; e3e) {20) x>>?4@\B6BT2CJ D LEAD FREE TI N BASED SOLDER COWVPQOSI The
present invention relates to | ead-free solder alloy conpositi OWMMIWHMII
specifically, the present invention relates to | ead free solder a
conmpositions that provide a direct substitute of Sn-Pb sol der used!{oHo
el ectroni c assenblies. Background of the Invention 10 Sn-Pb solder, with a
eutectic conposi tiop AP FRAE AN BASRDSHIEDER COMIDSITIONT eutectic
conposition (e.g., 60 W% Sn-40 W% PD), has a eutectic nelting tenperature
of 183 C. As one of the primary conponents of solders, |ead (Pb} reduces
the nelting point of tin (Sn), increases its strength, |rrprovﬁlﬁmmumwmul""m
ductility, and 15 provi des excel |Keld dftk¢ Irdlentiytl | ng fati gue
the solder. In addition to these technical advantages, lead is a fopadt|y
avai l abl e and | ow cost netal. Sn-Pb solders are therefore widely used in
el ectronj c assempjd gﬁesg I VO it WP ida:frdeC@ad’ 4R Séﬂn%sltﬂ)ﬂs.' smefkd ven
by i ncreased concerns about the 1 npact of |ead on 20 f}{ealth and t he
envi r onment spetificalhg thiaiprasdntSinatmsn tefmesetoclead dree ssldennlidyacomponigonsnidiatst ry
has come to a consensus.vi.ew to t ul ti mate abandonnent of tin-I|ead
sol ders ref PO¥IdEE qirpct ?’r’é’sﬁl@%"a%lb]ggﬁf;]ger,&é?& k“:"eﬁefé@}maﬁ“‘fﬁenﬂrﬁbesLead Tax Act
(HR 2479, S. 1347). Starting January 1, 2004, European nations will be
requiring the use of |eadfree solder alloys in all electronic assenblies.
In Japan, similar |egislation Backgrowed efithednventionsi | | prohibit |ead from
bei ng si(pt toland fills and other waste disposal sites. In response to the
| ead-free sol dering i ssue, nassive research efforts worl dw de have been
carried out to iggePbisbldes with haateRtis ubmpbditiére Sn-BTRL @EK 6BSvIELBES 3T Mit%
targeted to the devel opment of a direct substitute for Sn-/37Ph sol der for
surface nmoufl) ForeareHpBICHRYMROSIHPN (Bgn S0 PNHE. Wb BBb hgs asutsstic melthghi gher
mel ting temperal e o 1ds BaVeas iRl &F e Mifilry Obrhfihefts N sdly, TR GPb)
materials used In Kicrogl ectronic

reduces the melting point of tin (Sn), increases its strength, improves it ductility, and

15  provides excellent thermal cycling fatigue resistance of the solder. In addition to these
technical advantages, lead is a readily available and low cost metal. Sn-Pb solders are

therefore widely used in electronic assemblies throughout the world.

Lead-free soldering is driven by increased concerns about the impact of lead on

20  health and the environment. In the United States, the electronics manufacturing
industry has come to a consensus view as to the ultimate abandonment of tin-lead
solders reflected in the Lead Exposure Act (S.729) and the Lead Tax Act (H.R. 2479,

S. 1347). Starting January 1, 2004, European nations will be requiring the use of lead-

free solder alloys in all electronic assemblies. In Japan, similar legislation is proposed

25  that will prohibit lead from being sent to land fills and other waste disposal sites.

In response to the lead-free soldering issue, massive research efforts worldwide
have been carried out to identify a suitable substitute. The work is generally targeted
to the development of a direct substitute for Sn-/37Pb solder for surface mount

30 technology (SMT) manufacturing. Since a solder with higher melting temperature will

have a major impact on the other polymeric materials used in microelectronic
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5 assenbly and encapsul ati on, an acceptabl e substitute should offer a
melting point around 183 C and possess eutectic properties. The desired
features of a lead-free alternative to Pb/Snh eutectic in the assenbly

i nclude: |owest nelting tenperature, mninmal freezing range, ease of

manuf acture, ease of recycling, mninmummaterials cost and conpatibility of
sui tabl e fl dxseddbly ard NacdpseRNo! AF @6Septabld SRAtute SNHIBN dTFer ADLRWIMRL péint 1 N
Mat. Sci. and Eng. 27(2000)95-141 revealed to 15 20 25 30 35 that

appr oxi mat epipund 188-G eed possges cutpttipyproneriies- bddin desiopb Saatirenof arleasi free

conbi nati on_pf resear s _and. manyfacturers. The majority.of the alloys
are baged oftapi e R, ERR®e MR OEAMERL ipe 10, VY o epffer@ne

el enents ar enidifnal Agezift rakge, @it dbmaifBctbrt, fehdello CAPEARIg hifigmMh enfaid der ed
to be nost likely candidates. The alloys investigated by sone organizations
are |istéd restyadrempatibiliyof suitablediny walradie Kleawpre@est Sncu0. 7 (Nati onal

El ectronics Manufacturing Initiative), US SnAg3.5 SnAgCu NCMS SnAg3. 5
(National Center for Mnufacturing Science), US SnBi 58 SnAg3. 2Bi 4. 8 CASTI N
SnAg3. 4Bi 4. 8 Snl W2REGR r&iéw el btoy et Snibgddat Sul abd Bhg. @ 7( JURI0) B AiGevealed
(International Tin Research lnstitute), UK SnAg2.5Cu0.8Sb0.5 SnCuO, 7
SnAg3. 5 Snsﬂa&@ @@B?szaﬁgt 0 Rpbrfese soldpo<lloys dever beegi prwossd tsﬂengOWna'
SnAg2. 5Cu0. TSN ' ; 9 8 1 Gt 9 i ght
percent), w’g(?ﬂglfn %Oq%%%ﬁmnt far@lﬁﬁﬁs’sqggg{e%%)@lnﬁgo?f %%EE t he

bal ance1¢o $60Im4nd Bi, withvBmys etk frreeed. (thetealloalirgoglembrty ercdoZenAgalteried f or

el ectronic a | catjops.. For exanple, U S.. Pat. No. 5,6 730, 932 t0 Sarkhel,
ot ol suoBREME e Lhe §sich Foam P e comcartth o anot kel agiBicRg hen .
U.S. Pat Noglioys3gtbsiffled By S Brgafiizatidns ars HAEERI Pabde P _quat ernary sol der

all oy of 78.4% Sn, 2%g, 9.8%Bi and 9.8% I n (weight percentage). In U S
Pat. No. 4,806, 309 to Tulman, a tin base | ead-free sol der conposition
containing Bi, Ag, and Sb is proposed.,]| .S. Pat. No. 5,344,607 to Gonya,
et al., a Snrich ternary solder aIIO\;r%bgﬁ aining Sn, Bi and Inis

di scl osggl. Moreover, UORGARBATIN 6, 231, 691 to AndersonAlgiowl ., provides
a Sn- Ag- Qu aHey—wredited-by—atowtevel 10-of—elerent—N—and-Fe—SAa—~Zn- Bi
solders are disclosed in U S. Pat. No. 5,942,185 to Nakatsuka et al., U.S.
Pat. No. 6,334,905 to Hana al . and Tai wanese Pat. Ng,~Iy431931.
Ternary sol fﬁrts SPﬁBrtiréniicnsq\d%d &hBﬁ ﬁlslt.r{we? (Fonponent s a SA? eful fromthe
poi nt of 15 nel Ly ng ?errpera Yhe O o prevent Zn g

Sn- Zn- Bi26 Ag- Cu-I n sol der,

ure: r é}é&ul on of

NCMS SnAg3.5
(National Center for Manufacturing Science), US SnBi58
SnAg3.2Bi4.8
CASTIN
25 SnAg3.4Bi4.8

