DOPI NG OF LEAD- FREE SOLDER ALLOYS AND STRUCTURES FORMED THEREBY BACK GROUND
OF THE I NVENTI ON 5As m croel ectroni c packagi ng technol ogy advances for
hi gher devi ce performance, solder joint reliability is becom ng an
i nportant concern. Package reliability issues, which in sone cases my be
related to solder interconnect joint (i.e., the interface between an
i nterconnect structure and another surface, such as a substrate or contact
pad) failures, have been observed in many types of packagi ng assenbli es,
such as in ball grid array 10(BOA) assenblies. BRI EF DESCRI PTI ON OF THE
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25dr awi ngs hbwateersdboayeddy rrwasytyms off bACk@tngaztssemhhesweltanm ballgridadiayrent s i n whi ch
t he |nv%nt |(]§a€‘ %(e g.practiced. These enbodinents are described in
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suf ficient 0 enable those skilled in the art to practice the
i nvention. |s to be under stood that t he various enbodi nents of the
i nvention, ' UARIEDY WENES necessari | y mutual | y exclusive. For

ﬁxaﬁ}fﬂ e, a partwqautt @E sﬁce@iﬁt:dﬂ{oﬁCotﬁhﬂé&&&lmrc&ﬂmﬂfart@hﬁﬂﬁﬁ&lﬁ[ﬂg&iﬂ sddescri bed
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distinctly claiming certain embodiments of the present invention, the advantages of this
invention can be more readily ascertained from the following description of the invention
15  when read in conjunction with the accompanying drawings in which:
FIGS. 1a-1¢ represent methods of forming structures according to embodiments of
the present invention. |
FIG. 2 represents structures according to embodiments of the present invention.
FIG. 3 represents a flow chart according to an embodiment of the present
20  invention.
FIG. 4 represents a system according to embodiments of the present invention.

FIGS. 5 represents a structure from the Prior Art.

DETAILED DESCRIPTION OF THE PRESENT INVENTION

In the following detailed description, reference is made to the accompanying

25  drawings that show, by way of illustration, specific embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Tt is to be understood that the various
embodiments of the invention, although different, are not necessarily mutually exclusive.
For example, a particular feature, structure, or characteristic described herein, in

30  connection with one embodiment, may be implemented within other embodiments without
departing from the spirit and scope of the invention. In addition, it is to be understood that

the location or arrangement of individual elements within each disclosed embodiment may
1



30 connection with one enbodi nent, may be inplenented wthin other

enbodi nents without departing fromthe spirit and scope of the invention.
In addition, it is to be understood that the | ocation or arrangenent of

i ndi vi dual elenents within each disclosed enbodiment nay 1 be nodified

wi t hout departing fromthe spirit and scope of the invention. The foll ow ng
detail ed description is, therefore, not to be taken in a limting sense,
and the scope of the present invention is defined only by the appended
clainms, appropriately interpreted, along with the full range of equivalents

to which thg nfllel®itRbue d§Rtting BEE thelsPirk R sEipB W MG Bwerdtiok eTRITUNGViA s refer to
the same or simlar functionality throughout the several vi Met hods and
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102 may conprise devices such as transistors, resistors, or conductors that
may form alepimagietanaesivinee i nicroplectigpig Prrkrecenbodi ment, the device portion

102 may incl uder@dgVviLRSIIHEE chOGBhdRS ofhRIBUIBIdrinRlgniBlogle@iRhRCESSOr CcOres on
a single die. In one enbodi nent, the device portion 102 of the substrate

100 may f ust¥réresprichpaurises yWdoiBstueras focsengire Rl da Tt tortiohi ted t o,
silicon, sioki G@Rra@T0NEHlsalsBite 1 @RNATBIIMPMe ol pAetiod BF Uintr M cElgapsd @as
telluride, indium arsenide, indiuymphosphide, gallium arsenide, gallium
ant i rmﬁgde,COIB’FCtl?B syt hdoterupRig e ﬁ‘ﬁ? traé"eWé‘gly[S‘HFhF’i GHPEEA 18V fur t her
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materials. In one embodiment, the device portion 102 of the substrate 100 may further be
20  comprised of materials such as, but not limited to, silicon, silicon-on-insulator,
germanium, indium antimonide, lead telluride, indium arsenide, indium phosphide,
gallium arsenide, gallium antimonide, or combinations thereof.
The device portion 102 may further include interconnect regions (not shown) that may
provide electrical interconnection for the various devices of the device portion 102. The
25  interconnect regions may include stacks of metallization layers which may include metal
lines that may be separated and/or insulated by dielectric materials.

