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Field of the Invention 5 The present invention relates to |edl¥f 2884 der
al l oy conpositions. Mirre specifically, the present invention relates to

| ead free solder alloy conpositions that provide a direct substitute of
Sn-Pb sol der used in electronic assenblies. Background of the Invention 10

Sn-Pb sol der, w ctic conmposition _Sn-37Pb (e.qg., 63 wt% Sn, 37 W%
Pb) or near eu}tlig.}?ﬁ ﬁﬁﬁ;ﬁm INRAL @SOWEE’QMBQ%M has a
eutectic nmelting tenperature of 183 C. As one of the primary conponents of
sol ders, lead (Pb) reduces the nelting point of tin (Sn), increases its
strength, inproves it ductilit n 13 rqvi des excel l ent thermal cycling
fatigue resistance of the sol he.l&i fjthe vent to these techni cal
advantages, lead is a readily available and | ow cost netal. Sn-Pb sol ders
are therefore wdely used in el ectronic assenblies throughout the world.
Lead- free sol déiRgSent ipjeniian refptes re rleukter soldecpiiey sponesitions. | Meagt of

| ead on Z0.hgaht cenyi %E t nh 1 ed St .t he

el ectroni g?slrran fac?%re %ér;:lg 1&%&@?? y %go (Il:%grefp%oégédetéoaglg ncghngp%\s}f%% glsatto t he
ul ti mat e padsaddadmen sutetittte of Se&d sshikdeved ifi elettentieakskmblile Lead Exposure Act

(5.729) and the Lead Tax Act (H R 2479, S. 1347). Starting January 1,
2004, European nations will be requiring the use of |eadfree solder alloys

in all electronic assenbli e%ackﬁi;oﬁﬁﬁ%‘ithéid@ehﬁﬁp' egislation is proposed 25
that will prohibit lead frombelng sen o fand fills and other waste

di spd8al sites. In response to the | ead-free soldering issue, nassive
research efforg s, workdw have been carri o identif suitabl e
substitute. ThE W ?%d?rswgtgnae?‘g?ﬁtﬁ? ctog}pé’élp%%?‘%e ed’e\)% Uﬁ'l/r?e%e %f"’% di rect
subst i t uPd) boheaPRutediPborBpdsHRIN {cOf., CUNIBER-LPWNYG 1, RRNNNLSE ndIEM)

manuf acturing. Since a solder wth higher nelting tenperature will have a

maj or i mbERRETHHIG Ak 187 nEr P gamepf dhavatimanacempenents af aoldeseleadt(Pbhi ¢ -t
05 QT %Eessthl;(}nelting 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
o 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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assenbly and encapsul ati on, an acceptabl e substitute shoul @@fg}w ggﬂémal ting
poi nt around 183 C and possess eutectic properties. The desired f ures of
a lead-free alternative to Pb/Sn eutectic in the assenbly include: |owest
melting tenperature, mninmal freezing range, ease of manufacture, ease of
recycling, mninmummaterials cost and conpatibility of suitable flux with a
No Cl ean process. recent.review by Abtew et al. jn Mat. Sci. and Eng.
27(2000) 9 SGHALY, WQEII"&BS‘I“H%?P: éﬁpﬁﬂﬁiﬁéﬁ%l? eﬁ“&%‘ﬁﬁ?ﬂﬂf‘e Hetop Juelting IBY have
been propases $83 ParadYpds&oraatdeat ippdhepies! e’?ﬁ@ﬁ%ﬁ%ﬁsfeﬁﬁﬁsr@rﬂlfﬁﬁlﬂé%_ers- The
maj ority of the alloys are based on"Sn, In and Bi, wth Sn as matrix

met al . O #ltanagive d9i MySe legteshic 9n dhe aZrembly inde: Guwastombljng ThmpSature,ch
conpositigns._a 3 considered to_be ng@fchl i kel yfcand'.dat es. The all.oys

i nvest i ga’%jélamﬁg/ SN P§EnToR O SPAIugcte, e §fiReyp iR dnipimympmaterialis 5o o5
30 35 sORGAS £lTddalbafibilie)Y of behhblc ki vaiRRh NB!(@edd gBk&s. Manuf act uri ng

Initiative), US N (National Center for Manufacturing Science), US I TRI
(International Tin Research Institute), UK SnCu0.7 SnAg3.5 SnAgCu SnAg3.5

SnBi 58 SnAg3. 2Bi_4 i.4 l.n2 2. I

SnAg3. 5Qu0. 5zn1.5°° %‘%‘S‘%? %%E‘?g'ﬁ%ﬁ‘?g .“é%@%@C*?ﬁ&%&9%@@@3?@(%?%5% Bi Zn
Note: Al |thyt apploeindtélpn30 aPiefige Veilddrnalldle heveNbeerSNAGRoseEUEd GabGBy5a" Whi ch
nmeans: 2.5 %.Aq, 0.8 % Cu, and 0.5 % Sb (weight percent), with the |eading
el enent (§oRipglionof sescarehsrs apd maguigpturese hhe BAGEY of thoellogs argbasedog O C -~
200f nys e I v Pak f I RN}

2ppl i ot nan aplRCWRR S eifele QuieGllofBl SRR e 78 3 SBCE,
suggest s angdrMgi Thecmisch adpmhpystiasraiconsidprGhio B moshlilsig cAglidAbs TheU. S.  Pat
No. 5,-328,.660.t0 CGo est ernary sol der alloy of

78, 49 S, SOSR e Ry Sine wea AR s pARRlsh age)

pay

Table 1
15 ORGANIZATION ALLOY

NEMI _ SnCu.7
(National Electronics Manufacturing Initiative), US SnAg3.5
SnAgCu
20
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 SnAg?.5Cu0.85b0.5
SnCu0.7
SnAg3.5
SnBiAg
SnBiZn
35

Note: Alloy compositions are given in the form " SnAg2.5Cu0.8Sb0.5," 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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In U S. Pat. No. 4,806, 309 to Tulman, a tin base |ead-fre
conposition containing Bi, Ag, and Sb is proposed. In U S ﬁﬁ‘iﬁﬁﬁéﬂﬂ%
5,344,607 to Gonya, et al., a Sn rich ternary sol der alloy containing Sn,

Bi and In is disclosed. Mreover, US. Pat. No. 6,231,691 to Anderson, et
al., provides a Sn-Ag-Cu alloy nodified by a low level 10 of elenent N and
Fe. Sn-Zn-Bi solders are disclosed in U S. Pat. No. 5,942,185 to Nakat suka
et al., US. Pat. No. 6,334,905 to Hanawa et al. and Tai wanese Pat. No.