SnIn20Ag2.8 (Indalloy)
SnAg3.5Cu0.5Zn1.0

ITRI SnAgCu
30  (International Tin Research Institute), UK SnAg2.5Cu0.8Sb0.5
SnCu0.7
SnAg3.5
SnBiAg
SnBiZn

35
Note: Alloy compositions are given in the form " SnAg2.5Cu0.85b0.5," which

means: 2.5 % Ag, 0.8 % Cu, and 0.5 % Sb (weight percent), with the leading element

(in this case, Sn) making up the balance to 100 %.
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addition of less than 1 %P is disclosed in U S. Pat. No. 6,241,942 to
Murata et al. U S. Pat. No. 6,228,322 to Takeda et al. clains that Sm G
or a mxture of these elenents with other rare earth el enents can be added
to Sn-Ag alloy or Sn-Ag-Bi-Cu alloys to enhance the nechanical strength of
| ead-free solder. Lead-free tin alloys conmprising 20 In, Al, My and Zn are
provided in the world patent WD 98/32886. It is found that, anong 67

| ead-free all oys compositions published, there are 9 aIons t hat have

eutectic mel ti ngMaaspeadhirae selder alieyst bavierhaen qratepiedpfpr sigciionic smlieatans. t he
25 Prdr am Dioednis, (78°Ead NoOY 18582 GO SRANECE, 8, DG GFR Sidr S 2N

Sn- Pb sol detodtsihink!sh, Bollhawd Ag. rAssans: Pzﬁ)Nd |5§32|8[660€to @‘onyzndzt hllmsuggd@tsgh b)
| arge anounts of bisputh and_ indiumtend

formed ih tﬂ\éat%‘%lt)’éﬁidemlﬂ%hoﬁw7§\fb/ §nb%d"°’t&ﬂ9iglfeﬁéén4)?r8?/%]él (WéFHhéBP’FP‘it?fgedf t he
| d d t

D it booorit Ut PRENE Patbo30f s huldf Hin (ke B8R MU fobGIRRE CF ©

sol der al | ogorftainingeRiy Alg) agd 8beas plopnsddl dnrilk S Rat. Nudj B|4h4 607 tos@onys ehal., a

addi tive eI of the sol her ad-fr | oys
based on Sn: a&cﬁ tgasy sgldgr §fP—VA€gm&“‘ng§ é {“i‘é dé%? é‘?Pé%if?%
points in tRY ¢371691 ?OZXn@er(ﬁf‘Q?al ,Mb¥illed $S Agglcalaﬁgmomfmdqﬂﬁa{ 1w el hat
of 63 Sn37Pb. These alloys aré thus not a suitable rect substitute of
convent i®nabf Semels Niginddie. (e. g., Sn-37Pb). As indicated by Abtew et al., in
Mat. Sci. and Eng. 27(2000) 95-141 there is believed to be no single alloy
that can be sinply "dropped in" as one-for-one replacenent for Sn-Pb

sol der. The al | ogn-gyisBiedBiddre MRSdiécIdte@ Gn UNSLSP4taN0 25,942,185 teMakAdltadt AN €
wi de-rangi n% i nvesti at| on is necessary. Potential | ead-free all oys with

hi gh percen aS;é’abem w3 &95te npya ehdl. and TewapewedanyNar Vi3 K dTemaryabl e

2. Table 2 t I f

Tei lver - ( Agy0od 8 Blng S Lt o Y lobyp, 80 RBLAS HARHE pols ot 00
+copper 1§ QJmﬁltﬁlgttemﬁer@&ﬁﬂl hﬁox(dZﬂ)ch&vém Zh ORpdativhi u.thSﬁ Zn)El Ag0u-In solder,

20. 0%+-magnesi um ( to 2.0% 25 As.  shown above | ead-free soI der

al | oy sel ecfqdatipr: F?Sﬁh‘&l%é’ 11§éhs[c[g§ec} #sdax At %Pbp@éi 96? toihwataet dls U.
Recently, aﬁ KBeg Q??Xﬂti‘%o[q Paiidy el AIPEIHAR Gl SH, %ta' @B?ux@%?%@ge Qﬁ?ne‘ﬂf the

effective theoretic s in |dent| catlon of ree sol der. For
exanpl e, a pitklother mamear.thletﬂn’l@ts @n tm‘addhé té Snrsg ylquhaxs&n—dlgalgr ~@matloys to

Sn- Ag- Cu as Odecr MIIr ' i a Tin-lead Sold
Subs'%J itute: ‘g’ﬁ ec(?’ %Heng ‘éle’tgﬁ‘?ﬁ(?ﬁlsekﬁh\{eqaﬁﬁ? tiny V%Icé’gi)ﬂns\e?(rgl une
23, Nunfger Q?Al,wg%éd 692re f:@did@&ﬁ&dletw&m patent WO 98/32886.

It is found that, among 67 lead-free alloys compositions published, there are 9
alloys that have eutectic melting temperatures close to that of Sn-Pb solder. However,
the major components of these alloys are comprised of the elements bismuth and

25 indium. These alloys are not considered to be a real alternative of Sn-Pb solder for the
following reasons: a) the price of indium is high; b) large amounts of bismuth and
indium tend to lead to low melting phases formed in the system, which have a bad
influence on the reliability of the solder pad, and raise concerns about thermal fatigue
at higher temperature; c) it becomes difficult to recover usably purified materials from

30  the solder alloy for recycling use when bismuth or indium is used as an additive

element of the solder.



occurrence of a ternary eutectic reaction at 217.4C for a conposition of
Sn- 3. 8Ag- 4 2.3Cu(w.9% using existing binary alloy thernodynam ¢ and
phase equilibriumw thout ternary interaction paranmeters. The results are
in excellent agreenent with the experinments. Furthernore, the surface
tensi ons of Sn-based sol der alloys have been predicted successfully by
usi ng the Butl er Oagihatdtber. hdnd] feadifesy sifoyis Hesédbarohi-Ag, Sa-Ceadd fSneaggnl der
all oy conposition that provides a direct substitute of conventi o_r}al Sn- Pb
sol der usedCYLRCt YIeRS hpke Belgmoinis in e dddite &4/ “Sushgr Yhish 1t plenifisadht i on

| 0 The invepi § e i

conposi ti onﬁltgifﬁrgm%gg%& ? ?g?éMsBo gérﬁg%}éﬂ%g&?? feotrl?hlg)lr}gﬁ %ﬁggbgﬁﬁ,&gwﬁgﬁgﬂmf and
has a nel ti aghveatigrad ShdPbesolded 61.2.290387Pb)n nost cases, the conposition

i ncl udes between about 3.0 to about 14.0 wt % Ag and about 1.9 to about 3.2
Wt % My. In other cases, the nelting tenperature is close to the nelting
tenperature (e.Qgax; o} t} a . J ntion
rel ates, in anot ﬁgﬁﬁ@%&%ﬁé}?&?%%&hﬁﬁ%& é‘r’%ni&lgp]sa{lgu%%g?ﬁs‘r%gh?Iléégtwraoni c
structure i bellevdégoabd nossingleeaiayottiat caonposemplyt Ydoppesl &17eas ronedbt-gndbonded

to a second electronic,c onent sol der .al | consi sting.,essentially
of 3.0t o aBBIORETIAT STIDAOKEF AR ARt siEns Preshbate W Tot HE R e
bal ance Sn. 3 fige Wikefahpiab ikRk@iRon id fectgt@ihher embodi nent, to a nethod of
joining two el ectronic conponents. The nmethod includes providing a first

and a s&ond el ectronic conponent to be joined. The nethod al so incl udes

50 to about 14, DONOR AGcal AuB Wi e pefiBiiaLS b5 o GRREAL kB b 1B s

The inventi esimplyar€hsted fh Pabdé Der enbodi nent, to a | ead free sol der
conposition. The |ead free solder conposition includes Sn, Zn, and My. In
nost 30 cases, the conposition has a property simlar to a correspondi ng

property of a conventional Sn-Pb sol def,j£29-, nelting tenperature, nushy
range, surface tension wetting ability and the |ike) -5 Brief