The substrate 100 may comprise a ball limiting metallization (BLM) 106, anid a
passivation material 108. The BLM 106 may be disposed on a bond pad 104. In an
embodiment, the BLM 106 may comprise a multilayer BLM, such as but not limited to a

30  stack comprising titanium/aluminum/titanium/nickel vanadium, wherein the bottom layer
of titanium may be disposed on the bond pad 106. In an embodiment, the bond pad 104
may comprise a copper bond pad 104.
A solder material 110, may be formed on/applied to the BLM and thus the bonding
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The substrate 100 may conprise a ball limting netallization (BLM 106, and
a passivation material 108. The BLM 106 nmay be di sposed on a bond pad 104.
In an enbodi ment, the BLM 106 nay conprise a nmultilayer BLM such as but
not limted to a 30stack conprising titaniun alum nunftitaniunfnicke
vanadi um wherein the bottom |l ayer of titaniummy be di sposed on the bond
pad 106. In an enbodi nent, the bond pad 104 may conprise a copper bond pad
104. A solder material 110, may be fornmed on/applied to the BLM and t hus
the bonding pad 106 of the substrate 100. The solder material 110 may
conprise a .eask Jf'ﬁf‘e%ul?sﬁlltg%o ﬁ‘ﬁé Sldenatdldd 1 mﬂ@ JERYiNAGd R8AgEs, SnCu and
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The strong chem ca der material 110 with that of
t he ni ckel idepattlic grqwlt@ﬁjﬂ@n@:ﬂq\/@nnwcﬂwe@ Brﬁ/‘c%@Ft“@énE@hW%fqdbﬂlO@r adi ent that

may occur %&QQ%@1n§pr§@ltﬂ'ﬁjéhdbﬁft}n&f’thefs@fdeﬁﬁaﬁémil €10 Wich it ifoin¥@wiih Qk@pelsegr egation
and reaction at the copper/solder interface. The doped sol der material 110

may furt hesugge, é%ﬁ‘@é aith e gackagestbshie ﬁ?Rﬁ’é"e%‘éfaofod/ o Ct“FliPaé CPRPFT sYrfRces

enbodi ment g tRan&f | ow process 112 may conprise a tenperature of bel ow
about 270 degrees Celsius, for exanple, that may conprise the refl ow
terrperzil5ure for the sol der material 110. The refl ow tenperature paraneters

may vary accor ditegibi dhblﬁlcﬂ&ﬁtril@uf @t intiefsbiavy rﬁd’téﬁaesls) vﬁﬂiﬁha@kﬁéﬂie niakel
sol der/ copper interfaces. orm a ni ckel

Sopeg b, P HEheh MeeRLRSER vt pishd Brar i ey il P TR aTPS A R e of Fow

process 11Z2vint, for example, will drive nickel segregation and reaction at the copper/solder 1ntelface
The doped solder material 110 may further be exposed to a reflow process 112
20  (FIG. 1c). In an embodiment, the reflow process 112 may comprise a temperature of
below about 270 degrees Celsius, for example, that may comprise the reflow temperature
for the solder material 110. The reflow temperature parameters may vary according to the
particular reflow process employed.
at solder/copper interfaces. The doped solder material 110 may form a nickel doped
25  interconnect structure/solder ball 114 after undergoing the reflow process 112.
Figure 2 depicts a microelectronic package structure 200 according to an
embodiment. The package structure 200 includes a package substrate 216, and a die 202
(similar to the die 102 of FIG. 1a), wherein a plurality of joint structures 207 are disposed
and connected/electrically coupled between the die 202 and the package substrate 214. In
30 one embodiment, the package substrate 216 may comprise at least one of a motherboard, a
printed circuit board (PCB), an interposer, a test coupon, and a land grid array socket.
Referring still to Fig. 2, the joint structures 207 include BLM (similar to the BLM
106 of FIG. 1a) 206 disposed on the die 202, and package substrate surface finish 215
3



