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COVPOsSI TI ON Background of the Invention 1. Technical Field The present

i nvent i onwioalzar@s4 generally to a | ead-free all oy sol der cequossosneo4 and
nore specifically to a tin-silver-copper alloy solder conposition. 2.

Rel ated Art A chip carrier may be coupled to a circuit card by a ball grid
array (BGA) conprising BGA solder balls. Such BGA sol der balls have
typically conprised a eutectic alloy conposition of 63%tin (Sn) and 37%

|l ead (Pb) WEAD-FREETINSIIVER-COPEIRAIR OYSOLDEFBCOMPOSIFIONIN! Y
reliable. Unfortunately, lead is toxic and environnental |y hazardous. As a

result, |l ead-free solders are now beginning to be used commercially.
However, many lownelt, |ead-free solders have adverse physical

characteristics which may cguse reliahil]i r.obl ems. Thus, there is a need
for areliable | ownelt, su§§gﬁﬁpﬂaﬂ#£1¢%§§@§£@% sol der ball for coupling a
chip or chip carrier to the next level of assenbly (e.g., coupling a chip
carri brTechniakFieldii t card). Summary of the Invention In first enbodiments,
the present invention provides a solder conposition, conprising a solder
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2. Related Art

A chip carrier may be coupled to a circuit card by a ball grid array (BGA) comprising
BGA solder balls. Such BGA solder balls have typically comprised a eutectic alloy composition
of 63% tin (Sn) and 37% lead (Pb) which has a low melting 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 10\;v-melt, lead-free solders
have adverse physical characteristics which may cause reliability problems. Thus, there is a need
for a reliabie low-melt, substantially lead-free solder ball for coupling a chip or chip carrier to the

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

Summary of the Invention

In first embodiments, the present invention provides a solder composition, comprising a
solder alloy,

wherein the alloy is substantially free of lead,



wherein the alloy includes tin (Sri), silver (Ag), and copper (Cu), wherein
the tin has a weight percent concentration in the alloy of at |east about
90% wheweioa/ordye4 si |l ver has a wei ght percent concentrati eaTafSoxo42n4 t he

all oy, wherein Xis sufficiently small that formation of Ag3Sn plates is
substantially suppressed when the alloy in a liquefied state is being
solidified by being cooled at to a | ower tenperature at which the solid Sri
phase is nucl eated, wherein the |ower tenperature corresponds to an

under cool iyagereth tl'ieeilﬁ}y'l}fﬁuélé% tfﬁ\%n?l&}le&t( %) aflB by ‘efrper ature of the alloy,

and wherein the copper has a wei ght percent co trat| on in the alloy not
exceedi ng about 50/ In S. nent s he i nven n provides
a met hod fgtter?lgrﬂ?ﬁt Flgﬁtlter%egpbonscf’?tﬁaétoﬂr"e‘ihec%!fo?ﬁrofén]ﬁ@t B‘?‘{S@b% ng a

first substrate and a f| rst solder ball attached to a first electrically
conduct i vevhesein thelver Basaouigighicperesnt epncentration ofi Ksinrthg alloYwher ei n the first
sol der ball conprises a solder alloy, wherein the alloy is substantially
free of | ederein¥ersasuffididntlyairatiythat faimaties of Ag,SnSplates isssubmeritiallfghppressed
copper (Cu), wherein the tin has a weight percent concentration in the
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concentration in the alloy not exceeding abo 1.5% providi a second

subsgvkﬁ%lethgrgghétﬁﬁﬁﬁé){éqsg#cegatt caI | y conducti ve pad coupled to the second

substrate; cou |rs >sol der ball to the second pad;

wherein the lower temperature corresponds to an undercooling 8T relative to the eutectic
melting temperature of the alloy, and

wherein the copper has a weight percent concentration in the alloy not exceeding about
1.5%.

In second embodiments, the present invention provides 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 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;



2 WO 03/070994 PCT/ US03/ 04204 nelting the first solder ball by heating the
first solder ball to forma nodified solder ball; and solidifying the

nodi fi ed woloderodeal | by cooling the nodified sol der ball taTaiS0se04
tenperature at which the solid Sn phase is nucl eated, and wherein the | ower
tenperature corresponds to an undercooling ST relative to the eutectic

nmel ting tenmperature of the alloy, wherein the solidified nodified sol der
ball is a solder joint that couples the first substrate to the second

subst r at e, manig \WefiRi dlder dhull b9 heXiaht R LA bAADFEA & a{ddmd%aldwbéme
nodi fied solder ball is sufficiently small that formation of Ag3Sn pl ates

is suhstantially suppressed during said cooling. In third enbodlnents t he
present invention provides a nethod for formng a solder conposition,

conpr|5|ng prOV|d| der alloy, wherein the aIon |s substantial ly
free of Wﬁ&rﬂéﬁ‘% sﬁégé?lﬂ%%ba“iWc‘lOGH@&ﬂlelrﬂ“{@?ﬂ soldgribpllto a jgyyer and copper
(Cu), V\/nerel n the tin has a weight percent concentration in the alloy of
at | etasiperabue t Winioh thetseliéiSn phhs is niidleate asd vhaeimgthe lpeemtemperamoncent r at i on
in the alloy not exceeding about 4.0% and wherein the copper has a wei ght

per CedtrreSSuhele s dradrideftobling H'E rélhti @y/toNhd etk NG RRpetandre DYiheMBbY,i Ng t he
all oy by heating the alloy; and solidifying the nelted alloy by coollng t he
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suppress Ag3Sn plate formation in

second substrate, and wherein a silver weight percent concentration X, in the modified solder
ball is sufficiently small that formation of Ag3Sn‘plates is substantially suppressed during said
cooling.

In third embodiments, the present invention provides 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 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 tb substantially suppress Ag,Sn plate formation in the alloy during said cooling.

In fourth embodiments, the present invention provides a method for forming an electrical

structure, comprising:



In fourth enbodi nents, the present invention provides a nmethod for formng
an electrical structure, conprising: 3 WO 03/070994 PCT/ US03/ 04204

provi di ngwe oBior®b4 substrate and a first solder ball attaclred/usos/eu2d r st

el ectrically conductive pad that is coupled to the first substrate,
wherein the first solder ball conprises a solder alloy, wherein the alloy
is substantially free of |ead, wherein the alloy includes tin (Sn), silver
(Ag), and copper (Cu), wherein the tin has a weight percent concentration

in the allpgngvidinga filseabbirabahd a i ¥oldwhisdlBdtichdito Al flrvi@ledidllg cHEIRAYe
percent concentration in the alloy not exceedi ng about 4. 096 and wherein
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conducti ve cqQu Ied t.0 substr I|n the flrst sol der
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solder ball to forma nodified solder ball; and solidifying the nDdlfled

sol degopperl (Cubywheerah thegin has anwelght pedcesbéabeenttagioh imthezallopof atieast abant that is
hi gh enough to substantially suppress Ag3Sn plate formation in the nodified
sol deyo9paviereifl thid siigesitdsth weight pegcentdtdicentratiol én telalley hbeskcsathd ateat sol der

ball is a solder joint that couples the first substrate to the second
sub Stéf.?‘? N and \Dhér filttﬂe Qphm%ééhtéﬂé?ccﬂf &ﬁl@&’itrdtl'&}{ %{He%ﬂoy 58tvéxg§e?hl?g
pre-soldering electri struct ,

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 solder ball at a cooling rate
that is high enough to substantially suppress Ag,Sn plate formation in the modified solder ball
during said cooling, wherein the solidified modified solder ball is a solder joint that couples the
first substrate to the second substrate.

In fifth embodiments, the present invention provides 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



conprising: a first substrate and a first solder ball attached to a first
electrically conductive pad that is coupled to the first substrate,

wher ei n twe oBior®b4 sol der ball conprises a sol der all oy, wremdisas/o4res al |l oy
is substantially free of |ead, wherein the alloy includes tin (Sri), silver
(Ag), and copper 4 WO 03/070994 PCT/ US03/04204 (Cu), wherein the tin has a
wei ght percent concentration in the alloy of at |east about 90% and
wherein the copper has a wei ght percent concentration in the alloy not
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conductive pad coupled to the second substrate, wherein the first sol der
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wherein the nodjfied solder ball is adapted to being solidified by being
cool ed t o 2SCFYTILEEN RRA treandelegirically $anduetyieinad SATRlehiaethe secnd| eat ed,

wherein the | ower tenperature corresponds to an undercooling ST relative
t 0 t lsebsate wthecimthietfirsiggoldenpal stoonpled o thesecindpad, wiezeieitie fitsesadddriball fis ed

nodi fied solder ball is a solder joint that couples the first substrate to
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in the nodified solder ball is sufficiently small that formation of Ag3Sn
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struct omprising:,a.firs ubstrate; and a second substrat.e,
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relative to the eutectic melting temperature of the alloy, wherein the solidified modified solder

erein

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.

In sixth embodiments, the present invention provides 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 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%.



sol der joint, wherein the solder joint conprises an alloy, wherein the
alloy is substantially free of |ead, wherein the alloy includes tin (Sn),
silver (Ayp,03anmd9copper (Cu), wherein the tin has a wei grCTASIYeNL4
concentration in the alloy of at |east about 90% wherein the silver has a
wei ght percent concentration in the alloy of X2, wherein X2 is
sufficiently small that Ag3Sn plates are substantially absent in the

sol der joint, and wherein the copper has a wei ght percent concentration in

the alloy mpr@eﬁemdernﬁme}h@uaesla RHabls 1ML, 84 IRTEALIER S 40420k Tioe
present invention provides a reliable | ow mel t, substantially |ead-free

sol de p r coupling
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Drawings FIG | A depicts a cross-secti onal view of an electronic structure,
show S first substrate in position for being soldered to a second
substrate. 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 inmages of a sol der
joint associated with a sBrit€Debaliptiorpéfithe Diriwirggl der j oi nt has been
subject to thermal cycle testing. FIGS. 3A-3B depict cross-sectional inages
of a sol dqﬁcl PA e ﬁfs%b@ts%@tmaﬁ Die Hahleldrbfic s@heidie, CiR#hg §@slr§%ﬁbs%é

after the sol der F0| nt has been subj ect to thermnal cycl e testing.
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| der joint associated with a BGA

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, showiﬁg 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 depict 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



ball, show ng crack propagation along a silver-tin plate in the sol der ball
followng thermal cycle testing of the solder joint. FIGS. 4A-4D depi ct

cr oss- secwoanabodpsmages of a Sn- 3. 8Ag-0. 7Cu sol der bal | af trem/uses/mpo4

refl owsol dered to a nickel-gold pad at cooling rates spanning 0.2 to 3.0
C/ sec, in accordance wth enbodi rents of the present invention. FIGS
5A-5C depict cross-sectional imges of a Sn-3.4Ag-0.9Cu solder ball after
being reflow soldered to a nickel-gold pad at cooling rates spanning 0.2

t o 3. Qithleadodiniantsoafahe presar ivedd)3/ 070994 PCT/ US03/ 04204 wit h enbodi ment s
of the present invention. FIGS. 6A-6C depict cross-sectional inages of a
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pad at cooling rates spannl ng 0.2 to C/ sec, 1n accordance
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ni ckel oI d pad at cool ing rates spanning 0.2 to 3.0 C/sec, in accordance
Wi th E’F‘F‘géﬂibﬁélm%’tstﬂftlﬁ‘%éfeﬁr”ésré’ﬁt‘tl‘i"hvent| on. FIGS. 8A-8C depl ct
cross-sectional imges of a Sn-2. | Ag-0.9Cu solder ball after being

r ef | ow sol Bi&iSe d A-'6C depiciodeeds-sgolichapaohgas ofo8hi2fAg-09€s sshlanbalbhafted b2ingo 3. 0
C/sec, in accordance wth enbodi nents of the present invention. FIGS.
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reflow soldered to a ni ckel gol d pad at cooling rates spanning 0.2 to 3.0
Cs ecwnh @m%S&l%eq%rb%hé'\f)rte&nt invention.

FIGS. 8A-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 embodiments 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
reﬂow-soldéred 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 image 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



enbodi nents of the present invention. FIGS. 10A-10C depict cross-sectional
i mges of a Sn-3.5Ag solder ball after being reflow soldered to a copper
pad at cowbbimg709ates spanning 0.2 to 3.0 C/sec, in accordaaaases/ndro4
enbodi nents of the present. invention. FIG 1 1 is an inage of a top view
of silver-tin plates of Sn-3.8Ag-0.7Cu solder balls fornmed on an array of
BGA pads wherein the nmgjority tin conponent of the solder ball has been
etched away, in accordance with enbodi nents of the present invention. FIG
12 i SipgefifdnsS-sectional imge of a Sn-3.8Ag- 0.7 Cu solder ball joint
having silver- tin plates of differing angular orientations, in accordance
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majority tin caonponent had been had been etched away froma Sn-3.8Ag-0.7 Cu
sol deforpRanent e Ueer, Bactbion €1ched YL BB A Ee et 7 (esosieebalhtin psepedaneon. FI G

14 is a table showi ng pasty range variations as a function of copper
concewith ambodimeatscbf$hd presentimvemimin: at i on over a |inited conpositional range
in a Sn-Ag-Cu system in accordance w th enbodinments of the present

i nvent i on. FIB. &4 id®tabk shoWalg pab@rhngeh@iafiéhs s Qrfehaiod v espis conckhitsidnon of Ag
wei ght percent concentration and cooling rate for a Sn-XAg-0.9Cu SAC al |l oy

wher ejy sﬁvéxsco\f’@érﬂﬁtion? SC&%r]fnﬁteﬁ AoYIﬁfositfoﬂalq'gr?é%riq%%QAgédlhsygm?m %i]é%&td%ncog the
present 1 nventi on.
with embodiments of the present invention.
FIG. 15 is a bar chart showing microhardness as a function of Ag weight percent
concentration and cooling rate for a Sn-XAg-0.9Cu SAC alloy wherein X is weight percent
silver, in accordance with embodiments of the present invention.