~J

Descri pts on of the DrBotents lﬁdefrqmraébgm%viﬁlm'vgnpdrcnntigeldfltihlustrat ed by way of
exanpl e, and—rot—by—way—of

+silver (Ag) 0.1to0 5.0%
+bismuth (Bi) 1.0 to 5.0%
+antimony (Sb) 0.2 t0 5.0%
20 +copper (Cu) 0.2t02.0%
+zinc (Zn) 0.5t0 9.0%
+indium (In) 0.5 t0 20.0%

+magnesium (Mg) 0.5 to 2.0%

25
As shown above, the lead-free solder alloy selection continues to be the
research subject of many works. Recently, the thermodynamic equilibrium calculation
has become one of the effective theoretical tools in identification of lead-free solder.
For example, a preliminary calculation of the ternary phase diagram for Sn-Ag-Cu as
30  described by Miller et al in “A Viable Tin-Lead Solder Substitute: Sn-Ag-Cu”, Journal
of Electronic Materials, July 1994, Volume 23, Number 07, p.595-602, indicated the

occurrence of a ternary eutectic reaction at 217.4°C for a composition of Sn-3.8Ag-
4 -



limtation: Fig. 1 is a triangular diagramshow ng the |iquidus projection
on the Sn-Ag- My phase diagram in accordance wth one enbodi nent of the
present invention. -6 Det ai | ed Description of the Invention The present
invention will now be described in detail with reference to a few 5
preferred enbodi nents thereof as illustrated in the acconpanyi ng draw ngs.
I n the foll2aCnovidad cusing ieRisting ubirargusllepaheriiodyneniai hisd gihases equilibtinm i n
order to proyjde a thorough understanding of the. resel\nt invention, It wll
be appar ent wlthwé%r@?r,y ipfgrasHen pRameRs-i hh reguliyare i fige FHESEFEREBRYIN Hfent i on
my be pr ackiathest NANARERE, Ho SthoOlenkBRE Bf SAARLL ol o8 nabdioglher

i nst ances, 'l known process steps have not been 1 o described in detail

i n order nopretivtadrsnecssfsty by ysiopsleuBetldriequgsroasent i nventi on. The present
invention provides a lead free solder alloy conposition that works as a
direct substitute of |ead based sol ders. One aspect of the present

invention pertaifsyit® ¢fO88 fhref8ing 04 HAH FrdeBIdeRRNGP BEMPSSHNE Hat BRAidds 8
sol ders (e.g., Sn-Pb) in 15 perfornmance such as nelting tenperature,

sur f ace t endiresh substibis of comyentional $1-Rh saldet useq imeldctrdnac hdskmbligsiodbsiredaspect

of the present invention pertais to le free tsol ders that exhibit
favorabl e mechani cal properti es%%@ﬁ'%‘ﬂ@”& the present invention
pertains to lead free solders that utilize fewer than four conponents. Yet
anot her aspect of the present invention pertains to | ead free solders that

may be ised in 2Bhejventioyreleieniinony cathotimentele 7 dnad)feagasoides comporitiens
(e.g., Sn-Phy), 1JJ&efﬂe8?s%1§eEeﬁ%n§a%' %%Bsingﬁlﬁﬁi Iped, el ﬂdrérfr[do?al&& 'aCH{eﬂH y
suitable for electronic appll ations SUCHh as’ SUPface un echno og)g

manuf act ur i RehpefaBire RUEGOEBSCOIn Blost dakes, tHe@nipsiionTBElhdddbeheeaeibautiB ©'
generally refers to the 25 tenperature at which a solid transfornms into a
|'i qui d. Thetorabpit 140 mitkcas aad b 1. Ytonboyt B¢ wiké Mas In etheneasss, tee BsitHg f or ce

required to forma lLiguid film The term - "wetting~abidity" ge al ly
Fefors to ¢inanggmte iy e M (8 185 o sobyen BRR Rl
"mushy fangglidgenerally refers to the range of tenperatures between the

"solidus" tenperature, which is the highest tenperature at which an all oy
is 30 conpletely solid (i.e., the point where nelting starts when the all oy

iMﬁ. heated) and tpg, Ih%ﬁtfo%freﬁa‘%&?% Hthé enthiafiflerdtSto' M lbMETE shEMME" Ay € at
ich the alloy 1s conpletely

electronic structure includes a first electronic component that is electrically bonded to
a second electronic component by a solder alloy consisting essentially of 3.0 to about

20 14.0 wt% Ag and about 1.9 to about 3.2 wt% Mg and balance Sn.

The invention relates, in another embodiment, to a method of joining two
electronic components. The method includes providing a first and a second electronic
component to be joined. The method also includes connecting the components with a

25  solder consisting essentially of about 3.0 to about 14.0 wt% Ag and about 1.9 to about
3.2 wt% Mg and balance Sn.

The invention relates, in another embodiment, to a lead free solder
composition. The lead free solder composition includes Sn, Zn, and Mg. In most

30  cases, the composition has a property similar to a corresponding property of a
conventional Sn-Pb solder (e.g., melting temperature, mushy range, surface tension,

wetting ability and the like).
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liquid (i.e., the point where solidifying starts as the alloy is cool ed).
"Mushy range" may also be referred to as the "pasty range." The present
invention provides a |lead free solder that conprises tin (Sn), silver 5
(Ag) and nmagnesium (Mj). The conposition of the above el enments may be

wi dely varied. For exanple, the |ead free solder may conprise between about
3.0 to about 14.0 wt % Ag, between about 1.9 to about 3.2 wt% My, and a

bal ance of Sn. In one exanple, the eutectic mcrostructure of these
elenents is formed by the SnBFiebResgrintiongf theDrawiescent ered t et ragonal
structure (BCT A5), Ag3Sn and MyZSn. The body 10 centered tetragonal
structure (BCT) is an exanple of a unit cell. The unit cell is the small est
structure that rEipeptesernttiaednitiohyis tillasimtelt by wayhsfoesgingu¢, dndenarystaly . of' AS"
and in "BCT A5" . is the respective Strukturbericht designation accorded to
the struct i@t perties of compositions in accordance with the present

i nvention may be 15 el ucidated by application of conputational

t her nodynanmi cs. Conput ati onal thernodynam cs is the discipline by which
phase di agrans afig. heretrangdabdiagrasl shewsngothe figeidbsaprogectinge onlay/SratigeMg
properties gf the system ut ati onal .t her npdynam cs enabl.es t he