TWI31931. Ter NRfaMy 3€4d0BES 51089 ﬁliloiﬂ:s Nehvesedh ;p@ien?cﬁ R eﬁbcﬁ@ﬁ@od?)gﬂ&ﬁioﬁg.e
I te at

hopeful . fromthe point of 15 nelting npe ure. In order prevent Zn
oxi dat i onFerfexgmpian 1B5 - Paj- Ba- §.73&8826r Sarkbielj ¢l dn soggeassasrtsinanldebaloyss

di sclosed_in.U So Pagt.. No..6,241, 94 I al. US Pat. No.

6 558 3oocfutinTspiBlan BB af; Al UK Al S8 6Bb 15 bouv fhalopugenilz

el enent s yadidmayReller Al FFBI4Y; SheTBAl ,59.58%3%@919'%%%%%&: Pc@ithddy. or

Sn- Ag- Bi - all oys to enhance the nmechanical strength of 1ead-free sol der.

Cu
Lead- f r eelt UaS-aPitoNo. chRhi Hihép dnlmen, atin Wﬂamd-zﬁ'ceamédqy][ mmlml win t ho
| d pat : / 328 -] t 7 -
compost t1 eyt AETHR 58 s bApARU" DS pop NP P e BGODE R, g

t enper at usesicle teosy oidthaloyafonGinihlh S6,0810681d. InHO WRYRE:d. t MBrddRbQ U. S aponent s
of these all f e c rised of the elenents bisnmuth and 25 i ndium These
ot Bk togdh

al l oys ar Qg Sid-» RIGVadfs aadpn-derfay pliey podgedbly slemglsyelf or t he

f ol | oy NOof SERQNAN; afd Fehe price of indiumis high; b) |large amounts of
bi smuth and indiumtend to lead to |low nelting phases fornmed in the system

whi ch have a bad influence on the reliability of the sol der pad, and raise
concerns about,thertmal .fati t hi enper re;_c)..it becones
difficult to r%%%v-ﬁa %9%‘%5% Vgg@?ﬂf‘%ﬁf"g&g ﬁ-é’tﬁf-ﬁ% iﬁ‘éwf%@%ﬁé%‘ﬁﬂé% algl | oy for

recycl i ngUISs @avike) 61338/905 o Blanivadedln drdl THiREnde PN Nl Ay yviR3e! paRay of the
sol der. -3 05 QCF 200 5 10 On the other hand, lead-free alloys based on

Sn- Ag, Srsolifre semBHsing - BuZadiiett mein wompasertisnace hepefithdropoitie poim dfhe 217

to 227 C ) ' Ly, higher t hat. pf 63Sn37Pb. These
aIOI oyg5 ar%lgl?% éeﬁgg%rgtgréé 3%@%’%&4%& r{;'l‘g‘%:ntt )Zél u%’ggaﬁfoﬁt(ga%?kgﬁvgﬁ*ﬁu%ﬁﬁﬁéﬁ- Pb
sol der ( eadglitjonSyf-1&% flign 190P ik didtioaddi . Pt M. €24 8b42 td Muld et 28CU.S.and Eng.

27(2000)95-141 there is believed to be no single alloy that can be sinply
"dr opped Iil)saﬁ"ﬁ%sé 5320'&'5%5‘1@ st atlaimsihat Smn. G-opis mighie of these elgmenty syst ens

|y oot L bR oftitFark Rirc ERRnlh¥ dafi be A0CH B SRIG Mol SRAL-ENURSSS @2 0N 1S
enhance the mechanical strength of lead-free solder. Lead-free tin alloys comprising

20 In, Al, Mg and Zn are provided in the world 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 concemns 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.



Potential |ead-&ee alloys with high percentage of tin rep e
Litton conpany ,are listed in Table 2. Table 2 15 Potenri afﬂ§g%P?p%€ al |l oys
with high percentage of tin +silver (Ag) 0.1 to 5.0% +bisnmuth (Bi) 1.0 to
5.0% +antinony (Sb) 0.2 to 5.0% 20 +copper (Cu) 0.2 to 2.0% +zinc (Zn) 0.5
to 9.0% +i ndi um(In) 0.5 to 20. 0% +magnesi um(l\/g) 0.5to 2 0% 25 As shown

above, the le ee sol,der all S ec i 0 he research

subj ect of maﬁ@ V\é? PLer hiepdo, e 9*%{3}133 oﬁ’ﬁé’ g’egﬁﬂ?ﬁ ﬁ]’%?a Bul ati on

has becongtaie spétetih Bawf ﬁl@lﬁhg ‘ISSmH”'ﬁQH@QYFf‘H 2170@ 1%11?@ widemis sﬁ%rﬁﬂ&{n@l? of
ete

| ead-free sol der. For exan]; prelimnary cal cufation of fnary
phase di ajehsntha thehofeaSod TR §besﬁéi§©]?'$ mdhwlcmm dugtabletdiratt substitate\ifabl e

Ti n- Lead Q gﬁ %J@g ", Journal of Electronic Mterials,
July I994c,% fon H)kflﬂng S%O‘F,Ang%ﬁéé‘& 602, indicated the occurrence of a

ternarsy eutectic reaction at 217.4C for a conposition of Sn-3.8Ag4 05

OCT 2p04 2.3Cu(w .% using existing binary alloy thernodynam c and phase
equi i brium wi ﬁ&ﬁﬂcaﬁ%]r%%’tq%leb?]acml Mat. it ot Tars 27@2080198sid 1t thereris i n

excel | .enty, t her Lhe sy face t ensi ons
of Sn- basee?g{}&lleder a oysgtl%:a\lllgssgéé{ng%?e ICF@‘){%}SE&C &ul |y b?/neuil né‘et he

But | er eqeplacament Sorl Sn-Fb evided Theealfogrsggioms gnvestigaatithfis €@ asoligiged anloy
conposi tion that provides a. direct substitute of conventional Sn- Pb sol der
used in & BEEEFTNEAEINEiationISQeeesS@Y. Summry of the Invention |0 The

i nvenfgi on rel ates, in one enbodinent, to a |l ead free sol der conposition.