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

FiG. 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 cbupled to the pad 13 by any method



FIG 16 depicts a section of the ternary Sn-Ag-Cu phase diagram having a
constant Cu concentration of 0.7 w. % in accordance with enbodi nents of
the presewD osnwwmt i on. Detail ed Description of the |Inventipam/uSh&4204 A
depicts a cross-sectional view of an electrical structure (e.g., an

el ectronic packaging structure) 10, show ng a substrate 12 in position for
being soldered to a substrate 18, in accordance with enbodi nents of the
present invention. An electrically conductive pad ("pad") 13 is attached

to th e 4. | u 4 4FOr
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nmet al | ur gj cal /or electrjcal contact,  wth t pad 13). Thus, the

subst Paﬁogl‘ﬁﬁ?d ﬁ:g‘” dby coglipe ?rrfb&%ii%va% tpe i(gg%[rbé”c,lduﬁ} B Yogattaded as a
si ngl e mechani cal unit. The solder ball 14 has been coupled to the pad 13

by anto tiretshigstra® MOaBB4 85109 PastP@H/hasSbSnOxppled tortbevpad b7 andoie tirs comtawft withdhaar y
skill in the art such as, inter alia, by reflowng the solder ball 14 onto

the pgsﬂq 1B, Theoduboymel 12% to®RlsbIaBreand tHehubstidd 181bY Weatg!t heling! Al reflihg14. A
pad 17 is attached to the substrate 18, and a sol der paste 16 has been
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the sol der paste 16 and the solder ball 14 such that the nelted and

r ef | oRderg3ptadp is ngprpprated 1ats the polderchall Mgoiferm Heanqsbified saldar fald 18 gEFKS| der
ball 14 to formthe nodified solder ball 15 of FIG 1B. The nodified

sol deiBbdht niddifedrspldes ball 151eormpdiste theatdee pdse B6 adisavinptbder éivorpreaiedintat ed
into the solder ball 14 during the aforenmentioned nelting and refl ow ng of
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solidified, the nodified solder ball 15 serves as a sol der
solder ball 14. After being cooled and solidified, the modified solder ball 15 serves as a solder
joint that couples the substrate 12 to the substrate 18. In some embodiments, the joining of
substrates 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



joint that couples the substrate 12 to the substrate 18. In sone

enbodi nents, the joining of substrates 12 and 18 is perforned wthout the
use of thwosslod®p4 paste 16. I n such enbodi nents, only fl ®CTIES08/1842d4 t O
facilitate the joining process. In other enbodinents, the sol der paste 16
may be used to join substrates 12 and 18, wherein the solder ball 14 does
not nelt, but is wetted by the sol der paste 16 sol der under refl ow
conditions and provides for attachnent upon solidification of the sol der
past F rHreal o st e e denoted as
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view of the electronic structure 10 of FIG | A after the substrate 12 has
been @?ﬂha'é‘?‘gg' g elgstricaliy sopnie Q‘ef!}b%{?é%l{??atpe peRstaeHs, wheraerNphand 16 and
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15 serves as a solder joint that couples the substrate 12 to the substrate
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03/070994 PCT/ US03/ 04204 ball 14 and the material of the solder paste 16
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each of the N solder balls is typified by the nodified solder ball 15. In
FI G aggprdange with the present invention musing anp iy ynaterial kpow tp ens of ordipary skidl iger i ng

el ectrical structure.” In an alternative enbodi nent, the solder paste 16 is
not ubealt,amdoupld thexoldsr balk14waheipalill 7. N'Whan der filenis @sadi, the rddifigd stdortball
invention, using any flux material known to one of ordinary skill in the

art, 15end6dRleSsechiifllyPhk dferR@bf thd 4older BdlE14PAM dbés nINBAUEN Sy doliér pastdiSd. the
modi fi ed sol der bal’l

other alternative embodiments, neither flux nor the solder paste 16 is used to couple the solder

ball 14 to the pad 17 in accordance with the present invention.

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 comprise a 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 (e.g., 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 of 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
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15 includes essentially the material of the solder ball 14 and does not

I ncl ude any sol der paste. In other alternative enbodi nents, neither flux
nor the swbden7paste 16 is used to couple the solder bal lPCTAUSO®042he pad 17
i n accordance with the present invention. In FIGS. | A and 1B, the
substrates 12 and 18 may each conprise any electrical or electronic
conposite, |amnate, conponent, etc. As a first exanple, the substrate 12
may conprise an integrated-circuit chip ("chip") and the substrate 18 may

conpry ,?rlgcaﬁlecs*&bﬂanﬁﬁa!nryilé}c{d-fre_(eeecﬁnposaiowkﬁdmcmcﬁp@gcmaﬁioediﬁmpkmannh@m. Fomn chi p
attac nt to a chip carrier, solder paste is typically not used. As a

second ex | e, .the St e | | L€

cer aﬁ?‘%‘“B@frg‘Féglﬂf’rcpaéﬁeF% AT e FR BB AR fafiDny REh Ghrech & 8.5
circuit card. In the second  exanple, the solder.bal] 14. e a Ball Gid
Ar r ayhQ% sityer) 0.86+Q127 99RPET a%@eﬁmﬂéijerﬁé&%seﬂ%gg’éﬁhWEl? p%?i)’qgg%‘ﬁt‘%rés ny type
of solder pad. and conprise any material or materials, known to one of

or di Rafayl o8 kdatd amourtthef athér coustituerss. Anaeotheriexamplg, hopplder paste 16amay ckel - gol d
pl ated copper pad ("nickel-gold pad"; i.e., a copper pad coated by a |ayer

of nigkelise 266d& Pasit@bmPbsifioh By GRaht parcthiof: 3.84@% sivenand ele)remeinder akhe
sol der paste 16 may have any applicable conposition (e.g., any 10 WD

03 070944, RCT| YRRL04804,ARBH SABLA G4BSL ARblAl bpoheatyebensomposi {1 on

Fnary e art. For exanple, the sol der

paste 16 may co I S sol d t Lt ' : -
0% si- v ahor s, P3BReDt ogmetspp e soBAG DA KX S amRlishten 0y STu i BTG REN i ¢

possi bl e additions of small or trace anmounts of other constituents. As
anot had cepgemiCe), having @otaitnatipasefeSm dgrayd Cu ("SAC") that relate to commercial

SAC alloy compositions and the ternary eutectic SAC alloy composition. Typically, commercial
SAC alloy compositions comprise Sn-3.8Ag-0.7Cu (i.e., 3.8 weight percent Ag and 0.7 weight
percent Cu) and Sn-4.0Ag-0.5Cu. Based on the best experimental information in the scientific
literature, the ternary eutectic SAC alloy composition is Sn-aAg-BCu, wherein « 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-a-PB) percent of the SAC alloy, by weight, comprises essentially tin and possibly small or
trace amounts of other constituents (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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conprise a sol der paste conposition by weight percent of: 3.5-4.0%silver
and the renmai nder as essentially tin with possible additions of small or
trace anowotes/oofoot her constituents. For the present i nvemcirarsps/odres sol der
ball 14 conprises an alloy of tin (Sri), silver (Ag), and copper (Cu)
havi ng concentrations of Sri, Ag, and Cu ("SAC') that relate to conmerci al
SAC all oy conpositions and the ternary eutectic SAC all oy conposition.

Typi cal I'y, comrercial SAC all oy conpositions conprise Sn-3.8Ag-0. 7Cu

(S:’l 2- %])lo\og; & W&l D rREER DR cORpARtht OF ah MRIyAB:., tREESetitierfed) orYlof the

0.5Cu. Based on the best experinmental information in the

4. 0Ag0.5G | ‘the
- angrieion ik S aheif oty pEtth SRkt efeeilodh SURPOTMMRILE oo

0.8 to 0.9. SAC alloy conpositions in this near ternary eutectic
compdBeelldhal range are | eading | ead-free candidate solders to replace the
Sn-37Pb alloy that is currently and historically used in electronic
conponent Aswidhtd gempomsuesd égfra,Fu pmctding HMH€lallpy cpmpesitionshehevpreseanhin SAC
alloy is expressed herein in the form Sn-aAg- f3Cu, it should be understood

that fe dRRAATRASOIRELAP 1S BE FIRE 182 Hclude NaESH ('8ilvéetind] plAgs WhidhBay>pomotd | oy and
P denotes the wei ght percent concentration of Cu in the SAC alloy. The

i hder- of, . - a- . i i
oo erieraFrgeph AT SHuRE G WP wddbfon¥ oot BleindWetft Sle (SERELI BP0,
bi smut.h or antjnony_as wi ]l be discussed inf rg%". m l.ar notation

(e.g., bis y Si
wi t h smalagpe field apphicattoncapdigaus. e Presgn| jB¥eN OB RIS YENISSUCR BINEF-UR PSS ¢ han
the SAC 11 WO 03/070994 PCT/ US03/ 04204 alloy, so that a coefficient of a
conpdinentfornfingror dimitythe¢ sizejof sucheilvardinfplates by sanasgis@eallygkplokimg thokipotesnt Ag
of the SAC al l oy) denotes the wei ght percent concentration of the conponent
i N in combination with the thermodynamics of phase transformations associated with solidification

of the ternary SAC alloy from the liquid state after the SAC alloy has been melted by heating and

reflow (melting). The following discussion summarizes aspects of relevant phase

transformations that underlie the present invention.

The three phases 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 nucleated and forms with minimal undercooling (also called

"supercooling") below the eutectic melting point of 217 °C of the ternary eutectic SAC alloy.
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the alloy. As wll be denonstrated infra, the preceding SAC all oy
conpositions, when present in the nodified solder ball 15 of FIG 1B,

i ncl ude Ag®I3/0(0934 | ver-tin") plates which nay pronote fatPCqusosneoki ng
during execution of thermal transients such as during thermal cycle testing
simulating field application conditions. The present invention prevents
such silver-tin plates fromformng, or limts the size of such silver-tin
pl ates, by synergistically exploiting the kinetics in conbination with the

t her nply A8 phaed, ASR thd ARSI FHakORSoAR BP6 @d&ﬁg% bid Babwd1Ticeahhon  of
the ternary SAC alloy fromthe liquid state after the SAC all oy has been

nmel t ed. by ' f t] ' . SCLISS]

surma 1SS LeTRARolobF DM bifcr R Yo Hifu BLESSLAS RATFHRR Bse: ¢
present invention. The three phases produced upon ful| solidification of

t he |Thghudk S%@CEIHPBKP*’@WR,I%? Rrpndithopi ryptaline phase-oey nefreasity pucleai sy,
and Cu6Sn5. For the purposes of this discussion, the ternary eutectic SAC
al | oyThai drystidbneSe ghass reguénep bulfstantigl uridercgeling for nbdeationdrom thediduidsfi@eal | oys
in this near eutectic conpositional range. Upon cooling the liquid phase

f r om yRIER&IHinps 651 @St A€ typidally iréifhiRe fdt the Rfa8eMbS the rs,bnm]f;hdsé BESH.C
effects intervene to preclude the sinultaneous formation of all three

phas ??%x?ﬁrgaﬁl@ finfBhiehd astaeéitg%a inthethF PE&r@Jo‘i’ﬁxg YlfirRd Foifie kISR Toh G pRAS

tran tron, ecause e equi rium etitectic phase transformation is

kinetically Lnhjbited., The crystalline Ag3Snh phase is. easily nuc]eated and
For mEra e RBPERE: ThAG TORIRIeb 5o BoR S adpiiE e B RGFESBE B OB E 1 he
eutectic nmelting point of 217 C of the ternary eutectic SAC alloy. 12 WO
03/ 0tpeoal cocimgeus/af 9209 0.3 °C/sec, this cooling time interval can comprise tens of seconds

and afford sufficient time for the Ag,Sn plates to grow to a large size. If the nucleation frequency
for the Ag,Sn is low to the extent that only 1 or 2 plates are formed within the modified solder
ball 15 of FIG. 1B, then these Ag,Sn plates can grow large enough to subtend the entire solder
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

13



This Ag3Sn phase, which is the first solid phase to formupon cooling to
and below 217 C, has a plate-like growh norphol ogy. These pl ates can

gr ow r apiwby3sjomophe surrounding |iquid phase. The bul k ofrcrhsos/iqui d phase
conprises Sn, and the Sri crystalline phase does not easily nucleate. The
crystalline Sn phase requires substantial undercooling for nucleation from
the liquid state. Undercoolings of 15 to 25 C are typically required for
the formation of the solid phase of Sn. During the tinme interval

associ aligdbMbivind AReddirdsi S Peict doRBlH FaBEn bPAglshieh tRUCA £8hipdite Rfrmlatién is
crystalline Sn phase, the Ag3Sn plates can growto a large size. In

processi ng, condi i QNS W £yl i . £ - c, this
cool i‘ﬁ&”‘f&#&a‘?‘hcta h {/nélfosé\fg%emcngtrlrpﬁ% @%&%ﬁ@%@%@ﬁtﬁig aegt%éﬁea%()?]g%é]epsh%%?ci ent
time for the Ag3Sn plates to grow to | arge size. |f e, nucl eation

f r equieaehpd. The Seaerd msthed ompriges ?Q?Elf‘&g"eetﬂa Mtllq‘t‘ﬁa"cha%‘?fifnfisé& dloypld es are
formed within the nodified solder ball 15 of FIG IB, then these Ag3Sn

pl at esotiag rae that |sdngy eneughiig ipraventsarlytselidified dgetn from gsowvingrto ajsige that sigpbli ed
by the nodified solder ball 15. As will be shown infra, these Ag3Sn pl ates

can  @eyiedis phiguatheiohg bhte nitekifid&idea bl a5 of BIG.gWewpénme hidddleddolderch
solder joints, for both chip-to- chip carrier and chip carrier-to-circuit

card sql der |0l , il l.ysi £ Al _are
causditbly ebarR sudfics bl SRR hind HERBHR () Bhetmibyoip sy S 22 and
the bounding solid Sn phase due to grain ary sliding a;f this phase
boundh’?}}f.ovmﬁ%%ﬁt SYPPRE fonGRIecEHpE VO H}Ft%dﬁ'e?fcga Hﬁé‘”iﬁf %@ﬁgﬂ‘r’i{yflﬁ'mcon wi thin
the SAC alloy, the early nucleation and growth of the Ag3Sn phase can be
pr evembédl thaiekplainathet fiissmethod gnd preidigtsethé sdquisite maxgnami AgwWeightesresit ed. The

present invention teaches howto totally, essentially, or substantially

suppr&mnsentfaBoiwa: Qippddsséd e 86 phite firataton. bgh@hbdlogicaldy, thennvembdisadsheor by a
conbi nati on of the two met%mds. The first nethod conprises reducing the

wei g h[Bre&?l'E GRBAL GRS EAVERDEPthe Ve rfifddyiihrhiB Fnodfar’d Used tHeQhermodynamic model

to predict the requisite maximum Ag weight percent concentration as a function of undercooling
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 FIGS. 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 linear 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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13 WO 03/070994 PCT/ US03/ 04204 a val ue bel ow the eutectic wei ght percent
concentration of Ag such that Ag3Sn plate formation is thernodynamcally
i npossi bl woustord99s he under cool i ng requi red to nucl eat e t hecaalSoslo&os phase
is reached. The second nmethod conprises cooling the totally liquid phase
of the SAC alloy at a cooling rate that is fast enough to prevent any
solidified Ag3Sn fromgrowing to a size that would facilitate fatigue
cracking of the nodified solder ball 15 of FIG 113 when the nodified

sol deyy  haldg al@clﬁrﬁerﬁlél?hfe%o&lﬁe ﬁyt‘ﬁle !cﬁaﬁf cd?&’ NhéE YSild J%afl Q@rwr%lfoxtrﬁe%r\ﬂgl?gﬁ S

(e.g., thermal cycle testing). provi support for the

preced t. WO rret ds pyoVi d therm) nam c m)del t.

ol et R rRgln qfﬁEau%aléd% égP%SF O PBERTP PEHEeAg Wettigal
percent concentration that suppresses BSn ate formati on.

