgaaetmepﬁautﬂe sol der
(0]

paste 16. In such enbodinents, only flux is use facilitate the joining

process, in
bt st Bhd g ﬁ[@%ﬁ‘éﬁ@. e DRSNSyt A5IPH did. !
wetted by the s 16 s der unde W ndltlons and pr V|des
for attt aé}?rféhft"a&p'cdﬁﬁn ‘b’fq PP%“af‘% has bggn %PH ‘L&"eﬁ’ dﬂ?(s”f‘@‘sl‘e CQ'HF?ié‘f‘R” f FIG
| A, the electrical structure 10 may be denoted as a "pre-soldering

el ect r ippd17sTheigubstrate 12 |tabe $01®r€ib']9|th€t substrate Bby keating, oredtingy anslyefidwing e

el ectronic structure 10 of FIG | A after the substrate 12 has been

sol der ahe $oldelr pastslioaidrthd e1deB ballithsich aliat hetneliet endefldeed gaddr Eroftthand the
sol der ball 14 have been fully nelted, in accordance wi th enbodi nents of

the presgef. paswa%rﬂ in@8rporaled iftb the sbidler bd1e1elbisl fhb arbamdisbidechapalsdgipal | 15
serves as a solder joint that couples the substrate 12 to the substrate

i\ﬁle 2008 o b0sE! bt e TR A% Pﬁﬁlﬂ%ﬁwg:bﬁ%{*g%&ﬁvﬁtgé B lg °°
ol cct v (g Bl G d R fbiehiented sy iptapd Rt ol spder e Bpoee 1
and wherein each of the N solder balls is typified by the nodified solder

bal | 150ldprbatlid. Aftepbeipggooleg @étssali"&ﬁ?d thermedifigdsoldgr ball 15rwe avt ldess a

"post-soldering electrical structure.” In an alternative enbodi nent, the
sol der jpasthat cb@plesthastbsuste d2 snthe aulfstrate 1Bs In sogteeabodisnedtsi the janiogofiance wit h
the present invention, using any flux material known to one of ordinary
ski | | is@bstrates 12 and 18 is performed without the use of the solder paste 16. In such embodiments,

only flux is used to facilitate the joining process. In other embodiments, the solder paste 16 may

be used to join substrates 12 -and 18, wherein the solder ball 14 does not melt, but is wetted by

the solder paste 16 solder under reflow conditions and provides for attachment upon

solidification of the solder paste 16 solder. In FIG. 1A, the electrical structure 10 may be

denoted as a "pre-soldering electrical structure,"

FIG. 1B depicts a cross-sectional view of the electronic structure 10 of FIG. 1A after the
substrate 12 has been soldered to the substrate 18 such that both the solder paste 16 and the
solder ball 14 have been fully melted, in accordance with embodiments of the present invention.

In FIG. 1B, the solidified modified solder ball 15 serves as a solder joint that couples the

substrate 12 to the substrate 18. The modified solder ball 15 comprises the material of the solder



the art, to couple the solder ball 14 to the pad 17. Wen the flux is used,
the nodified solder ball 15 includes essentially the material of 22?\” 7
sol der ball 14 and does not include any sol der paste. In other al gt que
enbodi ment VOB Ner £l ux nor the sol der paste 16 is usedPEBHUSNBOPI0E t he
solder ball 14 to the pad 17 in accordance with the present invention. In
FIGS. | Aand | B, the substrates 12 and 18 nmay each conpri se any
electrical or electronic conposite, |am nate, conponent, etc. As a first
-exanpl e, the substrate 12 may conprise an integrated-circuit chip ("chip")

and t hialblsidrthd matkHalndEYheCIGRF piR B (66¥ HIGC BAY. | Génerall§; 19 sold@ bafd am € or
organic chip carrier). In chip attachnent to a chip carrier, solder paste

| tYRicRbloi e aieestalfBoRISRE AbdraE 30 fe Sl}]dasatﬂ?,%}{e?%iﬁg%g,qn y comprise

a chip carrier (e.g., a cefamc or organic chip carrier e substrate

18 may nrise cifecpit. card. .L.n the seco ex le, the solder ball 14
may bewgg}nglefi&@tiq%e Mrsggif/r ?aﬁéﬁ&'ﬂ?’hg‘%f%gf “E?éillf?cg S‘?’ﬁ‘@%lﬁe?" BitdBatge ang 17
may each he _any ty of sol der pad. and conprise any material or materials,
known ‘EIBCtB‘f?éSm&FUTBEngy denetted as a\pestrsoldeningslestricakstruciitest al i a, a copper
pad, a nickel-gold plated copper pad ("nickel-gold pad"; i.e., a copper
pad coat ed Ihyn altéragteve epfbodineke khe salddr pastedpes natfusgbdnd adhatis mgreddied kyer of
ni ckel), et.c. The sol der paste 16 may have any applicabl e conposition

(€. g., acadrgare vdthihd\bieschiventioh), Gdgha) 994 nbitdddBWYAE Bffe FRRALSFREA in

substantially | ead-free conposition) known to a person of ordinary skill in

th e 2Dt : ' , t
A A e s A S e SR L ST S
th ' ' . [ it h il ddi t f | | t
amount s e sSEn EARER petl or it Bk o PRl R T e Sl e Bt P16 rmy

conpri a, sol der paste co sition by weight percent of: 3.5-4.0%silver

and thogﬁelr é‘ﬁ%l??fﬂ’ére"@@g‘,“&&&*egﬁ'pﬁ E‘Tfﬁ‘v nor Hie sRlderpasts<loiinnsed soypupledhassolder smal | or

trace anounts of other constituents. For the present invention, the solder

bal | BeldAiothepad 13in agrordgncewithithe preyent ing¢rtipar (Ag), and copper (Cu)

havi ng concentrations of Sn, Ag, and Cu ("SAC') that relate to commerci al
In FIGS. 1A and 1B, the substrates 12 and 18 may each comprise any electrical or

electronic composite, laminate, component, etc. As a first example, the substrate 12 may
comprise an integrated-circuit chip ("chip") and the substrate 18 may comprfse 1;:1 chip carrier
(e.g., a ceramic or organic chip carrier). In chip attachment to a chip carrier, solder paste is
typically not used. As a second example, the substrate 12 may comprise a chip carrier (eg.,a
ceramic or organic chip carrier) and the substrate 18 may comprise a circuit card. In the second
example, the solder ball 14 may be a Ball Grid Array ("BGA") solder ball. The solder pads 13
and 17 may each be any type qf solder pad. and comprise any material or materials, known to one
of ordinary skill in the art such as, inter alia, a copper pad, a nickel-gold plated copper pad
("nickel-gold pad”; i.e., a copper pad coated by a layer of nickel, and a layer of gold coating the

layer of nickel), etc. The solder paste 16 may have any applicable composition (e.g., any

10



SAC al l oy conpositions and the ternary eutectic SAC all oy conposition.
Typically, comercial SAC alloy conpositions conprise Sn-3.8Ag-0.7Z&WAUG 2006
(i.e., 3.8 weight percent Ag and 0.7 weight percent Cu) and Sn4. QAg- 0. 5Cu.
Based on t YO B¥&W9% xperi mental information in the scienti PCEYUSIYMEat ur e,
the ternary eutectic SAC all oy conposition is Sn-aAg-pCu, wherein a is
about 3.4 to 3.5, and wherein P is between about 0.8 to 0.9. SAC all oy _
conpositions in this near ternary eutectic conpositional range are |eading
| ead-free candi date solders to replace the Sn-37Pb alloy that is currently
and hi ggplichisiabibstansaly lead-fetesmmposition)dmopo neapersmed wbdiyarp skitlos he airt. For
not ati onal purposes, whenever the SAC alloy is expressed herein in the form

Sn- aAgg, bl ithe AN b&btd s HBHEITEIROE sblBertpaits coapaitRa byheigitipgloentperxent

concentration of Ag in the SAC™ alloy and P denotes the wei ght percent

COn0Nl LA RfsobX o e SRl oo ALY IR ossollaufs Ber cent of

the SA we conprises essentia tin and possibly small or
trace amounts of other_constituents (e. hi smut i s wll be
di scus &8al phifacs pmountsef of e‘rfBP%{#'i‘e(‘}}?- \A}Staﬁg%%‘?’%“g"glésmf g@‘e"?’ﬂ’ﬁ%@? ?ﬁba s will be
used herein for other alloys . than the SAC 2 5 Aﬁ%,z 06 Wg 03/ 070994

PCT/ USoanpseausolder paste comppiitien by weighinergentft: 3-4 &Sﬁﬁbﬂ% ¢ fmanienty oy
(e.g., the coefficient a or 3.4 of the conponent Ag of the SAC all oy)
denot essseiteallyeingéith possitle additiomodsmalhor wace@monnis obofhgreasiituents. t he al l oy. As
wi |l be denonstrated infra, the preceding SAC all oy conpositions, when

present in gbhfe Fi@@ls'nt inéhtion| We solbeé Hall 18 compiieSan ARy df mial(SodesingBGg),
("silver-tin") plates which may pronote fatigue cracking during execution

of they opi,a@@%s By oMedhtafoddor SROAL, Rd TBI("SAC) ehat Rdié loCommheiiblat i ng
field applrcation conditions. The present invention prevents such

sil ver S id;al}g) b osétEc{ng %(f @1@ g(rg%g e@REctld! §K(t3'§ll&y%n®5§§o@ny%§&hy,%iohM%ci§li n

pl at es, nergistica Iting the ki'netics in'conblnation with the

SRRl AR PR CE P B it 00,

rs’rﬁ Hg? pgrégnngé I@QL? @a-ggwé]ei(&)gm aggﬁéé tléug %gst eprQ:‘?infe&'al i%%rrr}]gtigri e s?c%e%ﬂﬁc
literature, the ternary eutectic SAC alloy composition is Sn-¢Ag-BCu, wherein o is about 3.4 to
3.5, and wherein P is between about 0.8 to 0.9. SAC alloy compositions in this near ternary
eutectic compositional range are leading lead-free candidate solders to replace the Sn-37Pb alloy
that is currently and historically used in electronic component assembly processes.

For notational purposes, whenever the SAC alloy is expressed herein in the form Sn-aAg-

BCu, it should be understood that o denotes the weight percent concentration of Ag in the SAC
alloy and B denotes the weight percent concentration of Cu in the SAC alloy. The remaiﬁder of
(100-0-P) percent of the SAC alloy, by weight, comprises essentially tin and possibly small or
trace amounts of other consfituents (e.g., bismuth or antimony as will be discussed infra).

Similar notation with analogous interpretations will be used herein for other alloys than the SAC
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transformations that underlie the present invention. The three phases
produced upon full solidification of the liquid SAC alloy (upon codbiA§ 2006
froma qu&id state) are Sn, A93Sn, andCU6Sn,. For the purposes of this

di scussi onWOtRE"®¥ nary eutectic SAC alloy w |l be used PEI/USREMENM fyi ng

t he general behavior of all SAC alloys in this near eutectic conpositional
range. Upon cooling the |iquid phase fromtenperatures above the nelting
poi nt, non-equilibrium Kkinetic effects intervene to preclude the

simul taneous formation of all three phases at the nelting point; i.e., to
pr ecl ualoyasathifen ageffisient ef ptemponent afarf dloyde.g.othe codfbciantzeont Irbofatei | i bri u
eutectic phase transformation is kinetically inhibited. The crystalline
A93Sn pimmaentAgsfahd FACulibpaleactesthe whighnEerotnt donbéntiatiad ofthelesisuakatig (al so
called "supercooling”) below the eutectic nelting point of 217 'C of the
ternaryegiidyectic SAC alloy. 12 2 5 AUG 2006 WO 03/070994 PCT/ US03/ 04204
Thi s A93Sn ‘phase, which is the first solid phase to formupon cooling to

and bel ow 247, e’de%ﬂstﬁte@%ﬁ&,&h% P%&dg{g%@alﬁw#ﬂlgbgg%(s, %JFS}S 8&}1?%65 can

grow rapidly 1n the surroundin qui d“phase. I'qui d phase
conpri ses a t.h n stalline phasge .does ot easily nucleate. The
cr;r/n;ta Fﬂ?ﬁ‘q@ﬂ S&ﬁﬁrsbé‘ﬁrlgcﬂfﬁ%sﬁﬁﬂmb{&ﬁﬁﬁ% (eﬂ 8'6?’688*“?%&%‘!"8{’“%}?{?@8% on from
the liquid state,  Undercoolings of 15 to 25 *C are typically required for
t he f ofatigpe crasking during exeoution ofthermaptransignts sysly asdyring,thexmalgyqigietingal
associated wth the undercooling required for the nucleation of the

cryst adilplangSheld hpplisatiorheond@iesn Plepressnidementjoroprevantsssutblasityer-tin phates| n
processing conditions with typical cooling rates of 0.2 to 0.3 ' sec,

thi s clomhforming, oelimits thesizk of ach cidveptin piatdsehssynérgisacadiydsploning tiaf Kinstids
sufficient time for the A93Sn plates to growto a large size. If the

nucl edhicembinh@SHARINEthe thedioliRmAR BBphdsé trhidforinatidiiQsuiaRatwithialidifidnonl or 2
plates are forned within the nodified solder ball 15 of FIG 113, then

t hese ; | der
§ ornt SRy AR ey Yol A AR R, A SRR e et B hE R Wl

hese A3t AY BRI Rhlofled G ORRBEpARL 2 11 v

properties o oln

transformations that underlie the present invention.

The three pﬁases produced upon full solidification of the liquid SAC alloy (upon cooling
from a liquid state) are Sn, Ag,Sn, and Cu,Sn,. For the purposes of this discussion, the ternary
eutectic SAC alloy will be used as exemplifying the general behavior of all SAC alloys in this
near eutectic compositional range. Upon cooling the liquid phase from temperatures above the
melting point, non-equilibrium, kinetic effects intervene to preclude the simultaneous formation
of all three phases at the melting point; i.e., to preclude a true eutectic phase transformation,
because the equilibrium eutectic phase transformation is kinetically inhibited. The crystalline
Ag,Sn phase is easily nucieated and forms with minimal undercboling (also called

"supercooling") below the eutectic melting point of 217 °C of the ternary eutectic SAC alloy.
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chip carrier and chip carrier-to-circuit card solder joints. Failure

anal ysis denonstrates that the failures are caused by strain Ioga%iﬁ zd(ggn
at the interface between the Ag3Sn plates and the bounding soli A[g e
due to graweooewattary sliding at this phase boundary. As RGIVUSOH@28hown
‘infra, by altering the Ag concentration within the SAC alloy, the early
nucl eation and growt h of the Ag3Sn phase can be prevented such that this
early fatigue failure mechanismis defeated. The present invention teaches
how to totally, essentially, or substantially suppress formation of the
Ag, Sn ThiatAgsSriyhasd, whéxh iothe ffivgd solizt fhaststodornbypa cooliry toand belowf217 1€ , hasa

met hods. The first nethod conprises reducing the wei ght percent

Conce%éﬁilik@%r&%h fbrpidldgye Thée phltésQidn gRow rhgiddy in tildarrdBftfing MRiOpH4 0994

PCT/ US03/ 04204 a val ue be] ow the eutectic wei ght percent concentration of

Ag such t nl QN i ' j ' unt i |
the unihsy 6 pf R B e hRRRS SR brladhe S GLIRMMRI e ol BRAPREIIE "
second_met hod,.cogpr.i ses cool ing t.he totall i qujd.phase of..th AC al | oy
at a r?'srﬁa]'?%ﬁptlaﬁ%feq?‘éesisggs?a“i‘ﬁlg%ﬁm?%h%rtjg(/ﬂ‘ﬁlea%‘ﬁ@g%%It edlfqulmgﬁgﬁgBSn from
growing to a size that wuld facilitate fatjgue, cr?cki ”P of the nodified
sol derUrdgreoolingst 15)te25 [ @asgiynically geqpyad fordhe toppajion of ghg selid ghase ok ect to
cyclic or non-cyclic thermal transients ge. g., thermal cycle testing).

FI GS. Rurirngthe tioiintervalessocitgdpuith the under¢nslipg eeguigedigr theaupteatins ther) G 16
provi des a thernodynam c  nodel that explains the first nmethod and predicts

the r italiiheSnphaseruin AgSwplaghcapgioeanta largosiee rih padcessingt doaditionspgitlesses
A93Sn plate formation. Chronol ogically, the inventors of the present

I nventd fidaifdobBilg MRY 8f @L &s10.8 hE/skd) enisBsbling fine ineEal cad RImpHatedd e seconds
t her nodynam ¢ nodel to predict the requisite maxi num Ag wei ght percent

conce ' iéht ki i f | lsQu ' i ng
eIy A AT B AISUIE 2R B A I RGN el

R RUSBAEY o GELA I ol DS e BB
fol T oveth el i 5 e Rl Harks eh TRSW IEHE ol BS ubih ARE Bl RS & 11 FI G

joint embodied by the modified solder ball 15. As will be shown iﬁfra, these Ag,Sn plates can

adversely affect the thermomechanical fatigue properties of such solder joints, for both chip-to-

chip carrier and chip carrier-to-circuit card solder joints. Failure analysis demonstrates that the

failures are caused by strain localization at the interface between the Ag,Sn plates and the '

bounding solid Sn phase due to grain boundary sliding at this phase boundary. As will be shown °

infra, by altering the Ag concentration within the SAC alloy, the early nucleation and growth of

the Ag,Sn phase can be prevented such that this early fatigue failure mechanism is defeated.

