PLATING BATH AND METHOD [1] The present invention relates generally to the field of electrolytic
metal plating. In particular, the present invention relates to the field of electrolytic tin-alloy plating. [2]
Metals and metal-alloys are commercially important, particularly in the electronics industry where they are
often used as electrical contacts, final finishes and solders. The use of tin-lead, once the most common
tin-alloy solder, has declined due to theAnmprkea 2o re KN ons pAdsad. Lead-free alloys, such as tin-silver,
tin-copper, tin-bismuth, tin-silver-copper, and others, are common replacements for tin-lead solders.
These sqolet$ are aften slepesitad\emacslbsitiase geingrallyladrije RUT, slechralyiah wiecrqitaiity bmth. [3]
Methods for electroplating articles with metal coatin enerally involve passing a current between two
electroddAN Gk R TRR NG BRIRIES I9dPHES RGHRS HETIK SR the article to be
plated. A ypical silver or silver-alloy plating solution comprises dissalved silver ion, water ionally one
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composition may further include one or more alloying metals and one or more adjuvants. [8] Also
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silver ions; water; acid electrolyte; and sulfide compound of .
long term use, resulting in precipitation of silviem the electroplating bath.

[005] U.S. Pat. No. 7,628,903 discloses conventisiteer and silver-alloy electroplating
baths containing certain sulfide compounds. Thi®mt purports that these electroplating baths
have good stability. However, it has been fourat thpon extended storage or long-term use,
such sulfide compounds polymerize or decomposetim-silver electroplating bath, resulting in

precipitation of silver from the electroplating bat

[006] There remains a need for silver and silvéyaklectroplating baths, particularly tin-
silver alloy electroplating baths, that have suéint stability upon storage and long-term use and

provide tin-silver alloy deposits that meet solderformance criteria in various applications.



1 (cR the formula: Y-(CR3R4)x-S-(CR5R6)"-Y2 wherein YI and Y2 are independently chosen from
CO2H, 503H, PO3H2, CONR7R8 and OH; each RI, R2, R5 and R6 is independently chosen from H,
(Ci-C6)alkyl, CO2H, and hydroxy-substituted (Ci-C6)alkyl; each R3 and R4 is independently chosen from
H and (Ci-C6)alkyl; m = 1-6; n = 1-6; R7 and R8 are independently chosen from H and (Ci-C3)alkyl; and x
= 1-6; prowisigd thatrwbeprésen®mvehtich oiRs that eleet Ol Osttidh aeshisauingd Baathen
any of RI, R2, R5 and R6 is hydroxy-substituted (Ci-C6)alkyl. the hydroxy group is honded to a carbon

atom thaPRUIRSSHERGRHSINER 1O alsH 36 elst gnd R aulidersraipariad of thadasdaosit a
tin-silver-containing layer on the subst 19] As hrqu tthisspecification, the following
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A/dm2 = amperes,per sguare decimeter: C = degrees Centigrade. g = gram;, mg.= miliggam: L = liter; A =
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to, electréhiRseevites St 8@ RitirirgANEBS apddIHinsashmeRcoRnend Ahis derapendactive
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more semiconductor layers or structures which in tive or operable’portions of semiconductor

devices. e paHesdinRRRRILIPRUbLEAEL1Gs) ket ﬂq@@mernylnﬁjri@ﬂn@hiénaé@mﬁm@@dently
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semiconductive wafer, either alone or in assemblies comprising ather materjals thereon, an
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has been or is being batch Tabricated. As used herein, the term "wafer" is intended to encompass "a
substrate2toR saRficapriyiners pesential fos adreiien (i dimeiennst aatiar StyRiueamieikioe e randhe
levels of \igegppaEction, including a single-chip wafer, multiple-chip wafer, packages for various levels, or
other assemblies requiring solder connections. Particularly suitable substrates are patterned wafers,
such as ¢@@9I ned slicqisu@iaifoRaf AAlteiRed SaRtRRISCRIRRNMEG ranBrHON AaiesSIRaY Prwtseitable
size. Preterred wafer diameters are 200 mm to 300 mm, aIt_hougBh wafers having smaller and larger
diameterioHRWI R BBREHHSIBttNISSSHf eI e PrRasbrftafite Aloeri2e] ARPrath dBTuBIBRYER O silver
ions mayd seeddpitheteresent a@gﬁ&@@i@ﬂu@@&@;@sﬂgﬂ@ﬁ%ingmmwm lipsthAselublgsieomise of
metal ions refers to a source of metal ions that is soluble in the present acid electroplating bath. Examples
of suitabldN8ilveM ¢ im MR HeNatesutan notiHREEErS; JINBFBMERS: et ieigRizelyeand mL =
alkanesuffpfiater SR ANBEONGE, FANRINPEGy SRR CliPrdRdaRN Silves HtiatRoRiVRIPE e RBdSIver

methane sulfonate are preferred. Mixtures of bath-soluble silver compounds may be used.
otherwise noted. All numerical ranges are inclasand combinable in any order, except where

it is clear that such numerical ranges are comstthio add up to 100%.
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[14] A wide range of amounts of bath-soluble silver compound may be used in the present electroplating
baths, depending on the amount of silver desired in the deposit. The choice of such an amount of silver
compound is within the ability of one skilled in the art. A suitable range of silver concentration in the
electroplating bath is from 0.05 to 50 g/L of silver. Electroplating baths for depositing silver may contain
from 20 tp30]9/L ofasilverserilverralieyhslrctipplatisjiebRibiBIRY EREVAB YAAAE aMelents @b silyRitapuch as
from 0.1 to 25 g/L, depending upon the particular silver-alloy to be deposited. For example, when sijlver

alloys, st RARRUNEr, hallREIRFRTS. 1 859 0 WIS Hversfe %ﬁ%@,rmmﬁwycomgwhﬂ%s B¥Silver

in the pregsasdifdegisapatnginatherfaay fangtdier GRindpbaidd- efarahidronmie laeidiegHa naake
preferably from 0.1 to 8 g/L, and even more preferably from 0.1 to 5 g/L. For high speed processes, a
Sitable cBRCARIETIh BESAAIUAR ARt Beolial.  (7HIONRIeLE doolitami, RIAREP R ARA VG Ak does

not otheryypa adversety Abecafite aleetohits coturesit@faasydyelesed in the present invention. Suitable
acid electrolytes include, but are not limited to: alkanesulfonic acids, such as methanesulfonic acid,

ethanesUidalc acidiahdsibeearssyiziggciduadythatftmicusa ds Sidehcasrpmmdsolfdridaoidila:
toluenesulfonic acid, phenolsulfonic acid, and cresolsulfonic acid; sulfuric acid; sulfamic acid; and mineral
acids such as, hydrochloric acid, hydr(BRIRA,eBIICRR TG ¢bstiR%Aed? Alkanesulfonic acids and
arylsulfonic acids are preferred acid electrolytes, and alkanesulfonic acids are more preferred.
Methanewdifreio aéiduielpériareldngepensiesdyMirases toatidO&hblyRO4te CANRRIyansedHsuch as,

but not "’E'ét%‘? R ﬁdﬁtﬁ‘eénﬂ ﬁkﬁﬁ‘ﬁ]ﬁﬁ G Q}Sc%‘égr‘m"fﬁ'éiﬁ&aﬁid@%@%&%‘gﬁm%@z@%ﬁﬁtm'yte

may be used advantageously In the preSent invention. The acidic & int esent
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that whethesiverelectgplatingphatitied that when any of RI, R2, R5 and R6 is hydroxy-substituted
(Ci-Ce6)alkyl, the hydroxy group is bonded to a carbon atom that is at least gamma to a sulfur atom. The

phrase "Rl droxy\groEBhStRIRdeROR Whisihensikeeh af rivenzining @la)semr Beorlestrpiated is
ydroxyl gegeR thahis freashensentue suay Hasmtarsiirrione Htinilbe b EredsirudviRde 3,
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4,5,6,7,8,9, or 10 carbons away from the sulfur atom, preferably 3, 4, 5, 6, 7, or 8 carbons away from
the sulfuSHEhAMBIRIRESIEREY BOAIES olea ¢ dranRSaWiFie8in Mds SR eeAdUaEnsHRSHRiIRSab IS
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(Ci-C4)alkyl, CO2H, and hydroxy-substituted (Ci-C4)alkyl, more preferably from H, (Ci-C4)alkyl, and
hydroxy-SEP¥GRREY L dRIRy DIyl W%r&@%lwwm%i@ﬁﬁhﬁ RPN Bk ySIBSRTEEor
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preferably independently chosen from H, methyl and ethyl, more preferably H and methyl. Preferably, R7

= R8, an§SAYFOpHeEhdIyRIELakanClyding BrieRbY THER\QWK FoDisRN i EnaEta)@hsYeR st
COZH, S&ahichitRittvang4Ret, reprRiPAiatly fioradseibbianipiging6tReB H7adnd iy etharisnorairiably
from CO2H and SO3H. Alternatively, Yl and Y2 are mdependeng}{ chosen from CO2H, SO3H, and OI—!. It
is preferré8MiERPAUCHVE HiRistiatdpreferAiiparfipnercaniemblias comprissie HoRdpRierals.3 A is
preferredsdiaicondudtomorRpiteferaibrd -3oans exaniciguviciadiyslupon! andidi? aie Nefsrablydthe

same, that is, preferably Yl = Y2. It is further preferred that Y1 and Y2 are independently chosen from
CO2H, SBISIPEFRITONC QMR NEEPEENI RS hEEMIHRRy AfodeRIBRIG. EEAR5RIKYYMR IS
hydroxy-suasiiitees(Ghesiaikgs each Ratwnne Ridsdadnnaslaniiyraesendreahiiand cbr @@t m =
1-4; n = 1-4; and x = 1-4. Exemplary hydroxy-substituted, (Ci-C6)alkyl groups include: 2-hydroxy- 1-ethyl;
2-hydroxfdpYEHAYS - IRASHRGES- Gty 1V SR dRY S Sop it onemifix s ARG R 2 SHEIS E Hh MRS -
1-butyl, ZnielpmecRneNarER-byarkagexdrasy-2ahians 2rbvslexodenetsdchpirg, Retiry Sy,
and 2-hydroxymethy1-2-butyl. [017]Exemplary sulfide compounds include, without limitation:
bis-(3-hydroxypropy1)-1,2- dithioethane; 2,2' -((ethang-1,2-diylbis(sulfanediyl))bismethylene) bis (2-
(hydroxymethyl) propane-1,3-diol); 3,3' -(methylenebis(sulfanediyl)) dipropanol; 2,2'
-(methylenebis(sulfanediyl)) disuccinic acid; 2,2' -(propane-1,3-diylbis(sulfanediyl)) diacetic acid;
2,2'-(propane-1,3- diylbis(sulfanediyl)) diethanesulfonic acid; 2,2'-(propane-1,3-diylbis(sulfanediyl))
dipropyl sulfonate; 3,3 ' -(ethane-1,2-diylbis(sulfanediyl)) dipropanoic acid; 2,2