Potential lead-free alloys with high percentage of tin reported by the Litton

- .company are listed in Table 2.

Table 2
15 Potential lead-free alloys with high percentage of tin
+silver (Ag) 0.1 to 5.0%
+bismuth (Bi) 1.0 to 5.0%
+antimony (Sb) - 0.2105.0%
20 +copper (Cu) - 0.2102.0%
+zinc (Zn) 0.5 10 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-
ad




The |l ead free sol der conposition includes Sn, Ag, and Mj, %(ﬂ&ﬂ'aiﬂﬁ mel ting
t enperature under 200C. In nost cases, the conposition includes between
about 3.0 to about 14.0 wt % Ag and about 1.9 to about 3.2 wt% My. | n other
cases, the nelting tenperature is close to the nelting tenperature (e.g.,

| 83 C ) of conventional |eaded 15 solders. The invention relates, in

anot her impnt, to an electronic structure. The electronic structure

i ncl udese%ragj‘?‘ﬁ‘r"&@}erl@esrwt@gc Hﬁ@héﬁ’f)ﬁﬁ&?ﬂ?%{%@ﬂcaﬁw SRR 0 o
second  ely@gidhnPRitarf YIRS pdtin e ONUE rosilth A% i LRSURH ilfdhty of 3.0
to about 20 14.0 \ﬁf% Ag and about 1.9 £o a%)out1 3?§él%t/é%8§g%§%{akﬂa%%ce Sn.
The i nversxkpammens.afegherinorgribe henfacertbumibrsesft Sn-based sobtehetowf hjveitmeng t wo

el ectronic onents.. The met hod i.ncludes providing a first and a second
el ect ronipée‘ﬁ%fr‘g%lﬁ:@?ﬁsa{l]é%é’eusj‘% tﬂgg‘.‘lﬂ%eéluﬁ%?rhod al so includes connecting the
conpopents wth a 25 sol der consisting essentially of about 3.0 to about

14.0 wt % Ag and about 1.9 to about 3.2 wt% My and bal ance Sn. The invention
rel ates, in adotvimy otthso@rageins, atleadafree seldénr dlpyswingwsitoortpagirovides aThe | ead

free sol C iti-on includes N n d In nost .30.cases, the
conpos 1 (e BERRIds St S Y ol us B bt AR SRR
conventional Sn-Pb sol der (eSgmmi®dfithgliwmgenat ure, nushy range, surface
tension, wetting ability and the like). -5 ~D5 OCf 20p4 Brief Description
of the Drawi ngs The present invention is illustrated by way of exanple, and
not way of |- ion:. F.g ' j I ' g the

| quitl us proj é[?xte ilggé%i%htrggte%{nA%I}eI%/%ﬂl%%%sntgﬁﬂd?Q%ﬁggn%{ @%@g@gﬁ;‘@ﬁgﬁ@%t h one
enbodi merftheokad Hecepsaldentompositiv dmcludes Sn, Ag, and Mg, and has a melting

temperature under 200°C. In most cases, the composition includes between about 3.0
to about 14.0 wit% Ag and about 1.9 to about 3.2 wt% Mg. In other cases, the melting

temperature 1s close to the melting temperature (e.g., 183 °C ) of conventional leaded

15  solders.

The invention relates, in another embodiment, to an electronic structure. The
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 wi% 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 fo a corresponding property of a
conventional Sn-Pb solder (e.g., melting temperature, mushy range, surface tension,

wetting ability and the like).
-5




D 5 OCT 2004r Detailed Description of the Invention The pre ent i nvention
w Il now be described in detail with reference to a few 5 p QCWqﬂmg
enbodi ments thereof as illustrated in the acconmpanyi ng draw ngs he
foll owi ng description, numerous specific details are set forth in order to
provi de a thorough understanding of the present invention. It wll be
apparent, however, to one skilled in the art, that the present invention
may be practiced without some or all of these specific details. In other

i nstances, well known pr OCBﬁ%fﬁEﬁﬂ-ﬁgtﬂﬁVﬁ'tHQer@%slo described in detail in
order not to unnecessarily obscure the present I nvention. The present

i nvention provides a |l ead free sol der aIon conposition that wor ks as a
direct substit ead ased ect . of resent

i nvention pertgil{engl%%em lgveél Pree! Ii tﬁgﬁdsbif fr ?f’éin% ¥ 8410t ead

sol derss (lemigationSn- Pb) in 15 performance such as nelting tenperature,
surface tension, nushy range, wetting ability and the |ike. Another aspect
of the present invention pertains to | ead free solders that exhibit

favorabl e nmechapi cal er..a t of .the Se vention
pertains to Ieag ?r%eaetﬁso@'gaerﬁ(gg%sr ﬁméﬂg{vﬂf% thg%ﬁ%{\%f’ p’ioﬁ%?ﬂo?gﬁﬁh %‘?‘rﬁ‘@ggﬁt s. Yet
anot her gdpscdiagifint, reagporkacd with veatinbadipRat &f tAs piReltedeénfipge sol ders t hat
may be used in 20 existing machinery configured ? | ead based sol ders

(e.g., Sn-Pb). The |l ead free sol ders described hereln are particularly
suitabl e For electronic applications such as surface nount technol ogy

manuf acturing. For purposes of clarity, the term"nelting tenperature”
generally refers to the 25 tenperature at which a solid transfornms into a
liquid. The term"surface tension” generally refers to the stretching force
required to forma liquid film The term"wetting ability" generally refers
to the ability of liquids to wet a surface. Mreover, the term "nushy
range" generally refers to the range of tenperatures between the "solidus”
tenperature, which is the highest tenperature at which an alloy is 30
conpletely solid (i:e., the point where nelting starts when the alloy is
heat ed) and the |iquidus tenperature, which is the | owest tenperature at
which the alloy is conpletely 7 0 5 OCT 200




liquid (i.e., the point where solidifying starts as the all d)
"Mushy range" may also be referred to as the "pasty range. O%eﬁ%fgﬂﬁt