Chr orsdiceigcardiapsemblige  The eldesdeinbef soider bpl? 88 &nFIGH 2érmnid@® #sions of tewel oped
t he thernodynam ¢ nodel and used the thernbdynam c nodel to predict the

r equisithilar sokbet jainTs Agchef ghich heviag beercsubfseridrtatl 000toax008 thdtat éyelesof
undercooling below the eutectic nmelting tenperature of 217 of the

t er naeyvelioett hitd FRS @Whedein thB ‘?x@atir%eand' g&ﬁﬁgﬂﬁ'ﬁé dﬁgﬂg Hfé['lxﬁg cbl@ﬁﬁgsfr&]ﬂaltﬂo

confirmed the predictions of the t est” results of

her mSaganS PEHAREL 02 CARES The Fior gl ol B35 Son SR

cross-sectional images of a solder joint associated with a SAC al |l oy

sol deievhil IFIGZQBélFl’éQé’YS Ipelizgd defpfration ip thsintairugyrs|of theswldengall 2. Fhas. 2A
and 2B, the solder ball 20 is attached to a nickel-gold pad 22 to which a
nmoduljein( strueture haschiéquinadlike @ppeakinge pAckageiméado bétpads 22 and 24, as shown in

FIG. 2A. Because of the coefficient of thermal expansion ("CTE") difference between the
module and the card, the solder joint is subject to a cyclic strain within each thermal cycle. After
the thermal cycling, some of the solder joints were cross-sectioned 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 sub_tends 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 such as an electrical open.

FIGS. 3A-3B 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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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-m|

| i near diwergioomwdacross the pad surface. The sol der bal | pRO/usospRISEed a
Sn-3.8Ag-0.7Cu SAC alloy prior to its attachment to the copper pad 14 WO
03/ 070994 PCT/ US03/ 04204 24. During attachment of the nodule to the circuit
card, the solder ball 20 was forned with an estinated undercooling of
about 15 - 25 C based on thernocoupl e neasurenents using identical circuit

card gééﬁféehéd? ST heTﬂ?a%s 39 laﬁi@ B4 L4hHaveh 280hfl Bheftditherdbon dtrdsk @ padAuaaet. 2B i's

one o simlar solder joints, each of which having been subj ected to

1000 to 2000 nd 1 ng and
cool i spgfagé&ﬁi?%prf%éeﬁér3 SR Pabaftgptbon “%%%ﬁé‘%g@ s

C/ sec. The region 26 (shown in FIG 2A and also in a view in FIG
2B) @htd/wdl-’(ﬂcg%rmt@éhmm thermedple frathe gireit eard, ihg iﬂl‘éﬁf&fﬂ“@ﬂé"%@?@&d bal |
20. The joint structure has a colum-1li ke appearance after attachnment to
bot h apadsol#g rardf D4, - @S °Srewwviihrn dstiBated AndBeoaing®f aboutHé -6 basednn  of

t hermal expansion ("CTE") difference between the nodule and the card, the

sol d erln%hfﬁp(l:%/ ﬁﬂe%pé-xﬁ@rﬁs én 1d‘éb{l%a'l &I‘éj:l{ @rdadbhblidt. e@eRoldejortlin BiGs.e. After

t he therm I ng, sone O he sol der joints were cross-sectioned to
det f f FI GS. 2A
o 28 Hets R g %q%n?gfnrwg&gﬂaiows Baon LR AR LRI, | Shof

deformation (i.e., formation of crac k 29) in the region 26 where a Ag3Sn
pl at €598 thempalgygles hetgpnp *Grang; 09n Gwhemgin the heating apd ¢ mﬁfratleﬁg UHRE nt . The

| ocal i zed deformation has occurred right at the surface of the plate by
i ni tithdrinal gycting floau AT tesd PQiwrge beaunden’ G/bee. Siihlevegion 36 (showntimElGretAal | i ¢
phase and the bounding tin-rich phase. This failure nmechanismin sone joint

and also in an enlarged view in FIG. 3B) shows localized deformation in the joint structure of the

solder ball 30. A fatigue failure 31 occurred near the pad 32, and there was no fatigue failure

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 card.

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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structures may lead to early failure such as an electrical open. FIGS.

3A- 3B depict cross-sectional imges of a solder joint associated with a
bal | gri dwoasnanws{ BGA) SAC al |l oy sol der ball 30 after bei mgTdisop/ecnst o
thermal cycle testing. In FIGS. 3A and 3B, the solder ball 30 is attached
to a nickel-gold pad 32 to which a nodul e had been attached. The sol der
ball 30 is also attached to a nickel-gold pad 34 to which a circuit card
had 15 WD 03/ 070994 PCT/ US03/ 04204 been attached. The pads 32 and 34 each

have o9 8oided bahllwasov@th Ha%k%?b gém%lédgea R?; SnPité 38 & the TOReSWAINRY bal | 30
conmprised a Sn- 3. 8Ag- 0. loy prior toits attachment to the nickel-

T ac“ﬁ?%ﬁ%@dé&?h&” FIoE Gtnh oS iy %@a@ﬂw 4 an

esti mat ed undercool ing of about 15 - 25 C based on _thernocou
meas utiekvkaeld pad AR do whha matiule hpd heen altaghedadde reidprnll 4hs alsga a,qhejié? At in

FIGS. 3A and 3B is one of many simlar solder joints, each of which having
been ®ppéread 44 té ¥hichGircuit ©afd Haddeemattaced. EBheyeidyd2 an®4Ceahchad @R8Gither ei n
the heating and cooling rates during thermal cycling from100 Cto 0 C

were ) %gludlmgnﬁorgiégé thd E?d SO TR sdRBOYMM 40 rﬁse@ﬁ‘Sn@ﬁQA@b%u‘ guén

enl arged view I n shows | ocalized defor ion in the joint

s e e e e

consistent with the fact that the CTE differential between the sol der ball
nmodulcircwid sardhtbh solderhnl] 4thwas fomaedTiR apolingrasmef QF - D& Uelsss witleanetignatedya |
and the circuit card. Near the pad 34, FIGS. 3A and 3B provide evidence
t hat nbdercé@hrofpbaiitel 538 5c 8D bassd whnlierinbeouple measurements using identical circuit

card assemblies. The solder joint in FIGS. 3C had been subjected to 2114 thermal cycles

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, summary, 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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fatigue cracking initiation process. The Ag3Sn plate 38 is an internetallic
structure that has grown near the pad 34 froma side of the ball 30. Due
to the fawogue7ppeocesses, there has been a strain |ocali 2atriwse3/ed204 he
surface of the Ag3Sn plate 38 giving rise to a deformation-induced voi d-

| i ke structure 39 at a corner of the pad 34, and a crack growing fromthis
void-like structure into the bulk of the ball 30. This shows augnentation
of the crack initiation and fatigue processes, which is the primary

wear QefderRGBAMNIHA-£6Id paalsdar cddl)ihg_tréies dite0 salsder1.2 eCrkc,fand D /gt inas not
caused by the Ag3Sn plate 38 as discussed supra. FIG 3C depicts a

Crosssseckhonal i 0 494 Nt . i L 6 WO
051 073564 BT G0 i B R ol By i B b i ecdtiniliioh, 10
al ong_a Ag3Sn plate 48 in the sol der 1l 40 fallaqw t her ma cle

t est ifAg- B 1t pecrlaizad vieworfiihe T%W“Fﬁ@‘:g%;“@-hghgﬁ‘?le%‘r aH%%ICOZRF“F 2hg‘%/‘ached to
a nickel-gold pad 42 to which a nodul e had been attached. The sol der ball
40 | 3.8A&0.78t G atloy prier todts ppachnpadtode pad Hki The padcd4 asiat2Semildinbard been
attached. The pads 42 and 44 each had a 28-m| |inear dinension across the

pad HhERGEh acthe (RObAIES4 fidtabe. 4PnCAR iR Fatare BT tRe SoidrBail 80 dAhz a Aleitig Pri or
to i?ghaﬁ;acﬁcnentt ti()) t he niaciel -gold pad ZZT During attachnent gf ttﬁ?ag

modul e.to the circuid carﬂhtﬁ Ldr?qg1 ~@%Iing
rat e TEROY piocesyye 0 C. A e undEreddlin l{eleag‘% hongfe)]r A(,:tgg’lalE g%tfﬁg e(g‘%)ob%tlﬁ - 25 C
based on thernocoupl e nmeasurenents using identical circuit card .
asserinaeed abqpiel Ssolidr fr BIGH: 4in 4R} kased setheamospule meAstEmeals usieadanticeher
cycles between 0 C and 100 C wherein the heating and cooling rates during
t her malanalygdusrirchit oand B@@mblies. oFIGSC4hamet Baghomoatimest &ery sthall AY;SeplateslaG. 3C
illustrates propagation of a crack 49 al ong

the 3.0 and 1.2 °C/sec cooling rates, respectively. FIGS. 4C-4D shows Ag,;Sn plates 55, 57, 58, and 59

wherein the Ag,Sn plate 57 spans almost the entire length across the solder ball 50. FIG. 4D also

shows a CuSn; 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 indications 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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the surface of the Ag3Sn plate 48 and continued propagation of the crack 49
through the entire wdth of solder ball 40 such that the crack 49
constitutwe ca/of@pd ure in the formof an electrical open @CTALS03/042Dh,
summary, FIGS. 2A-2B, 3A-3B, and 3Cillustrates a correlation between the
exi stence Ag3Sn plates in SAC all oy solder balls and crack formation
and/or fatigue failure in the solder balls follow ng thermal cycling such
as, inter alia, thermal cycle testing. Thus, it is desirable to prevent or

sever gfiderédd! itk 3e1df paareatat esolifg rA@s 5h3.pl@/es, 1.9 °BACc adnlday?2 SOkseein bal | s.
FIGS. 4-15 provides testing support for the nethods of the present

| Ven o0 shOURPE RN At Rl G B Eldined W BRbAHRR A R PG 3ST

pl ates 1™n are cross-sectional 1 nages of
a SAC all oy sol der ball 50 after ing reflow 17 WO 03/ 070994

pCT/ Uiraiaides Bal 6 F%Pﬁﬁdt%sﬁgﬁ%éﬁggéﬁgﬁg Hlod Pier g L chmgntta thepadi®ds o
Csec, 1.2 Usec, and 0.2 Csec in FIGS 4A 4B, and 4C respectively, in
accor Tienpzel 64i lias a@¥bod limeartdimerisiornacrgns dlepad ¢drpnefacs. ohhe urdecoolimy ietatiyp to

enl arged view of the region 56 in FIG 4C. The solder ball 50 conprised a

Sn- 3 BAEE Qad E3int¥d BIbeQY tiRafge dfbbliS] At 1RTDFRFIGE0SARS(BgheB4n The pad 54
has a 25-m | linear dinension across the pad 54 surface. The peak

teme@@ﬁ@u grﬁéa&rgﬁkrﬂ%sipgg&enﬁs?%lgv 511;99%@8 TRt 88d ags%yb%.pﬁ@%m apas 240

C, an undercooling re Ive was estinmated to be 1'n the range
Ui oo SRt bt e Tl AgSh s 0193 B BRI 20 G PRE FHRCPAREd T8 s how
at nost very snmall Ag3Sn plates at the 3.0 and 1.2 C/sec cooling rates,
r espeid showk JargeFALGS) placs 66) 63h6Rvaind§3Sahpd, FHGES. FE5Cxshowghat Agy8n plates are
suppressed or of a very small size in the Sn-3.4Ag-0.9Cu SAC alloy solder ball 60 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.
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 °C/sec, 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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wherein the Ag3Sn plate 57 spans alnost the entire |length across the sol der
ball 50. FIG 4D also shows a Cu6Sn5 structure 53 in the formof a

di st ort edwbasagopal rod with round hole in the center of tha/usds/ei2osted
hexagon. Thus, FIGS. 4A-4D show that Ag3Sn pl ates are suppressed or of a
very small size in the Sn-3.8Ag-0.7Cu SAC all oy sol der ball 50 when the
cooling rate is at least 1.2 C/sec, but 1is not suppressed and may be | arge
when t’he cooling rate is 0.2 C sec. Note that the linear |l ength scale on

FI GS.iné €516 vah mWeﬁQB@ébl@éf bl QO"1§SL[B[| < Of to &yR%E ofhor-BRic WRRAAI tkffslensor ner  of

each Figure, which denotes that 5 true | ength corresponds to the

F o G o) ek %ZE‘E%%S" GF oA R bt Sy f)‘% i b BLoP oY e
upper left corner of FIG 4D, WhICh denot es tht mls of true |ength
cor r esposTad! tige inHbe Perigtie- BOCURAG ARy ldprdall 70 .wf@e tﬂvewwhaéfat% et 'lezstm | s"

text. Simlar scale indications appear in FIGS. 5-11 and 13, descri bed
i nfral.2 FCGE, bufis50t supprassakmdanat beolagge wheagbscafling r&é\@3 (hlll°6\§se&ol der ball 60
after being reflow 18 WD 03/070994 PCT/ US03/ 04204 sol dered to a nickel -gold

pad 64 at megl 1A ﬁ&%%s@-fseo%ogal%ﬁg& of b SACLAEE soldtbafl 88 afileSRGng Rflokl CS.
5A, 5B, and 5C, respectively, in accordance vmth enbodi ments of " the present

t Th 60 I I
e R PR e ORGSR T2 0 SR oA Y L%,
across the pad 64 surface. The undercooling relative to 217 C was

est i FB8d7A 0 Beani 7 Frepecsivgly. Bracaprdanceyth embodimenfs of thepresspl inveptionpased on

t her nocoupl e neasurenents using identical or analogous circuit card

asseriieisekler bdIGH) cdprised a™R-35Aagr(ACINDAC alley prionwlits aftg@Bnem kathe padB4t he 3.0

and 1.2 C/sec cooling rates, respectively. FIG
The pad 84 has a 25-mil linear dimension across the pad 84 surface. The estimated undercooling
relative to 217 °C was estimated to be in the range of about 15 - 25 °C for FIGS. 7A - 7C, based
on thermocouple measurements using identical 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 majority 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,SnS 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 in
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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5C shows | arge Ag3Sn plates 66, 67, 68, and 69. Thus, FIGS. 5A-5C show t hat
Ag3Sn plates are suppressed or of a very small size in the Sn-3.4Ag-0.9Cu
SAC al | oyweaBdawbal | 60 when the cooling rate is at | ea®CTAISA3/@28€£C, but
is not suppressed and may be | arge when the cooling rate is 0.2 'C sec.