[18] In general, the one or more sulfide compounds are used in the present electroplating baths in an
amount of from 1 to 10 equivalents, based on the moles of silver ion in the electroplating bath. Preferably,
the sulfide compound is present in an amount of from 1 to 8 equivalents, more preferably from 1.5 to 8
equivalents, and yet more preferably from 2 to 6 equivalents. Typically, the sulfide compounds may be

used in themiesabhslechapiatingpasigibie Vaiigin Meeqnt@atheiioDrafbrs, exathPlgs ipadénrely esirdey
electroplating bath, the sulfide compounds are typically used in a concentration of from 0.01 to 25 g/L
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available or maé/ﬁ‘%grepared by methods well-known in the literature. Such compounds may be used

without fRRLP URoiRte BEHAAR R RfeREidB se. The present sulfide compounds are
bath-soluh| referred sulfide compounds hayve. a salubility of > 5m in a 17% methane sulfonic, acid!
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metal which forms. an allpy with silver that can be elgctrodeposited may, sujtably be used. Preferred
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the corresponding oxide, halide, nitrate, sulfate, carboxylate, alkylsulfonate or arylsulfonate salt, and
preferablj0ddlthe cakbuiddaia)atkolsaifmatts af dgibedfdobte sésempewdovay diesusk diloyhre presahtised
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salt of méitperdinfouipadite ehdicstulishieragihypio paastiealionfonexphsdueretilies-allaysfenichacid,
2-hydroxypropane-1- ' 1d, Qr 1- YR, -2 ' id.and ey i
metnane L ] it B B
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baths mayrQeegsRara sVitRIa s centralienaehsilvienis B8 8l@hle tin ion source are from 5 to 100 g/L,
preferably from 5 to 85 g/L and more preferably from 10 to 85 g/L. Suitable amounts of tin ion source may

vary by afBiRlation At asghectirdyiestiabis dyatbramuble smke RedyoBenwise fafusisshe afferbéegses
and frome?Q&?og?%@/éoF%BEmoWQ%% POCRSRFH thiraddiiithic difispERRNE Ris drssibehakrs, the

present electroplating baths may onaIQ/ include one or more "adjuvants.” Adjuvants, as used herein,

are additités ¥ecbaipBliied Raapertaniiasitse comiBetionasdivnorerhetianesy ipRikdrits
(silver cogppUsisaREfHRCHEIYtCa R AR GRS HShBIRIRURIE RERN OIS iR RikeGENENesS

of the primary ingredients. Examples of suitable adjuvants include, but are not limited to, brighteners,
antioxidaPbEQFalfeai 2 ¢jehiAnEHEED sulenicidfid a SiHbanid HldfnsaiRsaalfy RARINES TRLACHES Bveist of

adjuvanigs NRJHYRRKSTHIYERNE AYIEERIBRHEIR!I®!ARENHRahENRERYES R SACSHYSARSROI0E VEHd

deposition may be employed to practice the present invention. Such adjuvants may be employed in

conventiGhdisaRIiALSCidH preheiefasipsLadd relest hdedsri@nasyHrNe Gtk Me driR g eifdble
brightenayftRglhesulRsihiaradat impedi s e st ot SHPaVICRsIdR | prId Undiharidularl

derivatives, amines or mixtures thereof. Specific examples of suitable brighteners may be found in U.S.
Pat. NosU8&f8h 5¥6MhAg 40p1 6107 Hindiech BrigRbehERS rﬂ@@%ééﬁ%&é&'aﬁaﬁ%{:ﬁwkﬁ'@@%ﬂ 1&esy/L of
plating bath, typically from 100 mg/L to 250 mg/L. Compounds of iron, cobalt, nickel, zinc, gallium,
arsenic, selenium, palladium, cadmium, indium, antimony, tellurium, thallium, lead and bismuth also are
suitable. Polyethylene glycols and their derivatives, such as polyethyleneglycol ethers, to the extent that
they are bath-soluble also are suitable brighteners. Polyethylene glycols and their derivatives may be
employed as the only brighteners or they may be employed with the other brighteners disclosed above.
[25] Antioxidants may be added to the present composition when tin ions are present to assist in keeping



Re RalRI-(OCH2CH2CH2)n -NT' 0 Rd wherein r is selected from a (C6-C22)alkyl group and a substituted
(C7-C22)aryl group; Rb is an alkoxylated unit; mis 0 to 7 and represents the number of moles of Rb; n is
0 or 1; and r and Rd are each at least one alkoxylated unit and the total number of alkoxylated units
present in r and Rd is from 3 to 30. Alkoxylated units refer to the individual alkylene oxide units added to

the amingnSitpble aheylena exideronts iNajde ekyiFagrNIERPRY PRSI EMINOBAAKK. aNHEXIHIES

thereof, including isomers. Ra is preferably selected from a (C6-C22)alkyl group. Rb may be selected
from vari6lRCURYESH RS (0iRE BWHE'EWBHQ%QH@%&%%%B&WBKM@X B8 2pH ey e
mixtures #igreaf. flirserejerncainat thardranyiadad wnisafos Béraigteslestgd Beomrefaylanesynethods

propyleneoxy, butyleneoxy and mixtures thereof. Preferred alkoxylated units for r and Rd include

ethyleneSRPYHIpy IBRBETALIE bURIFRIy IR RMRUOEPHCHAIREHAIS R SN 9t REGHRRL FERFIHR ARG Rd

are eachisgiestedriraie eanyjensoxy Ww1e@ Py engexiuhincns 200tyresdharawirdionerdraherayn r
and Rd are each etg)eneoxy units. Preferred amine oxide surfactants include from 5 to 20 moles of
alkoxylatéa%ﬁtg’%? &ntin R* and Rd. More preferably, r and Rd include from 5 to 15 moles of

alkoxylat its. Particularly suitaple amine oxide surfactants, are those wherein each of r and re
composclT b 5 to AFnRTREDY Al Hle A e Ll CIEh A o GO U oSy PR R TR,
and Qixtlﬁmﬁpblar&tﬂ. ﬁrﬂferab?mmia.: Wﬁﬁ&l@?@r@@ﬁﬁl}l ﬁ&(ﬁ@l@?ﬁ-m%fmare ¥nzing okides where
m=0andn = nd more preferably - a r e e prefe ine es are
those wr SR RED B S S e ST o o T U A e Ry ey AL
folloning kioun rage dares, s a6 fhose deserbed 1 LS. of. No. 5,972,875, Pxelutrod aing oxi
ollowing known pyocedyres, such as those descri in . Pat. No. ! 2,875, Preferre ine oxide
surtactanls SO0 LGRS L SRR e oIS At et S a8 TGRS having
the designaiqeidedy2cHi3a12 8;0h0-MohanCAa4B5aitie aming; prolddeafitaantb emeiSad, imthe
present electroplating baths,in ap,a nt of from 0.1 to 50 g/L., preferably from 0.1.40 /L, more
preferab%/’fr%rr%{?@gag[ B%g‘ﬁ‘,e;}‘e% rﬁgi;feH |0r8fe_ra%lf/"1 ROR™? degééﬁ??%%eéﬁl?ﬂyopg p#éfé%;églbfrorﬂ% to 20
g/L. [29heTeonyrefurests aedofiOg)alkylidbe inyithe pyegeniisily drozidett dplatingrbathatbidhen at tieastver
alloy electroplaing et ig issd it s prefened hatrang or mars seain efiners are used; Apsuiable grain
refiners rﬁay PEused inthe present invention. Suc co%pof%"cg prowae good grain structure to thée
((je|c?glsitfJ gama)tathe saamfctlftjnmtpngaiVMeathdfcamydwlwamhpbipm)b@p?merint?lrm)mmy brompshe
solder bumps) deposi rom, the, compositions. Preferably, the grainyefiner.is a flavone compound.
Such s A o e B O T e R P e o e B oy
flavones sulthr st onariprefedadphe i2itdn 5S6itabler fE vaneansyripoomtie ssel thioatodis clozedaretéabBas, No.
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composid o o REH R A G RS, S ST
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acids an%ﬂ%w'saﬁl%%%%y gmﬁ%ﬁ%%%%@%%d‘s’ nt cﬁpo@iti?Ag%L%%r&%%gﬂmaﬁéﬁgt imited
to, boric e peant@xijlichoisr) ievgdhGdaHamsHsafdHebk auie 1 efer alxbe fitahe Gk eS6ath-soluble.