The present invention teaches how to totally, essentially, or substantially suppress

formation of the Ag,Sn plates by either of two methods or by a combination of the two methods.

The first method comprises reducing the weight percent concentration of Ag in the SAC alloy to
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FI GS. 2A-2B depict cross-sectional imges of a solder joint associated with
a SAC alloy solder ball 20 after being subject to thermal cycle %ﬁj&'qgm
In FIGS. 2A and 2B, the solder ball 20 is attached to a nickel-g Ba 22
to which aViBaUY9%i .e., a chip carrier-chip package) badPEEES3/0428ached.
The sol der ball 20 is also attached to a copper pad 24 to which a circuit
card had been attached. The pads 22 and 24 each have a 28-m | |inear

di nensi on across the pad surface. The solder ball 20 conprised a
Sn-3.8Ag-0.7Cu SAC alloy prior to its attachment to the copper pad 14 2 5
AUG 20G6valuathelisy Uiz ogioetichesightpeem 420 nzation f Aigrsychathatadfe platedbrmdtion iodul e
to the circuit card, the solder ball 20 was forned with an estimated

under c ahdrinodymainieddy ithpdssible ubil (he uhdaesbling rdghigedoancipite tH¥BahdIS£pRRE & USI Ng
identical «circuit card assenblies. The solder joint of solder ball 20 in

FI GS. Zéachedl Breebond ehdd colfipfives coblifig RS oty 38hidPhMeof tRaFAL fioyahch havi ng
been subjected to 1000 to 2000 thermal cyclés between 0 *C and 100 *C

Phe! Robilfe R0 GA PRI RS Soied Mk STREM B0 E o M DARARE .
bl - i i 1 G B [ i f i i i Oi
2 ruct Diciftare e ckingpt BE mod g B a8 R FHtE YR A molige Sl ™ | e

appearance_after attachnment to both pads 22 and 24, as shown in_FIG 2A
Becaus &2l A5 i wbiegdp cydicon pomseydlip theraal tenpiems (e thermakeyrledestingy diG8: et ween
the nodule and the card, the solder joint is subject to a cyclic strain
wi t hi n 18 pedvidentestisapportyfot the prafeding twolmethdvler FiF. 16ypodviidey a teomedymbmiche sol der
joints were cross-sectioned to determ ne the nmechanisns for failure. The
cross smxiel that exphing therfirst fihoRandgnetlic@Bihd oemisito masingum Agivweighep&tert he j oi nt,
but does show | ocalized deformation (i.e., formation of crack 29) in the

r egi on c@fceifion that shiipresesg3$1EpIdR fordtieN dShndTBEieAlly! the iveRidrsQff tihe Cross
section of the joint. The | ocalized deformation has occurred right at the

surfac %rc_@énttil_lﬂ%n@érﬁﬁr@t &%X'elioﬁédt th@lﬂeﬁn&fyﬁ&ﬂic BeydBdaised thd {h'aﬂn(ghﬁ}xégﬁi% MaddBE

silver-tin in the netallic phase and the bounding tin-ric hase. This

L2 L B BRARARE bl HARTIPAR Weight fl et EiEedtioh B Huh8ich Y hadr&Bolitg © o1C"

as an rrca

below the eutectic melting temperature of 217 °C of the ternary eutectic SAC alloy. Then the
inventors conducted tests that confirmed the predictions of the thermodynamic model. The test
results of EIGS. 2-15 are discussed next, followed by a discussion of the thermodynamic model
in accordance with FIG. 16.

FIGS. 2A-2B depict cross-sectional images of a solder joint associated with a SAC alloy
solder ball 20 after being subject to thermal cycle testing. In FIGS. 2A and 2B, the solder ball 20
is attached to a nickel-gold pad 22 to which a module (i.e., a chip carrier-chip package) had been
attached. The solder ball 20 is also attached to a copper pad 24 to which a circuit card had been
attached. The pads 22 and 24 each have a 28-mil liﬁear dimension across the pad surface. The

solder ball 20 comprised a Sn-3.8Ag-0.7Cu SAC alloy prior to its attachment to the copper pad
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FI GS. '3A- 3B depict cross-sectional imges of a solderjoint associated with
a ball grid array (BGA) SAC alloy solder ball 30 after being subjszegch@ éiz}q
thermal cycle testing. In FIGS. 3A and 313, the solder ball 30 i Y R
to a ni ckeWOdB®9%hd 32 to which a nmodul e had been att acHEAUSIYHR04 0| der
ball 30 is also attached to a nickel-gold pad 34 to which a circuit card
had 15 2 5 AUG 2006 WO 03/070994 PCUUS03/ 04204 been attached. The pads 32
and 34 each have a 28-m | linear dinmension across the pad surface. The

sol der ball 30 conprised a Sn-3.8Ag-0.7Cu SAC alloy prior to its attachnent
to t he2dilwing-attgeiimenpefthg modida te thg cirenit cecd tisrsoldef balh20 waxfolmedt with 12 Ci rcui t
card, the solder ball 30 was forned at a cooling rate of Q.7 - 0.9 'C sec
Wi th astimated iadeacbolingef steat iNRPIC bixed bn dermocdiple meastit&@ferusitalaéHiRgOUP! €
-measurenents using identical circuit card assenblies. The solder joint in
FI GS. i ' F kO4 ch whi ch havi ng
been sclﬂ%}ﬁttag{]ggéﬁfgbﬁ%%g% ° Qé]ggﬁﬂ%ﬁhgi;% e?gﬁlig‘gg’%g%%e&e%%ozﬁﬁaoﬁ&8&6’6’% wherein
t he heatin nd. cool i ng .rat durin her nal cli from100 "Cto 0 *C
wor e 2Bl SpRE IS e Seichdgrie bad sbiA o 1B e Ol isleso i n an
enl arged vi 5‘“ i n Flgéio 38}2 shows | ocalized deformation in the joint

st r ucttGhEes d'100,°Gayhegein thedgating and cpeling ratss during thermaleyglingsfiomde® t he
pad 32, and there was no fatigue failure near the pad 34, which is

consi st&AO K verenaheut02c1C/seeaThe mgiads @hdwreindfiGi 24 atrbdlweiar tidven-spl der bal |
nodul e was nuch larger than the CTE differential between the sol der ball
and t tvieveinFIGi 2B cshioes lochlized defoemgtivah iB4he jBinGSrucBre GitHe SRidpbaty ReleTipyi dence
that the A93Sn plate 38 can augnent the fatigue cracking initiation

pr ocegéint siveuAdRSA cBludnSlilkkSphsaraiide H@érf‘a}itﬁ@ﬁ&lnl fo%otﬁat Oﬂakiﬁgi' ?rﬁi 341848 sHRGR jn 97 OWN

near the pad 34 froma side of the ball 30. Due at1gue processes,

t her e FiG A CBEafke of 1eloBercRiA il P Bha bl Bt AEG0F weliRegiha > Plate 38

giving rise to a ormation. -in ruc t a coner of

the p , k.. arowing fromthis. void-l.ike structure into the
bt Bibae anB I B R ”é’H‘&WS”“&»ﬁ&‘?BﬁF&‘EﬁP& algwithipeach thegmalsyele-apfigh and
fatig %6Froc h is.the primary wearout nechani smfor

psses, whi : . .
sol deledheral cvefies. sopaiel i polfergaints yete QPsyRcstionst to determine the mechanisms

for failure. The cross section shown in FIGS. 2A and 2B does not show failure of the joint, but
does show localized deformation (i.e., formation of crack 29) in the region 26 where a Ag,Sn
plate 28 subtends a major fraction of the cross section of the joint. The localized deformation has
occurred right at the surface of the plate by initially grain boundary sliding between the silver-tin
in the metallic phase and the bounding tin-rich phase. This failure mechanism in some joint
structures may lead to early failure sﬁch as an electrical open.

FIGS. 3A-3ﬁ depict cross-sectional images of a solder joint associated with a ball grid
array (BGA) SAC alloy solder ball 30 after being subject to thermal cycle testing. In FIGS. 3A

~ and 3B, the solder ball 30 is attached to a nickel-gold pad 32 to which a module had been

attached. The solder ball 30 is also attached to a nickel-gold pad 34 to which a circuit card had
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caused by the A93Sn plate 38 as discussed supra. FIG 3C depicts a
cross-sectional inage of a solderjoint associated with a BGA SAC nzl§ 6%2‘195
AUG 2006 WD 03/070994 PCT/ US03/ 04204 all oy sol der ball 40, show ng é
propagat i oWO4PBHY*4a A93Sn plate 48 in the sol der ball 40Ppcraishipweng t her mal
cycle testing of the solderjoint. In FIG 3C, the solder ball 40 is
attached to a nickel-gold pad 42 to which a nodul e had been attached. The
sol der ball 40 is also attached to a copper pad 44 to which a circuit card
had been attached. The pads 42 and 44 each had a 28-m | [|inear dinension
acr os deerhatapbedl. Slibe fpadsed2 and 84 sadhdave b a8-miliiheandipensi@taceosSthedpald Agrfate 7Cu SAC
alloy prior to its attachnent to the nickel-gold pad 42. During attachnent

of t herhaReldbballB0tchmpriSdda®i-3.8 AR0TCut S SiRdydfior RAls atdhnVe@ds ol RE MekkIAt 2
cooling rate of 0.7 - 0.9 *C/ sec with an estinmated undercooling of about

acs onPi e 39 PABP L RRREREP R oD WeGTRh g ORI B 26 FS0S 1 e

cycles, between 0. . 4100 '€ wherein the heati and_cqoling rates
GorT gt R R HE e 007 T AP 10 o i ndEreRae SRS s CPPHAN & s .
FIG 3Cillustrates propagation of a crack 49 alon t he surface of the

A93Sn thsrmeeoupls mgisurermaRts wiegidpptisabeimpit 63rd @ssempliese (The kolder jeint inJGSt he entire
wi dt h of solder ball 40 such that the crack 49 constitutes a failure in the
f or m 8A aad 3Blisone ¢fgndny simitan selidergeints, each of whishrhawng FeecSubj@#edaB, 1560 3B, and
3Cillustrates a correlation between the existence A93Sn plates in SAC

al | oy 2560 shermab aydles batwken 0 &Clantl dOAC iwhereiié Geatingbhdielih@idiesrdaring t he sol der
balls follow ng thermal cycling such as, inter alia, thermal cycle testing.

Thus, thetmalyélafi foilb |60 tOto PrEWeRd abbhit (BB YEAS, YThe ?‘%&i 36 (ch&vii METBL3QN Of
Ag3Sn plates in SAC alloy solder balls. FIGS. 4- provi des testing

suppo  t Of i i I sever el
hbp D 85 inan plIR S, 8 16 )RR 50 PR SitbinAfion SRR Fine® 2 26! Y

f";: l“'g\s,\cﬁﬁe? bl 963 Ast?t?é\jecfﬁﬁllre 3596 L I];caiath@f)‘g:d gﬁ, |a9(¥ th%%l vgaesrnoth%glue §8lu?ef ter being

near the pad 34, which is consistent with the fact that the CTE differential between the solder ball
module was much larger than the CTE differential between the solder ball and the circuit c#rd.
Near the pad 34, FIGS. 3A and 3B provide evidence that the Ag,Sn plate 38 can augment the
fatigue cracking initiation process. The Ag,Sn plate 38 is an intermetallic structure that has
grown near the pad 34 from a.side of the ball 30. Due to the fatigue processes, there has been a
strain localization at the surface of the Ag,Sn plate 38 giving rise to a deformation-induced void-
like structure 39 at a corner of the pad 34, and a crack growing from this void-like structure into
the bulk of the ball 30. This shows augmentation of the crack initiation and fatigue processes,
which is the primary wearout mechanism for solder joints. The solder joint failure 31 was not
caused by the Ag,Sn plate 38 as discussed supra.

FIG. 3C depicts a cross-sectional image of a solder joint associated with a BGA SAC
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17 2 5 AUG 2006 WD 03/070994 PCT/ US03/ 04204 sol dered to a nickel - gol d pad”
54 at cooling rates of 3.0 *C/sec, 1.2 '"C/sec, and 0.2 "Clsec in ﬁ{lﬂﬁlﬁ&’
4B, and 4C, respectively, in accordance with enmbodi nents of the przelis

i nventi on. WORI3@7094D i s an enl arged vi ew of the regi on 56 pau/Eo@o4dL. The

sol der ball 50 conprised a Sn- 3.8Ag-0.7Cu SAC alloy prior to its
attachnent to the pad 54. The pad 54 has a 25-m | |inear dinension across
the pad 54 surface. The peak tenperature of the solder ball 50 during a
melting reflow process was 240 *C, and the undercooling relative to 217 'C
was esilioyabier Ball 40esHowihgerack Hrofapatdn AGRU Ad,Sn platdd e theoldet 633 404A - 4D,

based on thernocoupl e nmeasurenents using identical or anal ogous circuit

S Pl S b S ML,
I 9 he A93S
R e

structure 53 in the formof a distorted hexagonal rod with round hole in
t he ceapper pad 44 prewhigh acisewibenrd Badlpsh attaphess | The pads 44and A eaefohedtar?§tmiho3Sn

pl ates are suppressed or of a very small size in the Sn-3.8Ag-0.7Cu SAC
al | oy lsehodimeisadr acodss vheepadishefaceo dThesgldeatiadl 403:ompr1k&ela53n 3.83g-0(’1(3naAC but is
not suppressed and may be |arge when the cooling rate is 0.2 'C/sec. Note

that tdey hBﬁt@fits lag@idenc©oaheniokel lpbdpad 42\ BlrinSatiabRth& b the Maodhleqo the Ni | s”
text at t upper left comer of each Figure, which denotes that 5 mls of

true |gogh Bare%ésoi@a%gﬁ4b%k?&mehsmni§?gmq;@d7 1 SeARERln  ERGhls, Under
thd| cat Loty he u A nga;rer 0 SCZ‘D Whl ch

In

aanot anacr s prn Tar 35 L3 ter@8$<$1§§eda%agrewsmf Fing E’ﬁb‘tcﬁi FFithe 1§ ne
o e s s grichetce g I

images of a SAC alloy solder ball 60 after being reflow 18 2 5 AUG 2006
between 0 °C and 100 °C wherein the heating and cooling rates during thermal cycling from 100

°C to 0 °C were approximately 0.2 °C/sec. FIG. 3C illustrates propagation of a crack 49 along
the surface of the Ag,Sn plate 48 and continued propagation of the crack 49 through the entire
width of solder ball 40 such that the crack 49 constitutes a failure in the form of an electrical
open circuit.

In, sﬁmmary, FIGS. 2A-2B, 3A-3B, and 3C illustrates a correlation between the existence
Ag,Sn plates in SAC alloy solder balls and crack formation and/or fatigue failure in the solder
balls following thermal cycling such as, inter alia, thermal cycle testing. Thus, it is desirable to
prevent or severely inhibit the formation of Ag;Sn plates in SAC alloy solder balls. FIGS. 4-15
provides testing support for the methods of the present invention for preventing or severely
inhibiting the formation of Ag,Sn plates in SAC alloy solder balls.