Figure 2 depicts a mcroel ectroni c package structure 200 according to an
enbodi nent. The package structure 200 includes a package substrate 216, and
a die 202 (simlar to the die 102 of FIG la), wherein a plurality of joint
structures 207 are disposed and connected/ el ectrically coupl ed between the
die 202 and the package substrate 214. In 30 one enbodi nent, the package
substrate 216 may conprise at | east one of a notherboard, a printed circuit
board (PCB), an interposer, a test coupon, and a |and grid array socket.
Referring still to Fig. 2, the joint structures 207 include BLM (simlar to

the BLM 10611598se5tnﬁhebacﬁlge%%n%smsr@@n Sibdiendie sd@e ﬁﬁﬁldmaﬁdyage substrate
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pa : e ose et ween the an e die
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substrate & ARS.AARINS 208 thgﬁa%kﬁé%@ﬂﬁsﬁgt&gé MOhULRHe e SiM lar to

t he i nterconnec stru res rise |lead free sol der
mat eri al mmmhcmmgkshwwmpﬂm@Smmhr@nmﬂmb@dmwéﬁﬂuaWﬁ%Uﬂ At B e dhmegt structures

214 may CO%{;&% 1874 fx’e@§oﬂfe9ﬁ5‘t@1‘?zﬁ tmﬁ hickg tdb’ﬂt@gs In dnboBdiBERogE FBAtonndche

i nt erconnect structures may conprise between about 1-2 ppm of nickel
and about @tr@ttp@ﬂr?démaym@ﬁ? Céintqrepangehitaicigtshie et enodigntithe 214. 1n an

embodi ment unt&r@&m&!t Qthétut d¥BY4 REy Ik @il @h boutinb %ﬂrﬁ ik Miclehl sddrabbuoed

throughout each of the |nterconnect structures 214, and 15 nay be present

in an ampumercalMrich| of e iftereonaat siE ok It olnria pmBYIBent dhgpekel maspbe
i nt er - met alghistn GRS &Jﬁ@t&mno 6ht cad JBuB Seradid T DRBesioNt ahd et al | i ¢

conpounds for exanple, In an nt t hi ckness of .t he Sn6 | MC may
conpri S@ a M bERKEE marar@§%MFﬁaﬁﬂ gﬁ? %e§¥@W6ﬁ§Ea¥ﬁm3Wigﬁﬂ3§% t he

growt h of lMepinds (MECudising ab L3 Sn @SS m@r-ae@mc canoumag fooékaﬁrbletl n Wi th

ciToctive AR trsoet Syl Gilaa NG Re e Aiba Pl ) vo '

optim zed fbsut 5 écr@ar ti cul ar applrcatron Prior art package structures t hat

do not Compr i set S BLASl AR5 FhRCSINGRL: R EHhER of he car ous

enbodi nents of presen AV e Incre amount / density of
| MC' s f20r medmlination ppér wistodogpar Ciumltaer‘of: aloesd '(yFtthud@B@)ﬂ.mg by a factor of

about four. The effective amount of nickel to be added to the solder material may be

optimized for the particular application. Prior art package structures that do not comprise

the nickel doped interconnect structures of the carious embodiments of present invention,

may comprise increased amount/density of IMC’s formed at copper/solder interfaces (FIG.
25 5).

For example, a prior art solder/copper interface of a prior art packaging structure
may comprise a Cu3Sn 502 inner layer IMC and a Cu5Sn6 504 outer layer IMC, with the
inner layer IMC being porous with Kirkendall voids 506 arising from an unbalanced
copper and tin diffusion that may occur during reflow and/or baking processing, for

30 example. Excessive eletromigration failure may occur due to such IMC formation at
copper /solder interface, and may significantly reduce assembly yield.