D eftct i on s S thcacigre b o3 SnbneRisnber e Bregn TREIPY noasur ed, as
well as to predict phase diagrans of conplex multiconponent systens. 20
More particularly, ternary eutectic phase topol ogy and thernodynam c

cal culation may be useful in the identification of conpositions in
accordance with the present invention. According to the ternary eutectic
topol ogy, a |lowest ternary eutectic systemrequires three sub-binary
systens with invariant reactions, especially the 25 eutectic reaction. The
t her no-chem cal properties such as nelting tenperature and surface tension
can then be predicted by thernodynam c cal cul ation (e.g., phase equilibrium
cal cul ati on). Thernodynam c cal cul ati on provi des an extrenely useful tool
for obtaining quantitative information about higher order or nulticonponent
systens such as ternary systens (as the thernodynam c properties of

mul ti conponent 30 systens are difficult to obtain experinentally). g_

The thernodynam c cal cul ati on nay be perforned using a variety of

techni ques. In one enbodi ment, the thernodynam c cal culation is perforned
usi ng the CALPHAD (Conputer Cal cul ati on of Phase D agrans) technique. In

t he CALPHAD techni que, thernodynam ¢ nodel s consistent wth the
experinmental binary data are 5 first obtained, then a standard

t her nodynam ¢ extrapol ation nethod is used to



calculate the ternary system i.e., neasured values from binary m xtures
are used to estinmate the thernodynam c properties of nulticonponent

systens. In one inplenentation, thernodynam c self consistency nodeling
paranmeters are obtained by coupling the experinental data fromthe phase

di agranms and thernochem stry. The |0 phase di agram of the nul ti conponent
systens are then cal cul ated using these nodel paraneters from| ower order
systens with different extrapol ation nodel s qu extrapol ati on nodel s can
be grouped into two categorpE§ﬂEg%ﬂﬁﬁiﬂL%—legL——ﬁ@ﬁﬁlchKister-KohIer,
Redl i ch- Ki st er- Muggi anu) and asymetric (e.g., Toop, Hillert). 15 In one
particul ar CALPHAD technique, the nelting points of a ternary alloy are

cal cul ated usi ngTRetpteiseItt -y attien-wiliggivabe dt:#ceitbmbdty detmil ovittorbéérencEhte a few
RedllchKlster u,.nodel f irical edlctl met hods
lsed Lo+ epPebaiit prEs e RsbyReba i rude! i e Sureine BReSt o ff ied on
the correspaidwifs igdcriphion, rﬂ[ﬁl&ﬂﬁ@@pé&iﬁ@ﬂé’taﬁé’ 8#cCER -forthGn order to provide a
Redl i ch- Ki st er-Miggi anu nodel 20 is as follows: 4x~xz GE |+xt -x2 ,l+x2 -xlI
(I +x~ -xz ) (hpmgh udder)stanQ(ng’@f th@pr)esen)tmxmtaomEItlw»klzbe- a@arelnwr@wex@, (0191)@2
x3)(1+x3 2

) (Do s Ak fobneast, RaglinG pfeset diventiop pdéies Hirpetelrisbdi bpESotalREy o
a phase, x tHe§e bpeRi i U @aild. A ioBier GhstERUEROWEN tknbwn Brocess Stdphhabé MAT Pe@x cess
G bbs energy, described by the Redlich-Kister polynomal: -9 G ~

=r ~xj ~a%-al dsseribsg indgtailinjordey npblo uprmegessasily phscar A RFSFCRLARVNLER on
paraneter. 5 Fig. 1 is a partial ternary phase diagram of a Sn-Ag-Mj system
10, in accordance with one enbodi nent of the present invention. By way of
exanpl e, the terTh¢ prepéraseveiitiay peovids ) load froe efﬂdenmosrgtohipesiﬁéh RdfBrorks

t echni que descrj bed above. | s generally well wn, ternary phase

di agrans al PW‘H?H‘FW’SE%%@;@ Leﬁ?g%ldﬁer QPF BIRSR gﬁg% Blesent imenlion Pt
triangul ar 1 a d S I

component. syste T ornats UAEATPANEL ol hERIPRR AT Rk e Sl I on of
t he syst®&m pérfampacd iseel as mhetipgrtampemturd, hslrfanmamlon,omssltyf rdrige, tv&@ttnw Y.
system are repres ed,.in the triangul ar.pl ot th each ner resenting
o el anont HRHDGah 15 ke AToues ey & F kil pUeEiR pATLIR Foe
conposi ti onglére tﬁaﬁwxﬁﬁﬁmfa%}ramé RetiinfcalpidpeRtick heAﬁdth@”&b@ct &me pRésaht Ve
proportions of the elenents are 15(?|ven by the relative | engths of the

per pendi cul wventianopertaiies @i lead figei selderothah atibzaléevestr thive fouri comgloaedpplet t e
the appropr h I the
composy 1 one e REGEShie bsEldudvioh PEnAiEh ela e 5oty BEE PV RSI8 I
of the systedting ﬁﬁclh1ﬁeﬂ§l nfiburednior lefi® based! sclddrelys. gprsn Bb}. i THe ledd Oteet he

Sn- Ag- My systen110 inthe tin rich part of the Sn-Ag- system 10 i s shown.
The I'i qui du¥lgerdjdesaribes herein aps E%reﬁleléﬂy fetahle, J?rdalgctf%ép%hqﬂlen%ﬁucphe three

conponent ni xkuU Eﬁuﬁﬁtéc&ﬂm&%hﬁ&nﬂﬁc conposi tion. For exanple, the vertex

of the trlangu repreésents pure Sn, and the two of the sides
ext endi ng therefron1represent the varying conpositions of Ag and My added

thereto. As s homﬁér }‘Eur}goses of clarity, the term “melting temperature” generally refers to the

25  temperature at which a solid transforms into a liquid. The term “surface tension”
generally refers to the stretching force required to form a liquid film. The term
T “wetting ability” generally refers to the ability of liquids to wet a surface. Moreover,

(13

the term “mushy range” generally refers to the range of temperatures between the
“solidus” temperature, which is the highest temperature at which an alloy is
30 completely solid (i.e., the point where melting starts when the alloy is heated) and the

liquidus temperature, which is the lowest temperature at which the alloy is completely



25 conpositions of Ag and My are nmeasured by wei ght percentages in an

i ncreasing - manner along the sides of the triangular plot 12. The |i qui dus
projection 14 generally consists of cotectic or boundary lines 16 that
represent where two or nore phases are precipitating at the sane tine
(e.g., the 30 intersection of the liquidus surfaces for two solids, the
mel ting poi higsidai.epuiteepgiitaskae colididyibg etagatasitlad altoy B@ooled).. “Masiphenpe” t he
cotectic lines 16 extend fromthe sides of the triangular plot 12 to a

poi nt of cofA¥AGehedeiersd &h3s thenMshgiahss-ee regi ons (which - 10  represent
three different conpositions El1, E2 and E3). The point of convergence is
general’ly called the ternary eut ectic point 18. At the ternary eutectic
point 18, a |i quilde pteacd inwntion prpwiddslarleathfred sdiddrithaeonprises pheBssilaad t he

overal | i n of the idis the.sane t he oyeral | osifjon of
The 11 ui VRS b Rapyesiit 48 The RybpSGEoT BRsttne AT mat vl e o
the system thadd. tFag ekérﬁb'lledtlﬁai@a@ﬁ'e§tsoldgﬁhﬁ‘9’ Joﬂ?prfs@rb@ﬂ&één%hﬁpﬁ 0%o about
tenperature only solid phases exist. In the illustrated enbodi nent, the

ternary eut éé:0iwt% dgpdsivticenaboit 1.Hdo Shom@«wt%ykﬁgemld_a tiagance of Sn. In one
Sn87. 8Ag9. 48 be app Lated, this