FIGS. 4A-4D are cross-sectional images of a SAC alloy solder ball 50 after being reflow-
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WO 03/ 070994 PCT/ US03/ 04204 sol dered to a nickel-gold pad 64 at cooling
rates of 3.0 *C/sec, 1.2 OC/sec, and 0.2 'OC/sec in FIGS. 5A, 5B, 3b5dAUBA06
respecti velv¥ i n accordance with enbodi nents of the present invention. The
sol der bal W@HU8%Ari sed a Sn-3. 4Ag-0. 9Cu SAC al | oy pri or PEHUSR®4MHt achment
to the pad 64. The pad 64 has a 25-m | linear dinension across the pad 64
surface. The undercooling relative to 217 *C was estimated to be in the
range of about 15 - 25 *C for FIGS. 5A - 5C, based on thernocouple
measurenments using identical or analogous circuit card assenblies. FIGS. 5A
an 5Bsaderad ko a miskal-golsrpad Sdrat qooliea@ies of 3P E/sae, 1theC/Req anh@l2 fCree i@ sec
cooling rates, respectively. FIG 5C shows |large Ag.jSn plates 66, 67, 68,
and 69FIGR 43\, 4B| &8 4 Aeshéctistlpyin atvatdaASB@ith pihbddimensts of the pregene isestiont of a
very small size in the Sn-3.4Ag-0.9Cu SAC all oy sol der ball 60 when the

cool i ngycs afreisiah edlarde@ 3ty ok 112 r’é%i $6in K6 4€S TROLo) G PRI 80 8GHpRda By be large
when the cooling rate is 0.2 sec. FIGS. 6A-6C are cross-sectional

i mages,qf I I r i fd Qe ldered to a

i cor 20 KA B oty Rerls Mchmdi Pl B O Tk AeEa3% o vl © 5
"Clsec,in FIGS. 6A, 6 and 6 respectively, in accordance with .

enbodi ﬂ’é?ﬁ“é’%?“?‘??e‘%?@?é‘rﬂ"qﬁ‘}?vgﬁf Perk. temperatueef dasysofder pallep dusing pimcdting,
Sn-3.2Ag-0.9Cu SAC alloy prior to its attachnent to the pad 74. The pad 74
has a Wi frogesswas 249; Y6 Ard the vederepoling telativetd 214 °$Lwasestimated ¢o kesinitheat ed.
undercooling relative to 217 *C was in the range of about 15 - 25 'C for
FI GS. tage ofaBoublisedd Whfot HES n'c-oli based o Heomesoe ple snaasuramgentsiasing idedticalr

anal ogous circuit card assenblies. FIGS. 6A an 6B show at nost very small

A93Sn ¢l dnagowtcichie cad @ssamblies. FIGS/49eah asHowd micai asy shaBAgShipldsyut FI G 6C
shows | arge A93Sn plates 76 and 77. FIG 6B and 6C shows small A93Sn pl ates

75, 78hand ah@. 1.2 "V8ESbing Ries ARpetivaly AR, 424D Zl%wmg shPlaiR¥%s 38, saMRli kg enough
not to facilitate fatigue cracking of 19 2 5 AUG 2 06" WO 03/'07.°099%

PCT! USORl 0430% B 1St o e AGE 01 RSB Bb) i B0, F15YBEST 10

cyclic or non- transients

shows a Cu,Sn; structure 53 in the form of a distorted hexagonal rod with round hole in the center of the

distorted hexagon. Thus, FIGS. 4A-4D show that Ag,Sn plates are suppressed or of a very small size
in the Sn-3.8Ag-0.7Cu SAC alloy solder ball 50 when the cooling rate is at least 1.2 °C/sec, but
is not suppressed and may be large when the cooling rate is 0.2 °C/sec.

Note that the linear length scale on FIGS. 4A-4C is indicated by the "5 mils" text at the
upper left corner of each Figure, which denotes that 5 mils of true length corresponds to the
length of the line segment directly under the "5 mils" text. Similarly in FIG. 4D, the linear
length scale is indicated by the "2 mils" text at the upper left comer of FIG. 4D, which denotes
that 2 mils of true length corresponds to the length of the line segment directly under the "2 mils"
text. Similar scale indication.s appear in FIGS. 5-11 and 13, described infra.

FIGS. 5A-5C are cross-sectional images of a SAC alloy solder ball 60 after being reflow-
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(e.g., thennal cycle testing). Thus, FIGS. 6A-6C show that A93Sn plates aré
suppressed or of a very small size in the Sn- 3 2Ag- 0. 9Cu SAC -al | oy 5skiGAEes
ball 70 when the cooling rate is at least 1.2 'C/sec, but is not

suppr essedwan@d/one4 be | arge when the cooling rate is 0.2 PACI/ESH3/04254 GS.
7A-7C are cross-sectional inmages of a SAC alloy solder ball 80 after being
refl ow soldered to a nickel-gold pad 84 at cooling rates of 3.0 ' sec,
1.2 "C/sec, and 0.2 "C/sec in FIGS. 7A 7B, and 7C, respectively, in
accordance with enbodi nents of the present invention. The solder ball 80
conpr i gfiderad fna ickehgold. fAQ64 SAEBotihg pyespif BOr°(Veec) L2 °Ghstcaaindi@t’Clsec irhe pad 84.

The '‘pad 84 has a 25-m | |inear dinension across the pad 84 surface. The
esti mMiggss. WSBCMI smgespé&ivaxtyl M%céd?d%&? witfreMBSdifehts BRIhE Prdsént fvehtior, he range
of about 15 - - 7C, based on thernocoupl e neasurenents

usi ng 'I‘HS”élpé}%'au%b c@rﬂ@ﬁ%ﬁ%ﬁi 55%6!9 Cs%@'al eac'l}? lé%uaﬁ.'ngﬁ to tﬁe d7d§ and 7C

each sho nost ver n plates of t ree oo I ng
rates of 3.0 ) *(Cl sec, olidified
ot - as b RS W 25 ugs ARapson agosie P%?H (e JOF apEFran pR AR s
between the mpjority tin phase, which shows up in FIGS. 7A- 7C as

backgr 8LhAC Wap gHimaadety bsin therangp of ghmut The2 (G BeFIGS SAt Ehetedioni ¢ conpound

structure, conprising Ag, Sn and CU6Sn5 particul ates, is quite honbgeneous
and t hetteehodobpleascasiserseeptsity denttcal artanglegous higenitzraed ashanbi@8 SHIGH. &Aew. Thus,
FIGS, 7A-7C show that Ag3Sn plates are suppressed or of a very small size

i n thesBRhaw atigodl- v&@snﬁﬂ@gﬁ Phites & tHeB.0land 1.28C/seb evvlibdrates, 0abdcigely. FE. i S i N
the range of 0.2 to 3.0 sec. Note that essentially the sanme results of

A93Sn SHPPAS 19&6mv%sommqméwlcs®5@mwaﬁm tgshagan i n
FI GS. gg%?ogs e%?ebeﬁ hat .t he A concen#ratl on was 2. 7%|%’§t ggad of 2.5% 20

Z ragesSh 29&9@&%’&? ’8@’3%‘25@?593 PEEOICE SRR B sdifer Boft 6 LABPRE O 1 0Nl
o socefling eRess ot leadt 168 Blsesh Bt S uiessed iy e lovki. Bber iR SR Pl & 2

enbodlnents of the present invention.
°Clsec.

FIGS. 6A-6C are cross-sectional images of a SAC alloy solder ball 70 after being reflow-
soldered to a nickel-gold pad 74 at cooling rates of 3.0 °C/sec, 1.2 °Cfsec, and 0.2 °C/sec in
FIGS. 6A, 6B, and 6C, respectively, in accordance with embodiments of the present invention.
The solder ball 70 comprised a Sn-3.2Ag-0.9Cu SAC alloy prior to its attachment to the pad 74.
The pad 74 has a 25-mil linear dimension across the pad 74 surface. The estimated undercooling
relative to 217 °C was in the range of about 15 - 25 °C for FIGS. 6A - 6C, based on thermocouple
measurements using identical or analogous circuit card assemblies. FIGS. 6A an 6B show at
most very small Ag,Sn plates at the 3.0 and 1.2 °C/sec cooling rates, respectively. FIG. 6C
shows large Ag,Sn plates 76 and 77. FIG. 6B and 6C shows small Ag,Sn plates 75, 78 and 79,

wherein the Ag,Sn plates 75, 78 and 79 may be small enough not to facilitate fatigue cracking of
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The sol der ball 90 conprised a Sn-2. | Ag-0.9Cu SAC alloy prior to its
attachment to the pad 94. The pad 94 has a 25-mi | Iinear di nensi o?5a@m
the pad 94 surface. The undercool | ng relative to 217 'C was estinate

be in the WAH&OTYP4 about 15 - 25 'C for FIGS. 8A - 8C, ba3AISHB04204

t her nocoupl e neasurenents using identical or analogous circuit card
assenblies. FIGS. 8A, 8B, and 8C each show at nost very snmall Ag3Sn pl ates
at each_of the three cooling rates of 3.0, 1.2, and 0.2 ' sec,
respectively. The Ag3-Sn is solidified not as plates but is dispersed in a
st ri at thesolderthall @0 when 8 sobier i) id suhgecs secycBuprmoniayclicthgrmattrangientsi t h Fl GS,
7A-7C. Thus, FIGS. 8A-8C show that A93Sn plates are suppressed or of a

very seg. |théi1nZBC)’cI& téskifg)S'Thas, PGS s 260 sﬁé\@t}ﬁﬂt lé?)Sn pméﬁﬁé st%}ekseagr Wn t he

cooling rate is in the range of 0.2 to sec. In summary, GS. 4-8

e T

substrate (e , clircul ntra

suppre con ratjon in th bal 2. 7% or Iess
irrespgz (f@c 5’?” 'fﬁgég%’ﬁsﬁ an a‘i“%yi’ SRrge e °°88ﬂ?51r§te 1§ bﬂze%{s Cat least 3.0
*Cl sec |rre58 ct|v§ of the Ag concentratlon and. A93Sn plate formation in a
SAC al | oy dBVdefAyiSiare gpsssesticmak lalaaemfwﬁ%el@wﬁa&fieh'eﬁll 80cafiey heingraflowt | y
suppressed if the Ag concentration in the solder ball is 3.2%or nore with
cool i rgldesadde aaickel-gold gadRdmt opolingsates of 3t FGsed, ALV see, ah@ BT (Mdeatire f or mat i on
in a solder ball (or in a solderjoint) is "substantially suppressed” if

t her e FISGSNDA /A9 8nd PCatepebtdveiyain abordince hathseaibdaimenal dof theqredent ihve@tion.
solderjoint), or if any forned A93Sn plate is small enough so as not to

faci | iTrtseldepballBoRofk Xﬁ@éﬂ'd‘ﬂh -DE AL G AlenbAdor dils a’itaéhrﬁé#@o%ﬂ@ ad 840
03/ 070994 PCT/ US03/ 042 (or sol der joint) when the solder ball (or sol der

o TR e BN g ﬁ*wﬁé a%%%ﬂ&%@g@@ﬁé Ao,
oracki gV 2" oigeS S o PR 6 B ops e U
tof aColnI ti]én?}ogousp?é r(rjlcgsgx:[e}n rlljtg ugurlé'i ?dléntl %l or analogous circuit card assemblies. FIGS. 7A,

7B, and 7C each show at most very small Ag,Sn plates at each of the three cooling rates of 3.0,

1.2, and 0.2 °C/sec, respectively. The Ag,-Sn is solidified not as plates but is dispersed in a

striation structure as particulates between the majorify tin phase, which shows up in FIGS. 7A-

7C as background, light grey striations 82. The dispersedg intermetallic compound structure,

comprising Ag,Sn and Cu,Sn5 particulates, is quite homogeneous and therefore less susceptible

to stress than are the Ag,Sn plates. Thus, FIGS. 7A-7C show that Ag,Sn plates are suppressed or

of a very small size in the Sn-2.5Ag-0.9Cu SAC alloy solder ball 80 when the cooling rate is i;l

the range of 0.2 to 3.0 °C/sec. Note that essentially the same results of Ag;Sn plate suppression

were obtained for the same test as is shown in FIGS. 7A-7C, except that the Ag concentration

was 2.7% instead of 2.5%.
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cutof f Ag concentration bel ow which A93Sn plate formation is substantially ’
suppressed depends on the magnitude of the undercooling as wll be

expl ained infra in conjunction with the thernodynanic nodel of FIZ3& At 2006
Thus, the MNRB¥F70Rd concentration may lie typically soneR@BPs039e0decen 2. 7%
Ag and 3. 2% Ag dependi ng on the magnitude of the undercooling. The cutoff
Ag concentration can be determ ned by one of ordinary skill in the art

wi t hout undue experinmentation by performng tests of the type associ ated
with FIGS. 4-8. Definitionally, Ag3Sn plate formation in a solder ball (or
in a sol der FJGS.8A)-8C sre'cems-aertiond]liages wp p SACHOY silderbhk 0@ after befigeefiaval | y no
Ag, Sn plate formation in the solder ball (or in the solder joint). FIGS.

4-8 shourdérbdto HABRN-gBlcAIa8 9 Y &831in® Purdsdr 8.090%e8! 10YCARY, 81 0. Ballsed@fnt ached to
a substrate (e.g., a circuit card or a chip carrier) is "essentially

suppr e%‘f(%il rA.ny Bl & a8 ﬁa bt dan) g'w tfi'gmﬁ&lnqgrl;ts Q\?{h{s R}eiergr L. | ess

subst anti a |rrespec ' TRe cool ing ra |ng rate i s
at lea c substa [ i.rr ve of .the Ag concentration
Addi t i %h%mf‘?‘& "g' ?ECWEP%SCQ ﬁg\Rl ﬂé@lo Eﬁ\‘iﬁﬁfﬂ é’“?’o‘Pr‘r‘ataf‘?ﬁ’?g]CH‘ 19 tkegad }; oy

sol der ball attached to a substrate (e.g., a circuit card or a chip

carri efhe pad %4 s a23tmil lingar dimsppien gergss th%nﬁﬂsq“aﬁﬁtfﬂcﬁl [The pmmhugrdatm t¢ he Ag
concentration, if the cooling rate is sufficiently high (i.e., at |east

about 31D°€ @hse&tx)matéﬂm:bf; inNB8 Bmgp bidteuf OF 125t 1for EHIS. BAD8CS bisetiant i al | y
suppressed wth sufficiently high cooling rates, even if commercial SAC

al | oy thermsduple ieasuréments ustngSlénticallor@nAogoug irchitTardldeseiities. M@SO§A%994
PCT/ US03/ 04204 or the ternary eutectic SAC all oy conposition (i.e., 3AAQ)

| S Useghd g8 &t s B mBt 969 shnall 'JQESrP;E]ateé & eQ&ionﬁéQﬁfe@%élﬁa% eSS0, quS ed at a

cooling rate of 1.2 'C/seC; or less, there is a threshold cooling rate,

oo AR O g e AR RIS BRI LB i o 1
PO B B S e QL A RGBSR,
gig eP?Wgﬁ': ﬁqt%’,qgtbp%s grrt]aesu;?gresgé oro % a%elsykslnlah s;zg n;[ trlllee Sg-r2t 1&'}‘;-5 r9]8:1J tSAl(JZna(iI]lég

solder ball 90 when the cooling rate is in the range of 0.2 to 3.0 °C/sec.

In summary, FIGS. 4-8 show that Ag,Sn plate formation in a SAC alloy solder ball

attached to a substrate (e.g., a circuit card or a chip carrier) is "substantially suppressed" if the Ag

concentration in the solder ball is 2.7% or less irrespective of the cooling rate, or if the cooling

rate is at least 3.0 °C/sec irrespective of the Ag concentration; and Ag,Sn plate formation in a

SAC alloy solder ball attached to a substrate may not be éubstantia]ly suppressed if the Ag

concentration in the solder ball is 3.2% or more with cooling rates of 1.2 °C/sec or less.

Definitionally, Ag;Sn plate formatioh in a solder ball (or in a solder joint) is "substantially

suppressed" if there is no Ag,;Sn plate formation in the solder ball (or in the solder joint), or if

any formed Ag,Sn plate is small enough so as not to facilitate fatigue cracking of the solder ball
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performing tests of the type associated with FIGS. 4-8. FIGS. 9A-9C are
cross-sectional inmages of a SAC alloy solder ball 100 after being 25 AuG 2006
refl ow sol dered to a nickel-gold pad 104 at cooling rates of 3.0 ' sec,

1.2 'O sec, WAAHOMG92 ' C/sec in FIGS. 9A, 9B, and 9C, respBETUSBIN204i n
accordance wth enbodi nents of the present invent ion. The solder ball 100
conprised a Sn-3.5Ag alloy '"prior to its attachnent to the pad 104. The
pad 104 has a 24-m | linear dinmension across the pad 104 surface. The
undercooling relative to 217 OC was estimated to be in the range of about
15 - 2%or sgldenjoirf] Wdmn thrsoldg Gall karseldenjnint ik subjert wuptle oreeswydicedrmalisi ng

i dentical or analogous circuit card assenblies. FIGS. 9A 9B, and 9C each

show atindeéd stiesdey (esdTRlurinf\ APl ydle @ting). A3GH eRdmplbahd AESA phdR!75NMB 4t es of
3.0, 1.2, and 0.2 'C/seg\, respective?%/. It is n%ted t%sat Cu is not a

conpongyiyr fic. eB%nd 8CE sl &Eﬂlgﬁ)sﬂsl oY to faﬁil?llgd%’ sﬂﬁ!@ue %é‘g%gﬁﬂﬁ%/ é%ﬁ@t , even

t hough the Ag concentration by weight Is pl at es

tant.i al f bei din.t Sn- 3. 5Ag..al | | d
pat1 S HIFEL 18 B AR TR0 G ek S o teelh it SRR R R aT | o ot e

f 0.2 to 3.0.*C . . Thi ts that the absence of copper
subst aRvPHAGosEATlRiaReloW ahirh Ay Sn RS PRAIOR by SUBRISRITY SHPRIesseddepaads bal |

alloy conprising tin and silver (but not copper) is cooled below 217 T. 23
2 5 Auen gegsagnignied tizaggisrrosling as36 1 bo andaingd i@a in confymction With thee
cross-sectional imges of a SAC alloy solder ball 110 after being

r ef | owtlzahcdmenictnaode! afdfifel 6.pEbhs]1thd catbffapndoncantmtdreaaylie YpidallyC/ sec, 1. 2
"Clsec, and ().2 OC/sec in FIGS. | OA | OB, and 10C, respectively, in

accor dadifiéwhid ber@dBadign il and 3f2% A@ depexamiglon thawigiithddof tHdendeRbslfg. bal | 110
conprised a Sn-3.5Ag SAC alloy prior to its attachnent to the pad 114. The

pad 11l4pdasoft AgRofdehtrhtidh@ah be dBEAShQI bYPGe @ Srdifdey Safinltihétart WithGt Sndde! ©
undercooling relative to 217 OC was estinmated to be in the range of about

15 - 25 OC - - : : | t i
" SuftinieRtuib S bertohfftg e e BEL Ml PRI R a0 e e o

identic or ana
show at oSty ek RS Ag, SOFRE BnRiSR inl sofRE Ball VR i O1det Shing) is “essentially

suppressed” if there is essentially no Ag,Sn plate formation in the solder ball (or in the solder
joint). FIGS. 4-8 show that Ag,Sn plate formation in a SAC alloy solder ball attached to a
substrate (e: g., acircuit card or a chip carrier) is "essentially suppressed" if the Ag concentration
in the solder ball is 2.7% orrless substantially irrespective of the cooling rate, or if the cooling
rate is at least 3.0 °C/sec substantially irrespective of the Ag concentration.