invention provides a |lead free solder that conprises tin (Sn), silver 5
(Ag) and magnesium (My). 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 forned by thQ)e@glﬂé’dﬁ& p centered tetragonal
structure-(BCT AS), Ag3Sn an S o?fthéﬂﬁr ﬂgXnt ered tetragonal .
structure (BCT) is an exanple of a unit ceII The unit cell is the smallest
structure t ha 1Le eats. itself trans| ation .t hy oughout the crystal. "AS"
and in "BCT A es(eﬁ'timr”@%tﬁ)é]c‘tvﬁtﬁ %thl&* t}?grq’é{?taﬂd‘@ é‘?ftﬁ Bt £3Y ded to
the sbrugkefeeed EihB@«ﬁEﬁdn%Sth@feoﬁ QU PRSiAT thd a@@cﬁt%aﬂ?ﬁ%edr%h% st R R esent
invention may be 15 el ucidated by application of cohputatio

t her nody felivése desrrintivar numatous specitid yatuits cec ¢t foth i swepld pmvhy: ahi ch

phase di at al ysis of t basi c_t her nrodynam ¢
properti 2@ g’@tﬁ{ %;ﬁ %g‘ﬁ‘;?}/etsgltr&" %’%H“"Phét Wﬂg%ﬁ?ﬁ%@t’e qvgg ¢ ABe

predi cti ekilled i ﬂ[ﬁéaﬁ eaammeqarésfent e syt ﬁhﬁ}(\bfelp@ﬂ:t@é@ wWidbu€ssihd ¥r seagured, as
well as to predré‘t phase d| rans of ng;ﬁ ex nmulti conponent systens. 20

More par thestisapqilc dedilparly @re’élﬁiaec%h oo prggessrrienshievaowy e ¢
cal cyhati f ' f |ons|n
acco?gangg&vﬂ%@%u}) éaggledggﬁlt&t?t@‘gnrﬂeggﬁ&&(?%gérdég{he%tr ﬁﬂ%%ernary eutectic
topol ogy, a lowest ternary eutectic systemrequires three sub-binary

systens with rti[r'ﬂvarrant reacti ons, es E gr ally the 25 eutectic_ reaction. The

t her mo- chemi calP® BFEER Y @Eion pravides iftsg sldspallon cameposHipndhistredks ¢ ensi on
can thenape dﬁé@@h@tﬁ‘ﬂe DY 1dal VSRR, ©rfedkfett 8f ih@%rés@nﬁnverﬂll%ﬂ%@rtﬁ yilibrium
cal cul ation). Thernodynam ¢ cal cul ation provid extrene useful tool
for obt afﬂhrlﬁgi cf[@ntsr)ldatﬂ Vet afoeaddt iconveakiondl lﬂaghecrldcnsd@rg prSmi!lb)t it omponent

syste er.nar as the t nam c _properties. .of
o 4TS on et SURTAL BERE Rmirractiey sgsoRa Ao RIS HBMITIIE g o
~ OCT 20ailifihend higs fiely namdtBerCapest @t fHRNpreBNt BeveRAbh (ifeftﬁﬂs lt§l1a-91 fevariety
of techni qlggs,t | n one enbodi ment, the thernodynam c calculation is

fi

per f or ned° att grditainfaopab g (ﬂ?ﬁ%%m@ﬂ roapesiigsat Aonthef aspeaks ef thicapyesent )
techni qu t del s cons t with
t he expe?*rVﬁ%ﬂ%%P&t%qﬁ%F’f’*fé?gt%é’é;?déﬂr%?rrtﬁtﬁl TP A n TRER e B Rsa T

t her nody aasther wspdat aptiegiresent mpédtive pestalit @l 1620 fiRalscMbattRatliig bedisaaliy system
measur.ed val ues from bipary m xtures are used to estimate the

t her %dyﬁﬁlﬁﬁ“&g BEGpEFD; e “r?ﬂrlf?rr kgfsaehsoldenst @ik, SpPbynEhe depdefenit at i on,
ther Moy Bleke 8khcAdRFif 28 phrlERHel! B0:PR! BTRIRLSn" ﬁ@%&h&%ﬂc@xs coupl i ng.
phas I agr o

the experinental data fromt ans and the em str The 10
phase di afasmnefunt teehmalbgy menplaceringsyst ens are then cal cul ated using these
nodel paraneters from |l ower order systens with different extrapol ation
nodel s. The extrapol ati on nodel s can be grouped into two categori es:
symetric (e Yor pﬁ?@édscblf 1Rl thE@dthermel L hdrfpriiuRy enda 9 rd@H) todRd

asyrrrretrrc Hillert).
25 emperature at whlcﬁ a solid transforms into a liquid. The term “surface tension”

generally refers to the stretching force required to form a liquid film. The term
“wetting ability” generally refers to the ability of liquids to wet a surface. Moreover,
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

-7~




1
15 In one particular CALPHAD techni que, the nelting poi ntsﬂgfog t?tg%ary
all oy are cal cul ated using Redlich-Kister-Mggi anu t hernodynam ¢ nodel. The
Redl i ch Ki ster-Miggi anu nodel is one of several enpirical predictive
nmet hods used to represent the thernodynam c properties of a ternary system
based on the correspondi ng values fromthree binary systens. The
Redl i ch- ist{ﬁ&- I\/Ugé;(;i anu_ nodel %0 is as follows: 4xtx2 GE 1+X=~ -Xxz 1+x2 -xI
(1+x| - x 29 G0 the pomt 1‘%‘(31”025011 dying starsasgthesplloy iscgoolsdd. “Mushy range( | +xz
'X3)(1+X3m?><£s3be21%@er?ed'to%slhe“‘&%ﬁ%%r% +x3 -x1 1+xl -x3 (1+x3 -x| ) (1+xt -x3
) 31( 2" ) 25 where GE Xx; Rglich-Kister polynom al: is the ternary
excess G bbs energy of a phase, is the nole fraction of conponent i, is the

bi nary excess .G bbs ener descr,i be y. the -9 n D5 ocr p~, GE =Xi x~
(ap +al (xi - XJ_%@P;FSEF{] verion W%Vlfemgﬁaa spidenthat ?Pamgpﬁemwé& PioFer
par amst er(Agp afidl GnaghedidSmaA(MEY tTihd| colPoSitibd JThas Sbol2AERBRImA, B0 wAG)D system