Preferre ic acid, ' [ ' ig], Clirig,aCl ic ACi ' idyglyeani id,
glucaric (;agge gl)(gg]ﬁ’ro%ﬁcg agﬁ?gr?ggsj?{g@ %&eﬂgms. u%w%?r@ﬁtn%@%@%@ gr?d sﬁléﬁgre@ear%qrﬁoyed in
convention@¢pemnsiendy @BrjsEiediopla@i®y Gads, cinbde Prbselit iBveieieriedethaépared bydcanbirimgyene
following; -s0luble FNLEE ilveriong; agi r - a.sulfide c ' boye, and
any of the %}%@5 jc:)lggtional co?r%ﬁgyh(lﬁnt_s:ga{ia%ﬁgﬁ usb%%émlﬁ@o? oing 'oﬁ mg?g*%ﬁ%%%g%%gﬁ?%%'
brightendrgrenpieiierably, bidfandrevegranerefiiefe dolydlitieng abiascapietpeabhatie saameithatis,
thereof, wi lance of t it i q}@ﬁ&{ﬁ i H-any
order. Tr\ll%ggvfgggr szgcig{greﬁe?r%b y @)Igmﬁ%*f&? %fﬁ%@%&i of the aaoé\@ y:c?rﬁg%w@tr}l@?cﬁan e
adjusted and selected as appropriate depending on tge particular application. Once the composition is
prepared, undesired material can be removed, such as by filtration, and then additional water is typically
added to adjust the final volume of the composition. The composition may be agitated by any known
means, such as stirring, pumping, or recirculating, for increased plating speed. The present silver or
silver-alloy electroplating compositions are acidic, that is, they have a pH of less than 7. Typically, the



[34] The present electroplating compositions are suitable for depositing a silver-containing layer on a
substrate. The term "silver-containing layer" refers to both a silver layer and a silver alloy layer. In such
silver alloy layer, the silver and the one or more allying metals may be present in various amounts. Such
silver alloy layers include, without limitation, tin-silver, tinsilver-copper, tin-silver-copper-antimony,

tin-silver-sopReram@ropnesscRirgsiyeRPismytii H@Sﬁt@p@ﬁd@ﬁtly%ﬁ&@nzm@n@%PﬁCﬁﬁw and
tin-silver-indium-bismuth. Preferably the pres v%t electrgplating compositions deposit an alloy of t|n silver

or tin- sHvQYq,I%Me?UQﬁW%%‘?e(&%’@ Iy gadiver afth-Siver ARG RLpBUKee PSRN HE PreSe ANdi
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methd T e AR ey e akid, o
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and then deARMAg 6 RAERRATE BUTRIRVGEIS DU EARIREL RN A (AR RDRd o Includes

a semiconductor substrate on w |ch is formed a plurality of con ive ihterconnect bump pads.’ The
semiconductor substrate may be a single-crystal silicon wafer, a silicon-germanium substrate, a
gallium-arsenide substrate, a silicon-on-sapphire (SOS) substrate, or a silicon-on-insulator (SOT)
substrate. The conductive interconnect bump pad may be one or more layers of a metal, composite metal
or metal alloy typically formed by physical vapor deposition (PVD) such as sputtering. Typical conductive
interconnect bump pad materials include, without limitation, aluminum, copper, titanium nitride, and alloys



[43] The interconnect bump material is deposited on the device by an electroplating process using the
above-described electroplating compositions. Interconnect bump materials include, for example, silver
and any suitable silver alloys such as tin-silver, tin-silver-copper, and the like. Such alloys may have
compositions such as described above. It may be desired to use such compositions at their eutectic
concentrggiogs. Tharbgeeraitehialdnelsctiasierssitie iodhpaiars dedned Metheddletngls@rdmating
purpose, a horizontal or vertical wafer plating system, for example, a fountain plating system, is typically
used wittPalBfet Ah8mBE) 8k H&%-{aléﬂn&;&e@ﬂHl&ﬁl&ﬁﬁﬁ#@aﬁI&tm& M§§s%e‘3||¥1%rrd&ﬁ'néfbttgﬁmp
material epsamebedyilifsHhe viarestershng ahe\s ficlé Gdbarpbisoresdne termpudres af brerrdating sk,

resulting in a mushroom-shaped metal deposit. This ensures that a sufficient volume of interconnect

bump mAIHYAEAE UG "SRR (8B elire oI SFANEHEANE YS!, T RAETRIARN BRBegdR
photore_s@dm}gkmessh_ Hi$>‘|ipiﬁﬁli§ﬂthit@lﬁg\él%tﬁp?mﬁjéﬁﬁéwﬂéieithw?égefﬁteéié;ﬂflﬁﬂhbg@bﬁTﬁ?ﬁ@
IS contained wijthin the plating mask via. ayer or copper or nic ma e electro oslited In the platin
via prior f PRAIEHY BleSHRAEBALRD Bunko ekamP &, eh 25\, A2y BB ARG touEBHH T the
interconnasihipamniis e eyl Adddliowiee riepasdivnaite ontescepngct pusterasiefiamtioesptating
mask is stripped using an ?gﬁgﬁr'ate S IventL%r otl7er remover. Fuc removers_are well known in the art.
The usw?én&(&m%%‘%rﬁ’éﬁ VERML Rl Sh Y kn o h BREERIGIRRY ERBVihG 40 el FAdHE leld

area aroungratdietalltioiecwmecdyimps. [45] The wafer is then optionally fluxed and is heated in a
reflow oven to a temperature at which the interconnect bump material melts and flows into a truncated

substantig 93 pherithlesbalieleHeatipguadsrige egeare dhocomimide@rbikabie ol iday foe grapried ibfrared,
conduction, and,convection technigues, and combinations thereof, The reflowed interconnect bump is
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Prefefre mpo aye a .
compositions may be ussd (Peposnsa e o Siver pping layér on-a solder deposit. Preferably,

a silver allayas sskditor, theetaabiyg Raye gk eraomp|prefdyadsil@rmaddy, el e e posiediuly (3P of a
copper pillar, such as that used_in the manufactyre of flip-chip interconnects, When used, as.a capping
yer on B e et R B S B T i R B R o Ty
have a dilmetelfidefroompo tnds wnthalthresgnbitlectiopakEtns ae sudhbeakimaufuraubltdynistiaef such
capping layer solder deppsits ma ntain_a plurality of capping layers. Ot uitaple capping layers that
y be i PR AR e AASE S BUE AR S PR A D BRI
and tin-cagpeméthere s plforalitpctiddppwmatéaysrbinoa . used, the silver-containing layer is typically the
topmost layer. Example 1 [47] 3,3'-(Ethane-1,2-diylbis(sulfanediyl))dipropanamide (Compound
1):Sodiu®28}abordtbg RrEsgnEAIsatinmatingdaissomeay pptyuaiicg Soend) more wikgdngthietadsoo
mL, 594 d i 3 mﬁhé ir re
for two hg\:ﬂ[‘&so %%%/Fe\ﬁﬁ \F/év itﬁ%%c\;\égﬂ %Tg?ryxﬁgso {(d%w'%ésgﬁ%e ?%élgof , wgg%qégawmgﬁét@% g\ﬁ%e[é%izsdg %E#der
vacuum, greiegred. allp yomanstalsGoetpde gallivs, dinHepsahd. THINMR tBDeoi-andso® 80 feralds (s,
2H), 6.8, ér%%&sa‘}h\)ctaré%éré&r.@déﬁ A ?rg%a}e:a?dﬁé#to“m)e LR BPR A DM a
d6-DMS0) 6 17768 35,60, 31.35, 26.92. Example 2 14
3,3'-(Ethméh1$21dt§)mis‘(yMarﬁemm)e}aipﬁ@aﬁ@ﬁfﬁé@@@@np@mm; Thi§ pi@cedliitief Eaahqmdmvas
generally jeoRaiathaxcept t §?{'Yé?’§“y?§s f° aRACEkIMARCIRY aciRiRiad M iRsdifsithe or

compound dimethyl 3,3'-(etha sulfanediyl))dipropanoate. This diester (5.00 g, 18 8 mmol)

was heatéﬂ(@i&fﬂi?&% saf HcT,mqz_sammyfoptm@Jﬁbuaé.l,oe{ifwtﬂgm&@@mﬁnﬁwpmatm@uvmtgﬁm
giving 2 Waieteglpiie-ShecsifVan e pll WeshegoNAtas A0 e IRE AU N
4.26 g (95.2%) of Compound 2 as a white sold.”1H NMR (500 MHz, d6-DMSO0) 6 12.10 (s, 2H),2.61 (t, J
= 7.1 Hz taepe slgle@ iakne 240 (t, J = 7.1 Hz, 4H). 13C NMR (126 MHz, d6-DMS0) 6 172.98, 31.70,
31.47, 26.44. Example 3 %49] 2,2'-(Ethane-1,2-diylbis(sulfanediyl))diacetic acid (Compound 3):
1,2-ethan@%thiol (5°69/¢REDIS0 thenprepeRkS|aEseRBHNE bHBEAD WD IPMESAH EANNA 516§/ 149mol)
was add%tﬂ%%Iﬁmﬁ/%ﬁt‘ﬂﬁrbﬁﬂ%@&t%%‘H@u&@ﬂl@ﬁr@&@@%@%hﬁ'ﬁ@ﬁ%r{@- b%sdedptiAmol)

in CH2C12 (25 mL) was slowly added dropwise. After the addition was complete, the reaction mixture
was allovFea WA 'W&ﬂ%iegﬁttéﬁ‘?p'é%ﬂmt%d%t#%@@%%ﬁ#&hrﬁé BRgBRiE Bhalée SR HEd
with 0.5 M HC1 (100 mL), saturated agueous NaHCQO3, brine and dried over Na2S0O4, then concentrated,
giving 12.9 g (90.8%) of the diester compound, dimethyl 2,2'-(ethane-1,2-diylbis(sulfanediyl))diacetate,
as a clear oil. 1H NMR (500 MHz, CDC13) 63.74 (s, 6H), 3.28 (s, 4H), 2.89 (s, 4H). 13C NMR (126 MHz,
CDC13) 6 170.53, 52.31, 33.15, 31.87. [50] Dimethyl 2,2'-(ethane-1,2-diylbis(sulfanediyl))diacetate (7.00
g, 294 mmol) was heated to reflux for two hours in 2 N HC1 (50 mL) Cooling the mixture to room
temperature gave a clear solution, which was concentrated to dryness in vacuo, giving Compound 3 as a