Additionally, FIGS. 4-8 show that Ag,Sn plate formation in a SAC alloy solder ball
attached to a substrate (e.g., a circuit card or a chip carrier) is substantially suppressed,
substantially independent of the Ag concentration, if the cooling rate is sufficiently high (i.e., at
least ai)out 3.0 °C/sec). Thus, Ag,Sn plate formation could be substantially suppressed with

sufficiently high cooling rates, even if commercial SAC alloy compositions (i.e., 3.8Ag - 4.0 Ag)
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rates of 3.0 and 1.2 'C/sec, respectively. In contrast, FIG 10C shows
formation of the |arge A93Sn plate 116 at the cooling rate of O.f ' Cl sec.
Al t hough Cu is not a conponent of the solder ball 110 alloy prio 5tAUGtZ&ﬂﬁng
heat ed and WRPYGRYA, existence of the A93Sn plate 116 t ogBEHEBIINMIM t he
results discussed supra for FIGS. 9A-9C suggests that sone copper has
mgrated fromthe pad 114 into the solder ball 110. Thus, the conbi ned
results shown on FIGS.. 10A-10C and 9A- 9C suggest that copper nmay
facilitate or augnent the nucleation of the Ag.Sn plates. The inventors of
t he pr esdreitemaremtactnS AGatoptanpodizion (¥8. Bth d) heiiseanSiadel Ak iSarlé fdpmatian h
simlarly facilitates or augnents the nucleation of the A93Sn pl ates.

Nonet hed ggSubstdntialy 520 GENEdoRhb Bdle of B2 SEkdd &ijaat [ . hel ow
the cutoff Zg cnoncgﬁlut‘b?gti on as di gcusged S%%é%ﬁﬁ?ﬁé%cZ{]@igkréﬁlldg%olmgf

bi snut fiacl |44 @b : lceat i.0n.of  the. Ag. Sn pl ates.
Not o 1 P WeWlen 2 ird 3.6 CIsch R W AcsS DR SRR kbl sinpeecthe i 1
be discussed.ipfra,. FIGS 11-13 depict the norphol ogy and geonmetry of A93Sn
o1 at 65 115 ireato Rl dBung iz s Hineion e Someseian b e Hismaa fevalable | he
present invention. 24 2 5 AUG 2006 WO 03/070994 PCT/ US03/04204 FIG | | is
an opt PEETOSERROYE Néstlel yhichfosterdbe wicleationspf the salidSn phaga@hglthreshokidogling bal | s
attached to an array of BGA pads, wherein the majority Sn conponent of the
SAC al Fatgcance dstasmined by eciofzordipary skillliGthelartl without indie expeyintehati&BSn and
CU6Sn5 conponents of the SAC alloy remain on the BGA pads, in accordance

W t h epérfatimimntests of the nype pssosiated with @GS £8. The SAC al l oy sol der balls had
been fornmed after being refl ow soldered to nickel-gold pads at a cooling

rates of OFf3S. 9@/ SEare cidi€sezab ! SAC al | oy
re cld3gsctAbAHE im&k bfa §R€Hﬁ%§G§\ﬁ%e23§ﬁ‘10r®g‘tepa g

prior to their being reflowsoldered to the s each have a

2o | rettoleRlad BRI AN AR PRPIAAIE Bl rRbIrATPcillo) BACOLERRERG 10 KIS

| ‘as havi ng approxi nate rcu 'y e ic and are

0L 930 e ) S Ao el o SR R e b, |

plate gliv%posni. %e Fs)gl[igrl blaﬁ|106 goélpr?sed a Sn-3.5Ag alloy prior to its attachment to the pad 104.
The pad 104 has a 24-mil linear dimension across the pad 104 surface. The undercooling relative
to 217 °C was estimated to be in the range of about 15 - 25 °C for FIGS. 9A - 9C, based on

. thermocoup_le measurements using identical or analogous circuit card assemblies. FIGS. 9A, 9B,

and 9C each show at most very small Ag,Sn plates at each of the three cooling rates of 3.0, 1.2,
and 0.2 °C/sec, respectively. It is noted thét Cu is not a component of the solder ball 100 alloy.
Thus, FIGS. 9A-9C show that, even though the Ag concentration by weight is high (i.e., 3.5%),
Ag;Sn plates are substantially suppressed from being formed in the Sn-3.5Ag alloy solder ball
100 (which does not comprise copper) when the cooling rate is in the range of 0.2 to 3.0 °C/sec.

This suggests that the absence of copper substantially suppresses large Ag,Sn plate formation

when a solder ball alloy comprising tin and silver (but not copper) is cooled below 217 °C.
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pad surfaces is about 30 mls (i.e., 762 mcrons). The dinension parall el
to the pad surfaces of the distorted hexagonal CU6Sn5 rods is typigally
about at 0.5 mils (i.e., 13 mcrons). The A93Sn plate norphol ogy Adb @06
| is highl YWQ&48¥¥e. Due to the, variable A93Sn plate or PERUSH3 08294 wi t h
respect to the viewing direction that is normal to the pad surfaces, sone
AgSn pl ates appear plate-like while other A93Sn pl ates appear needl e-like.
FIG 12 is a cross-sectional image of a SAC alloy solder ball 120 on a

ni ckel -gol d pad 127, wherein the solder ball 120 conprises A93Sn pl ates
121- 126 wi t KIGH.flDAr 106cpre aepss-sactionabimagas oftd SRE alloynsokder bal Hbkdcaftexbeing

enbodi nents of the present invention. The solder ball 120 conprised a

Sn- 3. 8Agtd-sdliered toycoppdr@ad 114 iticdolaigraefor0 °CRed, he Ttk lahd.0.2[f@seang! es of
the A93Sn plates 121-126 with respect to the direction 129 vary from
~slight e r r : . Ao ; t I |y bel ow 90
degr ee? ?%?@%&hé@%gfg%g% ‘2?*’3”{‘0%“ g "Er%bg" SAC g‘ﬁo@‘@gﬁéﬁs Ogé'%éir%%ue 2006 WO

03/ 070 PCT/ | d,.aft bei fl | der ed

B
217 ' C i dtg be int , f about 15 - 25 'C, based

e A B Wt o e © o1

assenblies. The pad 127 has a 28-m| |inear dinension across the pad 127
sur f acsndepgogiing eitive SE K € wasestimatstl taibe indlasnngd oftabowt 36 - 2HAC fordfi@Sned aft er
the majority Sn conponent had been had been etched away froma SAC all oy
sol der 1@} N0€ Hasedacthéremcowié theasarbments usinp ddénticah opaavgassi@uinedrd

enbodi ments of the present invention. The solder ball 120 conprised a Sn-

3. 8Ag- fssdhblicd) FUYS.10AGKA!10Biehéh @;btva@&m%rytmamhe&mgmteimaeﬁmo%bm% sol der

ball had been forned after having been subject to a cooling rate of 0.02
' O secpadldr 8l 281179 d182! RepecARDY Sin2bdirasCHIG! 18C shds foPmabrSitRNggd Vi ew of
region 133 of the A93Sn plg%lt ebélp%o of 1|-:a|sG 13A s FI G 1SBndepl?ct9% t he

ot DONgR e SO B0 T AL BT PRI MIL

confi rtr)TzHldl 1t0ha?ltoy prior to being heated and reflowed, existence of the Ag,Sn plate 116 together with
the results discussed supra for FIGS. 9A-9C suggests that some copper has migrated from the
pad 114 into the solder ball 110. Thus, the combined results shown on FIGS. 10A-10C and 9A-
9C suggest that copper may facilitate or augment the nucleation of the Ag,Sn plates. The
iﬁvcntors of the present invention have also determined that an addition of bismuth similarly
facilitates or augments the nucleation of the Ag,Sn plates. Nonetheless, if the Ag concentration
is sufficiently small (i.e., below the cutoff Ag concentration as discussed supra), then an addition
of bismuth cannot facilitate or augment the nucleation of the Ag,Sn plates. Note that an addition
of bismuth may prevent formation of tin pest as will be discussed infra.

FIGS. 11-13 depict the morphology and geometry of Ag,Sn plates in the SAC solder

alloy, in accordance with embodiments of the present invention.
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the plate 130 conprises A93Sn. The plate 130 represents other such plates
simlarly analyzed as having plate lengths typically in a range of 300-500
m crons and plate thicknesses typically in a range of 25-30 mi croh$ AUR2006
pl at e | engt WOBA%h as about 800 ni crons has been observeRCT/EoGo42b4 i s a
tabl e showi ng pasty range variations as a function of deviations in copper
and silver concentration froma eutectic Sn-3.4Ag-0.7Cu SAC alloy, in
accordance with enbodi nents of the present invention. The pasty range AT
is the differential between the |[|iquidus tenperature (TuQUI DUS) and the
sol i dus t enpEIGat Uisean(opt€al Duape of atop Yiew SA&gSnlpbates if SAC dliby ssldavmlIAT at two
copper wei ght percent concentrations (0.7% and 0.9% and at five silver

wei ght  aRehdiablan geiycﬁrgawbmnwhér@fnl% mzjo\é}\%»s& YWoneht 6he BAE 'aalog%s bdehG 14

shows AT in a 2 26 2 5 AUG 2006 03/ 070994 PCT/ US03/ 04204 range

ATTn a2 | 04204 Tange

ana AT Sigped 558 r ML oF ORI e e BRI AR GRPOREE RS Bl i (e
ian i . 9% . Thus, . AT t o be, highl iti t

e copiihe BCHkBHer A SHALR It Enbisipesss REBE prreen BeHion g SAT aloy © ' °

concentration in this hypoeutectic Ag conpositional range FIG 14 suggests
t hat i fsoldeebdlsdid becndpursdiafiar being reHowtseldered to miskedgoldpady at ageeling 1ates phnge
over which the SAC alloy nelts will be snall based on the copper
concent?.62 P Glsecal Thesoldemirils pamprisep p En-3cg@ACH SACalloppsiocithaigeinghe nel ti ng
range only by a degree or two. However, if the copper concentration is
0. 9% orrefiowiselderet kethe BIGA patis- Thapals esoltavah 05-iltineaodimenson addss khe pad
solidification/nelting occurs is nmuch larger (e.g., at least 15 'C), which
may be JuaGS eitedRliCappOR GRERE 11 AShSMLPproAGhALTY cirallf dr Qi eAPhidA shagl Nt
could go up dramatically. Such solder defects”™ include, inter alia, fillet
liftin Lf thh0Q, i cause an
gmda?edorkélrﬁ%ehi@xg an ?@g@@ﬁgpfg{ éatt;Ll_ﬁu éI','hQ %g 5§1t fltﬁsg ;ﬂ%l:ar% P 1§ P}B{e

open-circult e so n how si gni ant the
pasty 'r IS i i e Lication. it i be .. desi rabl e for the
oppor AT 3pith Gitne BEARAAE pRARBELE Hobiia Adysh Bl HmRIGERIRE T 0T 05
09 wel aft RRES R bou B34 762 TGRS e dANGRio% EalS oS Hdlpad siredds

P P -

the distorted hexagonal Cu,Sn; rods is typically about at 0.5 mils (i.e., 13 microns). The Ag,Sn

plate morphology in FIG. 11 is highly variable. Due to the variable Ag,Sn plate orientation with
respect to the viewing direction that is normal to the pad surfaces, some Ag,Sn plates appear
plate-like while other Ag,Sn plates appear needle-like.

FIG. 12 is a cross-sectional image of a SAC alloy solder ball 120 on a nickel-gold pad
127, wherein the solder ball 120 comprises Ag,Sn plates 121-126 with differing angular
orientations, in accordance with embodiments of the present invention. The solder ball 120
comprised a Sn-3.8Ag-0.7Cu alloy prior to its attachment to the pad 127. The angles of the
Ag,Sn plates 121-126 with respect to the direction 129 vary from slightly above zero degrees for

the Ag,Sn plate 124 to slightly below 90 degrees for the Ag,Sn plate 123. The SAC alloy solder
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t he copper wei ght percent concentration in the SAC alloy in a manner that
reflects the intended application. Thus, depending on the appli cggi%,mﬁhe
pasty rang{s ma/y be controlled so as to be no nore than a val ue suchas

T, 3T, 5WEBAWIC, 15 OC, 25 OC, etc. The precedi ng Fl @CTU80¥w@M4l t S may
be applied to the effect of soldering a SAC solder ball to either a copper
pad or a nickel gold pad for the case in which the initial Cu concentration
in the solder ball (i.e., the Cu concentration prior to reflow) is about
0.7% If the pad is a copper pad, then during heating and refl ow, copper

i n t hebaladd beegrfainge after bdisg leflguisdiderldethe pad 1270k ebolihg rate of ADE°CREE WO
03/ 070994 PCT/ US03/ 04204 could raise the Cu concentration in the sol der

bal | trhe ln@8feddlink ¥htiveWO 207 °C a8 Bstinfihddd¥e inthe Faagébf aDHGCIBS Y5\, hgkhow, the
copper concentration in the solder ball increases until the copper

cono e il Blolelt iGN sk Rk 88 BN LNl bioREG, RRPRI Ve

added whén e concentration 1S
out of solution as a CU6Sn5

conce tio the exgess, copper woul onge.

pr eci 3&53%‘.‘9&%%’5?’&8@9@69 ﬁﬁéfhe@éﬂg%ﬁiﬁﬁon i s tenperature dependent
and is about 1.5% at about 250 "C. One could, of course, start with a SAC
sol der bal FIGSi3Agl3B are ipaass otand At phte 159 that remaioed aftenthe majoriteSs ol der  bal |
bei ng solder reflowed to a copper pad. If it is desired to prevent the SAC
sol decoinpbient harbehmbradigen efchetbdwagfronom 8 AGtatlay sobder ball that haddbeerpdoldzied ef | ow Cu
concentration) of no nore than about 0.7% the initial Cu concentration in

the @k g&d, ibacbrdamy vt ditiodienidofiTRY SredeRBiivenliont THY sbideF b4ll f20% These
consi derations also apply to other sol derable surface finishes such as

i mer %bﬂgﬁs%q 2303 BAle 8YChANSy bhidki 18 h“c?%t_ti&ﬁx‘ﬁieﬁlg? fh?/ ipg?. Y $R6 Qllkw st%Ldepgaq In these

i nst ance the thin"surface plating.1s rea ssol ved e sol der

durin i r adi 1] to nder.l vi pad is
typi oar bR R Aing aLEurlcaPas (SBRR bleRR 802 CRet A Pl TRt o O s
joint can [] i ngl | f the pad i ni ckel - gol ‘however then
o | bRt hef o TR ot Shapeet vl S TrEorin Absa el 10 3R d3 'The pad
interface ties up a substantial portion of the total fraction of the

initi -g{G.Clé%plcfsﬁhQ marphglogy pf qya|A|g;,Sn plate 130. The plate 130 was analyzed for its

composition using Energy Dispersive X-ray Spectrum (EDS) technology, Which confirmed that
the plate 130 comprises Ag,Sn. The plate 130 represents other such plates similarly analyzed as
having plate lengths typically in a range of 300-500 microns and plate thicknesses typically in a
range of 25-30 microns. A plate length as high as about 800 microns has been observed.