FI GS. 6A-6C are cross-sectional inmages of a SAC all oy solder ball 70 after
being reflow soldered to a nickel-gold pad 74 at cooling rates of 3.0
C/sec, 1.2 Csec, and 0.2 C/sec in FIGS. 6A 6B, and 6C, respectively, in

accor danc gt §a HOAdicRREkE Rhalli iRzl SSESACIaNYEB18& ball 90NEeP i efloR)-| 70
conprised a Sn-3.2Ag-0.9Cu SAC alloy prior to1ts attachnent to the pad 74.

h has . -ml b di ' d Sdh f :
et 1 Attt asidebrrp PARECIYETRCSULT R0 PRsBPand O ICAGER: 157 s

Cfor FIGS. 6A - 6C, based on thernocouple mneasurenents using identical or
anal d86Ss84i §B.and 8Caraspestivelybin assordmeesyitisgmbediments Kb ifegresepgaveniiony smal |

Ag3Sn plates at the 3.0 and 1.2 C/sec cooling rates, respectively. FIG 6C
showsTHeabljer BABINcghprised a Bn-AhAg-0RCHS SC afiBy aridr ©9Gtsstaviananed theAgd 4. pl at es
75, 78 and 79, wherein the Ag3Sn plates 75, 78 and 79 may be small enough

not tﬂ‘eﬁ’g? :9hihta§£ 05 lifksp dﬁﬁ&ﬁlﬂ'n%lr&f; theal94Q3 R0 ﬁﬁ;&(eb@% Bha0éd he

sol der 70 when the solder ball 70 i's subject to cyclic or non-cyclic

T AR 5 e SIS RS T Pl a8 g o S

Sn- 3. 2Ag- 0. 9Cu SAC al l oy sol der ball 70 when the cooling rate is at |east
1. 2 hesBecoynle measurpenss ppnilentica pranpgeoptcraitFardpisemblies. Fd6hi &y $hte i s
0.2 Csec. FIGS. 7A-7C are cross-sectional imges of a SAC all oy sol der
bal | a80 8afdaeh shwev agmost fveryvemall 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 has been discussed supra in conjunction with FIGS. 7A-7C. Thus, FIGS. 8A-8C

show that Ag,Sn plates are suppressed or of a very small size in the Sn-2.1Ag-0.9Cu SAC alloy

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 éubstantially 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 formation 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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soldered to a nickel-gold pad 84 at cooling rates of 3.0 C/sec, 1.2 C sec,
and 0.2 Csec in FIGS. 7A 7B, and 7C, respectively, in accordance with
enbodi merwe 03fo7@9be present invention. The sol der ball 80Pcansos/eed a
Sn-2.5Ag-0.9Cu SAC alloy prior to its attachnment to the pad 84. The pad 84
has a 25-m | |inear dinension across the pad 84 surface. The estinmated
undercooling relative to 217 C was estinated to be in the range of about
15 - 25 Cfor FIGS. 7A - 7C, based on thernocouple nmeasurenents using

i dentipeadid® thlﬁDQJlﬁng‘xbssd}dé’rQidllt(or%lcﬁr fae ubRs: to"?:h'@ﬁ; or/mdn-cyéli thefflal7C each
show at nos very smal | Ag3Sn plates at each of the three cooling rates of

pl at ég&%:&g ress%& & 8ar ur1 fis Iﬂ}]e'hglﬁp 3'% et s?%n ?1 KFr uéﬁ?ﬁnﬁ@ thé A g?t |lﬂétF' ?51 780,428

A e tria uree as €s between
the mpjority tin ase whi ch shows up in FIGS. 7A: 7Ca back round l'i ght
gr ey *afiFigi &8 SN ammal et 89l e frsilignte isaid fefaays ek - Wbite e
conprising Ag3Sn and Cu6Sn5 particul ates, is quite honbgeneous and

t her eAg6e plagsT6sud §& pf FIG6C te 18ige escu ghha Macalitetetshidl fAgA®erakatge sSTheThus,

FIGS. 7A-7C show that Ag3Sn plates are suppressed or of a very small size

i Nt hGophAS cof@nRaRinbeRN wHidiPX g SAIRE fhatatioB 3 s%ﬁﬁhtfa'ﬂ sGptkdsB@dépeh@s i S 1N
Kot th

the range of 0.2 to 3.0 C sec. e that essentiall e sane results of

AgSSn P ate S. Si b S t. i.s. shown in
1 co onine pagititydl of e undercOplini %%@fn%eﬁavr Hedffra ?@%“fﬁ;&. Smiee 00" L0 20
WO 03/ 070994 PCT/ US03/ 04204 FlI GS. 8A-8C are cross- sectl 0 %n&ges of a SAC

al | oythesgiodunangg modgbotlGe 1 0 dhay theuiofhAsSoneraration may lig t Wgol d pad 94
at cooling rates of 3.0 Csec, 1.2 Csec, and 0.2 Csec in FIGS. 8A, 8B,
and &ﬁng:\vhsrpdmtv'veee 12y7% A a0 B depanding entisanagmitude of the hedgreeddimgt
| rWer}[‘he cu.toff Ag concentration can be determined by one of ordinary skill in the art without undue

experimentation by performing tests of the type associated with FIGS. 4-8.

Definitionally, Ag,Sn plate formation in a solder ball (or in a solder joint) 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., a circuit card or a chip carrier) is "essentially suppressed” if the Ag concentration

in the solder ball is 2.7% or less 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 about 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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The sol der ball 90 conprised a Sn-2.1 Ag-0.9Cu SAC alloy prior to its
attachnent to the pad 94. The pad 94 has a 25-m | |inear dinension across
t he pad 9wosanf@me€. The undercooling relative to 217 C wesTassvs/oabed to be
in the range of about 15 - 25 C for FIGS. 8A - 8C, based on thernocouple
measurenents using identical or analogous circuit card assenblies. FIGS

8A, 8B, and 8C each show at nost very snmall Ag3Sn plates at each of the
three cooling rates of 3.0, 1.2, and 0.2 C/sec, respectively. The Aga-Sn

is so P ]I4S Latl td LC e as
nas beelt %f%a?@%a@i%?%“? Mool P PR St 3 S b 25
show t hat 3Sn ates ar.e suppress r, of, a ver size ip the Sn-2.
g o> et s HaraRL PP?Bffe&é‘Faﬁg‘ﬁf“ggBte\Mfgr?t RCEE TR RTRATR G
of 0.2 to 3.0 C/sec In summary, FIGS. 4-8 show that Ag3Sn plate formation
in a 8rcbetvesy 125nd&x0 ffalsec, abeveawhiel AggSraplatgigtmaiion i subgtantiallyciuppgssedcar d
or a chip carrier) is "substantially suppressed” if the Ag concentration

i n t HEhesthledholdlrabling miteis  Yamtioh @S shel dong®picioh of theAC hRorarl thegvdiabe, or if
the cooling rate is at least 3.0 Csec irrespective of the Ag

concepidrg %én@ﬂus ARei ARSYoRLALE nh MR And QiR §iifese IRV nRGhIRTcoDRld

attached To a substrate may not be substanti al uppresse

concen ratig D th sol de ' % Qr ool i es of 1.2
& s ocasr i o8 del plnp hop%ﬂé?rﬁma%%w B ey %Pﬁaﬁuaﬁxpﬂnae@%r% Foal’l (o
in a solder joi nt "substanti al | pressed" if there is no Ag3Sn

pl at PFIOFMNRE tess P th@ﬁ)@pegéqoe@ﬁedb\aqth QY- 4|£ the solder joint), or if any
formed Ag3Sn plate is small enough so as not to facilitate fatigue cracking
of the solH&S. BAIIC 2t VilBsB8¢tdnabiathgBGIH 4 558G /a4 Sl dérdrallskd0dditer beingit ) when
the solder ball (or solder joint) is subject to cyclic or non-cyclic

t her rflow-soldered to a nickel-gold pad 104 at cooling rates of 3.0 °C/sec, 1.2 °C/sec, and 0.2

°Cl/sec in FIGS. 9A, 9B, and 9C, respectively, in accordance with embodiments of the present
invention. The solder ball 100 comprised 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

_ thermocouple 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 that 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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i nduced stresses (e.g., during thermal cycle testing). As an exanple, the
Ag3Sn plates 75, 78 and 79 of FIG 6B and 6C are small enough so as not to
facilitatwosaiodosbati gue cracking, while |large Ag3Sn pl at ®€TAG0aMP0T 7 Of
FIG 6C are large enough to facilitate said fatigue cracking. The cutoff
Ag concentration bel ow which Ag3Sn plate formation is substantially
suppressed depends on the magnitude of the undercooling as wll be
explained infra in conjunction with the thernodynam c nodel of FIG 16.

Thus, the 0] HA AGCCROERRE-EtibM] ifBYeslof & SADAER) do¥der SAMIP &A@ beRiween 2. 7%
Ag and 3. 2% Ag depending on the magnitude of the undercooling. The cutoff

i t naBiot a0 <ds SEPPRE R FAR B pels oy Thdt I 10RRe g2 E086H o oo

with FIGS. 4-8. Definitionally, Ag3Sn plate formation in a solder ball (or
i n a HESdéPA] KiEand 19C; respeshvelnlin pecosdpnpe withegbodimenieeidhe greseéent i al Iy no
Ag3Sn plate formation in the solder ball (or in the solder joint). FIGS
4- 8 shomitionaThédgdder tallat1® coarpnistd ©8n-B3r5Ax SAC alby psiostolidektadtmhdnt &t thached t o
a substrate (e.g., a circuit card or a chip carrier) is "essentially

S Upprﬁﬁsﬁq" Thé PS&ﬁfﬂasCa%ﬁlﬂtlﬁﬁﬁxi @AfhendiBn 51653 P& 1RAdurfake Pre/ %0 OF | ess

substantially frrespective of the cooling rate, or if the cooling rate is

Al cgpppE e G5 Bl et SRR B lalBuOl A Rty
p

sol der ball attached to a substrate (e.g., a circuit card or a chi
car r i A - 16C, daspsk antheranqopuplg sisasuyements using ieatieal or pralogys SERHESHd of t he Ag
concentration, if the cooling rate is sufficiently high (i.e., at |east
aboutasgentbles SEI)S. 10AUmd 1883S30h phaw et thost veityi sorallcAgySd phetessat lsathetmioi cabliyg
suppressed with sufficiently high cooling rates, even if comrercial SAC
al | OYrafe@BP99iahil A5°E/AecE respett 6. In forftraSYFIR20C shows formation of the large

Ag,Sn plate 116 at the cooling rate of 0.2 °C/sec. Although Cu is not a component of the solder

ball 110 alloy 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

inventors 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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WO 03/ 070994 PCT/ US03/ 04204 or the ternary eutectic SAC all oy conposition
(i.e., 3.4Ag) is used. Since Ag3Sn plate formation is not substantially
suppr essewoaB/naeool i ng rate of 1.2 C/ sec or |ess, there ipeTAIWSDL28H0! d
cooling rate, between 1.2 and 3.0 C/ sec, above which Ag3Sn plate formation
is substantially suppressed. The threshold cooling rate is a function of
the conposition of the SAC all oy and the avail abl e heterogeneous nucl ei

whi ch foster the nucleation of the solid Sri phase. The threshold cooling

rate can %@g%?{)&ﬂd}ﬁ‘éalq}ﬁag‘é‘%@{o Qi @ﬁmféh%lhtlss insAdaliay bolwértvagyt undue

experi mentati y “perfor s s of e type associated with FIGS. 4-8.

FIGS. 9A-9C | SAC al f
bei nUaF R B SBHBL BT PRKBI BrSTaa mpo%tehtﬁ%fé q bg@a‘?’i e feih 511

Csec, 1.2 Csec, and 0.2 C/sec in FIGS. 9A, 9B, and éﬁ)ectlvely, in
accoratehed @wap iihFERHd ¢otkah o8lyghe AeSTanddahns GaRROReH Al th?@é" aiyegem3d) | 100
conprised a Sn-3.5Ag alloy prior to its attachnment to the pad 104. The pad

104 hasthe BGW pads, In deeaidartieveitisérnbodinents of theepresaot ihfentionr Tae SACTHDY
undercooling relative to 217 C was estimated to be in the range of about

15 - & ha!HEsh fHhed 2R beRSRHoRSo0ldeRRT BREKPEEId FRASAL QBN Sratsiofg
|dentsl%gj§ﬁ)£l %aﬁa ogousemarcw card assenbli es. %GS@S&QA 9B, and 9C each

37 il R 555 he PRDSLc I iste e, ot

Ive I's note IS not
corrponent of the sol der baI | 100 all o Fl GS. di 9A- 9C show %hhat even
t houghflewesoligraddnskaEanagn bye WQS&H‘Eh haé’eﬁ‘l hm flilingar dirgeRgyan acrogs4kepad ot o
are substantially suppressed frombeing forned in the Sn-3.5Ag all oy sol der
bal | suifaGe.(Tini pads dpeesr mdfIGe b ips having appueximaigheeirqubas o slaghithygpllintical shepesn t he
range of 0.2 to 3.0 C/sec. This suggests that the absence of copper
subst gt @bloinE4PRY MSsi@ied b AYRHN TheoA g Shela@tdppear in FIG. 11 as plate

structures on top of the BGA pads. The largest measured Ag;Sn plate dimension parallel to the
pad surfaces is about 30 mils (i.e., 762 microns). The dimension parallel to the pad surfaces of
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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when a solder ball alloy conprising tin and silver (but not copper) is

cool ed below 217 'C. 23 WD 03/070994 PCT/ US03/ 04204 FIGS. | OA-1 OC are

cr oss- secwbDanabospsrages of a SAC all oy solder ball 110 aft ecThsosng204

refl owsol dered to a copper pad 114 at cooling rates of 3.0 Csec, 1.2
C/sec, and 0.2 C/sec in FIGS | OA | OB, and 10C, respectively, in
accordance with enbodi nents of the present invention. The solder ball 110
conprised a Sn-3.5Ag SAC alloy prior to its attachment to the pad 114. The

pad 114 hl'élﬁ%eéh ‘%F’é‘?? Lftérib@ﬁ%rﬁﬁ" WEBRIeR BRI 1?2 %bQQ(Sbl' 428t bapec/dde

undercoolrng re ve to was esti mate e In the range of about 15

- 25 C for, FIGS. 0A - based. on t her mocoupl e sur S~ysin
i dentT"t?dJndSW"o‘giSHE rﬁé‘ﬂﬁ%toc?ll%g’ d aéa§tanatgétso pi ."ﬁ‘% © bgr_g% qgﬁs ach

show at nost very small Ag3Sn plates at each two cooling rates of 3.0 and
1. 2 ©nhsbermacespleotease¢ments psiog rentieal or matmgone rahbeesd avemhltiesonthstPagdhe | ar ge
Ag3Sn plate 116 at the cooling rate of 0.2 C/sec. Although Cu is not a