Example 4 [51] 2,2'-(Ethane-1,2-diylbis(sulfanediyl))diethanesulfonic acid (Compound 4): To a solution
of 2-bromoethylsulfonate sodium salt (25.6 g, 125 mmol) and sodium methoxide (8.03 g, 149 mmol) in

EtOH (350 mL) at 0 C was added, dropwise, a solution of 1,2-ethanedithiol (5.00 mL, 59 4 mmol) in EtOH
(25 mL) The reaction mixture was allowed to warm to room temperature, and then heated to reflux for 48

hours. Nexkaie suFdHERVaSEPRCHH PHOPRNE RS Al yRBd tbearaddifie e Mivh phdryClutbRhtd -dnThe
resulting suspension was heated to 75 C and water was slowly added in small portions until a clear

solution RASHYEHIN HfeFd MibiPhBRERUNAR A HEERU RS fJERNS, IMAARLN B he

resulting yaite RrecHéRers@sidtarrdiefioaashedonieis Pecktdpnthdtirdtigivve ddun @ S 4O UIs
Compound 4 as a white powder. 1H NMR (500 MHz, D20) 6 3.27 (t, J = 9.3, 6.4 Hz, 4H), 3.06 -2.99 (m,
4H), 2985 Suligter 4 ﬁﬁh‘ﬁ'@f’zé"N/lﬂ5?‘6%}‘5%@?{?@%@Lﬂé‘?ﬁé?%x%ﬂﬁ?e%efgﬁwsth?étﬂa?‘i"ét- 1, 2-
diylbis (sthtanedidahis s RORANendtIrEsI@sic!) Sciom pak fiddms Taili! peobdivsoficniyomsgropane
sulfonic aci%sodiu salt (24.7 g, 110 mmol) and sodium methoxide (7.06 g, 131n%mol in EtOH (300 mL)
at ambief ReWaRULGHS, ArhwisOYErNRLRABACA A58 nh YRR S L)
Allowed tsusihas NN deaNeeEiUTR fermathanll; andribginheaied. tonirtlpe 9\ MigbaItC peigdde tsed
temperatyure and acidified with 2 N HC1 to EH 1-2. The resulagﬁésu ension was reatedt 75 C and

water was ol COTYRHACS P b LR S A L SO IR ARN S LAY ST B 610 R HANF ARk Aature,
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1199 (67.4% hit . 1H NMR (40Q MHz, D20) 6 3.10 (t, J = 7.2 Hz , 4H), 2.92 (s, 4H), 2.82
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was dissolved In DI water again and filter a syringe filter and concentrated. The product was

left gndeifﬁrg‘ﬁ\ﬂ%&:duhﬁ?l SBCiyesesmafe awstgnm@sgmr@@tmmﬁm ToiPiastient thendveserb an
addltlon%%é)rzﬁ#lgﬁs_ @&ﬂ%’%%ﬁtgrﬁ?ﬁmﬁwge |Htgﬁﬁgﬂ%%%mfgjct. About 300 !IL of

dibromomethane was stirred in. The reaction vial was hand stirred and placed in an oil bath at 80 C

overnighydg Anelt exgiyding Qasises khseaciien H?é'é%ﬁ,wﬁﬁg%ifg%%@tsg dapiebtne suitable

dibromomethane was removed. The product was placed under vacuum to afford 6.21 grams of

Compouighianessaiaclarewhssirrel POkt esote MrHSEBL s isnas. @RrPexYiuagidDgprha e acich 4
Hz, 4H), 3 fives, Amitesnbddred thédor b ddkaMMBs(528 ItEsieR R R 2m3t Go RliAd:

27.79. Example 8 [55] 2,2'-(Meth Ienebisﬁ ulfanediyl))diacetic acid (Compound 8):To a round-bottom
in U.S. Pat. Nos. 4,582,576 and 4,246,077. Sughteners may be employed in amounts of 50
mg/L to 5 g/L of plating bath, typically from 100gth. to 250 mg/L. Compounds of iron, cobalt,

nickel, zinc, gallium, arsenic, selenium, palladjucadmium, indium, antimony, tellurium,

8



flask was added formaldehyde (10.0 mL, 124 mmol) and thioglycolic acid (18.9 g, 206 mmol) This mixture
was allowed to stir and concentrated hydrochloric acid (7 mL) was added dropwise. The reaction mixture
was stirred at 50 C for one hour and then at 110 C overnight. The reaction mixture was cooled to room
temperature and then stored in a refrigerator for three days. During this time, a white solid had formed.

The solidmearusnlaad andiBrimkeso eeeysialiens TabywaCGlo@eahd ark(8etR/ amel, Ve ! 9
as a white solid. 1H NMR (500 MHz, d6-DMSO0) 6 3.39t%s, 4H), 3.94 (§ 2H). 13C NMR (126 MHz,

de-DMsPRYETRieneglyEol piess HeainpIe e eisinab trachaiisRalible MaRf 15 taRlsRrghisgers.
(Compoupgyatriyensaylfedrota frsk My asides feneigelededs e BhiyIF i3 Henebsadidthey may

mercaptasuccinic acid (24.6 % 163.8 mmol) This mixture was allowed to stir and concentrated
hydrochiG6SRRQEMY IES qteeT & USSP ixture was stirred at 50 C for one hour and
then at 1 overnjght. The reaction mixture was cooled to room temperature, then stored in a
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11.3 g (44. L, 90.0%), of dimethy] 2,2'- -1.3-diylbis(sulfanediyl))diacetate. 1H NMR (400
oS R R PR B ey S, by, 1,68 (3 = .1 H, 241, 15C MR
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S}'fﬁv”éﬁe%ﬁPﬁ@%?@i?éﬁ%@#ﬁ%ﬁ?ﬁ?@hﬁ%ﬁﬁéﬁé%’%%@?'evtﬁ&7 .ﬁ?t%%?i&?%%‘fé‘gﬁﬁé%w
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Efbi?rﬁ'fe%ﬁ“;%dﬁ l@%&%ﬁﬁﬁ%ﬁ%Yégéﬁ*f%gjﬁ%é’fﬁ.%%%ﬂ%@ﬁ%ﬁ%ﬁ%ﬁﬁﬁ@§§#’nﬂf’” :
ethanol (RBIPiENat ' wdb QXldatbaculdeos M@prapsne .MBQ)O - ) iIpMR0BIS25.0
2%&32%?“%?%@@5 #ﬁiﬁﬁ%ﬂﬁﬂ-xta?é@g%ﬁ%”{?@éﬁﬁ@ﬁ%ﬁ%@%@%‘%ﬁ%‘é’E@%ﬂiff’z
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EtOH, an(saliel. astifstdikgatiGifrorswingiantgadee Cipgrmmencidy arai@bisidreoe yapiesosy. 1H

NMR (409 Miz<D20) 6 3.34 - 3.13 (m, 4H), 3.07 -2.91 (m, 4H), 2.85 - 2.71 (m, 4H), 2.07 - 1.90 (m, 2H).
13C NMR (126 MHz, D20) 651.08, 29.95, 28.16, 25.50.

[027] Another preferred surfactant useful in theegant electroplating baths is an
alkoxylated amine oxide surfactant. While a variet amine-oxide surfactants are known, it is
preferred that low-foaming alkoxylated amine oxsilefactants are used. Preferred alkoxylated
amine oxide surfactants have viscosities of less thO00 centipoise (cps) measured using a
Brookfield LVT Viscometer with a #2 spindle. Typity, this viscosity is determined at ambient

temperature (approximately 20° C). Preferred ajlaed amine oxides have the formula:



Example 12 [60] 3,3'-(Propane-1,3-divibis(sulfanediyl)) dipropyl sulfonate (Compound 12): To a solution
of 3-bromopropylsulfonate sodium salt (22.4 g, 100 mmol) and sodium methoxide (5.40 g, 200 mmol) in
ethanol (350 mL) at room temperature was added a solution of 1,3- propanedithiol (5 mL, 50 0 mmol) in
EtOH (25 mL) dropwise. This reaction mixture was heated to reflux overnight. The reaction mixture was
cooled to room temperature, and then acidified to a pH of 1-2 ysing 2 N HC1. The resulting suspension
was heated to 75 C and water was slowly added in small portiohs until a clear pale yellow solution was
obtained. This solution was allowed t&éq(ﬁﬁbxé%t‘b%bﬁ\"zéﬁ sfafdre and then cooled to 5 C. The
resulting white precipitate was filtered off, washed with cold EtQH and dried. The crude product was
recrystallized from ethanol to give 10.4 g of Compound 12 as a white solid (29.69 mmol, 59.4%). 1H NMR
(500 MHE, ReO0N68id & etQieliMrdlia 238 ks b@?oéﬁ}a@d]& é&@ﬁtm&){&%&&r JrifdR n13C
NMR (126 MHz, D20) 649.88, 29.78, 2 .5%2, 24:26. Comparative Example 1
2,2'-[1,2-alkaxdatpsiytitianisth ahanioepirseist i mes sif terles of BilvieBthaAola@s Ragaorso7 mol)
In acetoniffle, g, raHevge?&%V%mggyﬁ?ggraﬂw'aﬁ&%mw of birsyrRed anfs el aniFgadno)

and sodium carbonate (70.3 g, in acetonitrile (100 mL) After the addition was comp

reaction Rixifeonh3 iea38d thlkerveter Imisrsctandarismdiveiedl Rlladeieraxisiaparisupsiderviaitig 100
L to g | the respfi i ith h
mL) was aded to gigapike &Wésoi‘f&% u‘ﬁ|E§SHEIEE1é°&H§B>¥é’/)§"5P%H§|%Wé’o‘$¥C}}, _ﬁﬁ%‘b@r@&@@%ﬂ& e

organic phase was washed with water (100 mL) and brine (50 mL), followed by drying over Na