FIG. 14 is a table 'showing-pasty range variations as a function of deviations in copper and
silver concentration from a eutectic Sn-3.4Ag-0.7Cu SAC alloy, in accordance with

~ embodiments of the present invention. The pasty range AT is the differential between the

liquidus temperature (T),qypys) and the solidus temperature (Tgo; pys) for the SAC alloy. FIG. 14
shows AT at two copper weight percent concentrations (0.7% and 0.9%) and at five silver weight

percent concentrations (2.1%, 2.3%, 2.5%, 2.7%, and 2.9%). FIG. 14 shows ATina2-4 °C
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causi ng the copper concentration of the solder ball to drop. Thus if the
initial Cu concentration is about 0.7%and if the SAC sol der ball,ks
soldered to a nickel-gold pad, then the copper concentration of t%g Agﬁ\éﬂ%
sol der bal IY@8¥#PE%Ye reduced to 0.4%in just 2 or 3 refl oRET/USbAMEZ04t her e
is a wide range of copper that is conprised by the after-reflow sol der ball
depending on the pad material to which the solder ball has been sol dered.
However, |lowering the Cu concentration is 28 2 5 AUG 2006 WD 03/070994
PCT/ US03/ 04204 not adverse froma pasty range point of view, as explained
supr a, ragelover theefyvetsiteeraocentraimis méibh the chpper chreenttdtion is @7 %pamdCAT in a 16
concentration in the solder ball to be at or below the eutectic Cu

concent 1 ReC @dhgd bvéeribefivedsiitep cohcdnbratiors WheR @5 doppet REfteh@atiofas 0 ab IBhupounded
to no nore than about two or three 'C. Accordingly, if the sane sol der

pad or 13 RpERLPIREhY 5 U helMonpdidelRE Ror Ry ARl sindy “pe”

about 0.5 or 0. 6%h_so that the final copper concentration would end up at
about €PnseRtragPN I this; hypequicste Az sampesiionat faBgbut 0.7 % for a copper pad,
dependi ng on the nunber of reflow cycles. Generally, there is no

r equi r ementFl0od4 guggestethabib thegoprer eospriration icabout Y %o on lawer.tithen tBa@ngal | oy .
Nonet hel ess, the nmelting tenperature of the eutectic tin-silver alloy is
221 * Coveamdlichghe 8AQRHpy ineltaddeed simalltthgedamttbe tappertdoneeairhticar aladel md thée

mel ting tenperature decreases nonotonically as the cooper w ght percent

i ncr easgppersddfitentraadn inbyeerl@bé the eheltdiFnangRioalEby SdepREWE kb, t HodB@ilifhe/ ' C as
t he copper wei ght percent concentration is increased to the 0.7%- 0.9%

range. co3bRiC@ncenariiidibis 3.990¥EHi ?_YE?,' thdn'tfle TPt el Erafu?d \gF\gB?Q{vmn@Mcp e

significant for some applications, It may be desira or sone

2001 BhRRud ek SOBRTLF LA OET 80 EVISPIbAR LR e SEpRaaIEL oF L2
Sol der AP 8 ST Shte e BACK dpnttoi s b fnEn iR cugpeperen,
Commri%i:lﬁlie, ?r?tlerda%{a Plﬁt?ttli?tiItlgé}\{)ilc;1 l?ftiﬁ'g,?g\ e} t?alli lpfti\rll\é,%?c.s, %51 %?gvhi%ﬁ?na%%%s%ggll y- 11 a

open-circuit in the solder joint. Thus, depending on how significant the pasty range is in an

intended application, it is may be desirable for the copper concentration in the SAC solder ball to

be no highc.r than 0.7, 0.8, 0.9 weight percent. Generally, the pasty range can be controlled by

the copper weight percent concentration in the SAC alloy in a manner that reflects the intended

application. Thus, depending on the application, the pasty range may be controlled so as to be no

more than a value such as 1 °C, 3 °C, 5 °C, 10 °C, 15 °C, 25 °C, etc.

The preceding FIG. 14 results may be applied to the effect of soldering a SAC solder ball
to either a copper pad or a nickel gold pad for the case in which the initial Cu concentration in

the solder ball (i.e., the Cu concentration prior to reflow) is about 0.7%. If the pad is a copper

pad, then during heating and reflow, copper in the pad migrates to the liquid solder ball which
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purchaser of the SAC solder ball utilizes the 4. QAg sol der paste with a SAC
sol der ball of the present invention, the SAC sol der ball Ag concez%rati on
may be adj ed downward to conpensate for the additive Ag effect Alq 2006
sol der past 06).9%% and anot her 0.2% based on a 29 2 5 ROEUBMDG204\O

03/ 070994 PCT/ US03/ 04204 tol erance used by manufacturers of the SAC sol der
ball. Thus, if 2.7Ag or 2.8Ag is the maxi mum desirable Ag concentration of
the sol derjoint associated with the solder ball, then the initial Ag
concentration of the solder ball may be reduced by 0.4%to account for both
t he sol@uld raise helucongrntrationin thewplder balkiol 1% imjabt tworan thireeceflowes. ' At each
conposi tional tol erance. Accordingly, the manufacturer would produce

nodul esuvdessiveare§ow dbe chypet cohgentaticeimtthagolden ball Beeadep udtildfe cdypere  that the
precedi ng nunbers are nmerely illustrative, since the Ag concentration in

t he solcdrgenpagdicin tRBYqUIdIiY redftits b418rali®i) Uf AGketoBper wePAddBA lwh@rl I!hgtcﬁllfﬂ%f ance my
a

vary. Cenerally, the itnitial Ag concentration of the sol der may be

addi ti C: e rration of. t he
sol der \éggésép g&gdglﬁ@gwgé/ g%%%‘ri E%efwr?g%ﬁu g{): ’E&e‘?&@%s ggé)r%gglg'%lfi%égf’ of‘tocffer ance.
entration of the sol derjoint exceeds

Thus, i ny e di nment he, Ag. can

Che"t niptolP e FERYf RTp T o hnd Buuf R SaphSpheiliniion Pt psBtamc 0. oot
(e.g., by.0.4%ipn th receding exanple). Also note that if the Ag
concentaPéfsi a@ﬂ“‘olrg% ﬁbﬁ%"gT ﬁ@r%a@?eecqug pllourseysiit vitha §AK) solder bad! kayingent r at i on
of the SAC solder ball , then the effect of the sol der paste on adjusting

t he i niCORREF congentsabion @h1.o % privy tothe soldergaltbeing siderrefldwedoeih doiper padbt r act i ve
rat her than additive. Another aspect of the present invention involves

addi ng at | Hdbis desireddo piesenstiie AT Jolder ball fromMhavihg Ufinal Cu EHickit&ivi (et 0 t he
SAC sol der ball to prevent tin pest fromoccurring. Tin pest may occur at

a t enpan afietrreflovelCu dofdenttaticd) BF AEMBRItRINWLEuIDT, the Ml 86 EhdeR@MidaYn A
all otropic phase transformation of tin which transforns the nornal

t et r agedladr ball g ibelset 18 ho friore thaniduloltloP0.5 %.n’i“ﬁbs@corﬂﬂgﬁﬁp&?sqlseqr ag)ﬂlyctgb I c

structure of tin(i.e., a "grey tin" powder). The transtormati fromwhite

tin tgmgF &Yderdbie Qﬁfﬁ&é fiiShels B SHABLSRRA! A PIARAhHER (RlshbGavilg Gt Ur e that

conprises the tin.
surface plating. In these instances, the thin surface plating is readily dissolved in the solder
during a single reflow. Under these conditions, the underlying Cu pad is typically exposed to the
solder and t.he Cu concentration in the solder joint can rise, accordingly. If the pad is a nickel-
gold pad, however then during heating and reflow, the nickel in the intermetallic phase at the pad
interface ties up a substantial portion of the tota] fraction of the initial coppér in the solder ball,
causing the copper concentration of the solder ball to drop. Thus if the initial Cu concentration is
about 0.7% and if the SAC solder ball is soldered to a nickel-gold pad, then the copper
concentration of the SAC solder ball could be reduced to 0.4% in just 2 or 3 reflows. Thus, there
is a wide range of copper that is comprised by the after-reflow solder ball depending on the pad

material to which the solder ball has been soldered. However, lowering the Cu concentration is
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bi snuth additive will suppress tin pest. Another additive that wll

suppress tin pest is antinony 30 2 5 AUG 2006 WO 03/070994 PCT/ US03/ 04204
(Sb). However, bisnuth is less toxic than anti nony under sone coRdiAlio08
associ at edvOw709%ecycl i ng of el ectronic assenbly mat eri BCEUSNIEMhel ess,

ei ther bisnmuth or antinony may be added to the SAC sol der ball of the
present invention. Hi gher levels of bismuth and antinony nay, in sone

i nstances, be added to inprove solder wetting and/or the mechani cal .
properties of the solderjoints. - Additionally, any additive that.is known

to a f ' iht If Wi inedSusraeindl i j tin
past H B B S e ST & 15

Is a bar th%uﬁa%rfeﬂgg%gl{agprggnt{gﬁ@ iﬁi{@;sg Or@a%%cagért%l&m@ﬁ&&mr a Vicker's

force eve WS m crohardness as a function of Ag

wei ght per cent nc ati,on _and cooling rate for n- XAg-0, 9 SAC al | oy
Wher of FIISEBOILFIGRPOLILI S 13F P PO R0 Sere By REndh R S ABBPEHOR of t he
present invention. Note that with respect to having higher thermal cycle

f at i guvolar three 7@| Asgoydingly, ibthesame saldes ball allgyoperatratiens arepsed fpbeth types| r abl e
than rel atively higher values of mcrohardness. In FIG 15, the lighter
bars defpads(i.a., a &fPenpdday atniéckelegbld pad) nther thb initkd esppeateneenttation mgy been f or ned
at a cooling rate of 0.02 *C/sec. The black bars denote a SAC all oy tested

for nmgbetts 8Ne6%, asthitehefiNg doppeOoncéitralbACwatid @yd uy erubont 00w forai d
as-received SAC all oy had been forned at a very rapid cooling rate (i.e.,

nuch  fOef gbiaphdlatd @ Rb& 8% %%xsaeébbpelrlpﬁ&, dBpdaRUn hmbthtick 8f RAbW @Ibcl'esn

har dness between the as-received alloy and the 0.02 'C/sec cool ed all oy,

: ; e | . ) ) ) - 15 sh
much Lar gorCdeify iy islq ilirefiRRCBES oot BSlma e Uogbanchiftain f $AC1® 2R0NE
th t he | t I f Z (. t 2. = 2. 5A - 2.5Aqg,
i s ey Rondis, EneRg Gl Br oo Pl WilreColy B 00 HEY - Sang’
e likely cauai d by resence of AﬂIBSn E-' @I es in the
oppfanigally

S1 owi sPoBeRsI e RIDE Pt RPN L i e e BPGR depisese
as the cooper wight percent increases such that the melting temperature is reduced to about 217
°C as the copper weight percent concentration is increased t(; the 0.7% - 0.9% range. Since
having a lower melting temperature for copper may be significant for some applications, it may
be desirable_, for some applications for the copper weight percent concentration concentration to
be at least about Y%, wherein representative values of Y% are O.I%, 0.2%, 0.3%, 0.4%, 0.5%,
0.6%, and 0.7%.

In utilizing the present invention, the solder paste composition may be taken into account.

For example, a commercial solder paste having 4.0Ag is in widespread use currently. If a
purchaser of the SAC solder ball utilizes the 4.0Ag solder paste with a SAC solder ball of the

present invention, the SAC solder ball Ag concentration may be adjusted downward to

compensate for the additive Ag effect of the solder paste by 0.2%, and another 0.2% based on a
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2 5 AUG 2006 WO 03/070994 PCT/ US03/ 04204 rapidly cooled condition. In both
types of solidified structures, the sane anount of Ag3Sn exits; 2&5@ 0

t he A93Sn |‘§ di S_Persed di fferently in the two solidified structure d Hﬁg
to the REYYI0P%, i ati on. The A93Sn i ncor porated in thepPCauges/qatmat es

t akes amay material that can later be incorporated in the Sn matrix as
finely dispersed A93Sn particul ates upon final solidification. The

di spersed fine particul ates of A93Sn are arrayed in dense web |ike patterns
between the Sn dendritic structures. These structures are distributed
evenl y teleraneesusehby mahufestirersmf thel§a\M@sodder balheThideifiQi7iAg oo R.8ApES thest r uct ur es

i ncreases as the Ag concentration in the liquid phase which undergoes the
final sfkimihidediablmd @hodhuaiisigoftthesofdek jointS8sopfaaaith tﬁ&&ﬂ@e?%ﬁli ildrage nmore
dense structures manifest higher hardnesses The relatively small val ues

of AH &fitidl- A¢bneentraBOWof WO Ger BAPMRY bep}eﬂ{i ’@Ho%céu%t Polm?{rﬁﬁesgo?der

accordance wth the present invention) I nce
m cr oh [ essin codtlo re used to
assenb%s‘i’é“@%i?ésﬁw 4R RISl b celap%@uqee 0 eia@caefafcefcé et on

. C t ant conce on of O. . %of the ternary
Sn Ag a&mﬂfﬁﬁ%‘éﬂ &'Pg]&rpé uce H‘OQ'SJ% ‘gém%f‘“ A@r?BB‘ifPH%tfﬂ"s"losto% A%- pYas ent
invention. In the pure liquid region 210, which is |ocated to the Ieft of
the |i Hat Gegreceding meed%argﬁmlny illngrgtine, singn thetAgsdnsentiatioreiguthé sobder paste i . e.
A93Sn cannot nucleate and grow. |If A93Sn were present in the pure I|qU|d
r egi onm2y garytahé thetrhanuQ® 8 swolderbatlitalsmheeamipaciy. | Gererdilpathp imital lAigqui d  of

region 210. In region 220, which is located to the right of the Iiquidus

l'ine 2&fcasratiboefithe ASIBGrball ainy e additivedy reditd B Gvh tROSTRRt ¥ ths 8 can therefore
exist in region 220. The region 230 lies below the eutectic nelting line

217 of cobbdntretioh Bf thB Soli&PaB aBe sd1ié b&I mlahiidbttrePR8SRpdsiichbSARLd 2! | 'Y
nmet ast abl e and cannot easily nucl eate. |ndependent nheasurenents by the

| nvent ghss, S miryentbinithlsFth} hoBiRGH Bt i s IFhPAHALH ufe imiial G 2006

concentration of the solder ball by at least about 0.2% (e.g., by 0.4% in the preceding example).
Also note that if the Ag concentration of the solder paste is less than the desired Ag concentration
Iof the SAC solder ball , then the effect of the solder paste on adjusting the initial Ag
concentratign of the SAC solder ball would be subtractive rather than additive.

Another aspect of the present invention involves adding at least 0.1% bismuth (Bi) (e.g.,
0.1% to 0.2% bismuth) to the SAC solder ball to prevent tin pest from occurring. Tin pest may
occur at a temperature well below room temperature and is characterized by an allotropic phase
transformation of tin which transforms the normal tetragonal structure of tin ("white tin") into a
body-centered cubic structure of tin(i.e., a "grey tin" powder). The transformation from white tin
to grey tin destroys the mechanical properties of the structure that comprises the tin. The

bismuth additive will suppress tin pest. Another additive that will suppress tin pest is antimony
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in the Sn-3.8Ag-0.7 Cu alloy, using differential scanning cal ori metry at
scan rates .of 0. 1 OC /sec, have shown undercoolings of 15 "Cto 30 '
before the Sn phase solidifies. The netastability of the liquid St lﬁﬁ&éﬂﬂﬁ
depends on W%@f‘yg%ﬁ“l ability of sites for heterogeneous nuBCEHEBI3M240 t ake
pl ace. Extrapol ated Iine 201 represents an extrapolation of the Iiquidus
line 200 below the eutectic nelting line 217 into the netastable region
230. The extrapolated Iine 201 is nonlinear and is formed by extrapol ation
that takes the curvature of the liquidus Iine 200 into account. The region

230 has(SbwdHepeevei, biseutieis pes tax@th@Bdntintony hAddr 86the Sdnditlfis s&&&&%’%&w line
201, and a portion 232 to the right of the extrapol ated 1 ne

t er nar fre@RAsEoftdltishie aiBinb R MAESGES. 18 ﬂ-}&ﬂde@ ledeiier Pfsgﬂﬁ{ %ﬁwﬁ% )2 ps equire

essentially no undercooling and woul nab e Sso

crystal i | , A938n andCU68n

phas es)ahg@%iw%eg?@%rhba? %gﬁ’%tpggr}%ztrlvcébg? elflr\gf‘erﬁ’ﬂlcgﬁ bpmuttandantimony, t er nary
phase tnrla nsf rrratl on 8 %ﬂ%a he tin phase is not easily nucleated, but
rat her i P’Ieﬁnséatﬂ’ o5 RHHdE tO(‘lmpé""e SBW&EW%‘B@E angorithe mephanice)prapesieadvt and i s
thus neta able substantial 'y bel ow the |ine 217 of 217 *C. The

ext r ap ROl 10ite - Adritiopslly cny 2dditiverbanin knovn tohaperson of orginiagysskiif intthegard i qui dus
| ine 200 under this netastable condition. Therefore, in the portion 231 of
the reds Bl o, supgesingdiarmestmantiestddedroahrs AC bolieiban bl the prsent GVRRGSN, NUC] eat e
and grow. Accordingly, if a given anmount of undercooling (8T) below the

line 217 iEIGhd§iswelhr chdreresilting faimuiphadssls teht@@or%ﬂéteﬁﬁb'a k4SS0 I nfer
t he ‘-maxi mum Ag wei ght percent (AgMAX) that will place the ternary m xture

i Nt helevelrdfilOgraads] FIG. 1 Bows Hi@BhadRss 251G dtif FR percent is
AgmAx and the tenperature is at IeastSS 2817 neene E“é%e\r{\\%srg%dl fied A93sn

corpos o o %"’ﬁ‘é”%%a‘@v{%f%§?8%€82@5f3%%y38%%“%e PRSP RR04 port i on
from uineE st E&E@Q‘é‘éf“gg’p@?"é’?éf SRR enﬁ@@ﬂ@%l@ﬁéqw%@wﬁo 37220 0C
then W’l@gh@%hema cycle Fatlgue lL ttg relatively lower values of microhardness are more -

desirable than relatively higher values of microhardness. In FIG. 15, the lighter bars denote a

SAC alloy tested for microhardness after having been formed at a cooling rate of 0.02 °C/sec.