The interconnect structures comprising the solder material of the various
embodiments of the present invention, however, impede the growth rate of copper tin
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For exanple, a prior art solder/copper interface of a prior art packagi ng
structure nmay conprise a Cu3Sn 502 inner |layer IMC and a Cu5Sn6 504 outer
| ayer IMC, with the inner layer | MC being porous with Kirkendall voids 506
arising froman unbal anced copper and tin diffusion that may occur during
refl ow and/ or baki ng processing, for 30exanple. Excessive eletrom gration
failure may occur due to such IMC formation at copper /solder interface,
and may significantly reduce assenbly yield. The interconnect structures
conprising the solder material of the various enbodi ments of the present

| nventi on, IWY%E%SEWCB&%d %ITMW EhdQh th?sqwgésufti i arJdMglo?'mn such as
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free solder alloy according to enbodi nents of ﬁﬁent I nvention may
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courser gr aings, Sick® dpRE 3R 8 Hedsoniér ﬂlbpsdﬂn@lﬁ%aﬁlﬁp@dmlsﬁadwﬁ theeouas:dl der all oys.
Additionallﬁ theredutlonl |n T™MC s

f or mati on Wrengssesy A0 o8- I}lﬂfji’%}pg@ei bec?ﬁf)g?r %"isdA 943 eyr ace, increases
the over al lreditticangtdids dams‘ed by mesedﬁmmn mCpHoinagyy andnde, |anqbﬁ1©wr3130®der all BLM

| bi | h
reliabil) t%g&}%g?oﬂgr lnyerfe ace 1ncre?sas the ove X) s¥1e aé@bnrf %ﬁ rl])m%;[) (r)n%g{l}il)l%%%gg{ nel S S Own

of a pr1(90e oping a so eria nt .
step 302, ampesd oﬁmdéBSerdﬁtbllmmnéldlea/helds doped vvlth ni ckel, wherein the

ni ckel conpri seg, n% ﬁeﬁ%%% ﬂ&wc%alpgrsﬁmtoﬁgé \é%'s gcmdopqlfl Q?de?ﬁlcltgl‘?zﬂ material.

I n 15an enbodi nen Opl ng may be ac rou conventi onal sol der
al | oyi ng prowetgtesn crbrsimes  Atfstsp 36X amqall &ce f9jdepingiern 15&9@%‘1 vigspdeti ve netal

el enent s a%@{egﬂ tt il @onq)?i%sglﬂ%ﬁgut%%%ht Uly%gh?&QhetsG%@r hgatd.ng up the

m xture to ne L he sane, stirring constant to ensure uniformty of the
al | oy dibst 1 pubgdiment, Aferdoping gy bej Vedéhll%%‘@é\‘ﬁn%ﬂa} Biepb¥Ess may be

effected i R AQERPGHALUHERBHRY HRink AW P& iRf m@all BNk bOrdfaok der al | oy,
For exanpl edemgnated composition, and then heating up the mixture to melt the same, stirring
constantly to ensure uniformity of the alloy distribution. After cool down, a
homogenization process may be effected in a temperature below the liquidus of a lead free
20  solder alloy, for example.

At step 304, the doped lead free solder material may be applied to a substrate
comprising a copper pad. In an embodiment, the doped solder material thus fabricated may
be used in a conventional C4 bumping and bonding process as would be recognized by
one skilled in the art. Although a method embodiment for forming nickel doped lead free

25  solder is described above, embodiments include within their scope the provision of a
doped lead free solder composition in any form, such as, for example, in the form of micro
solder-balls.

FIG. 4 is a diagram illustrating an exemplary system 400 capable of being operated
with microelectronic structures of the present invention, such as the joint structure 207

30  comprising the interconnect structure 216 of FIG. 2, for example. It will be understood
that the present embodiment is but one of many possible systems in which the conductive
interconnect structure of the present invention may be used.