Concentriigbiesdiypiasy, iordvwbadisesmerssialf ariarabiv setacieghiiom o0 sty araempitative 1
as a Whitﬁﬁf"%&'ﬂéﬂ%@@%ﬂ@é&@é GIRyere B¥ide Fugaféﬁ (554'51&'”%1?3 8xidie > e AddkyL 3C

NMR (CDC13) 6 60.75, 35.41, 32.08. Comparative Example 2] 2,2'-(Methylenebis{sulfanediy1))’
diethanoPfOBWRAMNYe DY tYIanaesy fiRdhaRS L8 DINATECAS Wraiaisplahaicihe mékoxytain %&8(3.41

9,854 ”HT@')SH%@@‘?Rﬁﬁoét‘Hﬁléﬂ%%@FoﬂﬂJﬂﬁ%rﬁéMEP%%a&%%B&GFe§“fﬁé’i‘bo?.”d Prefclfdipn

funnel. The flask was placed in an |cen£th and’the flask contentS were allowed to stir. While keeping the

reaction RIk@¥RILWIES dOBiR R retinghede sthifenaoxy.niremMeas axde @i opuideneemisaddition
funnel. Uppn,asigririien et thfASstition i i e riien i e W3 @lleued Qe RAUEIPTRERIRIRPEheoxy

temperature and then was refluxed at 80 Csfor approximately 2 hours. After cooling to room temperature,

the mixtud8{PaPEAMIEARAIY tdPynaBs, thbxiesokeienfa mmgieERunRorMktdY, Meretfehd

concentraigdnepkiessits X iardienrehtimics Wit Slifauiin Giid aepiased AP WRACY S AIREaHA to
dryness gave compound ComparaFlélveéI (7.05q, 98%|) as a colorless, low melting solid. 1H N (500
N =g

MHz, D203 rgsens i) B ayud ¢ areiprefayablyo R and é%3 inglugerrant Nt 2 280eR, 4520)
660.43, 3h&RyRdd uRrampladctIERR] dhesriuhiiieddaainpeuiis Aré2 sk Gamepartives &mrd 2 was

evaluated as follows: 25 mg of each compound was weighed out into a vial and 5 mL of a 17% methane

sulfonic &Ri0310 SKMRAsaefoRBolPwkS BRled. if AHurpRinduBelaciaf (HemaptAy@nsasy 24niky (in

inwemerﬁ%@@%&@nmw)dan@mﬁ@@ésumémemw \—“/(@H'd Aissphacf P thagnere di;ﬂ%%/ed in
the 5 mL The results are shown in Table 1. [64] The stability of various compounds was determined as

follows: PFREEHES iR pIHNEVRNARSSHReEIML T hieed 179 SO RarRIE IR Rifd praeedfitd glass
vial. Eacliabapcenrse pherelngs inindi o ARG B0 UR to IR WERSSCERAR DI

was periodically remlg\%eéj%}rg?m the bath and visually inspected for evidence of precipitation. The results

are showdl it FraBie ﬁ_@ﬁéﬁﬁi@tm@@ﬁ%ﬂdﬂﬂt@-and Comparative 1 were determined using 2
Rl R L T b M S R o T
(70%), ther¥jmisanefelihemgalnednpaeredursO Sucveas angereripdically viiabat. No. 5,972,875.
Preferred amine oxide surfactants are those saléruihe Tomamine brand, available from Air
Products, such as those having the designation AQ;JA0-728, AO-405 and AO-455. The
amine oxide surfactants are used in the presectraptating baths in an amount of from 0.1 to
50 g/L, preferably from 0.1 to 25 g/L, more prefdyafrom 0.5 to 25 g/L, yet more preferably
from 1 to 20 g/L, and still more preferably fronidb20 g/L.
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inspected for the formation of precipitate. After 60 hours, the solution of Comparative 1 showed a copious
amount of a white, flocculent precipitate. In comparison, the solution of Compound 6 showed no
precipitate formation by visual inspection after 120 hours. In Test 2, solutions of each of Compound 6 and
Compatrative 1 dissolved in D20 (at a concentration of 5.96 mg/mL) were placed in separate NMR tubes.

A 1H NMBZ9P0 MHzi-sreetiHEryvac assabresijonsaghrs atiekipie Nmver raltiopmahlyl BAE0 Ay Higselved

in D20 was prepared and added to each NMR tube, A second 1H NMR spectrum was immediately taken

of each SAplSERRIRY RIERKARIRUNGDRdSoHaast IR ISH edah OB NBERAIRNSRITVRIS, HetPR by
1H NMR paicsigitepe g taithemvers Feinparativd inshewnedaamabine ShthvonsreciospiovirRiRIely

upon addition of the MSA solution, whereas Comé)ound 6 showed no change in the 1H NMR slpectrum

after 7 d&f@IF SBRCIUEIRJBGHFRERIE ARG BIIBR TG MRY SeRily (b dnegroom morphology to
H2NOC. the 'mt@fonmect BumpONO-EdEUMps) deposited flee compositions.  Preferably, the grain

refiner is a flavone compound. Such flavone conmgisuinclude, but are not limited to, chrysin,
fisetin, myricetin, rutin, and pentahydroxy flavensuch as morin and quercitrin. Suitable
flavones compounds are those disclosed in U.S.NRat.7,968,444. The flavone compounds
may be present in an amount of from 1 to 200 mgreferably from 10 to 100 mg/L, and more

preferably from 25 to 85 mg/L.

[030] Optionally, one or more grain refiner/stab#i compounds may be included in the
compositions to further improve the electroplatoperating window. It is preferred that one or
more grain refiner/stabilizer compounds be presenihe compositions of the invention. Such
grain refiner/stabilizer compounds include, but mao¢ limited to: hydroxylated gamma-pyrones
such as maltol, ethylmaltol, kojic acid, meconicidacand comenic acid; hydroxylated

benzoquinones such as chloranilic acid and dihyderzoquinone; hydroxylated naphthols
such as chromotropic acid; anthraquinone; hydrdgglayridines; cyclopentandiones; hydroxy-
furanones; hydroxy-pyrrolidones; and cyclohexanee# Such compounds may be included in

the compositions in amounts of 2 to 10,000 mg/ld preferably from 50 to 2000 mg/L.

[031] Conductivity acids and their salts also maydmployed in the present compositions
and include, but are not limited to, boric acid;bcylic acids, hydroxy acids, and salts of these
acids to the extent they are bath-soluble. Predeare formic acid, acetic acid, oxalic acid, citri
acid, malic acid, tartaric acid, gluconic acid, @dtic acid, glucuronic acid, and salts of these
acids. Such conductivity acids and salts are eyalan conventional amounts.

[032] Electroplating baths of the present inventiare prepared by combining the

following: a bath-soluble source of silver ionsjdaelectrolyte; a sulfide compound described
above, and any of the following optional componetdath-soluble source of one or more
alloying metals, brighteners, antioxidants, sudatd, grain refiners, conductivity acids and their
salts, and mixtures thereof, with the balance efdbmposition being water. Such components

may be combined in any order. The water usedatepbly DI water. The amount of each of

11
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the above components can be adjusted and selextappaopriate depending on the particular
application. Once the composition is prepared,esimdd material can be removed, such as by
filtration, and then additional water is typicalgdded to adjust the final volume of the
composition. The composition may be agitated bylarown means, such as stirring, pumping,
or recirculating, for increased plating speed. TPiesent silver or silver-alloy electroplating
compositions are acidic, that is, they have a pHlesk than 7. Typically, the present
electroplating compositions have a pH of from Qess than 7, preferably from 0 05, more
preferably from O te< 2, and yet more preferably from 0<dL..

[033] Preferably, the present electroplating battessubstantially free of cyanide ions. The
term “substantially free” means that the composgioontain less than 1 wt% of that component,

and preferably less than 0.5 wt% of that component.

[034] The present electroplating compositions artable for depositing a silver-containing
layer on a substrate. The term “silver-contairlenger” refers to both a silver layer and a silver
alloy layer. In such silver alloy layer, the silvend the one or more allying metals may be
present in various amounts. Such silver alloetaynclude, without limitation, tin-silver, tin-
silver-copper, tin-silver-copper-antimony, tin-glvcopper-manganese, tin-silver-bismuth, tin-
silver-indium, tin-silver-zinc-copper, and tin-s@éixindium-bismuth. Preferably, the present
electroplating compositions deposit an alloy of-dilver or tin-silver-copper, and more
preferably tin-silver. Tin-silver alloys depositédm the present electroplating bath contain an
amount of tin ranging from 0.01 to 99.99 wt%, amdaanount of silver ranging from 99.99 to
0.01 wt%, based on the weight of the alloy, as mme@k by either atomic adsorption
spectroscopy (AAS), X-ray fluorescence (XRF), iniitedy coupled plasma (ICP) or differential
scanning calorimetry (DSC). Preferably, the tivesi alloys deposited using the present
invention contain from 75 to 99.99 wt% tin and 0t6110 wt% of silver and any other alloying
metal. More preferably, the tin-silver alloy depggontain from 95 to 99.9 wt% tin and 0.1 to 5
wt% of silver and any other alloying metal. Titwer alloy is the preferred deposit, and
preferably contains from 90 to 99.9 wt% tin andrirdO to 0.1 wt% silver. More preferably, the
tin-silver alloy deposits contain from 95 to 99.94tin and from 5 to 0.1 wt% silver. For many
applications, the eutectic composition of a sileoy may be used. Silver alloys deposited
according to the present invention are substaptfadle of lead, that is, they containl wt%

lead, more preferably 0.5 wt%, and yet more preferal®y0.2 wt%, and still more preferably

12
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are free of lead.