The black b_ars denote a SAC alloy tested for microhardness as received from the SAC alloy

vendor and said as-received SAC alloy had been formed at a very rapid cooling rate (i.e., much

more rapid than 0.02 °C/sec). Let AH denote a differential in hardness between the as-received

alloy and the 0.02 °C/sec cooled alloy, at a given value Z of silver concentration in weight

percent FIG. 15 shows much larger values of AH at the highest value of Z (i.e., at 3.0Ag -

3.4Ag) than at the lowest values of Z (i.e., at 2.0Ag-2.5Ag). At2.0Ag-2.5Ag, AHisonly 2 to

3 Hv. The relatively large values of AH at 3.0Ag - 3.4Ag (i.e., 4 to 8 Hv) are likely caused by the

presence of Ag,Sn plates in the slowly cooled condition and the absence of large plates in the
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extrapolated line 201. As a third exanple, if ST=30 OC t hen AgmAX==2. 5%
fromuse of the extrapolated |ine 201. The precedi ng val ues of Agmnmy x‘ﬁﬁ]ﬂﬁ
not detern e(ﬁ/ g@gﬁhi cally from FIG 16, but were determ ned nunerically
by using t it hear equation that represents the ext rEF¥/e404ine 201.
Thus if the tenperature is at least 207 T, 197 T, or 187 C, then the A93Sn
cannot nucleate if the Ag weight percent is no higher than 3.0% 2.7% or
2.5% respectively. The precedi ng nodel uses as a tenperature baseline the
eutectic tenperature of 217 'C at which tin would nucl eate under

equi | i sridieededivandision. Inbash types qftsabidifiedistivomresete ean2@Rounb et AYSR &XitsT | S
under cool ed and woul d nucleate if it could, but it cannot because such '

nucl eahibwever,shkhpgShiic dispeyset aittdpiriigh thH@M@ycﬁfdiﬁéﬁisH]ctﬁfé% iéa&ihgmthgnder cooling
ST, the tin phase will nucleate. Typically, such sufficieht undercooling

T e s T bty M AR

have access. Thus if the tin begins to n

based : i . j t concentratign in the alloy
houl d pacogoRia R REHEH: i PR Speried P b RSB ihm Soaseidicaionnusl eat e
unti | e, rature i.s 15 T _below 217 T. Simlarly, if the tin begins to
nucl ea?ge (zial%pee %(‘3 f"%&p ?ﬁ%ﬁ'ﬂgteﬁ%f 48559 Als ATRYRIdR dense sk likp pastsansibeveeathedinat i ons,
the Ag,cqgncentration should be no in ore than 2.6% so that the Ag3Sn

cannot d%ﬁﬂ?‘ﬁswt%‘cﬁc | Thssecstypipres arersistrilnigsavanly perosssth@ §oldeE jdint. dluwaibdr, tHe.
Accordingly, the maxinum Ag concentration to thernodynam cally prevent

nucl eadandity efithose sErrtires pe@sses s BT Ag coftentraionninl thd 13uid. phsel WhitflendsGoedN t hough
nucl eati on and growth are kinetic phenonena, the present invention

t her nodly finatisolidifigativanprodivingthe sadiatSngihag theasidt IThésk HMBrOSGIE fhfdflresOECaUSE 34
2 5 AUG 2006 WD 03/070994 PCT/ US03/ 04204 incipient nuclel are

t her modamifast ighek ftardnateab Tae fdativhg sthan RAGSS c@wrpa%'.dAélnz.kgg ﬁfgﬂ% ,§§§nt o the

portion 231 of the region 230. In relation to the prece ssi on of
FI G Iffate Fttnatibifis Rippr&kedia WbcofdanEd S tHprésEft invention) is desirable, since the

microhardness is insensitive to the processing conditions that are used to assemble a SAC solder

ball to a circuit card.

FIG. 16 dépicts a section (i.e., a cut) at a constant Cu concentration of 0.7 wt. % of the
ternary Sn-Ag-Cu phase diagram, in accordance with embodiments of the present invention. In
the pure liquid region 210, which is located to the left of the liquidus line 200 as shown, Ag,Sn
cannot exist in equilibrium; i.e., Ag,Sn cannot nucleate and grow. If Ag,Sn were present in the
pure liquid region 210, then the Ag,Sn would dissolve back into the pure liquid of region 210. In
region 220, which is located to the right of the liquidus line 200 as shown, Ag,Sn can nucleate
and grow; Ag,Sn plates can therefore exist in region 220. The region 230 lies below the eutectic
melting line 217 of 217 °C. In the region 230, the Sn liquid phase is substantially metastable and

cannot easily nucleate. Independent measurements by the inventors of the solidification process
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concentration X in the SAC alloy. In accordance .with the present
invention, Xis sufficiently small (such as, inter alia, by selection or
by predeterni nati og) that formation of Ag3Sn plates is substantialByAUG 2006
suppr essed WRIVOTHY SAC alloy in a liquefied state i s bei mgTsudod/aizdi ed by
being cooled to a |lower tenperature TL at which the solid Sn phase is
nucl eated. The | ower tenperature TL corresponds to the undercooling 6T
relative to the eutectic nelting tenperature TF of the SAC all oy, wherein
TE i s about equal to 217 "C. Mathematically, this neans that TL TE- 6T. In
consi deinakd $1mM3.8AptdEC A : . i At in wei ght percent

v eney, e SRRl 2RBrirrd 5 3 iiof B "G

concentration of silver and copper

anmount shaQk sHIWEL; é S h as_ bismuth that nmay be present,
as di scﬁsésséd sup?rd g;'c#;@%gtgﬁgf%réégoggé ‘Fﬁ%?ﬁ‘ﬁ%ﬁ'} Phasesolidifiss; The mewstabilitydnt  of

tinin 3 | oy, _of .the present invention is at |east about 90% While
enbodi r%%%?%“%gn ?Jr‘]a °§F%°§8?1?“ (bR IERIEPIH o sites b bsterdgmncoistrodlehiimab rakkor

purpose? of illustration, many nodifications and changes will becone

appar eft®fo those skilled in the art. Accordi ngly, the appended clains are
i ntended to_enconpass all such nodifications and changes as fall within
the true spExirapolaiesl ine9d repfresetts an Extvpolationof (BS; i&sﬁﬂ@ﬁ@g@lf)‘v%@i me: 1. A

sol der conposition, conprising a solder all oy, erein the alloy is

subst anbteeticimpeltifg Bee 217 ihtoakk mehasiad | ' hat (Sn),  Silver
(Ag), and copper (Cu), land 5 bi srrut{\bgr(dg?)?’,@' m%er’%@ﬁ&%&ggﬁ?% %&Hgé'o‘éf"\%ﬁ ght

per cenandie férfed Ibglek @ipoldioh ffae AkdsqY, %w:ﬁﬁrﬁlogﬁ)%;qllﬁgg ! %% wherein the

silver has a wei ght percent concentratio 11849 accapperBlen X i s
suf fi cieaiihl280 708 p@ fornmati of Sn plates is substantially \
suppr eseged o tvhoeé a nc%ya?ogg?;{' ﬁlcfﬁé'?eﬁgéog'thﬁﬁémpﬁalféilwg 2@blandiafpormnby bei ng
cool ed .a | r tenperature at which the solid Sn phase is nucl eated,
wher ei %ﬁtt ‘Rté's')ﬁ %ﬁ}é PP% eftéi??g’g?"‘gﬁwgoboﬁr‘%mr@h@ettl@nsimﬁdmnmdm kquilibruln r el at i ve
to the eHI.ectic mel ting ) _

conditions would require essentially no undercooling and would enable solidification (i.e.

crystallization) of all three phases (i.e., the Sn, Ag,Sn, and CuSn;, phases) at 217 °C. With the

ternary system in FIG. 16, there is no ternary phase transformation, because the tin phase is not

easily nucleated, but rather is easily supercooled (i.e., undercooled) in the liquid state and is thus

- metastable substantially below the line 217 of 217 °C. The extrapolated line 201 has the
thermodynamic characteristics of the liquidus line 200 under this metastable condition.
Therefore, in the portion 231 of the region 230, Ag,Sn cannot exist in equilibrium and thus
cannot nucleate and grow. Accordingly, if a given amount of undercooling (8T) below the line
217 is assumed, then the extrapolated line 201 may be used to infer the maximum Ag weight
percent (Agyax) that will place the ternary mixture in the portion 231 of the region 230. Thus if
the Ag weight percent is Ag,,,, and the temperature is at least 217 °C - 8T, then solidified Ag,Sn

is thermodynamically barred from being formed, because the ternary composition is in the
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tenperature of the alloy, wherein the copper has a wei ght percent :
concentration in the alloy not exceeding about 1. 5 % and wherein o%he
percent concentration in the alloy fromo. 1 49tAd6 2006

bi smut h has '

about 0.2% “&@?&%e conposition of claim1, wherein the RIIpEses/ 0408 ght
percent concentration of the tinin the alloy is in a range of 90%to 95%
3. The conposition of claim1l, wherein the copper weight percent
concentration in the |liquefied alloy does not exceed about 0.9% 20 4. The
conposi ti gn %lclfai m 1, wherein X does not exceed about 2.8% 5. The
conposi thogien of the megion 240 AR a¥irst ek SmbIR. iR sT2 f gbout .2. 6% to about
2.8% 25. 6. A nethod for formi ngdxglﬂb]g’llgg?rpgg?&g??\ﬁwm*PZ)%'@BWP@fng:

provi di nig extrhpol@éd Bl af rSt.sqlder ball attached to a first
el ectrically conductive pas‘cij1 * ﬁgltq e?aslﬁlséadtf?i%ot ?th%égmeg-f’%s fromtus@bfthe

wher ei nek WAL d all conprises a solder alloy, wherein the alloy
is substant’ gfe@h? ?QL §¥apiéf§cf3<amﬂe,rlé§ﬁoh°@ AED Ay il lSadGenidsaof B50), Sil ver

(Ag), a [of0) r ). Wherein the tin has a weight percent concentration
in the g’ﬁf*‘Bg’/*‘@?%B? &&&E‘F Pweémsmlu@WoAgamwweabeadferﬁ]hﬂ%d%%Br%En a wei ght
per centg@gggebgérat iﬁ’gn in the alloy not exceeding about "1.5% “providing a
second TORE werg te&“@e@ommerwabpbynhs@@lthyno,qge I coupled to the
second subst]ra(';e; coupling the first sol der bal %oﬁltﬁﬁetpﬁge&%ﬂ@g%ﬁd;

mel ti ngEX¢mpolated Kne 2031 Gos fakd elerhigatii Y d spl der _Rall to forma
modi fi ed sol der ball: and soli ik yi ng theeatsggoi fclf.’zlg7s§t%relr87bgﬂhe’bV'3000I i ng

t he nodhd;Becand6r nuRkie B the A3 4letn PG 2 5 AUG,2006 _sol der ball to a
| ower tenperature at whi chét he sg%?@tgwm&tqa§3 ®12/%0:082.5%d wherein the

| ower tresppdivelyUMBe BREE an_undercooling 6T relative to the
eutectic el t%yng ?gnper a ug&ejagge(gﬁ%t%p%’?’,m Ditseling the ewtectic eérptidtire of i f i ed

sol der o ich ti ili
e84 Which tin would nucleate under equilibrium conditions. The tin phase in the region 230

below 217 °C is undercooled and would nucleate if it could, but it cannot because such

nucleation is kinetically inhibited. However, with sufficient undercooling 8T, the tin phase will -

nucleate. Typically, such sufficient undercooling 8T is about 15 -25 °C based on experimental

data to which the inventors have access. Thus if the tin begins to nucleate at 217 °C minus 15

°C, then based on the preceding calculations, the Ag concentration in the alloy should be no
more than 2.8-2.9% so that the Ag;Sn cannot bégin to nucleate until the temperature is 15 °C
below 217 °C. Similarly, if the tin begins to nucleate at 217 °C minus 25 °C, then based on the
preceding calculations, the Ag concentration should be no more than 2.6% so that the Ag,Sn

cannot begin to nucleate until the temperature is 25 °C below 217 °C., Accordingly, the

maximum Ag concentration tp thermodynamically prevent nucleation of Ag,Sn is 2.6% if §T=25

Cand 2.8-2.9% if 6T=15 °C. Although nucleation and growth are kinetic phenomena, the

present invention thermodynamically bars the nucleation and growth from occurring, because
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is a solder joint that couples the first substrate to the second substrate, -
and wherein a 5 silver weight percent concentration X2 in the nodi fiZefjAUG 2006

solder ball is sufficiently small that formation of A93Sn plates is
subst ant i alW9Q 0¥PHMessed during said cooling, and wherei pcsaise/@enl i ng t he
nodi fied solder ball is at a cooling range of about 1.2 'C/sec to about

3.0 "C/sec. 10 7. The nethod of claim6, wherein the alloy further includes
antinmony at a weight percent sufficient to suppress tin pest formation in
the solidified nodified solder ball, 8. The nethod of claim6, wherein X2

does naicipiameadeMriuhermbiynanizalkMisiabletiNge ot Wﬁ%&,itioﬁﬁf coBh&lo (Rer cent
concentration in the nodified solder ball at which 15 Ag3Sn plates are

t her moQARAGRLF e Péidreshof r om being fornmed in the nodified solder ball
during said cooling.” 9. The nmethod of claim@8, further conprising

det er m ni ng d nction of .6T o] er nar hase, di agram and
associ at ed {fﬁg}%ﬁg@@n@ﬁ}’%c‘a&é%&fcgf%qq qfd‘&éoma?eggpﬁgy%ag@a RERbLReEcest sn, Ag,
and Cu. 10. Theﬁ{}EtRﬁ?gfégf clajm6, wherejn the first substrate conprises a
chi p c&PpoFRratiogyint ialoY- nB agerdange with thepaesentdpyepHpr asis sufficieatly t car d.
25 11. The nethod of claim 10, wherein the first solder ball is a ball grid
array FBahfsuchas, s afg) by seleptionmprdy peadaisemioatian) siatfosmatigreofetigsStt pletes isr st
substrate conprises a chip, and wherein the second substrate conprises a
chi p cauhstagtially3opprassedivbemebe BAC ablby &l aliquetied iine isheingsdlidifies bybéingxceed

about 2.8% 14. The nethod of claim6, wherein the copper weight percent
concenteoidd toa lowerttéraperaued T, ia hieR kikablid 8h phade BnueRhte8 X ThERBwaPoUt 0. 9% 37

R \LIB TJ 54315. doc: RW

temperature T, corresponds to the undercooling 3T relative to the eutectic melting temperature
Ty of the SAC alloy, whero:in.TE is about equal to 217 °C. Mathematically, this means that T, =
Tg - 6T. |

In consideration of the magnitudes and variations in weight percent concentration of
silver and copper in the SAC alloy as well as small amounts of other alloy constituents such as
bismuth that may be present, as discussed supra for the present invention, the majority
copstituent pf tin in the SAC alloy of the present invention is at least about 90%.

While embodiments of the present invention have been described herein for purposes of
illustration, many modifications and changes will become apparent to those skilled in the art.