In the system 400, the joint structure 424 may be communicatively coupled to a
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AL step 304, the doped lead free solder material nmay be applied to a
substrate conprising a copper pad. In an enbodi ment, the doped sol der
material thus fabricated may be used in a conventional C4 bunping and
bondi ng process as woul d be recogni zed by one skilled in the art. Al though
a met hod enbodi nent for form ng nickel doped |ead free 25solder is

descri bed above, enbodi nents include within their scope the provision of a
doped |l ead free solder conposition in any form such as, for exanple, in

t he form of nicro sol der-bal | s. FIG 4 is a diagramillustrating an
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the system I's not ‘nece he operation of the system 400. Coupl ed
to the 1/ 0 abadosagnpiaype aldisplay ﬁ@#ceék‘éﬁmaés stgsegeslevped?P eRnd & @(HO%‘Q B4 a nmass
storage deyjge,ArQices@d keyboard and pointing devices 422. These el enent s
performtheir conventlonal functions well known |c the art.

20particul ar, nhsse deesnigqerfornpthsipgpnpationel foetons el kg n i g - eP m storage for

the exegut %letl@ulal, mass storage 420 may be used to provide long-term storage for the executable

instructions for a method for forming joint structure in accordance with embodiments of
the present invention, whereas main memory 412 may be used to store on a shorter term
basis the executable instructions of a method for forming joint structure in accordance
with embodiments of the present invention during execution by computing device 402. In

25  addition, the instructions may be stored, or otherwise associated with, machine accessible
mediums communicatively coupled with the system, such as compact disk read only
memories (CD-ROMs), digital versatile disks (DVDs), and floppy disks, carrier waves,
and/or other propagated signals, for example. In one embodiment, main mefnory 412 may
supply the computing device 202 (which may be a processor, for example) with the

30  executable instructions for execution.

Benefits of the present invention include reducing assembly yield loss due to
solder joint failures. Nickel doping into lead free solder BGA alloys suppresses both
Cu3Sn inner-layer and Cu5Sn6 outer layer growth, thus leading to an increase of BGA
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instructions for a nmethod for formng joint structure in accordance with
enbodi nents of the present invention, whereas main nenory 412 nmay be used
to store on a shorter termbasis the executable instructions of a nethod
for formng joint structure in accordance with enbodi ments of the present

i nvention during execution by conputing device 402. |In 25addition, the
instructions nmay be stored, or otherw se associated wth, nachine
accessi bl e medi uns communi catively coupled with the system such as conpact
di sk read only nenories (CD-RCNB) digital versatile disks (DvDs), and

f1 oppy di Sk%lﬂelcgfltr 1ht§1rfac%¥tﬁ gérggsmgtohﬁ{eﬁg&'ﬂ@ﬁ@agtrmh qhaNalcke; for exanple.
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(whi ch nayCMBn&mmmd@®gé@mmgﬂ@wkéR@W§ﬁé¥lWﬁ?ﬁ%ﬁH@WB@@%@@ﬁ?H%FE)|nstructlons
for executign Benefits of the present invention include reducing

assenbly vyi el %rj?loss due to solder joint failures. N ckel bgopl n into | ead
free sol der BOAEmPedipentsaf fismeaseisvpsion ka3 dhe pGpmoration plyubhnerlésissne out er
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rength. Suppression of int ?{C%Eowtf{] due to nickel
dopi ng can PRightp Ap‘feéil“iﬁ’ﬁgﬁt?lgw’teﬁsé it Ghio 3’:@&%%%@%“? ETEFC FHTCPPY evel
inter Conne%hmf) Ebilithe ﬁ@kt@ﬁra sh1@érdift gebififdb A0S0t thb@bspfpﬁﬁﬁﬂidlct nwenti on

enabl e the inco orat on of stubb der rise a
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copper /sol der | erf ol der BQOA al |l oys
accordi ng tﬂbe B odland ?\;%egrau% ?ﬁﬁ&ea‘gﬂ@g&gﬂeﬁa@%&tﬁ% 6{%&2@{?%% di et o- package
i ntegration sol ificogh ﬁl@fortgwmgrdesctlptg?erhe&%mlﬁml C@ﬁallpﬁ@?@ag@méﬁw%l%@%r es, thus
enabling t % e ﬁﬁm%\f ﬁihgﬁlod ﬁfttﬁ 8L h O eRtfon! t'ﬂ%e%ﬁﬁécﬂglt% a]}trv@g'aﬂ)&e&idtee LD