[035] The electrolyte compositions of the presemnention are useful in various plating

methods where a silver or silver alloy layer isiggs Plating methods include, but are not
limited to, horizontal or vertical wafer platingatoel plating, rack plating, high speed plating
such as reel-to-reel and jet plating, and rackigasng. A silver or silver alloy layer may be

deposited on a substrate by the steps of contathiegsubstrate with the above electrolyte
composition and passing a current through the religt to deposit the silver-containing layer

on the substrate. Substrates which may be platddde, but are not limited to, copper, copper
alloys, nickel, nickel alloys, nickel-iron contang materials, electronic components, plastics,
and semiconductor wafers such as silicon or gatwmsenide wafers. Plastics which may be
plated include, without limitation, plastic lamieat such as printing wiring boards, particularly
copper clad printed wiring boards. The electrolypenpositions may be used for electroplating
of electronic components, such as lead frames,cegructor wafers, semiconductor packages,
components, connectors, contacts, chip capacithig, resistors, printed wiring boards, and
wafer interconnect bump plating applications. Tééstrate may be contacted with the
electrolyte composition in any manner known in #ne Typically, the substrate is placed in a

tank containing the electrolyte compaosition.

[036] The particular current density used to depibs silver or silver alloy depends on the
particular plating method. Generally, the currdansity is> 1 A/dnf, such as from 1 to 200
Aldm?, preferably from 2 to 30 A/dfm more preferably from 2 to 20 A/dmeven more
preferably from 5 to 20 A/dfmand yet more preferably from 8 to 20 Afdm

[037] Silver or silver alloys may be deposited atteanperature of 15° C or higher,
preferably in the range of from 15° to 66° C, anorenpreferably from 20° to 55° C. In general,
the longer the time the substrate is plated thekénithe deposit while the shorter the time the
thinner the deposit for a given temperature andeodirdensity. Thus, the length of time a
substrate remains in a plating composition may desiuo control the thickness of the resulting
silver-containing deposit. In general, metal déjpms rates may be as high as fiB/min, o
higher. Typically, deposition rates may range frbo 10pum/min, and preferably from 3 to 8

pm/min.
[038] While the present electrolyte compositionsyrba used for a variety of applications
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as described above, an exemplary application isnferconnect bump (solder bump) formation
for wafer-level-packaging. This method involveoyding a semiconductor die (wafer die)
having a plurality of interconnect bump pads, forgha seed layer over the interconnect bump
pads, depositing a silver-containing interconnechp layer, preferably a silver-alloy layer such
as tin-silver alloy, over the interconnect bumpghg contacting the semiconductor die with the
present electroplating composition and passingreestithrough the electroplating composition
to deposit the silver-containing layer interconnéctmp layer on the substrate, and then
reflowing the interconnect bump layer to form adgolbump.

[039] In general, a device includes a semicondusitistrate on which is formed a plurality
of conductive interconnect bump pads. The semigctod substrate may be a single-crystal
silicon wafer, a silicon-germanium substrate, digialarsenide substrate, a silicon-on-sapphire
(SOS) substrate, or a silicon-on-insulator (SObsstate. The conductive interconnect bump
pad may be one or more layers of a metal, compas#tial or metal alloy typically formed by
physical vapor deposition (PVD) such as sputteriiigpical conductive interconnect bump pad

materials include, without limitation, aluminum,pgeer, titanium nitride, and alloys thereof.

[040] A passivation layer is formed over the intemect bump pads and openings
extending to the interconnect bump pads are fortherkin by an etching process, typically by
dry etching. The passivation layer is typicallyiasulating material, for example, silicon nitride,
silicon oxynitride, or a silicon oxide, such as ppbosilicate glass (PSG). Such materials may
be deposited by chemical vapor deposition (CVD)esses, such as plasma enhanced CVD
(PECVD).

[041] An under bump metallization (UBM) structurerrhed typically of a plurality of
metal or metal alloy layers, is deposited overdéeice. The UBM acts as an adhesive layer and
electrical contact base (seed layer) for an intamect bump to be formed. The layers forming
the UBM structure may be deposited by PVD, suchsm@sttering or evaporation, or CVD
processes. Without limitations, the UBM structuray be, for example, a composite structure

including in order, a bottom chrome layer, a cogpger, and an upper tin layer.

[042] A photoresist layer is applied to the devifmlowed by standard photolithographic
exposure and development techniques to form arpattephotoresist layer (or plating mask)

having openings or vias therein (plating vias).e imensions of the plating mask (thickness of
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the plating mask and the size of the openings enptiitern) defines the size and location of the
silver-containing layer deposited over the I/O @adl UBM. The diameters of such deposits
typically range from 5 to 30Qim, preferably from 10 to 15@m. The height of such deposits
typically range from 10 to 15am, preferably from 15 to 15@m, and more preferably from 20
to 80 um. Suitable photoresist materials are commercialpilable (such as from Dow

Electronic Materials, Marlborough, MassachusetSAVand are well-known in the art.

[043] The interconnect bump material is depositedtiee device by an electroplating
process using the above-described electroplatimgpositions. Interconnect bump materials
include, for example, silver and any suitable siloys such as tin-silver, tin-silver-copper, and
the like. Such alloys may have compositions sucHescribed above. It may be desired to use
such compositions at their eutectic concentratiolise bump material is electrodeposited in the
areas defined by the plating via. For this purpaskorizontal or vertical wafer plating system,
for example, a fountain plating system, is typigalsed with a direct current (DC) or pulse-
plating technique. In the plating process theragdenect bump material completely fills the via
extending above and on a portion of the top surfatehe plating mask, resulting in a
mushroom-shaped metal deposit. This ensures tkaff@ient volume of interconnect bump
material is deposited to achieve the desired I after reflow. In the via plating process, the
photoresist thickness is sufficiently thick suchttthe appropriate volume of interconnect bump
material is contained within the plating mask viaA layer of copper or nickel may be
electrodeposited in the plating via prior to plgtime interconnect bump material. Such a layer

may act as a wettable foundation to the interconimemp upon reflow.

[044] Following deposition of the interconnect bumpterial, the plating mask is stripped
using an appropriate solvent or other remover. hSemovers are well known in the art. The
UBM structure is then selectively etched using kndaechniques, removing all metal from the

field area around and between interconnect bumps.

[045] The wafer is then optionally fluxed and isatexl in a reflow oven to a temperature at
which the interconnect bump material melts and #lanto a truncated substantially spherical
shape. Heating techniques are known in the adt,jr@siude, for example, infrared, conduction,
and convection techniques, and combinations theredhe reflowed interconnect bump is

generally coextensive with the edges of the UBMidtre. The heat treatment step may be
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conducted in an inert gas atmosphere or in aih té particular process temperature and time

being dependent upon the particular compositicth@®finterconnect bump material.

[046] Alternatively, the present electroplating quositions may be used to deposit a silver
or silver alloy capping layer on a solder depoBiteferably, a silver alloy is used for the capping
layer. For example, a tin-silver alloy may be dgfsml on top of a copper pillar, such as that
used in the manufacture of flip-chip interconnec¥®¥hen used as a capping layer on a copper
pillar, the total height of such capped coppempithay range from 20 to 30n, and may have a
diameter of from 30 to 4pm, although other dimensions are suitable. Inrthéu alternative,
such capping layer solder deposits may containugalitly of capping layers. Other suitable
capping layers that may be used with the presemrsiontaining layer include: pure tin and tin-
alloys such as tin-bismuth and tin-copper. Wheng@umality of capping layers are used, the

silver-containing layer is typically the topmosyéa.

Example 1

[047] 3.3'-(Ethane-1,2-diylbis(sulfanediyl))dipraganide (Compound 1): Sodium
tetraborate (1.20 g, 5.95 mmol) was dissolved inv@ter (150 mL). 1,2-Ethane dithiol (5.00

mL, 59.4 mmol) was added, followed by acrylamide3{9g, 130 mmol), and stirred at room

temperature for two hours to give a white-colorkedrg. The solid was filtered off, washed with
water and dried under vacuum, giving 13.1 g (93.8¢%}ompound 1 as a white solidH NMR
(500 MHz,d6-DMSOQO) 6 7.33 (s, 2H), 6.82 (s, 2H), 3.37 (s, 4H), 2.69 (£ 7.2 Hz 4H), 2.32 (t,
J = 7.3 Hz, 4H).*C NMR (126 MHz,d6-DMS0O) & 172.68, 35.69, 31.35, 26.92.

Example 2

[048] 3.3'-(Ethane-1,2-diylbis(sulfanediyl))diprapac acid(Compound 2): The procedure

of Example 1 was generally repeated except thalaanide was replaced with methyl acrylate
to form the diester compound dimethyl 3,3'-(ethariediylbis(sulfanediyl))dipropanoate. This
diester (5.00 g, 18.8 mmol) was heated to reflug iN HCI (50 mL) for two hours, and then
cooled to room temperature overnight, giving a wiptecipitate. The solid was filtered off,
washed with water and dried under vacuum, givir# 4 (95.2%) of Compound 2 as a white
sold. 'H NMR (500 MHz,d6-DMSO0) & 12.10 (s, 2H), 2.61 (f] = 7.1 Hz, 4H), 2.60 (s, 4H),
2.40 (t,J=7.1 Hz, 4H). 13C NMR (126 MH#6-DMSO) 6 172.98, 31.70, 31.47, 26.44.
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Example 3

[049] 2,2'-(Ethane-1,2-diylbis(sulfanediyl))diaaeticid (Compound 3): 1,2-ethane dithiol
(5.00 mL, 59.4 mmol) was dissolved in &, (100 mL) and EN (15.0 g, 149 mmol) was
added. The mixture was then cooled to 0 °C asdl@ion of bromomethylacetate (19.1 g, 125
mmol) in CHCI, (25 mL) was slowly added dropwise. After the &iddi was complete, the
reaction mixture was allowed to warm to ambientgerature and stirred for two hours. The
organic phase was washed with 0.5 M HCI (100 mbjumted aqueous NaHGCbrine and
dried over NgSOy, then concentrated, giving 12.9 g (90.8%) of tlestér compound, dimethyl
2,2'-(ethane-1,2-diylbis(sulfanediyl))diacetate aaslear oil. '"H NMR (500 MHz, CDC}) § 3.74

(s, 6H), 3.28 (s, 4H), 2.89 (s, 4H)’C NMR (126 MHz, CDGCJ) § 170.53, 52.31, 33.15, 31.87.