CONMPANgHas @28 inkie li6&dr dithenstval dcrdsd theapddAR7uifave. t 0 bei ng heated and refl owed,
exi stence of the Ag3Sn plate 116 together with the results discussed supra

o2 ARSEP AL bl S EnsOn e naminy g, L

into the so ined results shown on F | OA-1 OC

The AGTBATEI 08 Gocrriad Derih QBN LU RS Al BLOHOI TN st SGIERe "

determ ned that an addition of bismuth simlarly facilitates or augnments

t he roalpedtineacadanchwithgdsodpnenteef thpreseidnvesyon.j The spddeadalldd@ent r at i on

is sufficiently small (i.e., belowthe cutoff Ag concentration as di scussed
SUpr &bmpriiéda 81-3681H-0.700 alley phostaUishitiactinmak td the iphd.t ZheSAC @Alogselder tlle

nucl eation of the Ag3Sn plates. Note that an addition

had been formed after having been subject to a cooling rate of 0.02 °C/sec, after being heated
above 217 °C. FIG. 13B is an enlarged view of region 133 of the Ag,Sn plate 130 of FIG. 13A.
FIG. 13B depicts the morphology of the Ag;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, qpys) and the solidus temperature (Tsopys) 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 AT ina2-4 °C
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of bismuth may prevent formation of tin pest as will be discussed infra.
FIGS. 11-13 depict the norphol ogy and geonetry of Ag3Sn plates in the SAC
sol der awlban/070994 accor dance with enbodi ments of the presear/iSoyeszns on. 24
WD 03/ 070994 PCT/ US03/ 04204 FIG 11 is an optical inmage of a top view of
Ag33Sn plates in SAC alloy solder balls attached to an array of BGA pads,
wherein the majority Sn conponent of the SAC all oy has been etched away in
FIG 11 so that only the Ag3Sn and Cu6Sn5 conponents of the SAC all oy

re rra'reﬂ\ e el € fle%l%‘é%ce'nf}a@&ﬁ(%wfﬂﬂ REScOPpkNcdirbRhioR i 7% athd @ Tpines it
|nvent| on. The SAC al oy sol der balls had been forned after bei ng

fl d d
Col der T oo ey e e LB S RS cORLFERn s 02, T, T

refl owsol dered to the BGA pads. The pads each have a 25-m | |inear
di mersT appeawsrto be highly seasitive i tha eepperRRNGSAEAUOIIPL AP &Ry Jangitive fo the ﬂé@ﬁ ng
approximately circular or slightly elliptical shapes and are organized in

an Orcgﬁ‘deﬁéatﬁ@iihimisw?pé@mticM&oﬁ@ﬂﬁmioahla‘am appear in FIG 11 as plate
structures on top of the BGA pads. The |argest neasured Ag3Sn plate

di mensi on P?(ﬁ; A d%u?ge&t?thtapﬁ th (ﬁ)?g?r'ﬁ; ohBSRStibS isSteHt 0.36% d?‘l&@er( thef the rafige

m crons). Nnsi on para 0 the pad surfaces of the distorted

The. AGISHY wg%@%ﬁﬁhhﬁéw R B9 on T Ginpsy Confryi s 0

vari abl e Ag3Sn plate orientation with respect to the view ng ction
t hat coppenopmaghtratiorn imay grlares e meléing rwﬁ@nb(dy%d%re&t%éwapﬂé%\‘?eveb|1é§@ li ke
whi l e ot her Ag3Sn pl ates appear needl e-Iike.

copper concentration is 0.9% or higher, then the two-phase temperature window over which

solidification/melting occurs is much larger (e.g., at least 15 °C), which may be unacceptable
because the solder defect rate in the solder joint could go up dramatically. Such solder defects
include, inter alia, fillet lifting, pad lifting, solder ball lifting, etc., all of which may cause an
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 bali to
be no higher 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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FIG 12 is a cross-sectional imge of a SAC alloy solder ball 120 on a

ni ckel -gold pad 127, wherein the solder ball 120 conprises Ag3Sn pl ates
121- 126 wwohod@irdsberi ng angul ar orientations, in accordan®eTwisnso4204
enbodi ments of the present invention. The solder ball 120 conprised a
Sn-3.8Ag-0.7Cu alloy prior to its attachment to the pad 127. The angl es of
the Ag3Sn plates 121-126 with respect to the direction 129 vary from
slightly above zero degrees for the Ag3Sn plate 124 to slightly bel ow 90

degr 68314 Qlse HRECHEGRENRAtRInEn He3s0ldER BalPAC] 6% BYust olvel e thede MMEoWs/ AT eaH4
PCT/ USO03/ 04204 ball had been formed after being reflow sol dered to the pad

127 at _a cooli ate . L NG 1 to 217 C
was eSFTSiRlY %EFf@)g" E)hee Cloﬁg%rhcgng%lﬁ%{el&gﬁ‘ tgggﬁl? 6‘11{%%%%9%& Hg[élstgéj@éﬂ(?\répt her mocoupl e
measurenents using identical or anal oggus circuit car ssemhlies. The pad
127 H@gcentagonin the liqaiditingengdes ﬁqswaae?-oﬁgnqrﬁgom%fa Wfé"?a‘g’ﬁg phen thesopeer 1347138
are images of an Ag3Sn plate 130 that renmained after the majority Sn
conpanacdntiatidn e themtirited noppec bententratipnf the exeesSATPRST Woylds@meeuti9hl | t hat
had been soldered to a pad, in accordance with enbodi nents of the present

i nvenilRidn a8 REWSSH GREcifigint. TROsanGarpcosRd condBnir@idAg tdupb@aturl depyndent or t o
its attachnent to the pad. The SAC all oy solder ball had been formed after

havi g0k W8 Glab@: 50°20! bROCSA] rebule Akt 21 Iterbalnavigal ed

iggvef N i'San ‘enl'arged view of region 133 of the Ag35Sn plate
o] 13A. . FI 3B.depi.cts. th r.phol f the Ag3Sn pl.ate 130.
The fACRPY @Qﬁe%go'&ﬂg} 9%”&{ 1@68 t}letsé’ldtefzﬁﬂg%é\q% f%ﬁgﬁgﬁ%ﬁe%H eai'%y gﬁ @Sér si ve
X-ray Spectrum (EDS) technol ogx, whi ch confirmed that

If it is desired to prevent the SAC solder ball from having a final Cu concentration (i.e.,

an after-reflow Cu concentration) of no more than about 0.7%, the initial Cu concentration in the
solder ball may be set to no more than about 0.4 or 0.5 %. These considerations also apply to
other solderable surface finishes such as immersion Ag and Pd surface finishes having thin
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 the 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 total fraction of the initial copper 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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the plate 130 conprises Ag3Sn. The plate 130 represents other such plates
simlarly analyzed as having plate lengths typically in a range of 300-500
m crons awo oplaes t hi cknesses typically in a range of 25P80/usnsoaans. A

pl ate I ength as high as about 800 m crons has been observed. FIG 14 is 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 vvith errbodi ments of the present invention. The pasty range AT

ol | ot bR e D TRE R e t f G G R P A L R

copper ht percent concentrat 7% nd at fj ve silver

wei ghtor t*ﬁeq%@éfﬁﬂoé‘bﬁl%éﬂ?(}eaff?%‘sm(t ef%aﬁ% a‘é%be&/?"v% eaﬁath ¥ . FIG 14
shows AT ina 2 - 4 C 26 W 03/070994 PCT/ US03/ 04204 range over the five

si | veconcemotint ofabmin 8. Athenthahie pogsp eange irvcasonably ibonnded to nggoratdnAlfodtn a 16
- 17 Crange over the five silver concentrations when the copper

conceRfd éitthRe °Cs AbcBfdingliiusthe sdrhe aplgercta8l dlloy kendeh@hliohssensdet! fotebotivtypbe
copper concentration but not very senS|t|ve to the silver concentration in

this &vpms@t Gldo Pééﬁ)aﬁ%m‘?ﬁdk%! g&g A e 1Git1a?;é%ﬁié99&1%%§tr§tﬁﬂtmd foet he

copper ‘conceritra I's about omer he range oV whi ch the

SAC al | 1 based on the co conc al one, and
Che mﬁgﬁehﬁﬁgﬁpﬁ%ﬁtmwm5?'58"%@%?“?&5’ Fi FRAGERL o0 £ dogr e or
two. However, if the copper concentration is 0.9% or higher, then the
t wo- piaked-golshpadraat @t abawt RJH foraeoppri pad. densndine ondhe nwRbaref rafley exclasrs i s
much larger (e.g., at least 15 C), which may be unacceptabl e

Generally, there is no requirement for a lower bound of copper concentration in the SAC

alloy. Nonetheless, the melting temperature of the eutectic tin-silver alloy is 221 °C, and as
copper is added to the eutectic tin-silver alloy the melting temperature decreases monotonically
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 to 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 0.1%, 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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because the sol der defect rate in the solder joint could go up
dramatically. Such solder defects include, inter alia, fillet lifting, pad
lifting, woloderospal | lifting, etc., all of which may causecarusoapans 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 higher than 0.7, 0.8, 0.9
wei ght percent. Cenerally, the pasty range can be controlled by the copper

wei gflglegj%gﬁ&h NGEMAREI P e S AOQoIADA. | Ths! 1 227 APGHPE8A S Rahe r ef | ects the

inten app i at| on. Thus, depending on the appl i cation, the pasty range
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effect of soldering a SAC solder ball to elther a cop e i ckel
gol d lpnanal Agcongeatratiencof the sifertbal! maay; bsireduged by O cft%é%?&CP'g'?t fB‘Eb‘?th etsﬂ €0l der
ball (i.e., the Cu concentration prior to reflow is about 0.7% I|f the pad
i s a paspRremposiacn atiiew sdldei bl hamtfactgren dompédivenal tadgrpese. iAscoldenghadhe

m gr at es to the liquid solder ball which 27 WD 03/070994 PCT/ US03/ 04204

coul 4 falrafukfolid prédtes Riddales With kol dee balAGejonba@ittatiboclbsfd.30%] Matte t WO Or
three r Iows At each successive reflow, the copper concentration in the

sol deé@t?@fé?ﬁf:egﬁﬁqgﬁgn%ﬁery Ol herbl gqll&s%@ﬁ% sm(ég Q&: d&é\ﬁ@ﬁdeﬁ atld ih R doddrpaked | N

react nore ¢ er wer en the copper
concentration_ is at the saturat er concentr exGgess copper
woul dneyovasy e thsmmanbfactireroy,solder §aﬁf§%%§°epﬁ"é¥?’w t g%f‘?m@%é}t’es’élﬂtﬁ‘:f ed copper
concentration is tenperature dependent and is about 1.5% at about 250 C
One awoubehtratidn obie seldestak maywe ddatighOredotaddry s theredfeetf the Ag

concentration of the solder paste and the solder ball manufacturer’s compositional tolerance.
Thus, in many embodiments the Ag concentration of the solder joint exceeds the initial Ag
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
of the SAC solder ball , then the effect of the solder paste on adjusting the initial Ag
concentration 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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copper concentration of 1.5%prior to the solder ball being solder reflowed
to a copper pad. If it is desired to prevent the SAC solder ball from
havi ng a woral70@m concentration (i.e., an after-refl ow Cecrarsogooati on)
of no nore than about 0.7% the initial Cu concentration in the solder

ball may be set to no nore than about 0.4 or 0.5 % These considerations

al so apply to other sol derable surface finishes such as i mmersion Ag and
Pd surface finishes having thin surface plating. In these instances, the

thin Uﬁ@@epéra&gmgm S ?oci' d aﬁag aﬁ&r%ééfglrdeps&ﬁa&% tgﬁs asg)%fal Ay ;hy single

refl ow er these con |ons he un exposed
to the ol d and .t he conce int older joint can rise,
accorffﬂ‘@“ﬁ 0 F]FC?‘P{EC Bséﬂoﬁg' raatﬁf‘ Re on Flﬂssp%tlg‘er ﬁb%%?f AKERPY RS heat i ng

and reflow, the nickel in the internmetallic phase at the pad interface
ties asled testhe S 8qlder batiof therpresent iwentismalHigherdeviedsofdfisnouth andiantirabnyc opper
in the solder ball, causing the copper concentration of the solder ball to

dr op. mapus sbihe ifseantes| bé adde@io onproeea selaér vastti fanc%iﬁﬂé mchAianpropértiief SAC
sol der ball is soldered to a nickel-gold pad, then the copper

conceﬂny’s@mh@em@é A&tﬁu&ﬁﬁ Qa%ﬁg%ltﬂat‘}%d%pt% dﬁ%ﬁ%‘i‘o‘-dﬁ&z%l'lﬁ' st 2 or

3 reflows hus, there e range of copper that y the

pal | LSS %}55% < Sl s RS ot s e

03/ 070994 PCT/ US03/ 04204 not adverse from a pasty range point of view as
expl ai ned Elpdais zbas chart fraylting dram srierobrsdnasalsists conducteds ag¥ickar srfefceow QU

concentration in the solder ball to be at or below the eutectic Cu
concdavelaf i10 granis. dIGulS Showmeimrdhaainessw apfasétionrdgeweight gassanabl y bounded
to no nore than about two or three C. Accordingly, if the sane sol der bal
al | oyconedti@bibh ahd Eddind i fe FROSH-RIA OO SWRESI0y wherein X is weight percent

silver, in accordance with embodiments of the present invention. Note that with respect to

having higher thermal cycle fatigue life, 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 bgrs 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, AHisonly2to