10, in accordance w th one enbodi nent of the present invention. By way of
exanpl e, vered.tBorrxemplsh dbe ledil digeasoldanymise coropmsedbaiwperg aticue 3QALPRYAL

o agr ane A B e et RN T B ee A et IR P 386 on o

triangul axamplef thtZufcatit WicidsiBieie@Tahesk Qldn@ LR IHMd BPiHRISArdNpRRe

conponent system:: Ternary phase diagrans generally plot the conposition
of L he. sy thePato-senseipd eiAeansh SriseiralBrd. APhoAEMp) MeoFs e bt~ er nar y

syst ar, r | s ach c epgesenting
oD B S e L 0 Lol B B Y
conposi t isoresistucterprthstaapants yelfini warsiatioh hhrouglait thd @pghle. “ARfemdghat i ve

proporti Q f. t.he elenents are 1 iven by the relative | engths of the
per pendi c@’lﬁaﬁé& ﬁ%?heﬁ?ﬁé’e&?%%"gwﬁ?g% designatiop @cesrdgdfa the staicHIe opposite
the appropriate elenent. In Fig. 1, the ternary phase diagramplots the

conposition of the Sn-Ag-My system 10 at the ternary eutectic tenperature
of the system ppatiehognpdsitiass iy atdved@c Withuthd ysespniojneedticonmag bef t he

The. 1P aqui TR e TP Gy SOBREBUPRY heffodtetiehmer SOUPBEBM Y he t hr e
conponentthdfinstiviiznios isatht @ikeipling byl whidk phRPaskin8re FlerR%ABPRalytile vertex
of the triangul ar plot represents pure Sn, and the two of the sides :
ext endi n§f Eh?g?aéﬁtb?mwéﬁn@@@mmm%ewtye Atanrbesiputatienalghermpdanaivy added
t hereto. i.5d f n re asured. by wei ght
per cent aS@?’lﬁtﬂa r"i"%@?’@é’??ﬁ‘gwn%ﬁﬁéér 8{;@8%{,St$ﬁe sclgl Q{g g eatghqgn}era?%%%ﬁ%/ar pl ot

12. The Meljuisde prediod phateidiaprids ghewnpibt shubivogipshent@fstems.ecti ¢ or boundary
lines 16 that represent where two or nore phases are precipitating at the
sanme“tinme (e.g., the 30 intersection of the |iquidus surfaces for two

o b e LRt SSRE S YL el B )
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).



triangular plot 12 to a point of convergence thereby formng three regions
(which -10 05 OCT 2Qpf represent three different corrpositi_ﬂ)ﬁsg[ﬁ gpﬁ and
E3). The point of convergence is generally called the ternary eute

point 18. At the ternary eutectic point 18, a liquid phase is in
equilibriumw th three solid phases and the overall conposition of the

solidis the s s the overall conposition of the fluid. The ternary
eutectic tenpe?g%iléeqnggglwg 1’%%@@!“& &A¥e L5t BetéPraredt HENG V& (BREDNAL t he

l'iquid caschargues. In BaE eMbbdigiche &ﬁ@i&nﬁéﬂﬁﬁﬁg&cﬂﬁﬂ@ﬁﬁ% géﬁoﬂ{gdyusﬁ%l thd phases

exist. In the illustrated enbodi nent, the ternary eutectic conposition of

t he Sn- AG-MNgPHAL: EramymierLabngdatidneOPesfiiageme)weehniaie. I8 sheCALREIAINoul d be
appreci a .this temperature js clos o.that of Sn-37Pb. solder. The
pngort i t(%% 0 quﬁ\’gﬁ{egn P %Odfér??ﬁvggg/%&‘nﬁ‘ﬁa‘?pﬁ’é“@éﬁarg@&rx #thdhe ratio
to beswedhstt bbalreagting af sthﬂmraitﬁasn@@ﬁaﬁicab%ﬁqlétﬁnE&eﬁm E3.usdd khough

only one terrgerature is shown in Fig. 1, it should be noted that the
ternary $plsulsta thgylemaryt sistap, rigprmeshteddvaiyesaiiendueas inintwés dicagedtis, one

for each Jfemper r . Of le,-Table 3 illustrates the results
from succegsm veeﬂié; @Féjg%/d M of gé%g% off T‘é‘“h’fﬁ@}"’ réyg‘gém’?‘e efBhts the
ternary démpkatenttivenhemaddghenifsetfft@nsivieh@Moleliig, patdSets Gre @maném@% +5 and
+10 represent the increase in tenperature therefrom In Table 3, three

di f f er enCOBIHFYP t¥BFANERiakdata Seny e phose derameanchihsmeaghsaistmh e The
conpqgi t ipAA% AgiRR% Be wlﬁ@orﬂ;%cfnfeﬁlr ﬁﬂ%e{rﬁs}t'\%'g gﬁ‘&sc‘?al&ﬁﬁle@ ﬂgiﬁé'ﬁtﬂ%ﬁgn@de?’gzsn’

Ag3Sn - BCT and BCT - MyZoSn. eac e conposi 0 system
i s ful |l yphiagnetets fremslvien drderTsyskems3 witth diffarente sxreapdianign caopels. t The r anges

for the isotherns (Te.+5C).and (Te .+10C) at the illustrated phase,regions
are 1.50 REARIZN '%b?&%}é %‘1 b%.géa'gp[eﬁ TP 5% (8RS SARTSHICaTee Redlichs ng
these ramkysigs-KoRlef, ®eldQsh-isthaMuBgihuy B LenhRINERY:, akRWt g 1 and about
1.5:1. 25 30 -11 0 5 ACT ~pp~.gto)TabI e 3 15 20%2’5 33’ 35 4
15 In one particular CALPHAD technique, the melting 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_ 4)51:1:2 GE(I-l-x] -x, ‘1+x2 -~ X]
(+x, —x,)1+x, —x ) 12 2 ’ 2
. 4x2x3 GE (1+x2 —x, .1+x3 —x2)
(I+x2 —-x3)(1+x3 —-xz) 23 2 ’ 2
N 4xax1 GE(I+x3 —x, .1+x1-x3)
(+x, —x Yl+x, —x,) 3l 2 )
25 where Gt is the ternary excess Gibbs energy of a phase,

X 1s the mole fraction of component i,

GE{j is the binary excess Gibbs energy, described by the
Redlich-Kister polynomial:




Phase Regi onsMelting tenperature (C)Conposition (% M AgLﬂ@JUDJP\ngZ. 94
1 1.43My2SnLI QUI DAg3SnTe+52. 28 8. 50BCT A5LI QUI DBCT A52.34 ' 5 :