Cenper at ur e RETIR bt b iercigiire OB REE e 1R R K5I EF Shh BAgsa o vy
in the terngaf yheShsdyedtnoed &@rag&idl\éﬁdcthfeo(BGheqs)atAgasﬁ Qnd NMZAN ThE Boligngt hs
of the lines associated with E2 and E3 thougﬁ only one tenperature is

shown i A0 Fi gentared jtetragpeal |strupiarendiEh) shatexample el fanyy cel.s Thmumitycelds the | y
represent ed @leﬁaste &gf%ﬁ%?ﬂ ?P%P%Btsq{ gﬁrt)?esuflgp&} {24y %éﬁt.hthé %IFS@?J jalyEe, ) B, Way

of exanpl e, tes Fomsuccessive 15 i agr ans of
Te +5C or TEBETORS” whke espective Strakmrtiesichihdesigantiar yccotded ¢ the stracps; at ur e of
the system i.e., 188.6 C, and the +5 and +10 represent the increase in

tenperature therefrom In Table 3, three different conpositions at Te +5C

and Te +10C are C%%dégtgés% co;%ésﬁgfﬁ) A&bﬂ%eb@itgriﬂéeclf&:sérm nﬂbﬁ

t wo- phase regi ons Sn - ch of
t hese cmfrposlumdawd btyheapﬁl@cas;mt e cc:m;bulhthqnal i qnnﬂodymmd*som GompwaﬁoealB t he

correspondi 05|t| .0 he isothernms (Te +5 +10C
a e SR ue e AR OREne, Pl Wi Gopie Qg a5, eRcratedy SBDEE 05
- % Ag andobﬁ%%@ﬁ@ thPmoldpaiflc b ﬂ%‘éﬁw@%@%&sﬁeﬂﬁ C@fhgﬁ’cﬁtl&{al ﬁﬁarrh@dfgﬂnm be

bet ween about 4.25:1 and ‘about io Table 3 15 20
enables the prediction of some features of the system which are not easily measured, as

well as to predict phase diagrams of complex multicomponent systems.
20
More particularly, ternary eutectic phase topology and thermodynamic
calculation may be useful in the identification of compositions in accordance with the
present invention. According to the ternary eutectic topology, a lowest ternary eutectic
system requires three sub-binary systems with invariant reactions, especially the
25  eutectic reaction. The thermo-chemical properties such as melting temperature and
surface tension can then be predicted by thermodynamic calculation (e.g., phase
equilibrium calculation). Thermodynamic calculation provides an extremely useful
tool for obtaining quantitative information about higher order or multicomponent
systems such as ternary systems (as the thermodynamic properties of multicomponent

30  systems are difficult to obtain experimentally).



30 35 40 Phase RegionsMelting tenperature (C)Conposition (wt% M

AgLl QUI DAg3Sn2. 94 - 11.43Mg2SnLI QUI DAg3SnTe+52. 28 8. 50BCT

ASLI QUI DBCT_AS2. 34 5. 85My2SnLI QUI DAg3Sn3. 27 14. 03My2SnLI QUI DAg3Sn ~
_Te+101 .89 7.49BCT ASLI QUI DBCT_AS2. 07 3.04Mg2Sn - 12 I n one enbodi nment,
the Butler's equation is used to calculate the surface tension of the
liquid alloy. Surflheetlteansdynnic @énttiahl ynagebe nedfoarmed hesirgd ractvatietpgof or ce
required to forma liquid fi|m The property of surf.ace tension is
typically _réffgﬁwﬂg?% f_éoweo?m'?qdémam ettﬁefa%dw%mccfgfw[ﬁhﬁms perirmed ugingdhyy, |
vetting abi LARPHABSCOhphRF CEibhfionSor PHESH Bldsbins tiGnAHk! ACelCARPARP! the
all oy conposition showmn'in Fig. 1 1s predicted as 525.92 mNm The result
i s cl ose totachmqespheinmelynahicdabpdelsfcofsistBmMPlyith cthel @expervhértdl pinaryi diés aee
surface tension of. 500 niV mat a ltin eak of 184 C. To.el aborate, the
Butl er' s’ eq N %t_ﬁa‘f‘F kg“ef‘hj% s%ﬁdia h‘ci”é]ﬁg 16 e’ﬁﬁ’?@‘?ﬁ@“ CBABed et Esefi_otot hei r
partial excefgulilcthe tSNSHHy8R, 7.cl, HicaBitel VRRRS §rod Biraby WhiLtuRsPRE hisdd fal
surface phase. The equation governing the surface tension a of a liquid

al l oy i s aseftumdtowthe ghermodygamic- paoperties~Tofl miullicQmponegGESYSteng. . In i one a
where Qis the surface tensi,on of re lLiquid i,.S is the surface

monol ayer - alBaeRERaRE R ARe Gy ity Sndaeing phpidiGy S oL fifdy
nonol ayer, @éupliagitBe eliseritidntalfdatiC frb@Nthefphhsd diapfathshiddkthefmochembayparid al
excess G bbs energy of i in the ternary nonol aé}e?r, GE'b the partial excess
G bbs eh®r gphase diagrgmafdhe multiqomporent systens ag theg cafoulnted esingthese Bwdeby t he

sanme therno ] I ' SIS i R L L C . - 'S =

0.75 GE b s?é{’g‘g‘ﬁle Serf%%fa{?‘ﬁ%" réénﬁyg{,%}’glo’g‘glfg‘%#@i,é%?ﬁé"l\tﬁgglﬁne’gﬁ%’f}s'i g €

. Avogadr o' sextrapbiation aneliels d4n bs gtdupedrimtartwootaiegories: syuimettic qeligd Redlich-
Kister-Kohler, Redlich-Kister-Muggianu) and asymmetric (e.g., Toop, Hillert).

15 In one particular CALPHAD technique, the meltiflg points of a ternary alloy
are calculated using Redlich-Kister-Muggianu thermodynamic model. The Redlich-
Kister-Muggianu model is one of several empirical predictive methods used to
represent the thermodynamic properties of a ternary system based on the
corresponding values from three binary systems. The Redlich-Kister-Muggianu model

20  is as follows:

E_ 4xlx2 E I+x1 -x, _1+x2 - X

>

_(l+x -x_ Yl+x_ —x )G12 2 2
1 72 2 1

4):2x3 E 1+J|c2 —x3'1+x3 —x2)

+ G (
(+x, —x3)l+x, ~x,) 23 2 2

2

) 4x3xl E 1+x3 —x, -l+x1 —x,

»

+ Gy (
(+x, —x Yl+x -x,) 31 2 2

25 where Gk is the ternary excess Gibbs energy of a phase,
X, is the mole fraction of component i,
GEIJ is the binary excess Gibbs energy, described by the
Redlich-Kister polynomial:



Anong t hese paraneters, ~, and V, cone from experinental data (C. J.
Smithells, Metals Reference Book, vol.2, 5 h ed., Butterworths, London
(1976)), while 5 GE'b is described by the Redlich-Kister- Miggi anu nodel .

It has been conventionally recogni zed that oxygen in the sol der alloys
makes the solder fragile and remarkably reduces the wetting ability of the
sol der. As such, phosphorous _be added to_l.ead-free,mall oys as an oxygen
scavenger or deoxizer to (nagﬁgZTﬁ%fﬁﬁgaygfvéﬂgaéﬁﬂiﬁér%purpose). In one
enbodi nent, during the preparation of the | ead-free alloy, phosphorous of
about 0.01 to about 0.1 ngﬁ wei ght is addeqato t.he nﬁlted na%grials. The
oxygen in the nelted materP3F$ typicfl |y BohYLINiPRACHED BHBYSISEr ous t her eby
al l owi ng the oxygen to be renoved when the phosphorous floats on the
surface of nelted materials as slag. 15 The solder of the present invention
may be used in tHi shne arpptiel tesaryophasatdiagram Sh-POnsAg-dg system dkatpl e,