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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of pads (i.e., a copper pad or a nickel-gold pad), then the initial copper
concentration may be about 0.5 or 0.6% so that the final copper
concent r awoaa/ondad d end up at about 0.2%for a nickel - golpdTEd3/64204 At
about 0.7 %for a copper pad, depending on the nunber of reflow cycles.
Generally, there is no requirenent for a | ower bound of copper
concentration in the SAC alloy. Nonetheless, the nelting tenperature of
the eutectic tin-silver alloy is 221 C, and as copper is added to the

eut ectisend bobisd bR, '19360&1*}? ARIFShREfiES ttlﬂ'g%frtlﬁ]%ﬁ%; ﬁ%?o%ﬂgo{%g%k%%ga' 'y

as the cooper w ght percent Creases suc I'n erature is
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tenperature for copper may be significant for some applications, it may be
desi r hastiess garidone Tdgpra;Saircerpsraterdt intthe lasgsmplates ke yhwaypetedalitha cae bater at i on
concentration to be at |east about Y% wherein representative values of Y%

ar e Obdffropotéd iQ.tBESn thaék asfinely disperééh A@8d plrtiéitates mpoii fihalzbhgificheonr esent
i nvention, the sol der paste conposition nay be taken into account. For

exanPige didpdr QATRleGiatlicut R ATA DS bR DAYENG EnSGel m&if ﬁtw}&% &AGndSE

currently.” If a purchaser of 'the SAC sol der ball I zes the 4. QAg sol der
past e, w.t. SAC solder ball of t L present inventio t he C sol der ball
o ot Srvtiitefaghat s el ar ASupREr 8y ARiThe Rloesioif Wi Gndfie  ve
Ag effect of the sol der paste by 0.2% and another 0.2% based on a 29 WD
03/ 07¢R9UY PicthesgSHryCRUSSIACTERSER Anthe A roBgenisatinn Hthe digpiddihgseowhich andsagpesol der
ball. Thus, if 2.7Ag or 2.8Ag is the

the final solidification (producing the solid Sn phase) increases. These more dense structures

manifest higher hardnesses. The relatively small values of AH at 2.0Ag - 2.5Ag (where Ag,Sn
plate formation is suppressed in accordance with the present 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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maxi mum desirabl e Ag concentration of the solder joint associated with the
solder ball, then the 1initial Ag concentration of the solder ball nay be
reduced bwods3A%we account for both the sol der paste conpagiusoa2and t he
sol der ball manufacturer's conpositional tol erance. Accordingly, the

manuf acturer woul d produce nodules with a solder ball Ag concentration
close to 2.3% Note that the preceding nunbers are nerely illustrative,
since the Ag concentration in the solder paste may vary and the

manuf.act uk er'.S, S r .pall .tolerance may vary. Cenerally, the initial Ag
concéﬂgﬁea‘f‘r?'gr@ﬁ&% qté”ﬁ ol ‘i{?frf;'reﬂﬂé SSQYIH%I? PYBEYY HSaULBEEsY Opott/sehe
effect of the Ag concentration of the solder paste and the sol der ball
nmanuflaye shayn yn 5g% ¢fo?alC t@B@ PG hetore thEtSngphasesotidifizs.e Fho dietmsmbiity be  Ag
concentration of the solder joint exceeds the initial Ag concentration of
t he gsbé HeuwidiSalphatkydependsamsthe avilabilidy 306i(ee f&- hetddygeRectonuBlehiiéh @teiEedi Ng
exanple). Also note that if the Ag concentration of the solder paste is

| ess gifi@n the desired Ag concentration of the SAC solder ball , then the

effect of the solder paste on adjusting the initial Ag concentration of
the SAC s [ |l d _be subtractive.rather than additive. Another
aspect of %txglglp %lggegéw%h\%)ﬁ?s‘egtﬁ aPﬁ(%T‘RPZ%“O&d’cfit “ﬁ‘(“?‘isé%&()é.bf%“bﬁhﬁnut h (Bi)
(e.g., 0.1%to 0.2%bismuth) to the SAC solder ball to prevent tin pest

f r omeytestis Mekipg line 213 dutp theametagiablaregion 33Q. shseaxtrapolatedding 20k ismwntioean
tenperature and is characterized by an allotropic phase transformation of

tin whi&hfotmedisy extrapotatien riak mkes thechp@aRabs it Nidaidus Bn200 info 4ccvliet ghki n™)
into a body-centered cubic structure of tin(i.e., a "grey tin" powder).

The tré%%‘ﬁ B30 pRUW Dot 'rEitS% B30 e 14H nyth% h{;ragjlgﬁa.ierd%lﬁn% {ﬂig%ﬁﬁggﬁéﬁf: Ve

properties of the structure at conpri ses
‘;“n't : 239 ;P/cp@gsnsghE SF B R apolated T 217K ferviry b trhmsformation vesder cquilitioy |
conditions would require essentially no undercooling and would enable solidification (i.e.,
crystallization) of all three phases (i.e., the Sn, Ag,Sn, and Cu,Sn, 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 (§T) 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 Agy,x 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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WO 03/ 070994 PCT/ US03/ 04204 (Sb). However, bismuth is |ess toxic than

anti nony under sone conditions associated with recycling of electronic
assenbl y watosnr@bs. Nonet hel ess, either bisnuth or anti nomgTesgs/eos added
to the SAC solder ball of the present invention. Hi gher |levels of bisnuth
and antinony nmay, in sonme instances, be added to inprove solder wetting
and/ or the nechani cal properties of the solder joints. - Additionally, any
additive that is known to a person of ordinary skill in the art as useful
for suggre kgg tin .geg& rrgg e added tg the SAC sol der ball of the present
i nvenPPdif" theregion 23§, AS adustexaraple) i i0A5 19 r Githen Azenead O fom ewstaf
conducted at a Vicker's force l|evel of 10 grans. FIG 15 shows
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rate for a Sn-XAg-0.9Cu SAC all oy wherein X is weight percent silver, in
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respect to having higher thermal cycle fatigue ¥fe, relatively |ower

val ue Lo n nor desjrabl e than rel atively higher val ues
o i o SRR GhE alcBaB el Giber 525 B0 disomahed raghisal o ¢ ost e
for ni:gbalga%dness after having been forned at a cooling rate of 0.02 C sec.
The b b SV Aefenigedspemeriqally by asipg thefionlingar eghatictribatgepresensaks ved from
the SAC all oy vendor and said as-received SAC all oy had been forned at a
very exppdlateddine 2§1r Thes fithetempenatine israpteastr 207 W, 1101 oPBBTI G 8k thhet AH
denote a differential in hardness between the as-received alloy and the

0. 02 fpSacasmphededt iDye A%twégl&iﬁéﬁ:@ntvi@ln&l%i%le thafi i3|.db§,)'aqﬁ%n8re%§%ati on in
of at 't

wei ght ~ percent FIG 15 shows much Iarger Val ues e hi ghest val ue
o eiri i, ¥y 1Y hphEd PSR VELNES: el
![ ﬁ;ge°a gtl which gIl w'Aéll_'Jl(fl Iguc?éa%gncfer gquéllhpggnu(nll i:gn'ditiélnsF Ql"h?: till_lwgha?eriﬁ tlllei rke§ilo¥1 2%3 used by
below 217 °C is undercooled and would nucleate if it could, but it cannot because such
nucleation is kinetically inhibited. However, with sufficient undercooling 6T, 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 begin 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 to thermodynamically prevent nucleation of Ag,Sn is 2.6% if §T=25

°C and 2.8-2.9% if 8T=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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presence of Ag3Sn plates in the slowy cooled condition and the absence of

| arge plates in the 31 WO 03/070994 PCT/ US03/ 04204 rapidly cool ed

condi t i orwoloa/obvh types of solidified structures, the sameTarsosmt200f Ag3Sn
exits; however, the Ag3Sn is dispersed differently in the two solidified
structures leading to the hardness variation. The Ag3Sn incorporated in
the large plates takes away material that can |l ater be incorporated in the
Sn matrix as finely dispersed Ag3Sn particul ates upon final solidification.
The dj 1 ' : ionNs 88aed Yethe! | ke

pa ¢ AP A B e e e

distributed evenly across the solder joint. However, the density of these
strucﬂ%r?%ij:’lrﬂ,frtg%ég az(s);%t he Ag concentration in the |iquid phase which

undergoes the final solidification é roduci ng the solid Sn phase)

i ncr eases.InTélatden teshepigesrieg diseussion e glG-rlénleF glf}tSllNPrdWéP apight BB, The
relatively small values of AH at 2. 0Ag - 2.5Ag (where Ag3Sn plate

f or madonedhtration MR tESSAQ alloy.abcazccrdmoe with the tphesemptrieseanipn] Xvesuffiastly s
desirabl e, since the mcrohardness is insensitive to the processing

condi %ﬂg&&%} inf¥rGulid S@dsefléeitielz 6?9%:%%@6%&94) @94t forkatibn bPAR,SHip1&Ed #s car d.

FI G epicts a section ( a cut) at a constant Cu concentration of

0.7 wt, %of the ternary. Sn-Ag- phase di aqgr i M th
ebod By SHORERSEHBEHE YA A B Rused HaTh by RSRRAAPARCGAM DT
which is located to the left of the Iiquidus |ine_ 200 hown, Ag3Sn
cannatooledite 8 lowerdefnperatyrg Tt Whigh the sglidspin phgss it “W@a?ﬁ‘ejﬁ Clgrow. | f Ag3Sn
were present in the pure liquid region 210, then the Ag3Sn woul d di ssol ve
back temperatueTpeoreesporgisital thefundergodimgiDreldtive to tigiegtectio Gieltilgitethpérsturecat ed
to the right of the liquidus Iine 200 as shown, Ag3Sn can nucl eate

Tg of the SAC alloy, wherein Tg is about equal to 217 °C. Mathematically, this means that T =

Tg - OT.

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
constituent of 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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and grow, Ag3Sn plates can therefore exist in region 220. The regi on 230
lies below the eutectic nelting line 217 of 217 C. In the region 230, the
Sn | i qui dwphaseosps substantially nmetastable and cannot easirlysosaebeat e.

| ndependent neasurenents by the inventors of the solidification process 32
WD 03/070994 PCT/ US03/ 04204 in the Sn-3.8Ag-0.7 Cu alloy, using
differential scanning calorinmetry at scan rates of 0.1 C /sec, have shown
undercoolings of 15 Cto 30 C before the Sn phase solidifies. The
netastability of the liquid Sri p 58 depends on the availability of sites
for heterogeneous nucleation to ta ce. Extrapolated line 201
represents an extrapolation of the liquidus line 200 below the eutectic
melting line 217 into the netastable region 230. The extrapolated |ine 201
is nonlinear and is formed by extrapol ation that takes the curvature of

t he | What degkimeéds: 200 i nto account. The region 230 has two portions: a
portion 231 to the |left of the extrapolated |line 201, and a portion 232 to
the right of the extrapolated |ine 201. A ternary phase transformation
under equilibrium conditions would require essentially no undercooling and

woul LAk i I, stallization) of all three phases

(i edl%?ﬁ‘g&%ﬁ%kgggéﬁ%gﬁﬁﬂ%ﬁ‘%%gmﬁh‘gg%) at 217 C. Wth the ternary system
in FIG 16, there i.s no ternar hase transformati on, because the tin phase
i s not eé%???mﬁﬂ%ﬂéﬂﬂ% &“BHPM%QEWEﬂ%F§£eaSin supercool ed (i.e., |
undercooled) in the liquid state and is thus netastable substantially

bel ow t he Whaiein2ierallsy incigdeg tinKfn), eitverdpg). anédopientCPO1 has t he

t her nodynami ¢ characteristics of the liquidus line 200 under this

met ast abl ewleaeiditlid thinhas 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 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 temperature of the alloy, and

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

1.5%.

2. The composition of claim 1, wherein X has a predetermined value based on X being
sufficiently small that formation of said Ag,Sn plates is substantially suppressed during said

cooling of said alloy in said liquefied state.
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Therefore, in the portion 231 of the region 230, Ag3Sn cannot exist in
equi libriumand thus cannot nucleate and grow. Accordingly, if a given
anount ofworndermeol i ng (ST) below the line 217 is assunme@CTiusesof£2he
extrapol ated line 201 may be used to infer the maxi num Ag wei ght percent
(AgMAX) that will place the ternary mxture in the portion 231 of the
region 230. Thus if the Ag weight percent is AgMAX and the tenperature is
at least 217 C - ST, then solidified Ag3Sn is thernodynam cally barred

fromybej , > AUIS i t1 OfH Wherelh X he 38O
03/ 07080 e TR R SR AR, SRRRIE bt B WAt K% FALE cxampl e

if 6T= 10 C then AgMAx=3.0% from use of. the tr L at edli . As a
secomppxaRamslxer ‘Y‘?‘g@ﬁ%"@%‘f@ﬁr 19 ts .]'ﬂ%’g‘?dr %E%yuaggl %(1)(?1 ‘fg%‘g h'p Ee]‘a%fSrzaa?legl)oI at ed
line 201. As a third exanple, if 5T=30 C then AgM,, X=2.5% from use of the
ext r dpromatpmically baoed fronebeing fesened dp U’&Illalé%ﬁ%’fa“g@jl@luxnwlé cpRlinedd s i ned
graphically from FIG 16, but were determ ned nunerically by using the
nonl iljaeefiedeMoqt i on that represents the extrapolated line 201. Thus if the
tenperature is at least 207 C, 197 C, or 187 C, then the Ag3Sn 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

tecti t cat f 1 C i i . . ]
cqut P RS GRS T Em Frdersi Rn D ntid) otR, il G0 BeffllEliveg o,
under cool ed and woul d nucleate if it could, _th it cannot because su§h _
nucl dem afernary phasediagsam gnd atsesinted dhermediaipntic dyfp relalng i lPaEY MRGEF Cbol i ng

ST, the tin phase will nucleate. Typically, such sufficient undercooling
ST i SnalguiandiGu.- 25 C based on experi nent al

5. The composition of claim 1, wherein the copper weight percent concentration in the liquefied

alloy is sufficiently small that the pasty range of the liquefied alloy does not exceed about 10 °C.

6. The composition of claim 1, wherein the copper weight percent concentration in the liquefied

alloy does not exceed about 0.9%.

7. The composition of claim 1, wherein the alloy further includes a substance that suppresses tin

pest formation in the solidified alloy.