[050] Dimethyl 2,2'-(ethane-1,2-diylbis(sulfaned)diacetate (7.00 g, 29.4 mmol) was
heated to reflux for two hours in 2 N HCI (50 mLEooling the mixture to room temperature
gave a clear solution, which was concentrated yme#sin vacuo, giving Compound 3 as a
white solid, 5.98 g (96.8%)*H NMR (400 MHz, BO) & 3.47 (s, 4H), 2.95 (s, 4H):*C NMR
(101 MHz, BO) 6 174.61, 33.28, 31.39.

Example 4

[051] 2,2'-(Ethane-1,2-diylbis(sulfanediyl))diettemulfonic acid (Compound 4): To a
solution of 2-bromoethylsulfonate sodium salt (2§,68.25 mmol) and sodium methoxide (8.03
g, 149 mmol) in EtOH (350 mL) at 0 °C was addedypaise, a solution of 1,2-ethanedithiol
(5.00 mL, 59.4 mmol) in EtOH (25 mL). The reactionmxture was allowed to warm to room
temperature, and then heated to reflux for 48 houxext, the mixture was cooled to room
temperature, and then acidified with 2 N HCI to pt2. The resulting suspension was heated to
75 °C and water was slowly added in small portiansl a clear solution was obtained. The
reaction mixture was then cooled to room tempeeatand then to 5 °C. The resulting white
precipitate was filtered off, washed with cold EtGind dried, giving 11.9 g (64.6%) of
Compound 4 as a white powdeiH NMR (500 MHz, DO) & 3.27 (t,J = 9.3, 6.4 Hz, 4H), 3.06
—2.99 (m, 4H), 2.98 (s, 4H)*C NMR (126 MHz, RO) § 51.11, 31.09, 25.58.

Example 5
[052] 3.3-(ethane-1,2-diylbis(sulfanediyl))bis(peme-1-sulfonic acidjCompound 5): To
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>50<1week HOOH 2  [66] The presence of a precipitate in the stability test is evidence of
decomposition of the sulfide compound. As can be seen from the above data, the present sulfide
compounds have very good bath stability. The stability of the present compounds 6 and 7 is significantly
better that of Comparatives 1 and 2. It has been surprisingly found that a hydroxyl substituent on a carbon

atom thagissalgapt @RNIIRIMBSTAIHANRIOS (B8R DA TIOR3 §F More SRFPNAAWasLHRAIMthe

sulfur atom) in the present sulfide compounds provides a significant improvement in the stability of silver
and silvel&iBP etk b thg BARATRLAMHEORA (ROH e GLRERLILFBREERIE SYaSanids 419pVyRs:
repeated t@ psgRatedingidoiauing SWHNR eRRUPPHNESand (AL). Allowed to stir at room temperature

for one hour, and then heated to reflux overnigbboled to room temperature and acidified with
2 N HCI to pH 1-2. The resulting suspension weatdrkto 75 °C and water was slowly added in
small portions until a clear solution was obtain€boled to room temperature, and then to 5 °C.
The resulting white precipitate was filtered offasted with cold EtOH and dried, giving 11.9 g
(67.4%) as a white powderH NMR (400 MHz, DO) § 3.10 (t,J = 7.2 Hz , 4H), 2.92 (s, 4H),
2.82 (t,J = 7.2 Hz, 4H), 2.11 (m, 4H)}*C NMR (101 MHz, RO) & 52.26, 33.38, 32.27, 26.80.

Example 6

[053] 3,3'-[1,2-Ethanediylbis(thio)]bis-1-propandiCompound 6): A solution of 3-
chloropropanol (56.5 g, 0.569 mol) in acetonitrj#® mL) was slowly added dropwise to a
solution of 1,2-dithioethane (25.0 g, 0.265 mol} aodium carbonate (70.3 g, 0.663 mol) in

acetonitrile (100 mL). After the addition was cdetpd, the reaction mixture was heated to
reflux for three hours, and then cooled to ambientperature. DI water (100 mL) was added to
dissolve the solids, and the resulting solution wesacted with EtOAc (200 mL). The organic
phase was washed with water (100 mL) and brinenfk] followed by drying over N&O,.
Concentration to dryness, followed by re-crystaliian from EtOAc gave 18.2 g of Compound 6
(33%) as a white solid"H NMR (CDCk) 6 3.76 (t,J = 6.0 Hz, 4H), 2.76 (s, 1H), 2.68 §t= 7.1
Hz, 4H), 1.97 bs, 2H), 1.86 (dd= 9.6, 3.6 Hz, 4H).**C NMR (CDCk) 6 61.50, 32.01, 32.05,
28.79.

Example 7

[054] 3.3'-(Methylenebis(sulfanediyl)) dipropano(Compound 7): 3-Mercaptopropanol

(5.20 mL, 60.5 mmol) and crushed sodium hydroxid&lZd g, 60.5 mmol) were added to a
round-bottom flask equipped with a condenser anddfition funnel. The flask was placed in
an ice bath and the flask contents were allowedtito While keeping the reaction mixture
below 20 °C, dibromomethane (2.08 mL, 30.2 mmolks vealded dropwise via an addition
funnel. Upon completion of the addition, the reactmixture was allowed to warm to room

temperature and then was heated at reflux overniBhiring this time, the color turned yellow.
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Table 2 Compound Structure 13 OH CH3cH3 OH 0..."------ .LSSC-A0 14 HO OHOH OH OH OH

To the solid residue was added some dichlorometiuneh did not dissolve the crude product.
DI water was added and all of the contents werd sdlution. The reaction mixture was
concentrated under reduced pressure to remove dtex wnd any dibromomethane. The crude
product was dissolved in DI water again and filleterough a syringe filter and concentrated.
The product was left under high vacuum at 80 °@etnove any starting 3-mercaptopropanol.
This was not removed, so an additional 2 pellettNaOH were crushed and stirred into the
crude product. About 300L of diboromomethane was stirred in. The reactical was hand
stirred and placed in an oil bath at 80 °C overnighmelt everything together. The reaction
mixture was concentrated down and the dibromomethas removed. The product was placed
under high vacuum to afford 6.21 grams of Compotiras a pale yellow solid*H NMR (500
MHz, D,O) 6 4.14 (d, J = 19.4 Hz, 2H), 4.01 (t, J = 6.4 Hz) 48107 (t, J = 7.3 Hz, 4H), 2.24 -
2.12 (m, 4H).**C NMR (126 MHz, BO) & 60.92, 34.75, 31.42, 27.79.

Example 8

[055] 2,2'-(Methylenebis(sulfanediyl))diacetic adi@ompound 8): To a round-bottom
flask was added formaldehyde (10.0 mL, 124 mmod) moglycolic acid (18.9 g, 206 mmol).
This mixture was allowed to stir and concentratgdrbchloric acid (7 mL) was added dropwise.

The reaction mixture was stirred at 50 °C for omeirhand then at 110 °C overnight. The
reaction mixture was cooled to room temperaturethad stored in a refrigerator for three days.
During this time, a white solid had formed. Thelidovas isolated by filtration, then
recrystallized from water to give 8.16 g (26.22 mn®2.0%) of 9 as a white solid*H NMR
(500 MHz,d6-DMSO0) & 3.39 (s, 4H), 3.94 (s, 2H)**C NMR (126 MHz,d6-DMSO) & 32.65,
37.01, 173.76.

Example 9

[056] 2,2'-(Methylenebis(sulfanediyl))disucciniciddCompound 9): To a round-bottom

flask was added formaldehyde (7.95 mL, 98.3 mmot) mercaptosuccinic acid (24.6 g, 163.8
mmol). This mixture was allowed to stir and coricated hydrochloric acid (7 mL) was added
dropwise. The reaction mixture was stirred at G06r one hour and then at 110 °C overnight.
The reaction mixture was cooled to room temperathen stored in a refrigerator for three days.

During this time, a white solid had formed. Thelidovas isolated by filtration, then
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15 HCCPSS,GH 0 \N"OH 16 HO HO2C"........... ,Syeeeenr, o HCO2H Example 15 [068]Tin-silver (Sn-Ag)
electroplating baths were prepared by combining 75 g/L tin from tin methanesulfonate, 0.4 g/L silver from
silver methanesulfonate, 275 mL/L 70% methanesulfonic acid, 4 g/L ethoxylated bisphenol A (13 ethylene
oxide units) as surfactant, 1 g/L ethyl maltol, 50 mg/L pentahydroxy flavone, 1 g/L hydroquinone
monosulfis/seifi Asdareiniveady fosyilidescoengqpedasmmanuuexer, aad Rl wiater {bripncRIVRable 3

shows the complexers used and their amaounts. Sn- A%bath 13-C uses the conventional complezxgrlfrom

U.S. Pat. R, F@@g%w)ﬁézglgoéSQ? (m, 2H),3.71 (ddd, J = 12.4, 6.2,Rz5 2H), 2

(m, 2H), 2.64 — 2.55 (m, 2H)**C NMR (126 MHz,d6-DMS0)  172.73, 172.04, 40.77, 36.12,

34.84.
Example 10
[057] 2,2'-(Propane-1,3-diylbis(sulfanediyl))diacet acid (Compound 10): 1,3-

propanedithiol (5.00 mL, 49.9 mmol) was dissolvediH,Cl, (100 mL) and triethylamine (17.4
mL, 125 mmol) was added. The reaction mixture e@sed to 0 °C and a solution of methyl
bromoacetate (9.85 mL, 105 mmol) in methylene ¢tio(50 mL) was added dropwise. After
the addition was completed, the reaction mixturs alowed to warm to room temperature and
stirred for two hours. The organic phase was wéshigh 0.5 M HCI (100 mL), saturated
agueous NaHC#$) brine and dried over N&0O,. The organic phase was filtered using fluted
filter paper and concentrated under reduced presging a pale yellow oil yielding 11.3 g
(44.9 mmol, 90.0%) of dimethyl 2,2"-(propane-1,$Hdiis(sulfanediyl))diacetate'H NMR (400
MHz, CD,Cl,) & 3.65 (s, 6H), 3.18 (s, 4H), 2.67 (t, J = 7.2 H4),41.83 (p, J = 7.1 Hz, 2H)**C
NMR (101 MHz, CDBCl,) 6 171.09, 52.58, 33.73, 31.68, 28.62.