5. 85My2SnLI QUI DAg3Sn3. 27 14. 03Myg2SnLIl QUI DAg3SnTe+101. 89 7. 49BCT A5LI QUI DBCT
A52.07 3.04Mg2Sn -12 0 5 OCT ~p~ In one enbodi mrent, the Butler's equation
I's used to calculate the surface tension of the liquid alloy. Surface
tension is generally defined _as the stretching force required to forma
liquid film The property oﬁ?fmijaw&lenyxg;m&;(xg ypj)éal |y responsi ble for
the ability of liquids to wet a surface (e.g., wetting ability). Using the
Butler's 5 equation, the surface tension of the alloy conposition shown in

Fig. 1 is predicted as 5%®r®2 nN ra, Thdsadaia{ intGadlopgRrdngetéde experi ment al
data of Sn-37Pb sol der, which provides a surface tension of 500 xnNNm at a
melting peak of 184 C. To el aborate, the Butler's equation |inks the

surfage tensi of i . el I_alr. e I hps
energig.es in tgg'ballﬁu{)ﬁ?g{gdlgﬁg |Enﬁﬁh§‘ ﬁ%/aggﬁe(%f{%?ﬂégwgcéﬁ%ﬁgslg l}Rhe

equat i on agevdamnvernth hee smbbdioent efilieguresenoinventiorquBy why of exaingls, thel | ows:

15 a:6_+RT~£xr2)+ 1c§GE.s-Gs.e%FC§; X .S; _mherercggis t he surface tension of

pur e - T qufgayY, PRase; dagTin Y 1R SSTsA ohsinge fhe, CALRHAR feshwinygidesqribed: i s t he
mol e fracboad) A is gdnerdRewsRabawe asd & 1] I in the
bul k, CGE's the par%i,al 2xces$ Gﬁgbgﬂ%gr%?éo lalkﬁlﬁﬁsnﬂ?gv %ﬁg?{/ﬁ@%ﬁél ayer,
GE b t he Dhase redationskips Jo belyisualizadgyn of tiiarignlar elobuRk(ap hes alimendor@E' s and -

SR L R AT T e
=1. 091NpAB/2érBporditesreofthel s/sAWO gad rartculid TR perafinél THe3compositidas of480F
~ ternary system are represented in the triangular plot with each corner representing an
element and each side representing a binary system. The ternary compositions are
represented by points within the triangle. The relative proportions of the elements are
15 given by the relative lengths of the perpendiculars from the given point to the side of
the triangle opposite the appropriate element.

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

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

20 liguidus projection 14 of the Sn-Ag-Mg system 10 in the tin rich part of the Sn-Ag-Mg
system 10 1s shown. The liquidus projection 14 represents the liquidus temperature of

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

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 satyration 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-




V, is the nolar volune of pure liquid i. Anmong these parane nd V,
cone fromexperinental data (C.J. Smthells, Metals Referenmaﬁ;oznﬂ)gl

5 h ed., Butterworths, London (1976)), while 5 GE'b is described by the
Redl i ch- Ki ster- Miggi anu nodel. It has been conventionally recogni zed that
oxygen in the solder alloys makes the solder fragile and remarkably reduces

the wetti A abi.lit sol der. hosphorous may be added to
| ead-freé gﬁef(ﬂ;sfhrggd L &y“d’ éﬁa ?‘ﬁ doéﬁxfglgﬁpqg@t fnevesgenss Way serve
a sim | argdpefafl9saled the t@iﬂﬁf‘ryeéﬁaﬂzﬁb ;18 duf iHEgeﬁlE%ufﬁﬁ%ﬁ? J}?Lﬂtq@ 9§1ﬁ{uﬁl s added

| ead-free all oy, phosphorous of about 0.01 to a
to the netheskiisiaeayifibrism wWitethsseyspdid nhnseshadﬂmlmechlkm:qmsaioa dfylm wdidl y bonds

with the ;p her.eb aIIovvl en to be renoved when the
phosphor ougﬁ)efS oatag q%eng‘feﬁ%ﬁ ?%Sé )] Pr% ?‘P@S%tgﬁag[ Qiteglicdprgperatiee ifh o

sol ders ofthe Newest aer@pératuiey @Ntthd Byt tha e atuid ch @xRAMBARNNRE t&fa
conventional Sn-Pb sol der. For exanple, the solder of the present invention

may be useECtA t‘“é?léeé@fﬁ’@rﬂl’(l,y sdjs| phases exisd. In thedHestratddomibeditnent the terodmter i s

used to ¢ i rS CQ

el ectroni g?%gﬁpgﬁlébmug rgls}t %M;é %E ggﬁﬁ%%%g#y%a@ﬁ@n@rﬁl ly be
sel ect ed 38aHTC| Ascdhibplsl, beczﬂppfbcta@éd Hs fempetdh@eiid B8t EhOT7PbRBIde ke, The
j oi ning two conponents is generally acconplished by nelting the sol der,

pl aci ng tH¥ Boperdion Asdp g inohe demary( eystem nyonbié dgriped §om Swdmtiow r es) |
and cgol 'H%Qvéé&ghigékgﬁg oli‘gnetlﬁ%s B{%baﬁt Wg&’ eE%ﬁnczE%' difies. In another

enbodi nent used to produce ‘ctrical connection point on
an el ectroni c 25 conponent. For exanple, the solder may be forned into a
ball on a ball,grid arb§¥ of a chip.scale packa In order to produce the

connection poi‘NEiOUEh @b PRftempsratiaRds shqwn H’eﬁ’ﬁs?i iééh@tﬂdé’eswmﬁhat thesuch as
a chip Orteﬁhfycéysferrpﬁ?aﬁr%e &g ?fé@éﬂt&d B OgucE?ﬁloioé)]ﬁ%B%l] Hg & L¥n

acconpl i shed by nelting the sol der |ng e so eS|re contacts
(e.g., bdeapergtupadBy meadef exvimps,) ’,l‘aldﬁoB aldmltnatmg thlaerembﬂsd&dimt actdeiveoi nt

wher gi t i 0 soldering is carried out in

substant |d§%r§lﬁéno%g d?{“li iﬁv F@gﬂew etg | LR ?Ereﬁf’litg EnteHREY £95HCgas, so

t hat t he twapéritnge Sk bysand, b@nmm°¢ aéﬂdtthg 4§ 2h@ 9%y %&&P%ﬁﬁc@%e%evem ed.
~ ~ OGT 200a The advant ages of the present invention are numerous.