Accordingly, the appended claims are intended to encompass all such modifications and changes

as fall within the true spirit and scope of this invention.
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2 5 AUG 2006 15. The nethod of claim6, wherein the weight percent
concentration of the tinin the alloy is in a range of 90%to 95/()0253/(4&638@05.
The nethod of claim®6, wherein the second pad is a copper pad, an

the copper weight percent concentration in the first solder ball does not
exceed about l0 5% 17. The method of claim6, wherein the second pad is a
ni ckel - gol d p% %10 18. The nethod of claim 6, wherein the alloy further

i ncl udes bisnuth and wherein the bismuth has a wei ght percent
concentration in the alloy fromO0.1%to about 0.2% 19. The nethod of
claim 6, wherlePrsoldst 6PmpREItione comprizingso salder aﬂay,lwhememltie: dlyansibeadtidlby

d ci the first sol der
bl i cont iekloRkafh Whatdingf: Y185 BAGERTRR), Bes AR ahetmpensiapesn coupl i ng
the first SSoIbdaalutlh)éBlD wieréih ehesrcinnd wdght p@%ﬁﬂdoﬁ@é‘hh@ﬁ@x‘n)ﬂt’ﬂga rf@#zﬁ'?éas ast e

t he second Iac the first sol der ball in 20 contact wth the
tsgl der paste; b{);'ﬁ%o p %Hfﬁd‘aﬁ & efght percens caraentsatidn Qfd(’rpﬂlhseﬂoyrel ting

the first sokgereiblik sﬁﬂ@xeﬁﬂwﬁsxﬁal éﬁ{ { RS ﬁ%og‘gﬁbia%gsﬁ 4 sén ?ijOSO' der bal |

and the solder paste, such that t r por at ed
into the nel ﬁ‘ﬁ@fgsﬁ?(bwhelbtbﬁ ddoy inad liqueGied statmls lbmngmﬂndiﬁ@ldammoohw dt to and

t th i desthe sol.der paste within the
FiTer ool dor FISRR AR HEhi B ol BHASF sl AT bloT dor pact e
i ncl udesl® V\mngifrtatlpercoeeﬂpotidsl toen undgrcédliag 6€I‘>iélaﬁdétotthée§tbétiéerﬁel‘t’iﬁ%9ht per cent
concentratio in.the alloy of the first solder nd wherein

Xp -X1 is at pflg)g ur5 Og% @By’ﬁherﬂnﬁ%WBHerﬂ@F afasight ngrcgntsanmtragmmfet : f)n
COmr S 19, N icRGeding ab L Sl AM who MBI nal 4 QighPpiidlRt ant @l 1Y

of lead, wherein the alloy includes tin
free concentration in the alloy from 0.1% to about 0.2%.

15 2. The composition of claim 1, wherein the copper weight percent concentration of the

tin in the alloy is in a range of 90% to 95%.

3. The composition of claim 1, wherein the copper weight percent concentration in the
liquefied alloy does not exceed about 0.9%.
20

4. The composition of claim 1, wherein X does not exceed about 2.8%.
5. The composition of claim 1, wherein X is in a range of about 2.6% to about 2.8%.

25 6. A method for forming an electrical structure, comprising: providing a first substrate
and a first solder ball attached to a first electrically conductive pad that is coupled to
the first substrate, wherein the first solder ball comprises a solder alloy, wherein the
alloy is substantially free of lead, wherein the alloy includes tin (Sn), silver (Ag), and
copper (Cu), wherein the tin has a weight percent concentration in the alloy of at least

30 about 90%, and wherein the copper has a weight percent concentration in the alloy not
exceeding about 1.5%; providing a second substrate and a second electrically
conductive pad coupled to the second substrate; coupling the first solder ball to the
second pad; melting the first solder ball by heating the first solder ball to form a
modified solder ball; and solidifying the modified solder ball by cooling the modified
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silver (Ag), and copper (Cu), wherein the tin has a weight percent
concentration in the alloy of at |east about 90% wherein the sil \geg AU@?U[]@
wei ght percent concentration in the alloy not exceedi ng about 4. 09

wherein the copper has a weight percent 38 [ R \L1B T]54315. doc: RW 2 5

th II i ahout 1.5% nelting the
QIUIGoyz/Ogs hggc‘?’ﬁﬁng?lﬂ{é’l ag]BWIS&CWEH‘ ‘gﬁ)g%/WﬂlFéf}}%égﬁigl ; q‘ﬁeéﬁig%ﬂ lgagge, BYd cool i ng t he
rrel ted al |l oywyigdeid tli‘é)l@{v'ef‘ﬁg{p@itaﬁlré Borréé 51?(@9@ Bn(?epé?)%iméﬁ:fl relgt/1§eet% tﬁé)oabo_ut 3.0

"'Clsec. 5 23. The nethod clarm 2 urt er co I ng, sai d
sol i di fyi ng,cusstiemeiting t@meerat@tﬁoofthgalicm whereint the solhil@ed ramhlﬁgdl sd)lder ball

|1 t 24. The
suve et Ly, s e L o025 Sl LTI Lo LR, G e 1.,
in 10 the allveyvdgidpereht (E)XIC@IﬁdtlaﬂDKblin ﬂie B6di 2. so[HeEbaTEis Refi cidnt 1§ lsalaln 22,

wherein the ht per nt cqoncentration of the tin jn the alloy is in a
range of 90‘9&\,\%5&@@/60“1’% Seon Prfes Ivstibsientighly syppresseshduripgspidicaoling avdpper

wei ght per C%kr&@%@@&élﬁig't@@mb&ﬁeﬁ% Qfedaqlqgﬁt‘gal Jaog}i gpa?%e ,{Bﬁ&bo%f(’f%e% out

0.9% 27. The method of claim?2 ereint r I nclu
antimony at taabgait g °C/gser cent suffl cient to suppress tin pest for ITB.tI on in
the solidified alloy. 20 28. The nethod of claim 22, wherein the all oy
further conprises bisnuth, and wherein the bisnuth has a wei ght percent

concent @t i GnThé mathol e&sthind6, \ﬂzhéi&lhmh@hQiytfurtﬁerﬁ@luc&S ard@monty et keighi or
roviding a first substrate

AR IO LA R R Ve G
that is
8. The method of claim 6, wherein X, does not exceed Xyax, wherein Xpyax is the
maximum silver weight percent concentration in the modified solder ball at which
15 AgsSn plates are thermodynamically barred from being formed in the modified solder

ball during said cooling.

9. The method of claim 8, further comprising determining Xuax as a function of 6T
from a ternary phase diagram and associated thermodynamic data relating to a ternary

20 mixture of Sn, Ag, and Cu.

10. The method of claim 6, wherein the first substrate comprises a chip carrier, and

wherein the second substrate comprises a circuit card.

25 11. The method of claim 10, wherein the first solder ball is a ball grid array (BGA)
solder ball.

12. The method of claim 6, wherein the first substrate comprises a chip, and wherein
the second substrate comprises a chip carrier.
30

13. The method of claim 6, wherein X5 does not exceed about 2.8%.

14. The method of claim 6, wherein the copper weight percent concentration in the

modified solder ball does not exceed about 0.9%.
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i i i Il conprises a
coupled to the first substrate, wherein the first solder ba _
solger alloy, whereinthe alloy is substantially free of |ead, wherein the

. . . . o has
alloy includes tin (Sn), silver (Ag), and copper (Cu), wherein phe i 9006
a vveiyght percent concentration in the 30 alloy of at |east about gddo}(ﬁﬁ
wherein the silver has a weight percent concentration in the alloy not
exceedi ng about 4.0% and wherein the copper has a wei ght percent

entrati ohS.iThetrhethad dfayaifas, veeaethc Webi g Pblcerk-cafBenBh Q¥ SF M8 43 ;S ggond
(S:Slr;(s:t rate an a second ﬂeb?re%t ri ca})l |y cond%‘g?i ve pag coup(?{e%lf po ﬁh‘i Second
substrate; cUPiF Yy g8 pf PYp to 8¥pder ball to the second pad; melting the
first solder ball by heating the first solder 39 [R\ILIBT]5431 S. doe: RNIM
2 5 AUG 2006 ball to forma nodified solder ball; and solidifying the

modi i ed Ssol el hpardthasyofetaihion ghtiem trodédone gadladeppdrajal, #ig mORhNo rate

i . 1.2 ' C/sec to .abou .0 'Osec. 5 30. _

Cl ai m 20 SR E R oDl AR GtRLPD bt seldeh SHiions pel koot per cent
concentratidns¥n the alloy fromO0. 1 %to about 0.2% 3 1. The method of
claim 29, wherein the first substrate conprises a chip carrier, and
wherein the second substrate conprises a circuit card. 10 32. The nethod of

im3 1, eTRE [ S : j ball .grid.array (BGA) sol der
g!aﬂ m 33. T\kllwg' 'rl;g% Eloefj%gf()ffgagfl% gb%gﬁlvﬁfe?&e%cﬂﬁ(f%@ 7 fl_rnéctkgg%cggpf‘it e conprises a
chi p, alfl wherein 15 the second substrate conprises a chip carrier. 34.

j in the weight percent concentration of the
-srihfvg‘re t ihgd '? fﬁé?g%§1§1%gggéﬁﬁ%$f ‘é&%&l&ﬁh@dﬁgﬂpfughﬂg%cqwsbgmtfﬂh@naremmm of claim
29, wher ei n thdsismethdhat a petige pereaREARM A dON 1 alfodSrdh B, 160 td R ut 0,294

19. The method of claim 6, wherein coupling the first solder ball to the second pad

15 comprises applying a flux to the second pad and placing the first solder ball in contact
with the flux.

20. The method of claim 6, wherein coupling the first solder ball to the second pad
comprises applying a solder paste to the second pad and placing the first solder ball in
20  contact with the solder paste, and wherein melting the first solder ball comprises
melting the first solder ball and the solder paste by heating the first solder ball and the
solder paste, such that the melted solder paste is incorporated into the melted first
solder ball to form the modified solder ball, and such that the modified solder ball
includes the solder paste within the first solder ball.
25
21. The method of claim 20, wherein the solder paste includes a weight percent silver
Xp that exceeds the silver weight percent concentration X.sub.1 in the alloy of the first

solder ball, and wherein Xp -X, is at least 0.2%.

30 22. A method for forming a solder composition, comprising: providing a solder alloy,
wherein the alloy is substantially free of lead, wherein the alloy includes tin (Sn),
silver (Ag), and copper (Cu), wherein the tin has a weight percent concentration in the
alloy of at least about 90%, wherein the silver has a wei ght percent concentration in

the alloy not exceeding about 4.0%, and wherein the copper has a weight percent
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i | ai m 29, wherein the
i n a range of 90%to 95% 36. The nethod of ¢ ,
ajl ggrl\?\/e: ght pergent concentration in the alloy does not exceed 3bout
0 8% 25 37. The nmethod of claim 29, wherein the second pad is a ¢ rﬂ)g[gl[; 7006
péd 38. Thé met hod of claim 29, wherein the second pad is a copper pad,

i i tion in the first sol der
and wherein t er. i ght percent concentra ' der
bal | does not Qﬁl)gglgtgag%%%m% a%@y Hosteeetng ahgut hbYoholting the alloyp BOheatiBefiRi N

i i i j , wherein the
ooy et oy roymmat SN RefelidPalolhs IBHISe Heia I hdiaeaongiois a2 5
i ncl udes anti no _ ; [ _ M :
ilulGOBZIOI)grt Bg%éﬁge efiatout | 817€/seo tsahopt 26 SCtsed pest for lmatl Otnhlenf It t\gt rrgg: ggcrad
ball. 41. The nethod of claim29, wherein coupling
Eg:?e:o ?he second pad conprises applying a flux to the second pad and

pl aci ng t Re {33 The swtibdrofbhirh 2??“@%??{@81?15&&% att{’ Pﬁ?fg&?'ﬁgnfgﬁg %l%_glenfg T ého

[ wherein coupling the . ' : _
g]:)rrglr |als (rans Zgbp Y g rate &‘B'i lg teheagugh tosubsientiolly elmprqmgdauv\gggéisﬂrl] pﬁf?ﬁ}ﬁg}ﬁﬁ] |e rst
sol der bal | iinthecgmpiact with the sol der paste, an A nomelting the
i ball conprises 10 nelting the first solder ba
I)IagtSte ;Sl gg;ti ﬁg therrPi rst solder ball and the solder paste, such that the

j i ated.into the nelted first solder bgll to
Pglrﬁne? hZOlrrggirz ¢PERE fethdd oP{idinp ,95’ YYRETSIR 16 Weight perrentpourdrittatios of the silbalih
i ncl udes 1@ he theglliggrdopsaisdtexvdet Absuttg,f i r st sol der ball. 15 43. A

i i i Sing: first substrate and a
-soldering electrical structure, conprising: a _ _
1|‘Oi“rastsosol derg ball attached to a first electrically conductive pad that is

coupl ed to tR& THenféth6d®SdI4iA £, wherein the weight percent concentration of the tin in the
alloy is in a range of 90% to 95%.

15 26. The method of claim 22, wherein the copper weight percent concentration in the

melted alloy does not exceed about 0.9%,

27. The method of claim 22, wherein the alloy further includes antimony at a weight
percent sufficient to suppress tin pest formation in the solidified alloy.

20
28. The method of claim 22, wherein the alloy further comprises bismuth, and

wherein the bismuth has a weight percent concentration of at least 0.1% to about
0.2%.

25 29. A method for forming an electrical structure, comprising: providing a first
substrate and a first solder ball attached to a first electrically conductive pad that is
coupled to the first substrate, wherein the first solder ball comprises a solder alloy,
wherein the alloy is substantially free of lead, wherein the alloy includes tin (Sn),
silver (Ag), and copper (Cu), wherein the tin has a weight percent concentration in the

30 alloy of at least about 90%, wherein the silver has a weight percent concentration in
the alloy not exceeding about 4.0%, and wherein the copper has a weight percent
concentration in the alloy not exceeding about 1.5%,; providing a second substrate and
a second electrically conductive pad coupled to the second substrate; coupling the first

solder ball to the second pad; melting the first solder ball by heating the first solder
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wherein the first solder ball conprises a solder alloy, wherein the alloy
is substantially free of |lead, wherein the alloy includes tin (Sri),
silver (Ag), and copper (Cu), and bisnmuth (Bi), wherein the ti nZBéAEEJGQdUB
wei ght percent concentration in the alloy of at |east 20 about 90%

wherein the ncentration in the allo from
0. 1 %to abgh? %J%Og‘a}%ﬁ ‘?Qm%?fg &B@ﬂ"gtseh‘gz%ﬂn&t@mdeaom balt by Icgghng
conducti ve pé#t medifipd ssldér®all e io fir sol der
ball is couBL&%mto f(%e sercgng a%ﬁﬁfﬂ@?atékﬁéﬁaﬁg B b :9/9{83 2 s&‘éf ?_rgp

adapted to betdgF-nelted by being heated to forma rmdlfled sol der ball,
wherein the nodified solder ball is adapted to being solidified by 25 being
cooled to a | ower tenperature at which the solid Sn phase is nucl eat ed,

wherein % he30. &h@ﬁnqtmﬂo@frmmz@ merreﬁstlheﬁﬂ@ m@tha*boﬂﬂﬂﬁém%hmgat% §H ative
to the eut ec%é g$+éenpg n’@?egaglltoure o{) %I | oy, wherein the so cth fied
modi fi ed sol derbs d3pn yijF’h Hawrbeydi’es the first substrate to
t he second substrate, and wherein a silver weight percent concentration X2
in the n‘Ddlfé c}sol der ball is sufficiently small that 30 formation of
Ag3sSn pl at es a8 Qafadpfciaim| 29, wherpindbe Bt sbsiratg compses a@hip@uriddandThe

el ectrical erein t. | 1oy of the first sol der

bal | has a S‘ZIF#gﬁellrfﬁe\s/avsee?g (fél%gﬂrﬂct% @Zﬂ fﬁgﬁ{rpﬁp‘f%ﬁ and wherein X, has a
predet erlfi ned value based on X2 being suffici ently smal |l that formation of

said A93Sn plya IBT 54315, doc: RI%M 2 5 AUG 2006
subst anti al I A gﬁ%glreg"séé)é {'ﬂﬁ'}’ Bnithytinst sodder Galivisc allegridsastage(BOsYl | . 45.

The el ectri saldesballict ure of cl a| m 43, wherein X2 does not exceed XNMAX,
wherein XMAX is the maxi num silver weight percent concentration in the
nodi fied solder ball 5 at which Ag3Sn plates are thernodynam cally barred

from bei ng f3or TeImkihol Bec] ur| . sai d .cooljing. 46. The
el ectri ?gl structure of %@%?4 r%e}%g{rﬁ k)%&f Ehe CiBrangrwiisteing 5 g

the second substrate comprises a chip carrier.

34. The method of claim 29, wherein the wei ght percent concentration of the silver in
the alloy does not exceed about 2.8%.

20 35. The method of claim 29, wherein the weight percent concentration of the tin in the
alloy is in a range of 90% to 95%.

36. The method of claim 29, wherein the copper weight percent concentration in the

alloy does not exceed about 0.9%.