(1 2ol o Rok e Rl LN TRY g SE SRRl L on

the s se rica
el ectroni c apiERPhate dingeans afoN beefotted @Bing HeNPQANPHAD Tbehniquesdesaribed0
second conmponents may generally be selected fromIC chips, chip carriers,

circuit boapRpyeadd/isrseperally iwadl kngyen,jtemarnphase diggsams pewentli-campagat g | y
acconpl i she 4 (o] Pl acing: e Sj acts
(oo bonafia® gapubhiited, 1 vEPLEEizch GFa0Bishpfaf RlelZTs 28 B uLtheRBH
wher e i 10 sotdpeisénteson bfa dnet hempemdno dysteany). , Tererysphade diagsamss gehetadlypplodduce

an electrical connectio oint on an electronic 25 c onent .. For anpl e,
t he sol der yc"HépOISB‘PHE% ‘gﬁtséSStamb%{la} PYicWay, Igmpegatirg- Fef?“I?PS‘é‘OE%Pgﬁ?cal e

package. | niprAekydiln RO RARE i€ MNEahEAN RS Bith hdE co&BbIRprdsentaRNE al |y
deposited on a su%strate such as a chip or circuit board. The depositing of

the sol der tlsmgehandatdoh side ceppésestineglabynangisystery. t Fhe sashatwrconypoaitions) atehe

sol der on desire nt act s . bondi a | eads, W r.es and cool i ng
he sol der fgresraed 87 o et Einipe uigh | Ehe¥REbve pRASRIoSASTRH tiaffts %

sol deri ng i giveRby itrePitiveilth wt@etpbﬁiehmcmaﬂ-mdh@gngn@mt&@ﬂme sfuch as
nitrogen and argon gas, so that the ~etting fault and bonding fault due to

oxi dati on cH thengle epnostie the appropriateph@nendvant ages of the present invention
are nunerous. Different enbodi nents or inplenentations may have one or nore
of the follow ng advantages. One

In Fig. 1, the ternary phase diagram plots the composition of the Sn-Ag-Mg

system 10 at the ternary eutectic temperature of the system. Also in Fig. 1, only the

20  liquidus projection 14 of the Sn-Ag-Mg system 10 in the tin rich part of the Sn-Ag-Mg
system 10 is shown. The liquidus projection 14 represents the liquidus temperature of

the three component mixture as a function of the composition. For example, the vertex

of the triangular plot represents pure Sn, and the two of the sides extending therefrom
represent the varying compositions of Ag and Mg added thereto. As shown, the

25  compositions of Ag and Mg are measured by weight percentages in an increasing

- manner along the sides of the triangular plot 12.

The liquidus projection 14 generally consists of cotectic or boundary lines 16

that represent where two or more phases are precipitating at the same time (e.g., the

30  intersection of the liquidus surfaces for two solids, the melting points of pure phases or
double saturation points). As shown, the cotectic lines 16 extend from the sides of the

triangular plot 12 to a point of convergence thereby forming three regions (which
-10-



advantage of the invention is that the alloys described herein approach
conventional 5 lead solders in performance (e.g., nelting tenperature,
surface tension, nmushy range and/or wetting ability). As should be
appreci ated, some previously proposed alloys such as Sn-Ag, Sn-Cu and

Sn- Ag- Cu al l oys do not behave |ike conventional Sn-Pb sol ders. Another
advant age ofepteaentithree rdifferent sompattidnk € laB20amsl Ei¥)s cThdpeinhef esnveszehcdist
favorabl e nechanj ca roperties. In particular, the smal] mush _ranges and
conmpounds me_rxewlltywélstf ihyemyst BReUC AN G- 8t thsi ey ?%j@ctmﬂr&;\@r adeltike by
refining or gidle AN oh GEYALAGY AR IROSIAHAPhaSRCHAREH REPLIbsit GiInf1dHR an
i nportant inpact on ‘the mechanical properties of the solder. Another
advant age ofs thhsamenaseh¢ beerall sompadititinef thk lfloys Testerriabecutba@icdemperatwe ge a

| ead-free sol der that can be fordabl e and of .l ess than 4 components which
mhes 115 ool heiidampaarsr of hs Sfan Geble S GRSt BGF ohe S op0s od

15 al l oys t{atcieQethprantd\Ghiy B i®PrhstOig. e BRNALMBdPelboditBstl R tbrRaNer Y
expensive and a limted mneral reserve). Another advantage of the

i nventi on i entediigtconpostiohmfsthd Sochg-Hégl systerailf isanddiSAg9A8Mebpe (wi%ekatt o
that of con Jonal Sn:Pb sol ders, and therefare it is a i | e

Fepl acenont [oi-CarspHogl drapricaeh £3F esneca aisgr Float ioRa b4 g

appr eci at edTh@pﬂip%ﬁﬂiﬁan ageroighironRetermaie R | nfaP bE RRFIGE |RAT 1he BRI020

sol ders, which have been proposed for el ectrtonic dpplication, is that the
exi sti ntp nalbdtvear the lengthsfod theSmeplassooiathsr withalz2 aod EBe used with the | ead-free
repl acenents. Furthernore, it is generally said that if the sol dering
tenperature for electronic part |lowers by 10 C, the service life of the

el ectronic part RREAIEA ¢HYBhE tenlftrgureds shuveih i€ Bt at itGhBEIdtbebtéE A HRL Ur e
of the solder alloy may be very effective. 25 Wiile this invention has been

descri bed it§masy Aestgn maw be dullyrepresented byetrbensesrion of diageams, gne for each

alterations at 4 - i n L Ghf i £Rhin ope of
thi e nvent TERERES BT Fey, BESxR TR, HELRTH SpodpheeRokulld B lcoBehS00
ways of 13 npdiegramisi of) Tehe-5AEt iode abd°@pphert Teescppéschioether esedary euteetiet i on.
It is therefore 30 intended that the foll ovm"n% appended cl ai ns, be

i nt er pr et edCAPTAHEP QHITFYSIEM, $6e ASKP by #1] B> W PR TaPTeSFY thespgrease in
equi val ent steﬂq?elfaf?ﬂ\}'\#I i b, T RETHEES, Stk ller c%ﬁ%%@iti@ﬁs hiree REQSGAY Te
1 at iIsi: 1. Alead free sold

i nvention. - I's clalne er conposition
conpri si ng SH°Chge calodlatd], TEhedcongpositigna b8longete ihrege didfepant awoipbasendeion00C.

2. The conpositi recited in clai rein the _.conposition hag a
t hermal pr o%%ﬁ“yﬁgggﬁsnl’ é%rg3$‘b_}iﬂﬁigbgjn'wlbr%gﬁcpff&eggcgﬂpﬁt‘%@ r. 10
3. The gpMggichd RIuRy lifidl ASGhdvin & RAEI: 3, IMBRLAEEpMIRMgCOMPSItibh PahgBa ford
melting tenperature within 5%of the nelting tenperature of Sn-37Pb sol der.
4. The conpdsiitatamadTe ed’Crand aTe HaP76)1at\the iliystrated phagmyegians aph 11¥89stoa

mel ting tenpes ahyl RrdMsod b el b Ao M dalct SHPBLAL Hhése Hingdl; L FRigio! der .
of Ag to Mg may be between about 4.25:1 and about 1.5:1.