8. The composition of claim 7, wherein the substance comprises bismuth, and wherein the

bismuth has a weight percent concentration of at least 0.1%. in the alloy.
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data to which the inventors have access. Thus if the tin begins to nucleate
at 217 C mnus 15 C, then based on the preceding cal culations, the Ag
concent r awpD®n/070994 he al |l oy should be no nore than 2. 8- 2. Eaasoy/heavs t he
Ag3Sn cannot begin to nucleate until the tenperature is 15 C below 217 C
Simlarly, if the tin begins to nucleate at 217 C mnus 25 C, then based on
the preceding calculations, the Ag concentration should be no nore than
2.6% so that the Ag3Sn cannot begin to nucleate until the tenperature is

Qw 217 .C. rdin t ntration to
Cher noayanrgpiyn OF S0UR 1 Aol ore B RFeiB S %% 1 6725 C and
2.8-2.9%if ST=15 C. Al though nucl eation and grow h are kinetic phenonena,
the present invention thernodynam cally bars the nucleation and growh
fromoccurring, because 34 WD 03/070994 PCT/ US03/ 04204 incipient nuclei are
t her mibfdlyitha cbmabsitioniofclaim &, wiier¢ih&X tsan paangeadabagi26%mo atmut 8:8P%.ned to t he
portion 231 of the region 230. In relation to the preceding di scussi on of
FIG 16, let the silver have a weight percent concentration X in the SAC
alloy. In accordance with the present invention, X is sufficiently snal
(such as, inter alia, by selection or by predeterm nation) that formation
of Ag3Sn plates is substantially suppressed when the SAC alloy in a
liquefied state is being solidified by being cooled to a | ower tenperature
TL at which the solid Sn phase is nucleated. The |lower tenperature TL
corresponds to the undercooling ST relative to the eutectic nelting
tenperature TE of the SAC all oy, wherein TE is about equal to 217 C.
Mat hematically, this nmeans that TL =
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TE - ST. In consideration of the magnitudes and variations in weight
percent concentration of silver and copper in the SAC alloy as well as
smal | anowotes/oof9ot her al |l oy constituents such as bi snut irCtrhzsbs/oeey4 be
present, as discussed supra for the present invention, the majority
constituent of tin in the SAC alloy of the present invention is at |east
about 90% Whil e enbodi nents of the present invention have been descri bed
herein for purposes of illustration, many nodifications and changes wil |

becpnﬁ.ﬁpﬁg{hﬁﬂtfoﬁggh{ﬂg%ﬁ Rkl dafdnlc r&hc%nﬁ)rnﬁsrn[r)]él Accordingly, the appended

clainms are 1 nten enconpass all ’suc fications and changes as
fall within the ta;que spirit g&]d scope of this invention. 35 WO 03/070994
s &fi

PCT/ US03/ 09V4g tep 5§t felges ball aftacheddp p disst cdesipieadly cppstuctive
conprising a solder alloy, wherein the alloy is substantially free of

| ead,Pagtikatas eoupird taltheofjrsi subbwateswhdrein (Unfirst silderdnll comprisearacsotdep piéay, ( Cu) |
wherein the tin has a weight percent concentration in the alloy of at |east

aboutwisd8in theMilsyes Bubishatislly fres of18:5d, & haRiig e a6y GRNIdeS BRCSAY, SifVek g& Yhnd< i N
the alloy, wherein X is sufficiently small that formation of Ag Sgn pl at es

L ARl Gy, Sy bV PRI,
phas 990'%3, an %Jh%?etir? 91’6: 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 solder ball to a lower
temperature at which the solid Sn phase is nucleated, and 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 formation of Ag,Sn plates is substantially suppressed during said

cooling.
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wherein the | ower tenperature corresponds to an undercooling ST relative to
the eutectic nelting tenperature of the alloy, and wherein the copper has
a wei ght wersenmdconcentration in the all oy not exceedi ngprabaisn3/da2edo 2.
The conposition of claim1l, wherein X has a predeterm ned val ue based on X
being sufficiently small that formation of said Ag3Sn plates is
substantially suppressed during said cooling of said alloy in said
quuefied state. 36 WD 03/070994 PCT/ US03/ 04204 3. The conposition of claim

"‘"l%%hé"ﬁﬂp%%?d@ﬁﬁ 1?&91?&%@6%\;1«1111& the¥dr Whst Rk AndMeSitstisldenkall maxi mum

S|Iver wel ercent concent ion“in the liquefied alloy at which Ag3Sn
pl ates are erm)d arredf fied

Bl 1 o OmFeESH T TUBT MG e PR eprestish ey IOt HhE T et | 0,
claim3, wherein XWnx is a function of ST, sai functlon beln derived

f r omsach an¥s ys iiBeientli srplkimisan fsaaionfdhe ﬁﬁé‘h&lﬁ%éﬁi‘éﬂﬂﬁ{aﬁyr elating to
a ternary mxture of Sn, Ag, and Cu. 5. The conposition of claim1,

wher uppredsed amﬁxg&raidl\aicgilng. percent concentration in the liquefied alloy is
sufficiently small that the pasty range of the liquefied alloy does not
exceed about 10 C. 6. The conposition of claim1, wherein the copper weight
percent concentration in the liquefied alloy does not exceed about 0.9%

13. The method of claim 11, wherein X, does not exceed Xyax, Wherein Xy« is the maximum
silver weight percent concentration in the modified solder ball at which Ag;Sn plates are

thermodynamically barred from being formed in the modified solder ball during said cooling.
14. The method of claim 13, further comprising determining Xyax as a function of 6T from a
ternary phase diagram and associated thermodynamic data relating to a ternary mixture of Sn,

Ag, and Cu.

15. The method of claim 11, wherein the first substrate comprises a chip carrier, and wherein the

second substrate comprises a circuit card.
16. The method of claim 15, wherein the first solder ball is a ball grid array (BGA) solder ball.

17. The method of claim 11, wherein the first substrate comprises a chip, and wherein the second

substrate comprises a chip carrier.
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7. The conposition of claim1, wherein the alloy further includes a

subst ance that suppresses tin pest formation in the solidified alloy. 8.
The conpowptsomsd claim 7, wherein the substance conpri sesThisssri2hy and
wherein the bisnuth has a wei ght percent concentration of at least 0.1% in
the alloy. 37 WO 03/070994 PCT/ US03/ 04204 9. The conposition of claim1l
wherein X does not exceed about 2.8% 10. The conposition of claim1,
wherein X is in a range of about 2.6%to about 2.8% 38 WO 03/070994

PCT/ URD 34,042baldr o1 BLL angreirpx {sQh Akt 28R DL E% ¢hbout 2184 U €,

conprising: providing a first stibstrate and a first solder bal | attached
to afirst electrical Iy conductive pad that is coupled to the first
substrate, wherein the first solder ball conprises a solder alloy, wherein
the alloy is substantiall free of lead, wherein the alloy includes tin
(Sn) , 1%iTihg retlosipf claimgl 1. ¥ é‘ﬁ dops nohewaeed AP E-8% n has a wei ght per cent
concentration in the alloy of at Ieast about 90% and wherein the copper
has a wei ght percent concentration in the alloy not exceeding about 1.5%
provi ding a second substrate and a second electrically conductive pad

coupl gl i@ mettm STREAR 1S WhsteiPihe cgﬁsaa Weﬁ%’h@ géﬂ&@ntfobhc‘dntra@d)rdﬁrth@mloﬂiﬂea t he
er

second pad; nelting the first sol bal y heating the first sol der ball
to fof solde? bnﬁg{nflrllge goosh% (il gufgakllltly small that the pasty range of the modified solder ball

during cooling does not exceed about 10 °C.

21. The method of claim 11, wherein the copper weight percent concentration in the modified

solder ball does not exceed about 0.9%.
22. The method of claim 11, wherein the second pad is a copper pad.

23. The method of claim 11, wherein the second pad is a copper pad, and wherein the copper

weight percent concentration in the first solder ball does not exceed about 0.5%.
24. The method of claim 11, wherein the second pad is a nickel-gold pad.

25. The method of claim 11, wherein the alloy further includes a substance that suppresses tin

pest formation in the alloy.
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and solidifying the nodified solder ball by cooling the nodified sol der

ball to a |lower tenperature at which the solid Sn phase is nucl eated, and
wherei n twe iBowmp4 t enperature corresponds to an under coolprcmgiséFo42ed at i ve
to the eutectic nelting tenperature of the alloy, wherein the solidified

nodi fied solder ball is a solder joint that couples the first substrate to
the second substrate, and wherein a silver weight percent concentration X2
in the nodified solder ball is sufficiently small that formati on of A93Sn

pl at %@o@ﬁ%@g@’ﬁh g;ﬂa%h Y, WhiRBH &S5 5hsHHE FIRG sSiakhallae Md 2Bond3shd\WBnTpBsE7 0994

PCT/ e nmethod of claim 11, wherein providing the first
substrate and the first, so] der .bal | [ I L.Ng: id,wer wei ght
per c&RPLY e todhs H05d p3 arﬁpéa%lg 8@%{%&9 ‘rqgleﬁa}u?@t&g%kg‘glrtﬁbalqu\k such t hat

X2 is sufficiently small that said formation of the Ag3Sn plates is
substantially suppressed during said cooling. 13. The nmethod of claim 11,
wherein X2 does not exceed XMA, ,t, wherein XWMhx is the maxi mum silver

wei ght7. PRé setiododoleant t,ati on in the nodified solder ball at which Ag3Sn

pl ates are thernodynamcally barred frombeing forned in the nodified

sol der bal, dup togpringih £2P4dIRG bafi4o th-EB@cdiﬂ}ﬂa@@oﬁbriS‘ds&gbplyﬂx%,a dolet baste
conprising determning XVhx as a fpnctl on of ST froma ternary phase
glnag rtg&nxeasggﬂl%s?%%hg tpfeagintg hEL ARIVEIZD $a19R EGnth& VAt €8 sdiflerpasR! Ay Y m xture of
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.

28. The method of claim 27, wherein the solder paste includes a weight percent silver X, that
exceeds the silver weight percent concentration X, in the alloy of the first solder ball, and

wherein X, - X is at least 0.2%.
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15. The nmethod of claim 11, wherein the first substrate conprises a chip
carrier, and wherein the second substrate conprises a circuit card. 16. The
met hod ofwolmiom9db, wherein the first solder ball is a balpicTgrsosiosns ay
(BGA) solder ball. 17. The method of claim1l, wherein the first substrate
conprises a chip, and wherein the second substrate conprises a chip
carrier. 40 WD 03/070994 PCT/US03/04204 18. The method of claim1l, wherein
X2 is in a range of about 2.6%to about 2.8% 19. The nethod of claim 11,

wher ejg) AXdetHOf for 1Oimif Y 6 86KlePESMbosRidR Yeordflisindie met hod of claim 11, wherein
t he copper wei ght percent concentration in the nodified solder ball during

cooling is _sufficiently,s |t . OcH | der
val 1 dur PREB R I SR e R TR O

, Wherein the copper weight percent concentration in the nodified sol der
bal | Ingedes it (Sek B (@BoFASoBYE (S5, WhRETHBE HBR=DA "ALN RFEAT wher oi n ¢ he
second pad is a copper pad. 23. The nethod of claim 11, wherein the second
pad ineemtapgein thadlloypofhtidnst diont 90fe, whppiarthe sibieghes peeighhrereedhcent rat i on
in the first solder ball does not exceed about 0.5% 24. The net hod of

cl ai Mohdent4hi6d B the b6y AOERBEEIRAChbOE! AOB| SkdeWhgoindhPesppePbas alneghet hod of
claim1l, wherein the alloy further includes a substance that suppresses

tin pp%%ent gorngajf-t}a?lgn iiﬂ'tl%e%o?hl)pé&ceeding 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 Ag;Sn plate formation in the alloy during said cooling.

30. The method of claim 29, further comprising, prior to said solidifying, selecting the cooling

rate that is high enough to substantially suppress said Ag;Sn plate formation in the alloy.
31. The method of claim 29, wherein the cooling rate is at least about 1.2 °C/sec.

32. The method of claim 29, wherein the copper weight percent concentration in the melted alloy

is sufficiently small that the pasty range of the melted alloy does not exceed about 10 °C.

33. The method of claim 29, wherein the copper weight percent concentration in the melted alloy

does not exceed about 0.9%.
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41 WD 03/070994 PCT/ US03/ 04204 26. The met hod of claim 11, wherein coupling
the first solder ball to the second pad conprises applying a flux to the
second pawoan@7@baci ng the first solder ball in contact wpcCh/usa®of2bux. 27.
The met hod of claim 11, wherein coupling the first solder ball to the
second pad conprises applying a solder paste to the second pad and pl aci ng
the first solder ball in contact with the sol der paste, and wherein nelting
the first solder ball conprises nelting the first solder ball and the

sol dejs TREffehd6rRAGHI29IwWhEBinfthE SlloysRider inbRlts Aibhstah@ B SBprepRs iR, such
that the nelted solder paste is incorporated into the nelted first sol der
bal | tq orqthe Hndifg%% golder ball, and such that the nodified sol der
bal | BENdPTRIO A SHIgHIdANOY-o “wi thin the first solder ball. 28. The net hod
of claim 27, wherein the solder paste includes a weight percent silver Xp
that exceeds the silver weight percent concentration Xl in the alloy of
the first solder ball, and wherein X2 - X, is at least 0.2% 42 WO

03/ 0339THe REtodsd 8lain 38 4wR&ecinAheraitistdcd comprisesrbisgiuth, snd gdberegotin bssimution,
conprising: providing a solder alloy, wherein the alloy is substantially

free Haf alWRaght peRRefioRcdnfatién box ledsGh gdiashd alby( Sri), silver (Ag), and
copper (Cu), wherein the tin has a wei ght percent
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concentration in the alloy of at |east about 90% wherein the silver has a
wei ght percent concentration in the alloy not exceeding about 4.0% and
wherei n tWe osoppes has a weight percent concentration inPpCEasab4gs not
exceedi ng 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 Ag3Sn plate formation in the
all oy during said cooling. 30. The nmethod of claim 29, further conprising,

pri Oﬁg.tszggfﬁégﬂ%ﬁ&ﬂﬁﬁ i ect3&l1 86hdBe, EdiRpri@gy:i ng rate that is high enough

to su y suppress sald Ag3Sn plate formation in the alloy. 31. The

met hod of cl ai.m 29, erejn the. coolin el . . O sec.
32 The mEtHOtnB TEx A6 itget ek o BSnte Bt olsPaRkulal fordudtink P2 o0
inthe nelted alloy is sufficiently small that the pasty r e of the

mel t gad tial syroupled (e figst sulsratep wiherenpthe firsg 3oldenal hey fpebp sp 0¥,
wherein the copper wei ght percent concentration in the nelted all oy does
not  evheststhehdluy iskubantiBly\¥Be @B1ad0ObeteiRCY WRYINCUAGABED), Bilgentéighaud of
claim?29, wherein the alloy further includes a substance that suppresses

tin Q@%&er (GEYTRERM the tih MEs & Meight pér@eht@bh&yitratién in theali®i sfad ldatt abbai m 34,
whereln the 'substance conprises bismuth, and wherein the bisnuth has a

\6\§|/ 89@@8%%%%% the AN rl]1t21£ g wepéﬂt Bércéﬁt chﬁ@eﬁrat@onlin%é Eﬂléﬁﬁ)t %kéé&ﬁing%ﬂo%o

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 ball to form a modified solder ball;
and

solidifying the modified solder ball by cooling the modified solder ball at a cooling rate
that is high enough to substantially suppress Ag,Sn plate formation in the modified solder ball

during said cooling, wherein the solidified modified solder ball is a solder joint that couples the

first substrate to the second substrate.

37. The method of claim 36, further comprising, prior to said solidifying, selecting the cooling

rate that is high enough to substantially suppress said Ag,Sn plate formation in the modified

solder ball.
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PCT/ US03/ 04204 36. A nmethod for formng an electrical structure,

conprising: providing a first substrate and a first solder ball attached to
a first ewewsnimdad ] y conductive pad that is coupled to trhe/Sns/eto0s
substrate, 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), wherein the tin has a weight percent
concentration in the alloy of at |east about 90% wherein the silver has a
wei ghtg. Mk affodcsTriemt 36avherin the fiie sabdtaye cvaiprsgcaedp ngriebaud whéred®theand
wherein the copper has a wei ght percent concentration in the alloy not

exceesc‘iac{):lrgH BOPHE cdmpdles RIcR¥hidksd @ second substrate and a second

el ectrl y conductive pad coupled to the second substrate; coupling the
first solder ball to the second pad; nelting the first solder ball by
heating the first solder ball to forn1a nodi fi ed sol der ball; and
solidifying the nodified sol der ball cooling the nodified s g@h bal | at
a coo39.Age method afiskaim; 38, wheteinsthe digH w@e&%klﬁérhailaaﬂwﬂgub%ﬁ?’éé gol ﬁ@f pl at e
formation in the nodified solder ball during said cooling, wherein the
solidified nodified solder ball is a solder joint that couples the first

substrate to the second substrate. 37. The nethod of claim 36, further

CONDr i g met{ddf iBmSH, @hé&hd Ak Fixdt RGbstf] @EtpriRes 4 bigp Cal witgein it Rcdddat i s
hi gh enough to substantla y suppress said Ag3Sn plate formation in the

modi Iu%strate comprlses a Ck’llp carrier.