25
37. The method of claim 29, wherein the second pad is a copper pad.
38. The method of claim 29, wherein the second pad is a copper pad, and wherein the
copper weight percent concentration in the first solder ball does not exceed about

30  0.5%.

39. The method of claim 29, wherein the second pad is a nickel-gold pad.
40. The method of claim 29, wherein the alloy further includes antimony at a weight
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function being derived froma ternary phase diagram and associ at ed
thernodynam ¢ 10 data relating to a ternary mxture of Sn, Ag, and Cu. 47.
The el ectrical structure of claim43, wherein the first subst raﬂé AUBNA006 ses
a chip carrier, and wherein the second subst\rAﬁte corrpLi sfejs a ci I‘fglt (t:)alrld.
15 48. The electrical. structure of claimA7, erej. I rst sol der ba
is a ball grple&w&f? cwrctéeﬁblppg%ﬁs&lgrpegﬁ@at@g'm ‘méméilﬁ‘?fi ﬁq?%lba]itruct ure of
claim43, wherein the first substrate conprises a chip, and wherein the
second substrate conprises a chip carrier. 20 50. The electrical structure
of clai m 43,41t hBe Qsthgrof glaim 2Rt wheseio sauplimgithnfivst saldes bell o the se¢nd patl | oy i s

- 0 50 | | cal . f.clai.m 43, wh '
X2 does not CuRLse DpTE o s o BEsReBTbid SR ML FE M flvpteld g s
43, wher éi n wikiethedluder paste includes a weight percent silver X1, that

exceeds X1, wherein Xl is the weight percent silver in the first solder
ball, and wherein X2 -XI is at least 0.2% 30 53. The electrical structure

of clai m 43,42We¢ Rkiholl BEcIGRP RS wi¥Rdif RbupBE FRNfirst &AM BRI Fcf'ﬁa.b%&oh@ﬁﬁﬁ'e
nodi fied solder ball during cooling is surficiently small that the pasty
range of t h&OMPEPIsiapalying atoldes aprste tihe sepondpad ang pandag thetfirgsoldedbabiout 10

C. 54. The til r Al erein the copper weight

percent 42 CFh%&\‘{lllﬂE% gi@%]??aégéé&(%&)ﬁ%@ n@@ltﬁ%&hg% So@grnbcazlnctofrﬁ’%isﬁ% in the

modi f i ed0 solmidtingyht fird celderiat] aad cleeddeb paste By BO4tinp the ﬂi’@ﬂoﬁie@ghlﬂ hl@(ﬁﬂhe\m _

structure of claim43 rein e second pad is a copper pad, an erein

t he copper &%Hﬁaﬁﬂa%e?“@é\rﬁga%MQEP?‘rSa deppasteris fr}ﬁ’@rﬂoﬁt%‘fmé%ﬁhé@Pel‘lﬁﬁIﬁFStdoes not
solder ball to form the modified solder ball, and such that the modified solder ball

includes the solder paste within the first solder ball.

15  43. A pre-soldering electrical structure, comprising: a first substrate and a first solder
ball attached to a first electrically conductive pad that is coupled to the first substrate,
wherein the first solder ball comprises a solder alloy, wherein the alloy is substantially
free of lead, wherein the alloy includes tin (Sn), silver (Ag), and copper (Cu), and
bismuth (Bi), wherein the tin has a weight percent concentration in the alloy of at least

20 about 90%, and wherein the bismuth has a weight percent concentration in the alloy
from 0.1% to about 0.2%. a second substrate and a second electrically conductive pad
coupled to the second substrate, wherein the first solder ball is coupled to the second
pad, wherein the first solder ball is adapted to being melted by being heated to form a
modified solder ball, wherein the modified solder ball is adapted to being solidified by

25  being cooled to a lower temperature at which the solid Sn phase is nucleated, wherein
the lower temperature corresponds to an undercooling 6T relative to the eutectic
melting temperature of the alloy, wherein the solidified modified solder ball is a
solder joint that couples the first substrate to the second substrate, and wherein a silver
weight percent concentration X; in the modified solder ball is sufficiently small that

30 formation of AgsSn plates are substantially suppressed during said cooling.

44. The electrical structure of claim 43, wherein the alloy of the first solder ball has a
silver weight percent concentration X;, and wherein X, has a predetermined value

based on X; being sufficiently small that formation of said Ag;Sn plates is
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5 exceed about 0.5% 56. The electrical structure of claim43, wherein the
second pad is a nickel-gold pad. 5 7. The electrical structure 025{;& Ia{ﬁb
43, wherein the first solder ball is coupled to the 10 second pa 5}% b
flux that is applied to the second pad such that the first solder ball in

contact with The el ect [ ca structure of claim43, wherein
the first solshgsﬁmﬁ%w SR QI%SB?jQﬁ?%lgtCSO @d’@‘?fh gshipldsy ballsol der paste that
is applied to the second pad such that the first solder 15 ball in contact

with the soI g t and wherein the first solder ball is adapted to
IEFeei?qlﬁ

bei ng nel t ed epl StEectyre 08 elagw Halewhdpeih X, alnes m&exe&ﬁdﬁfmpﬁ(ﬁérﬁln such
ted first sol der

that th I ted int
pall 1o for m TR i Ty Ln sy oy B RS S eplnah e e Wé?d}ﬁ?éisplidéﬁbaébl der

bal | includest Whlehs\(ngieplateaalte&hmtohyﬁanﬁlbﬂly Hakred rofDb bl in @ 59 A
post - sol deri ﬁ-le%cta};q @1 truct re corrpr|5| ng: a fir suostrate and a
second substra allnl{nﬁ]ﬁsf‘ [egplingiphstrate is coupl ed to the second

substrate by a solder joint, wherein the solderjoint conprises an all oy,
wherein the 2(%' y is substantially free of |ead, wherein the alloy
i ncludes tin §%Fe legiricgbstrucimgg of claith 4% prhereir Xu)x isshRaneion oABTL Riggtin has a

wei ght per cefity he alloy.of at |east about 90% wherein
the silver has a we W%@?@é’h{] {egﬁ%ma}sggﬁagﬁm Wdtqq@‘%ﬂwcb‘}ﬂe@ﬂmdxzamwher ein
X2 is sh¥f |dﬂt@r@ddtmgﬁmkdmﬁrbaﬁmtﬁ%&&ph@tQﬁi@[e substantially absent in the

sol der joint, and wherein the copper has a wei ght percent concentration in
the all oy not exceeding about 1.5% and wherein the bisnmuth has a wei ght

per cent concEnfThatleotmicalnstrub@read fic@im 430 BEI‘Bfﬁ'tQ fi 2%,.60. The
el ectrical structure of claim?59, wher‘gl n ee \A/ljes}/%%%tr%tggg}élﬁflse@ %‘é‘ht ration

of the tin PHEHRdThesgn the sepnd subsiepée mnpm% 4 Gr@B%ard3

15 48. The electrical structure of claim 47, wherein the first solder ball is a ball grid array
(BGA) solder ball.

49. The electrical structure of claim 43, wherein the first substrate comprises a chip,

and wherein the second substrate comprises a chip carrier.
20

50. The electrical structure of claim 43, the weight percent concentration of the tin in
the alloy is in a range of 90% to 95%.

51. The electrical structure of claim 43, wherein X, does not exceed about 2.8%.
25

52. The electrical structure of claim 43, wherein the solder paste includes a weight
percent silver X, that exceeds X, wherein X is the weight percent silver in the first

solder ball, and wherein X, -X; is at least 0.2%.

30 53. The electrical structure of claim 43, wherein the copper weight percent
concentration in the modified solder ball during cooling is sufficiently small that the

pasty range of the modified solder ball during cooling does not exceed about 10 °C,

54. The electrical structure of claim 43, wherein the copper weight percent
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R:\.LIBT] 54315.doc: RMM 2 5 AUG 2006 6 1. The electrical structure of
claim5s 9, wherein the first substrate conprises a chip carrier, and

wherein the second substrate conprises a circuit card. 62. Thezgl,ﬁ%tmgﬁcal
structure of claim61l wherein the solder joint includes a bal

h t | st f cIa|m59 wherein
? L(raa1¥i ﬁthGA )sug&{crglgt aéggg}rlrf)hrefs@%dég %f%oﬁﬁ&eg%aﬁ '851% r\?&ﬁ%’{%g Lh Qe/‘cond substrate

conprises a chip carrier. 10 64. The el ectrical structure of claim59,
wherein X2 does not exceed about 2.8% 65. The electrical structure of
cl ai m 59, \mgf il elasbicabyiperiraet gaim pemdersin the sewoed padisiaomopper akigarsiol der

t does sol er conprising a
Js 8: ger gl I O;‘?hﬁgﬁg;@%@@?&% gﬁ O@e{gesng‘gourgggtr ofi I %ﬁr%trsg el(‘)f?al| (go(fa NS{herein the
al | oy i nd udexsetd abotBMF%. si | ver (Ag), COpper (C_u) and bisnmuth (Bi),

wherein the tin has a weight percent concentration in the alloy of at |east

about 90% wherein the silver has a wei ght percent concentration of X in

the al |l oy, vt Mok BlectichiSstibiutd & @diinl 45, ﬁf'ﬂ@ﬂeln th@?écoﬁ@?ﬁﬁifs'a%clﬁi §§1§3§H pl at es

is substantially suppressed when 20 the alloy in a fiquefie IS being
solidified by being cooled at to a |lower tenperature at which the solid Sn

phase is nucieghediecfisrfhbutd 1§ cl aﬁr'\flle@ Fl TRer AL Al F f?lﬁ btag ﬁ%@‘?‘% egﬁtg tl?ﬂ?

undercooling delta. T relative to e e t he
al | oy, vifler eiceondimedibysrflidthitds aplisd tq@thie spond 9ad swhnka e filsi Hddrbati e al | oy
fromO. 1%taq _ahout 91 A; and wherein the copper has a wei ght percent
concentrati ot Fﬁt‘fvﬁlé °28%al | oy not exceeding about 0.9% 67. The sol der
conposition of claim®66, wherein the alloy further includes antinony at a

i fficient to suppress tin pest formation in the all oy
\é\ﬁlr ?2; ger cent E%%lﬁ%tn%@ﬁpﬁbred}f R clapm 43/ wbgrelrr)lghp first solder ball is coupled to the

second pad by a solder paste that is applied to the second pad such that the first solder
15 ball in contact with the solder paste; and wherein the first solder ball is adapted to
being melted by heating the first solder ball and the solder paste, such that the melted
solder paste is incorporated into the melted first solder ball to form the modified
solder ball, and such that the modified solder ball includes the solder paste within the
first solder ball.
20
59. A post-soldering electrical structure comprising: a first substrate; and a second
substrate, wherein the first substrate is coupled to the second substrate by a solder
joint, wherein the solder joint comprises an alloy, wherein the alloy is substantially
free of lead, wherein the alloy includes tin (Sn), silver (Ag), and copper (Cu), wherein
25 the tin has a weight percent concentration in the alloy of at least about 90%, wherein
the silver has a weight percent concentration in the alloy of X,, wherein X; is
sufficiently small that Ag;Sn plates are substantially absent in the solder joint, and
wherein the copper has a weight percent concentration in the alloy not exceeding
about 1.5%, and wherein the bismuth has a weight percent concentration in the alloy
30 from 0.1% to about 0.2%.

00. The electrical structure of claim 59, wherein the weight percent concentration of

the tin in the alloy is in a range of 90% to 95%.
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. - i na: 'di ng a
: thod for formng a solder conposition, conprising: provi

Sgl er m;I | oy, wherein the alloy is substantially free of |ead, réeﬁltUBthﬂr{]i:s

alloy includes tin (Sn), silver (Ag), and copper (Cu), vvhere:)n t iy

a wei ght percent concentration inthe alloy in arange of 90%to 6

ht percent concentration in the 44

\[Agerﬁ]gﬁ 223? doc %\?I%Waém%“gll)@ EQ]GBH S%I Wy elhﬂteféﬁt(ﬂbd_ra’ngccﬁmmﬁefécﬁ)%bm and
wherein the coppier, ah@ﬁzh@reﬁﬁﬂhg%coﬁ@ﬁ@&ﬁﬁte%g&%ﬁggsraa&k? 8zl:1rg ][le a a(r)lé
exceedi ng about 1.5% nelting the alloy by heatin al | oy; d o
solidifying the nelted alloy by cooling the rrela\t ed al : o%/ea]E o?rr;??olnn?nr?he

h LAl I ess 2 _
oy duri g o ened SEiarHRk AR bR L BRGBE A Iea e bolres bathgsl of
about 1.25 C/@e&*y(th}thMerBam 'C/sec. 69. The rrethhod ;)1;] gl a:c mCIGgi, mwggr ein

I rate is at least 1.2 'C/sec. 10 70. The nethod o ,

&Egrg?g ;Rg wei ght percent concentration of silver in the alloy does not

exceed about &3.8%e eFecthcaﬁtﬁ@ﬁJFE%jf cfleﬁfn §90 \%‘F&&gl e f%léglgt{sfrgg%ncggl%%lgéf;{] i al | y

ding a solder alloy erein
??ggrefl Pgadpa:ﬁ%\é{’}&r%gﬂh?éewﬂdwbﬂm@d uamists acipojrried5 silver (Ag), and
copper (Cu), wherein the tin has a weight percent concentration in the
alloy in a range 90%to 95% wherein the silver has a weight percen':1
concent r dPi orf4 Bhe elaetriadlistyctnetofeltasd) Wﬁex@iﬂ%thdo%sé ﬁﬁoe?@%tgggggée& tn geabo t

a wei ght percent concentration in e

iog&er rrglstl ng tge alol oy by heating the alloy; and so!zbd:/\;lglrggnt[]ﬁengl)gfa?ng
al | oy by cool66n’ghéél&tﬂ&dl%ﬁ‘ﬁ’ct@ﬂg'o%laﬁﬁ 59 \9, %ihre?‘s@égweilght REH@PE

rate is at least 1.2 'Cl/ sec ) ) ane IC/nsteEe
cool i ng r at e SPRCERRAGETY ig Hagssodder acbmdoe&nat dxc‘éedaboutt(m about

15  66. A solder composition, comprising a solder alloy, wherein the alloy is substantially
free of lead, wherein the alloy includes tin (Sn), silver (Ag), copper (Cu), and bismuth
(Bi), wherein the tin has a weight percent concentration in the alloy of at least about
90%, wherein the silver has a weight percent concentration of X in the alloy, wherein
X is sufficiently small that formation of Ag3Sn plates is substantially suppressed when

20  the alloy in a liquefied state is being solidified by being cooled at to a lower
temperature at which the solid Sn phase is nucleated, wherein the lower temperature
corresponds to an undercooling .delta.T relative to the eutectic melting temperature of
the alloy, wherein the bismuth has a weight percent concentration in the alloy from
0.1% to about 0.2%, and wherein the copper has a weight percent concentration in the

25  alloy not exceeding about 0.9%.

67. The solder composition of claim 66, wherein the alloy further includes antimony
at a weight percent sufficient to suppress tin pest formation in the alloy during a
subsequent cooling of the alloy.

30
68. A method for forming a solder composition, comprising: providing a solder alloy,
wherein the alloy is substantially free of lead, herein the alloy includes tin (Sn), silver
(Ag), and copper (Cu), wherein the tin has a wei ght percent concentration in the alloy

in a range of 90% to 95%, wherein the silver has a weight percent concentration in the
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25 73. The method of claim7 1, wherein the alloy further
at a wei ght

i ncl udes bi snuth

percent concentration in the alloy fromO0. 1%to about 0.2%
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alloy not exceeding about 4.0%, and wherein the copper has a weight percent
concentration in the alloy not exceeding about 1.5%; melting the alloy by heating the
alloy; and solidifying the melted alloy by cooling the melted alloy at a cooling rate
that is high enough to substantially suppress AgsSn plate formation in the alloy during
said cooling, wherein the cooling rate is in a range of about 1.2 °C/sec to about 3.0

°C/sec.
69. The method of claim 68, wherein the cooling rate is at least 1.2 °C/sec.

70. The method of claim 68, wherein the weight percent concentration of silver in the

alloy does not exceed about 2.8%.

71. A method for forming a solder composition, comprising: providing a solder alloy,
wherein the alloy is substantially free of lead wherein the alloy includes tin (Sn),
silver (Ag), and copper (Cu), wherein the tin has a wei ght percent concentration in the
alloy in a range 90% to 95%, wherein the silver has a weight percent concentration in
the alloy not exceeding about 2.8%, and wherein the copper as a weight percent
concentration in the alloy not exceeding about 1.5%; melting the alloy by heating the
alloy; and solidifying the melted alloy by cooling the melted alloy at a cooling rate,

wherein the cooling rate is at least 1.2 °C/sec.

72. The method of claim 71, wherein the cooling rate is in a range of about 1.2 °C/sec

to about 3.0 °C/sec.

73. The method of claim 71, wherein the alloy further includes bismuth at a weight

percent concentration in the alloy from 0.1% to about 0.2%.
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