25

30



15 5. The conposition as recited in claim1l wherein the nelting tenperature
is between about 188 and about 198 C. 6. The conposition as recited in
claiml1l wherein the surface tension of the 20 conposition is about 525
mMVm 7. The conposition as recited in claim1l wherein the conposition
provides a direct substitute for Sn-Pb solder used in electronic assenbly
manuf acturing processes. 25 8. The conposition as recited in claim1l
wherein the conposition does not include indiumor bismuth. 9. The
conposition as recited in claim1l wherein the conposition includes only 3
conponents. 30 10. The conposition as recited in claim1 wherein the
conposition includes 4 or fewer than 4 conponents. - 1G 11. The
conposition as recited in claiml further conprising P. 12. The conposition
as recited in claim9 conprising between about 0.001 to about 5 0.01 wt% P
13. The tonposition as recited in claim1 conprising between about 3.0 to
about 14.0 wt % Ag and about 1.9 to about 3.2 % My. 10 14. The conposition
as recited in claim 13 conprising a balance of Sn. 15. The conposition as
recited in claim1 conprising less than 14.0 wt % Ag and less than 3.2 wm %
My. 1 s 16. The conposition as recited in claim1l conprising greater than
3.0 % Ag and greater than 1.9 wt% My. 17. The conposition as recited in
claim21 conprising about 2.94 wt % My and about 11.43 wt % Ag. 20 18. The
conposition as recited in claiml conprising about 2.28 wt% My and about
8.50 wt ¥ Ag. 19. The conposition as recited in claim1 conprising about
2.34 Wt % My and 25 about 5.85 “E@6A9'1agkyihe conposition as recited in

cl ai m 1 conprsing—about—3 27 wY%M—anrd—about—14-03—w9%Ag—30—21—The
conposi tionjas rpkdsk®egionis Cl &i MMEItEpEMpératige EIEYul 1. GShmpésiidvwary about

15 LIQUID
Ag3Sn 294 - 1143
Mg2Sn

LIQUID
20 Ag3Sn Te+5 2.28 8.50
BCT_AS

LIQUID
BCT A5 2.34 5.85
25 Mg2Sn

LIQUID
30 Ag3Sn 3.27 14.03
Mg2Sn

. LIQUID
Ag3Sn . Te+10 1.89 7.49
35 BCT_AS

LIQUID
BCT_AS 2.07 3.04
Mg28n

40




22. The conposition as recited in claim1l conprising about 2.07 wt% My and
about 3.04 wt% Ag. 23. The conposition as recited in claiml conprising
about 87.8 W % Sn, about 5 9.48 wt % Ag and about 2.66 wt% My. 24. The
conposition as recited in claim1l wherein the ratio of Ag to My i s between
about 4.25:1 to about 1.5:1. 10 25. The conposition as recited in claiml
consi sting essenki ah¢ gnbbdiveniveta Bbidarts quBtion iabhoed tdLaluutdotig sulfateween
about 1.9 to about .3..2 % My; d a remaining,bal ance of Sn. 15 26. The
conposi ti on“A¥°P &8 gt Aderaisaes, Grure %eg*e%é@eﬂl??lpsf P%,I%fstféw?‘%ga% Ag.
27. The conpgairdd @foff o 1RfHA Bnl ﬂmﬁbx@?é&ﬁoﬂ\ﬁﬂfa@k fenk{oR i§ BRIy trbgdndiBlem™s a
joint between two el ectronic conponents.” 20 28. The conposition as recited
in claim1 fondgherbilithef digmdssptwairn swiaes (egnnueiting abpitynUsingnthgrBetlestst r oni ¢
conmponent. 29. .An tﬁl ectr Oﬁi c.str ! tuge conEri.tsi ng a first El.ectro?i o
componert eFBREPH AT PYIASEAEET ¥ 1 4EQH RYMBYRET BV 1@0@5.0 SnPTeA e %o) der
al | oy consi §15 9Wn@FaE Theakdult iBfclodd tamw&%ﬁﬁﬂxehm abawf S3TPoMREAIwhiRout
1.9 to about 3.2 wt % My and bal ance Sn. 30. The electronic structure as
recited in piosidas 2 sunfverterisionif| S0mMN/m atamieking paek efohidoikent s are sel ect ed
fromIC chips, chip Garners or circuit boards. 30 31. A nethod of joining
two el ectronic conponents, conprising: providing a first and a second

el ectroni c conpongnélabsralee thei Bedeér'sanduatiokd linke Ofhee Ghifig ttét@i&prmog@ﬂ&t S
with a solder consisting essentially of about 3.0 to about 4.0 wt % Ag,
about 1100 tepmapeagnts to2thgiropayiala perepalGbbse emrgies2n the idly phase agd| wethe

conposi tion_conpr.i si ng. Sn,, Ag, -and wherei.n Lhe 5. coppoesitio as. .a
roberty o MEOHRIF] Ay ol THE g Blonpity bl SulbelRghg O Re
sol der. 33.,1lthAs aPfaeSist i on as recited in claim32 wherein the conposition

has a nelting tenperature simlar to the nelting tenperature of the
conventional Sn-Pb solder. 10

RT . x’ 1 —ES —Eb B,
15 oc=0,+—h(—*)+—(Gi -G
"ty ( ,;) S ( )
where or 1s the surface tension of pure liquid i,

S is the surface monolayer area of pure liquid i,
x! is the mole fraction of i in the monolayer,

20 x! is the mole fraction of i in the bulk,
—E.5 . . .-
G, the partial excess Gibbs energy of / in the ternary monolayer,
Ef’b the partial excess Gibbs energy of i in the bulk phase, and
—E,s —E.b . .
G;”” and G, are described by the same thermodynamic model.

Ef’s is obtained empirically from

E,s _ b

25 — - 51. 0.75 Ef’

S, can be obtained from

1/3,2/3
; =109IN "2V,

where No 1s Avogadro’s number, and

13—



34. The conposition as recited in claim33 wherein the nelting tenperature
is between about 188 and about 198 C. 35. The conposition as recited in
claim 32 wherein the conposition has a surface 15 tension simlar to the
surface tension of the conventional Sn-Pb solder. 36. The conposition as
recited in claim35 wherein the surface tension of the conposition is about

525 nim 20 37. The conposjti ofk tAs nfodsiviodind &f gilraligunid ;wherei n the
conposition has a nmushy range or wetting abilities simlar to the
conventional Sn-Pb solder. 25 - 19

i—@l N-q?\?\liE- AY. A & AifdngAthebe Asirdvoté§; A, Aamt VAUS AUl dxpbriflentup &&bz (@ Jm o
{vql gb] X] caPuonthedy, MdjtelaReddrendeddiakayelad, o8] eda]Brafecudrtiz) Eahdal (276 whilca] ca]
ca] ca] ca] ca] c”a] ca] ca] cal] cRa] c*a] cRa! Dr &% %692

} xsni d_z} | cgchlicadseadeaal ot Relinal KalaalMuabral arlder] ca] ca] ca] ca] ca ca] ca] ca
] ca] ca] ca] cal’'ca] ca] ca] ca] ca] ca] ca! B " THHSSWO

& &} &&&&&K ' (e() *M**Y+,-\--~ytoje [V]ca]ca] ca]ca]ca] ca]ca]ca]ca]ca]ca]c”a

] ca] ca] ca] ca] ca] o'k brbe 2bsvntishdlB] ead ghajedahstiod:6REE & € solder alloys makes
U c”a]ca] ca! --) é&% "t/ &0* 0001%22L3354w52556_0667{1,888: <5>0C>}xsnid_Y]c]ch

a] ca] ca] ca] ] solet d1aeHs end samukllxredicentheay eting apuidy ok theajodder c AicicBa] cal ¢
| > > SepR?2?2? id Z
L) o] on] ool iin B e AR TS TR KT Sy ity £-7 )
a] ca] c”ag cajmagiesiaki may sa}e asiaiir SLEOIOPUSChORDh OGP}, GuERPRRSSEFFLIOTTTTTU
o e G homphaloia ot i B 8 3 g ) Gelbfehaabeqlss) o
(U- UPURUI UnHeM&HH%WSWWhMﬁZ@%ﬂMM i 9_Bdddk Gl flec al cal

cal] ca] ca] ca] ca] ca] ca] caV| cal ca] ca] ca] ca] caV] ca] cal caV] ca] caV] ca] caV]
ca] caV] ca] cpMsphorous thereby allowing the oxygen to be removed when the phosphorous floats