D f f er enteiBRBBYUrSsredrogr | mplaied: &weodiifermy compesitors @rTaw5iE afd The -

foll f.th th t th | 1
doscri bed bar o AametoTnE SKABLANG bl RETtBRel PPl ariiafte (o o

nel ting tAgiper Mg&Sa AngmfaBéJTtﬁﬂSlB(O’n M%&Shy Ataaag@oﬂﬂﬁé@éorﬁ\ﬁésmd?@ @i | i ty)
SOnme previ ous proposed all oys such as Sn-Ag,

As sh ul d CI at
sn- Cf andygﬁ“Ag ﬂww ”’E?é’if‘a%é ¢ p%@eseeam@mpmnaﬂlu‘snranaesfwder s.
o T .1 o0y o R A 2 AEBRE SRSl

exhi bit favorable nechanlc
ranges aﬁeWc‘@h%oMﬂdé 0400 lH. (Bmzt % Ag))ané }osllamasSﬂ diging ¢thesé advigks, 2Re tdiRs

M CT OSUT Y LS MY b Bl BhL A LSS 51
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conposition macro-segregation, which have an inportant inpact on the
mechani cal properties of the solder. Another advantage of ﬁﬁeﬁﬁmwymﬁgon i's
that the alloys described herein provide a | ead-free solder that can be

af f ordabl e and of | ess than 4 conponents which nakes it easy to

manuf acture. As shoul d be appreci ated, previously proposed 15 alloys that
contain indiumtend to be expensive (e.g., indiumis very expensive and a
limted mneral reserve). Another advantage of the invention is that the

al | oys described herein has simlar properties to that of conventi onal
Sn-Pb solders, and therefore it is a suitable replacenent for Sn-Pb sol ders
in electronic applications. As should be appreciated, a disadvantage with
ot her previously proposed | ead-free 20 sol ders, which have been proposed
for electronic application, is that the existing machinery used for Sn-Pb
sol des may not be used with the | ead-free replacenents. Furthernore, it is
generally said that if the soldering tenperature for electronic part |owers
by 10 C, the service life of the electronic part becone double. Thus, a

| ower eutectic nelting tenperature of the solder alloy may be very
effective. 25 Wiile this invention has been described in terns of several
preferred enbodi nents, there are alterations, pernutations, and
equi val ents, which fall within the scope of this invention. It should al so
be noted that there are nmany alternative ways of inplenenting the nethods
and apparatuses of the present invention. It is therefore 30 intended that
the foll owi ng appended clains be interpreted as including all such
alterations, pernutations, and equiW&bgﬁ&s as fall within the true spirit
and scopg of t t ijnv i.on, -15 0, T 2004 What 1S %iai dis:

1. A Iead'freéﬁggﬁ%giggb osﬁ@?@ﬁgg%wg?%?ﬁﬂgCgESeng% 99?%8P( Bhl anke of

Sn, betweg 9 : g ut 3.2
wt % My, § and _having a nelfing tenperature undef 200C. 2. The conpogition
as rdeitead i ndRMEN 1 wherlein the conposition has a thermal property
simlar tjo a d&3¥S8spondi ng property of a Sn-Pb ol da94 10 311.3he
conpositijon adMgaited injclaim1 wherein the conposition has a nelfing
tenperature within 5% of tihe nmelting tenperature of Sn-37Pb solder.}i 4. The
conposi tijon adIQedDted in |claim 1 wherein the conposition has a nelting

t enpepat ure wiAdysa 2% of tlhe nel timgst enperaturge of 98- 37Pb gsqj der.| 15 5.
The compgsiti gsrpngecited in claim1l wherein the nelting tenperature is
bet ween gbout 188 and about 198 C. 6. The conpopition as recited in claiml
wher ei n' tlhe sqﬁb@ﬁﬁ tensign of the 20 conpositijpn is about 525 nNVm 7. The
conpositijon a Cided in|iclaim1 wherein the conpoz%tion provi des @ direct
subst it utie fo&ﬁ%% sol degr used in el ectronic jasse ﬁy manuf cturijng
procé3segq. 25&-on

LIQUID
30 Ag3Sn 3.27 14.03
Mg2Sn

LIQUID
Ag3Sn - Te+10 1.89 7.49
35 BCT_AS5

LIQUID
BCT_AS 2.07 3.04
Mg28n

40
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8. The conposition as recited in claim1 wherein the comﬁ'ﬁtfggﬂﬁﬂ S not
i nclude indiumor bismuth. 9. A lead free solder conpositi i ng Sn,
Ag, My and P, and having a 30 nelting tenperature under 200 C. 10. The
conposition as recited in claim9 conprising between about 0.01 to about
0.1 % P. 16 05 OCT 2004 11. The conposition as recited in claim?9
conpri si ng bet en ab ug %_]g {h Oﬁb ut 14.0 wt % Ag and about 1.9 to about
3.2 w % M. 5 N BBy utler’s geyation isnuser dpealenate g suifig a

bal ance Ofen$on ofi e 1M & | ess
Chan 14. 0 v ok Ao mna e B e <o et SRR
recited i¥dered to fermentid fily. Bheeproperty hhisurgacd teitskinAg tyrichligrrespoasiblehan 1. 9

Ny and. aoin 3 B Sl o Bt S ool 0T alsn e s 1

conpr isi nguatien th@sit€acetiSasidh ele &H@jﬂboﬁpés@tu% o mll?lg Thepeammasist i on as
recited ipclaiml corrpr|S| ng about 2.34 wt% My and 20 abou? 5.85 wt % Ag.

18. The ¢ N/ The resad; is stpse o ém@aﬁxnemnmtqbﬁa@l of Srabdtit s@de27wikcks My and
about 14 c SItIO r.ec d, in claim1 conprising
about 1. W%?/%/g‘gf“é?e’% t%ﬁg% gp?ﬂ%"tlc]zﬁ%pgsl tion as recited in
claim1 conprising about 2.07 w% My and about 3.04 wt% Ag. 30 21. The

conposition as_ recited in claim1 conprising about 87.8 wt% Sn, about 9.48
W % Ag and abolf Hlalgate gheyButla’®s eqoaicocTinksOthe surface tension of pure

10 - components: fo their partial excess Gibbs energies in the bulk phase and in the

hypothetical surface phase. The equation governing the surface tension o of a liquid

alloy is as follows:

RT 3
s o =0, +-—In(>) + —(G. -G
S i i t
_where o; is 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  in the bulk,
—=E.s . . ..
G; the partial excess Gibbs energy of i in the temary monolayer,
—E.b '

G; the partial excess Gibbs energy of i in the bulk phase, and

—E, —E, . .
G; ¥ and G; b ore described by the same thermodynamic model.