architecture’ e foregoi ng description has specified
certai i5st dhps mamdnwhﬁ@?l@waéd fuhgitutipnymppebaaade ApFoFd Bhéttlfh’éit?n‘éﬁd thahe present

i nvention, .f0Qsenlchddd ali@addA€ sishitubbds! anda-ﬂ:ﬁfti%ﬁsl @tc@mlcﬁ:rédh@-falllmiﬂyl
modi fi cati ons and substitutions may be made. ACC%)I‘ din is intended

that al |l sdistpidaidseesof Baaveriop et dfgHy thatpperded deims a%%“aﬁéﬁ tions be
consi der ed ghQediAdd thvhdtiud m‘ich&le%ﬂbl’ﬁé $trudtlfls SCANRE jorkt ahdlphcka[g\ieﬂﬁddtm as defi ned
by the appended claims, In_addjti eC| d th t vari

m croel ect PN kepyi e s Thagfer. tg%F ‘]gk‘fiemlo‘é{&‘%q’ﬁ at§t°P RS ot ar e well
known 20 t hg caidplaryl RRFRIcOti@ic dehige Elhtgiéi‘tﬁﬁs tplﬂﬁ\plddﬁd: dfﬂree)ment ivastonat e onl y
portions of_ 20 n exenﬁlar .m cr.oel EOHIC at. pertalns to the

practice ofMPHec Hrgel I3 At IIB‘W %gtrflﬁglef)yeégebeé f'RVention is not

l[imted to the structures descri bed hereln



What is clainmed is: |I. A structure conprising: a bond pad di sposed on a
substrate; and a |l ead free solder interconnect disposed on the bond pad,
the | ead free solder interconnect conprises at | east one | ead free sol der
S5material that is doped, the solder nmaterial selected fromthe group

consi sting of SnAg, SnAgCu and SitCu, wherein the |lead free solder material
i s doped Wyhahisehimnedns:ckel , wherein the doped | ead free solder materi al
conprises a percentage of about 1 ppm nickel. 2. The structure of
claiml, wherein the bond pad conprises copper, and further conprises a
10BLM  3.. Akteucatre cotputisigof bank ahdnlidposddumtalvebstreengdiadéaddgreaelde intbreorineetd fr ee
sol der interconnect . conpri se ortiaon of a J. O t I 154.
The str ucfilﬁp%seéo]?n %’F ob\?nr?l{%d §} %?cgt;r% PR 1rslt8{calénre°tjsc§%n%ﬁ£e§taflﬁ%% 8I?ee1£%:a§¥r$%rsfglgeers a
por t5i on ofnagribllthat iSdopdd) ehesbideiohaternl edleceld diom the grahecwmiintitgyd SsibsinAgte
conprises a tion of m.croel.ectronic device, i | free
sol der i nf'&t g@ﬁngg?rel%l??g?qu%g S(gld%é?atteir%nlsg?pe\g “gtglloagﬁqq?k\épﬁ{hgegﬁ%&g%ﬁcg%gjd

st ruct ur efred sotddeaimmeBalwhmpaicn a gercoyyge of dtiont §i ppneninted.al | ic formed in the

sol der joint conprises a fine grain size.

2. The structure of claim 1, wherein the bond pad comprises copper, and further comprises a

10 BLM.

3. The structure of claim 1, further comprising where the lead free solder interconnect comprises

a portion of a solder joint structure.
15 4. The structure of claim 3, wherein the solder joint structure comprises a portion of a FLI.

5. The structure of claim 1, wherein the substrate comprises a portion of a microelectronic device,

and wherein the lead free solder interconnect comprises a portion of a solder joint.

20 6. The structure of claim 5 wherein a copper tin intermetallic formed in the solder joint comprises

a fine grain size.