41. The method of claim 36, wherein the cooling rate is at least about 1.2 °C/sec.

42. The method of claim 36, wherein the copper weight percent concentration in the alloy is

sufficiently small that the pasty range of the alloy does not exceed about 10 °C.

43. The method of claim 36, wherein the copper weight percent concentration in the alloy does

not exceed about 0.9%.
44. The method of claim 36, wherein the second pad is a copper pad.

45. The method of claim 36, wherein the second pad is a copper pad, and wherein the copper

weight percent concentration in the first solder ball does not exceed about 0.5%.
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45 WD 03/ 070994 PCT/ US03/ 04204 38. The met hod of claim 36, wherein the
first substrate conprises a chip carrier, and wherein the second substrate
conpri seswaosioread t card. 39. The net hod of claim 38, whererrusosres2b4 r st
solder ball is a ball grid array (BGA) solder ball. 40. The nethod of
claim 36, wherein the first substrate conprises a chip, and wherein the
second substrate conprises a chip carrier. 41. The nethod of clai m 36,
wherein the cooling rate is at |east about 1.2 C/ sec. 42. The nethod of

cl ai Me3fne WRRIAIR clalll 360RREEIEE SRbn@BEERM niGieNgeltpadt i on in the alloy is
sufficiently small that the pasty range of the all oy does not exceed about

10 C. 43. The nethod of claim 36, wherein the copper wei ght percent
concentration in the alloy does not exceed about 0.9% 44. The nethod of

claim 36, wherein the second pad is opper .pad. .45. The nmet hod of claim
36, by et o slan dopuberFis the el RrhERaChtR SRl N eEPRESSE D wei ght
percent concentration in the first solder ball does not exceed about 0.5%
46 \\peSIbfizABNHdn BETAIO803/ 04204 46. The method of claim 36, wherein the
second pad is a nickel-gold pad. 47. The nethod of claim 36, wherein the

all oy further includes a substance that suppresses tin pest formation in
the all oy.

48. The method of claim 36, wherein coupling the first solder ball to the second pad comprises

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

49. The method of claim 36,

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 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.

47



48. The nethod of claim 36, wherein coupling the first solder ball to the
second pad conprises applying a flux to the second pad and pl acing the
first solwersbalob4in contact with the flux. 49. The net ho#cofused/aizon 36,
wherein coupling the first solder ball to the second pad conprises applying
a solder paste to the second pad and placing the first solder ball in
contact with the sol der paste, and wherein nelting the first sol der bal
conprises nelting the first solder ball and the solder paste by heating

the fipsq &Q%ﬂﬁhn?@kk Hﬂuﬁﬂﬁn§Q%ﬂﬁ%w§@Ste such that the nelted sol der

paste I's “1ncorporate |nto the nel'ted first solder ball to forn1the

ol der past B PRI ACioRE STt Pk hrd Ol P irubGoad s PO Gazoa

50. A pre-soldering electrical structure, conprising: a flrst substrate and
a fi requplsitedhe firs) ubsirate,orantein dhexfirst salderdrld cpmprisgsiasoldsn aliet wherepridiet hat i s

coupled to the first substrate, wherein the first solder ball conprises a
sol desll®/l ik sybstantialiyefree dfHead, atHeein it Slob sichudes &h l(§n)f siber ¢Ag), eatlcoppler ei n t he
alloy includes tin (Sn), silver (Ag), and copper (Cu), wherein the tin has

a wei @iﬁ WREERNhe GPRELIVERKE Scdmd cbRt@n@hilAin e Ao |o?§§fea§%lﬁ%ﬂt 99@0/%@”0'
wherei n 't he copper has a melght percent concentration in the al oy not

exceed out % cond ubstrate an c d eI ctric .
conaut o s i P BR R L LR B el B SRR R BT s of v
ball is coupled to the second pad, wherein the first solder ball is

adapt ed t o3 fsPagsubsirate angp Sﬁfanﬁglqegar@léncqrw:%maé coBpled tethesegondr bal |,
wherein the nodified solder ball is adapted to being solidified by belng
cool eghbisirate, wimenein thecimsescddeanbell at conipiedhio thessecond 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 léwer temperature at which the
solid Sn phase is nucleated, wherein the lower temperature corresponds to an undercooling 6T
relati\./e 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.

51. The electrical structure of claim 50, 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 substantially suppressed during cooling

of said modified solder ball.
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solid Sn phase is nucleated, wherein the |ower tenperature corresponds to
an undercooling 8T relative to the eutectic nelting tenperature of the

al | oy, whwoaBn7mbe solidified nodified solder ball is a ®ardsospannt that
couples the first substrate to the second substrate, and wherein a silver
wei ght percent concentration X2 in the nodified solder ball is sufficiently
smal |l that formation of Ag3Sn plates are substantially suppressed during
said cooling. 5 1. The electrical structure of claimb50, wherein the all oy

of thg ’i‘fggéi{a]ctﬁélc{l dehcthRl df s B, WhidaT X, 36 80t eRSECE) L, SMRFANK] AL isafe X, , and
wherein X, has a predeterm ned val ue based on X2 being sufficiently snmall

that formatign of .said A93Sn pl.ates.li Lall jN
Cool IO S3ar'aiEt FreE courh gt e Rk 3 BRIFRES) Bl s
The el ectrical structure of claim50, wherei &t)(Z dﬁemg#g.exce.gd >il{¥|]qx,
wher arenthxaorodynamically bargsd hiembsing feimagen gt mpeiicd felder MESPIGTOPIE he
nodi fi ed sol der ball at which Ag3Sn plates are thernodynamcally barred

frombeing formed in the nodified solder ball during said cooling. 53. The
el ectrical structure of claimb52, wherein XWvhx is a function of ST, said

f unctssophdabdfcal d60EMRDIIHM 52, WhsRaT X, B8 8 Eukbtiag ba 8T Al AmeHe bing
thernodynam c data relating to a ternary mxture of Sn, Ag, and Cu. 54.

The el ectri cal ctiure . [ ; ' iofd 128HP S & Rhfrgonpri ses

a ch%ﬁ“&ea‘ﬁr?[@ra,tg%n éﬂlééef %llg%r 2 %démé%b%ﬁaéw;%@@g%%ﬁlgodﬁéﬁgesEa circuit card.

55. The electrical %tgkucture of claim 54, wherein the first solder ball is
)

a balmixgye of 3.4 ap

54. The electrical structure of claim 50, wherein the first substrate comprises a chip carrier, and

wherein the second substrate comprises a circuit card.

55. The electrical structure of claim 54, wherein the first solder ball is a ball grid array (BGA)

solder ball.

56. The electrical structure of claim 50, wherein the first substrate comprises a chip, and wherein

the second substrate comprises a chip carrier.

57. The electrical structure of claim 50, wherein X, is in a range of about 2.6% to about 2.8%.

58. The electrical structure of claim 50, wherein X, does not exceed about 2.8%.
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solder ball. 56. The electrical structure of claim50, wherein the first
substrate conprises a chip, and wherein the second substrate conprises a
chi p car rwero3/03094 The el ectrical structure of claim50, weeraise3X2ois in a
range of about 2.6%to about 2.8% 58. The electrical structure of claim
50, wherein X2 does not exceed about 2.8% 49 WO 03/070994 PCT/ US03/ 04204
59. The electrical structure of claimb50, wherein the solder paste includes
a wei ght percent silver Xp that exceeds X1, wherein X is the weight

per C eyt 'gﬁé !el\é&hcél'ltrh&ﬁrefdfrc%msﬂ daErehpihk soldBtpaskRanddes¥veighvperdest €lvet east
. 2% The el ectrl cal structure of claimb50, wherein the copper weight

e afrg et B S BTG RGP Rty G MIE ALY AR ng

cool i ng does not exceed about 10 C. 61. The electrical structure of claim
50, wﬁgﬂémﬂeﬂﬁglgbpper wei ght percent concentration in the nodified sol der
bal | does not exceed about 0.9% 62. The electrical structure of claim 50,
wherein the second pad is a copper pad. 63. The electrical structure of

claim 62, wherein the second pad is a copper pad, and wherein the copper

wei ghyo. PRE EiRbtic ARG GHcldm J00 whbrir the Sbpred Mdeiht paténtdorsenmatioreinabed about
0.5% 64. The electrical structure of claim50, wherein the second pad is a

2: fgsk?cgﬁ%fsﬁ&q b ﬁ%&nﬂ?@oo@ % £ﬂfﬁ@1|en§ LHAT $hehebady Ringe 8P thehi&lifitd) t he

ance

solder ball during cooling does not exceed about 10 °C.

61. The electrical structure of claim 50, wherein the copper weight percent concentration in the

modified solder ball does not exceed about 0.9%.
62. The electrical structure of claim 50, wherein the second pad is a copper pad.

63. The electrical structure of claim 62, wherein the second pad is a copper pad, and wherein the

copper weight percent concentration in the first solder ball does not exceed about 0.5%.
64. The electrical structure of claim 50, wherein the second pad is a nickel-gold pad.

65. The electrical structure of claim 50, wherein the alloy further includes a substance that

suppresses tin pest formation in the modified solder ball.
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suppresses tin pest formation in the nodified solder ball. 50 WD 03/070994
PCT/ US03/ 04204 66. The electrical structure of claim®65, wherein the

subst ancewoasprivse€s bi snut h, and wherein the bismuth has @cmaisgbv42per cent
concentration of at least 0.1% in the alloy. 67. The electrical structure
of claim50, wherein the first solder ball is coupled to the second pad by
a flux that is applied to the second pad such that the first solder ball in
contact with the flux. 68. The electrical structure of claimb50, wherein

the fd6r Fhe §19J:tg‘3£1 shatturd <§f G E @h%ﬂ:lﬁ e st coRpifY bsnanhdad varedie t hat
is applied the second pad such that the first sol der bal | in contact

h ol d wh f l. d d
\tl)me;[ ng}}‘ﬁg'ls H’dw aﬁ@%gﬁﬁﬁ%%ﬂtecqner@{atlg detrl!3 rS?F)ﬂ%/gr'l'gﬁ{e af?‘e 'so: Ze? Sgts? e, t guch

that the nelted solder paste is incorporated into the nelted first sol der
ball to formthe nodified solder ball, and such that the nodified sol der
ball includes the solder paste wthin the first solder ball. 51 WD

03/ 07679 The BIETHHLIBGHHOMROA BOm N, phsteirsibk diestisnigleebalkis cpepled 1 theisacond pad
conprising: a first substrate; and a second substrate, wherein the first

Substyyal fu)l Hatie UPPIRA th ehd REoREFANCIF tHaBheir& sBldedball in contact with the flux.

68. The electrical structure of claim 50,

wherein the 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 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.
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sol der joint, wherein the solder joint conprises an alloy, wherein the
alloy is substantially free of |ead, wherein the alloy includes tin (Sri),
silver (AgD,03andcopper (Cu), wherein the tin has a wei giRCTIES0s/@4204
concentration in the alloy of at |east about 90% wherein the silver has a
wei ght percent concentration in the alloy of X2, wherein X2 is
sufficiently small that Ag3Sn plates are substantially absent in the

sol der joint, and wherein the copper has a wei ght percent concentration in

the ald @ypdiRiol@riRRIddatcadbdttturd cOtfprididg: The el ectrical structure of claim
69, wherein the solder joint is formed froma first solder ball having a

tin-silver- npqsition in which the silver has a wei ght percent
concentrat%t?or(r%p%?),gtraﬁ%gé?ei n X, has a predeterm ned val ue based on X2 bei ng

sufficiently small that said Ag3Sn plates are substanti.al sent in the
ol der | oifecomiRubsFRe arhecti fdirGubHEE Reogpear o ee e el he {1r s

substrate conprises a chip carrier, and wherein the second substrate
conprsokies jaantcwhengint the solder jgipt cathprissh en aHpy; athesain thetallpi isgfubgtpatially fieeier ei n
the solder joint includes a ball grid array (BGA) solder ball. 52 WO

03/ 0700 WhBieH HSARLPARAMed Bn (ST esiBleL(Ag)l aad copper(Clulivehepdin cheatimh8%, wher ei n
the first substrate conprises a chip, and wherein the second substrate

CoMPI SR ] i8h in th# andP6r ANEEE AbRbOB! WHEEM tRe Hver hai MWEEnt Wher ei n

X2 i S‘MTB é)%fcgﬁﬂg%nggﬂtg lgutm %’ 'él%’/o 0 about 2.8% " 75. The electrical %st ructure
: . 0

of ¢ Ip‘fielrcrgnt6 c?dncmgtigln n él% a 8}? of ﬁgtwh%)r(glr? 3& i ?u?ﬁct:ier%tlyzgs{%all 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%.

70. The electrical structure of claim 69, wherein the solder joint is formed from a first solder ball
having a tin-silver-copper composition in which the silver has a weight percent concentration X,
wherein X, has a predetermined value based on X, being sufficiently small that said Ag,Sn plates

are substantially absent in the solder joint.

71. The electrical structure of claim 69, wherein the first substrate comprises a chip carrier, and

wherein the second substrate comprises a circuit card.

72. The electrical structure of claim 71 wherein the solder joint includes a ball grid array (BGA)

solder ball.
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76. The electrical structure of claim®69, wherein the copper weight percent
concentration in the solder joint is sufficiently small that the pasty
range of wbessalvgder joi nt does not exceed about 10 C 77. pChasses/ents i cal
structure of claim69, wherein the copper wei ght percent concentration in

t he sol der joint does not exceed about 0.9% 78. The electrical structure
of claim69, wherein the alloy further includes a substance that suppresses
tin pest formation in the alloy. 79. The electrical structure of claim 78,

wher e} 1D e1es RS ARERE RIS vhie?éwmé ﬁr@tf“s@b%h% Edripridds a Qhﬁ)ﬁéﬂd‘wh@&na

wei ght” percent concentration of at least 0.1% in the all oy. 53

the second substrate comprises a chip carrier.
74. The electrical structure of claim 69, wherein X, is in a range of about 2.6% to about 2.8%.
75. The electrical structure of claim 69, wherein X, does not exceed about 2.8%.

76. The electrical structure of claim 69, wherein the copper weight percent concentration in the

solder joint is sufficiently small that the pasty range of the solder joint does not exceed about 10

°C.

77. The electrical structure of claim 69, wherein the copper weight percent concentration in the

solder joint does not exceed about 0.9%.

78. The electrical structure of claim 69, wherein the alloy further includes a substance that

suppresses tin pest formation in the alloy.

79. The electrical structure of claim 78, wherein the substance comprises bismuth, and wherein

the bismuth has a weight percent concentration of at least 0.1%. in the alloy.
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