=[\\ > an AT abl cedTefff< hhhh7iii\jj}xsnid_Z]]c]ca]ca]ca]ca]calcalc
a][ ca] ca] ca] 85}11?5’]“5%?% ]’E%llfega{]q%g'j%ﬁf%g?%a] cjaj] }ca] caj Ea} ]ca} ca} ca} ca} ca} ca} ca} c
ajcaljjbkktl!l.m memmmmmOnno} ooJpMpgkqqq3rrs] ssss!tqt}xsnid_Z]]c]ca]ca]ca]c
a)J ca] ca] ca] ca] caj ca] c&ca} ca] ca] ca] ca] ca] ca] ca] ca] ca]_calnca] ca] ca]ca]ca]ca]c
a] ca] ca] ca] ca! qt Theiseldev P&/ presepl yyvention may be used in the same manner as

{#{){rsl SSS§'&v%1§é8$fai‘%ﬁ-Pﬂ lo‘i%e%?‘lp%?]e%i@%] Gl SRfer Ak G §r%£e§@%bﬁ§l fl?zlygl%] caj ca
] ca] ca] ca] ca? cal calca]cal ca]ca]ca]calta]calcalcalca()V 0 797T0% & (
)- 10% & () used in EQKir8nic)appBddifdns. &Il pnd-dDbo&meht, $hel OMtdet 16 usedbdEEedfrically
10% & ()-y"10% &'f()- 10% & ()-, 10% & ()- 10% & ().-
109% & () - 10087 f firsizelggironio gomponenpdg & Jepond) elsotraitie compepoplgThy figst and
109% & (}g ' #4104 cging)))ﬁ&tslg'?@ggeél)sfa‘l’lyl beKsdledld from IC chips, chip carriers, circuit
boards and/or the like. The joining of two components is generally accomplished by
melting the solder, placing the solder on desired contacts (e.g., bonding pads, leads,
wires), and cooling the solder to the point where it solidifies. In another embodiment,
the solder is used to produce an electrical connection point on an electronic
25  component. For example, the solder may be formed into a ball on a ball grid array of a
chip scale package. In order to produce the connection point, the solder is generally -
deposited on a substrate such as a chip or circuit board. The depositing of the solder is
generally accomplished by melting the solder, placing the solder on desired contacts
(e.g., bonding pads, leads, wires), and cooling the solder to the point where it
30 solidifies. In one embodiment, soldering is carried out in substantially non-oxidizing

environment such as nitrogen and argon gas, so that the wetting fault and bonding fault

due to oxidation can be prevented.
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IO‘ 91 10% & () - ! @haedentases of s@wfmﬂet)ingf(mife%%pl(ryerpe%(thmt(e)nbﬁﬂb%r@ ()-G#
10706 A%&gllépé?"#%g?fmgof ) %@%ﬁg%wﬁgﬁﬁ‘)ﬁgfi&%ﬁ% foiogonts ﬁaéésloo ¥(-1@
10% t & () - 3qdiantakd of 1B¢dm&n(idn is thaOtMewdlof) des&ri]be&/&m&ir( )pproacho&hlu&’lt(o)}al
10% u& (g_ lead solders in performance (e.g., melting temperature, surface tension, mushy range
and/or wetting ability). As should be appreciated, some previously proposed alloys
such as Sn-Ag, Sn-Cu and Sn-Ag-Cu alloys do not behave like conventional Sn-Pb
solders. Another advantage of the invention is that the alloys described herein exhibit
favorable mechanical properties. In particular, the small mush ranges and compounds
10  in the alloy systems tend to stabilize the microstructure by refining grain and reducing
composition macro-segregation, which have an important impact on the mechanical
properties of the solder. Another advantage of the invention is that the alloys described
herein provide a lead-free solder that can be affordable and of less than 4 components
which makes it easy to manufacture. As should be appreciated, previously proposed
15  alloys that contain indium tend to be expensive (e.g., indium is very expensive and a
limited mineral reserve). Another advantage of the invention is that the alloys
described herein has similar properties to that of conventional Sn-Pb solders, and
therefore it is a suitable replacement for Sn-Pb solders in electronic applications. As
should be appreciated, a disadvantage with other previously proposed lead-free
20  solders, which have been proposed for electronic application, is that the existing
machinery used for Sn-Pb solder may not be used with the lead-free replacements.
Furthermore, it is generally said that if the soldering temperature for electronic part
lowers by 10 °C, the service life of the electronic part become double. Thus, a lower
eutectic melting temperature of the solder alloy may be very effective.
25
While this invention has been described in terms of several preferred -
embodiments, there are alterations, permutations, and” equivalents, which fall within
the scope of this invention. It should also be noted that there are many alternative ways
of implementing the methods and apparatuses of the present invention. It is therefore
30  intended that the following appended claims be interpreted as including all such

alterations, permutations, and equivalents as fall within the true spirit and scope of the

present invention.
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1. A lead free solder composition comprising Sn, Ag, and Mg, and having a

5  melting temperature under 200°C.

2. The composition as recited in claim 1 wherein the composition has a thermal

property similar to a corresponding property of a Sn-Pb solder.

10 3. The composition as recited in claim 1 wherein the composition has a melting

temperature within 5% of the melting temperature of Sn-37Pb solder.

4, The composition as recited in claim 1 wherein the composition has a melting
temperature within 2% of the melting temperature of Sn-37Pb solder.

15

5. The composition as recited in claim 1 wherein the melting temperature is

between about 188 and about 198° C.

6. The composition as recited in claim 1 wherein the surface tension of the

20  composition is about 525 mN/m.

7. The composition as recited in claim 1 wherein the composition provides a

direct substitute for Sn-Pb solder used in electronic assembly manufacturing processes.

25 8. The composition as recited in claim 1 wherein the composition does not

include indium or bismuth.

9. The composition as recited in claim 1 wherein the composition includes only 3
components.

30
10.  The composition as recited in claim 1 wherein the composition includes 4 or

fewer than 4 components.
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10 14. The composition as recited in claim 13 comprising a balance of Sn.
15. The composition as recited in claim 1 comprising less than 14.0 wt% Ag and
less than 3.2 wt% Mg.

15 16. The composition as recited in claim 1 comprising greater than 3.0 wt% Ag and

greater than 1.9 wt% Mg.

17. The composition as recited in claim 1 comprising about 2.94 wt% Mg and
about 11.43 wt% Ag.

20

18.  The composition as recited in claim 1 comprising about 2.28 wt% Mg and

about 8.50 wt% Ag.

19.  The composition as recited in claim 1 comprising about 2.34 wt% Mg and

25  about 5.85 wt% Ag.

20.  The composition as recited in claim 1 comprising about 3.27 wt% Mg and

about 14.03 wt% Ag.

30 21, The composition as recited in claim 1 comprising about 1.89 wt% Mg and

about 7.49 wt% Ag.
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connection points on an electronic component.

29.  An electronic structure comprising a first electronic component electrically
bonded to a second electronic component by a solder alloy consisting essentially of

25  about 3.0 to about 14.0 wt% Ag, about 1.9 to about 3.2 wt% Mg and balance Sn.

30. The electronic structure as recited in claim 29 wherein whe first and second

components are selected from IC chips, chip carriers or circuit boards.

30 31. A method of joining two electronic components, comprising:

providing a first and a second electronic component to be joined; and
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temperature similar to the melting temperature of the conventional Sn-Pb solder.
10

34.  The composition as recited in claim 33 wherein the melting temperature is

between about 188 and about 198° C.

35.  The composition as recited in claim 32 wherein the composition has a surface

15  tension similar to the surface tension of the conventional Sn-Pb solder.

36.  The composition as recited in claim 35 wherein the surface tension of the

composition is about 525 mN/m.

20 37. The composition as recited in claim 1 wherein the composition has a mushy

range or wetting abilities similar to the conventional Sn-Pb solder.

25
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