Ef’s is obtained empirically from
25 _E = 0.75 GE b
§; can be obtained from

5; =1.091n}/3p 213

where No is Avogadro’s number, and

-13 -



22. The conposition as recited in claim1l wherein the ratﬁg of Ag to My is
bet ween about 4.25:1 to about 1.5:1. 23. The conposition 1Y G in
claiml1l wherein the conposition forms a joint 5 between two el ectronic
conponents. 24. The conposition as recited in claim1l wherein-the
conposition forms connection points on an el ectronic conmponent. 10 25. An
el ectronic structure conprising a first electronjc, conponent electrically
bonded to a second el ectYioni dsg&fﬁ%lﬁ’émlmﬁlﬁoépgﬁllﬂé}d fal | oy consisting
essentially of about 3.0 to about 14.0 wt % Ag, about 1.9 to about 3.2 W%
My and bal ance Sn, and having a nelting tenperature under 200C. 15 26. The
el ectronic st rYopRg dhess paametss. i @ andi Wy 2omehBewi pxpananenfal sdata(€.Jsecond

A ot hoa S TieRr i Sk aTBhd N e B Bula by Bl LSk rBitRG o *

first and.massegond. el ectraqnic conmponent to be |oined; and 20 connecting the
conponent% wi'f e%“@%‘i'@éf“ﬁ%ﬁﬁ’i@é@ﬁ@“é‘éwudw lof about 3.0 to about 14.0
wt % Ag, about 1.9 to about 3.2 wt% My and bal ance Sn, and having a nelting

tenperature u r 200C. 28.. A | ead free sol der composition conprising Sn,
Ag, and My, wﬁgg%% RHEBENIOPAG EcPBRReH Bt gxvisEp; the selfey allgys maakes

Corr espongl S8dd RSkt dnﬁsfeﬁfarkﬁﬁly?’&lﬁ{?cég rth§ﬁr}:§9%;1b?]|ﬂk gﬁ[the E)8erC OAP Qéciflﬁ I on

having a nelting tenperature simlar to enperature of 't he
convent i @®hasphsrousmaip bdadded ke leadtidengldye msemaoxyzen seaveggdredmdanizbout 188

and o] 30 29. The.c osition as recited in,claim 28 wherein the
corrpgg i ;J it(%%g%aisunémsayrsﬂe & Sflgﬂg%)%ﬁi)%%egi {na(?neteé“cl{(’rqﬂn?llﬁ’rq%’él @%HE‘?"BW“B‘FI t he -
convent i ofighe 1SHd-Roe a0 ghosphidrousQT 266t 0D Adut 619 5PWRAT: td AeaTo ggiS_t ed

in claim?29 wherein the surface tension of the conposition is about

m\' m 31 thermelted merials. chheagxysen inctheimeltadamaterialaapically boedscwithabét i on has
a nushy I i abial J 1] i M onvent i ona n- Pb

ol dor JRCSHRRARInaBls 4G BRiha blyEEn B B Febtorld o OB PR g

t enper at wnehosfurfabe of mepabintiepinlsias stag. gr eat er t han about 200 C. 10 33. The
corrpogiti on as recited in claim25 wherein the nelting tenperature of the
corrpd ition is no greater than about 200 C. 34. The conposition as recited

in claim27 wheeelidher iR! blodht ifRRIR! 1P 1 uledCirC HIPOSMS hihubs 200

greater than about 200 C. 1 The conposSition as recl
wher ei n chevestons Sin-Ply soldempForséxaqpsy , thégplderdo Ve passent ineérttiongniebper at ur e,

surface terhs
USC
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wherein the conposition consists essentially of about 3 to about 14 wt % Ag,
about20 1. geqogd A9Epongity ngywgemerabdbe selected 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 Wheré 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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bal ance Sn. 25 37. The conposition as recited in claim2 wherein the
conposition has a mcrostructure of body-centered tet ragorﬁg @mr@ﬂy X

i ncl udi ng MgZSn and Ag3Sn internetallic conpounds. -19 ‘
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should be appremated 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, 1t i1s 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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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.

S 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. A lead free solder composition comprising Sn, Ag, Mg and P, and having a
30  melting temperature under 200° C.

10.  The composition as recited in claim 9 comprising between about 0.01 to about
0.1wit%P
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4. The composition 4s recited in claim 1 comprising greater than 3.0 wt% Ag and
g gr

greater than 1.9 wt% Mg,

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

15
16.  The composition as recited in claim 1 comprising about 2.28 wit% Mg and
about 8.50 wt% Ag.

17.  The composition as recited in claim 1 comprising about 2.34 wt% Mg and
20  about 5.85 wt% Ag.

18.  The composition as recited in claim 1 comprising about 3.27 wi% Mg and
about 14.03 wt% Ag.

25 19.  The composition as recited in claim 1 comprising about 1.89 wt% Mg and

about 7.49 wt% Ag.

20.  The composition as recited in claim 1 comprising about 2.07 wi% Mg and
about 3.04 wi% Ag.
30

21.  The composition as recited in claim 1 comprising about 87.8 wt% Sn, about

9.48 wt% Ag and about 2.66 wt% Mg.
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15 26. The electronic structure as recited m claim 25 wherein the first and second

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

27. A method of joining two electronic components, comprising:
providing a first and a second electronic component to be joined; and
20 connecting the components with a solder consisting essentially of about 3.0 to
about 14.0 wi% Ag, about 1.9 to about 3.2 wt% Mg and balance Sn, and having a
melting temperature under 200°C.

28. A lead free solder composition comprising Sn, Ag, and Mg, wherein the
25  composition has properties similar to corresponding properties of Sn-37Pb or Sn-40Pb
solder, the composition having a melting temperature similar to the melting
temperature of the conventional Sn-Pb solder, the melfing temperature being between

about 188 and about 198°C.

30 29. The composition as recited in claim 28 wherein the composition has a surface

tension similar to the surface tension of the conventional Su-Pb solder.
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