[058] Dimethyl 2,2'-(propane-1,3-diylbis(sulfaneljdiacetate (11.3 g, 44.9 mmol) was
heated to reflux for two hours in 2 N HCI (50 mL)pon completion, the reaction mixture was
cooled to room temperature. The reaction mixtuas woncentrated to dryness under reduced
pressure to give 7.29 g of Compound 10 as an oifensolid (32.5 mmol, 72.4%)H NMR
(400 MHz, CDCly) 6 11.45 (s, 2H), 3.28 (s, 4H), 2.82 — 2.69 (m, 4HY2 (p, J = 7.2 Hz, 2H).
¥C NMR (101 MHz, CDBCly) § 177.36, 33.93, 31.90, 28.63.

Example 11

[059] 2,2'-(Propane-1,3-diylbis(sulfanediyl))diethgulfonate (Compound 11): To a
solution of 2-bromoethylsulfonate sodium salt (2,000 mmol) and sodium methoxide (5.40
g, 100 mmol) in ethanol (350 mL) at 0 °C was addesblution of 1,3-propanedithiol (5.00 mL,
50.0 mmol) in EtOH (25.0 mL) dropwise. This reaantimixture was allowed to warm to

ambient temperature, and then heated to reflu48dnours. The reaction mixture was cooled to

room temperature, and then acidified to pH 1-2 gigrN HCI. The resulting suspension was
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Table 3 Sn-Ag Bath Sulfide Compound Complexer Amount (mL/L) 15-1 5 100 15-2 3 180 15-3 4 80

heated to 75 °C and water was slowly added in spmations until a clear pale yellow solution
was obtained. This solution was allowed to eqrali® to room temperature and then cooled to 5
°C. The resulting white precipitate was filtereff, avashed with cold EtOH, and dried.
Recrystallization from ethanol gave Compound 1k aghite solid (3.99 g, 24.8%)'H NMR
(400 MHz, BO) 6 3.34 — 3.13 (m, 4H), 3.07 — 2.91 (m, 4H), 2.85.A2(m, 4H), 2.07 — 1.90
(m, 2H). °C NMR (126 MHz, BO) 6 51.08, 29.95, 28.16, 25.50.

Example 12

[060] 3.3'-(Propane-1,3-diylbis(sulfanediyl)) dipsé sulfonate (Compound 12): To a

solution of 3-bromopropylsulfonate sodium salt £, 100 mmol) and sodium methoxide (5.40

g, 100 mmol) in ethanol (350 mL) at room tempemtwvas added a solution of 1,3-
propanedithiol (5 mL, 50.0 mmol) in EtOH (25 mL)gwise. This reaction mixture was heated
to reflux overnight. The reaction mixture was @bto room temperature, and then acidified to
a pH of 1-2 using 2 N HCI. The resulting suspensi@s heated to 75 °C and water was slowly
added in small portions until a clear pale yellomluion was obtained. This solution was
allowed to equilibrate to room temperature and tkhenled to 5 °C. The resulting white
precipitate was filtered off, washed with cold EtGihd dried. The crude product was
recrystallized from ethanol to give 10.4 g of Compd 12 as a white solid (29.69 mmol,
59.4%). *H NMR (500 MHz, BO) & 3.17 — 3.07 (m, 4H), 2.88 — 2.73 (m, 8H), 2.18692m,
4H), 2.06 — 1.92 (m, 2H)**C NMR (126 MHz, DO) & 49.88, 29.78, 28.55, 24.26.

Comparative Example 1

[061] 2,2'-[1,2-ethanediylbis(thio)]bis-ethano{Comparative 1): A solution of 2-

chloroethanol (48.1 g, 0.597 mol) in acetonitried (mL) was slowly added dropwise to a
solution of 1,2-dithioethane (25.0 g, 0.265 mol} aodium carbonate (70.3 g, 0.663 mol) in
acetonitrile (100 mL). After the addition was cdetpd, the reaction mixture was heated to

reflux for 3 hours, and then cooled to ambient terajure. DI water (100 mL) was added to
dissolve the solids, and the resulting solution wesacted with EtOAc (200 mL). The organic
phase was washed with water (100 mL) and brinenf&}) followed by drying over N&O,.

Concentration to dryness, followed by re-crystaliian from EtOAc gave 4.60 g (9.5%) of
Comparative 1 as a white solidH NMR (CDCk) & 3.76 (t,J = 5.9 Hz, 4 H), 2.78 (s, 4H), 2.77
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15-C Comparative 1 65 [069]Tin-Silver wafer bumping test: Sn-Ag solder bumps were electroplated on a
200 mm patterned silicon wafer using each of the above Sn-Ag electroplating baths in a NeXX plating
tool. The patterned wafers had 75 pm diameter vias and 3 different pitch sizes (150, 225 and 375 Rm), a
platable area of 3-20%, a negative dry film resist height of 75 jim, and a seed of 1 kA Ti/31a Cu. Copper

studs witfy Qjirsig keightiaye3asrels (PG Ipys0TsnBsace gditsion between Sn-Ag solder bumps and
the wafer. The wafers were plated vertically with rapid oscillation. Platinized titanium was used as an

insoluble anode and current densities from.12 to 20 A/dm2 were sed. [70] The height of 11 bumps was
measured on each wafer using a proﬂlomngg%ﬁﬁlyeﬂ%%%gb% ain within-die (WID) uniformity (or

I hich ; /
the neighLSEne el Lot s TR e e 2 S S
havg is tt{6.80enalge 8teigmofabn axgl smldslnem;mpdlumdwgmamelrfé gopadanyna)uedoe \aildieddie a
uniformity), ‘ﬁ'& Hb?{Sp‘ﬂ'?fB%rk @?@E@] ﬁﬂ'%eEBHHé%%eV'E&?J’BH& I AHFBH MRS CiH8! A3 SrR4 LY

proper attachment o compon e wafe
placed in an ice bath and the flask contents whkosved to stir. While keeping the reaction

mixture below 20 °C, dibromomethane (2.93 mL, 4fhol) was added dropwise via an
addition funnel. Upon completion of the additiotne reaction mixture was allowed to
equilibrate to room temperature and then was refluat 80 °C for approximately 2 hours. After
cooling to room temperature, the mixture was cotre¢éed to dryness, then dissolved in a
minimum amount of water, filtered, and concentrateddryness. Extraction of the resulting
solid with ethyl acetate, followed by concentrationdryness gave compound Comparative 2
(7.05 g, 98%) as a colorless, low melting soltth NMR (500 MHz, BO) § 3.99 (s, 2 H), 3.94
(t, J= 6.3 Hz, 4 H), 3.00 (] = 6.3 Hz, 4 H)."*C NMR (126 MHz, RO) & 60.43, 34.65, 33.14.

Example 13

[063] The solubility of Compounds 1-12 and Compaes 1 and 2 was evaluated as
follows: 25 mg of each compound was weighed out mtvial and 5 mL of a 17% methane
sulfonic acid (MSA)/DI water solution was added.alcompound dissolved, then an additional
25 mg (in increments) of that compound was addéed either no more would dissolve or 250

mg were dissolved in the 5 mL. The results arevshio Table 1.

[064] The stability of various compounds was deiaed as follows: 5 mg of a compound
was dissolved into 1 mL of 17% MSA/water solutioxdglaced in a glass vial. Each vial was
capped and placed in a dry heating bath at 50 tQufoto three weeks. Each sample was
periodically removed from the bath and visuallypested for evidence of precipitation. The

results are shown in Table 1.

[065] The stability of Compound 6 and Comparativevdre determined using 2 different
tests. In Test 1, solutions of each of Compouatid Comparative 1 dissolved in DI water (at a
concentration of 5.96 mg/mL) were placed in segavétls. To each vial was added aqueous

MSA (70%), the vials were then capped, placed i50a°C oven, and periodically visually

22



[71] Tin-silver layers were deposited on the wafers using each of the electroplating baths prepared above.
The tin-silver deposits were analyzed to determine the co-planarity % (within-die uniformity) and for the
formation of voids after reflow. The results of the analysis of the resulting solder bumps is shown in the
Table 4. Table 4 Sn-Ag Bath: 15-2 15-2 15-3 15-C Co-planarity % (within-die uniformity) 21 19 25 20

inspected for the formation of precipitate. Afé hours, the solution of Comparative 1 showed
a copious amount of a white, flocculent precipitabe comparison, the solution of Compound 6
showed no precipitate formation by visual inspectadter 120 hours. In Test 2, solutions of
each of Compound 6 and Comparative 1 dissolved,® (at a concentration of 5.96 mg/mL)
were placed in separate NMR tubes. ' ANMR (400 MHz) spectrum was obtained for each
solution. Next, a solution of MSA (70%) dissolved D,O was prepared and added to each
NMR tube. A secondH NMR spectrum was immediately taken of each samplext, the
NMR tubes were placed in a 50 °C oven, and peradficemoved, analyzed byf NMR, and
returned to the oven. Comparative 1 showed loghefH NMR spectrum immediately upon

addition of the MSA solution, whereas Compound éwgkd no change in thél NMR spectrum

after 7 days.
Table 1
Compound Structure Solubility Stability
(mg/mL) (at 50 °C)

1 HaNOC g™ S conm, <5.0

2 HOLC g™ S co,H <5.0

3 HO,C™ g > S COH 30

4 HO3S\/\S/\/S\/\SO3H > 60

5 HO,s™ g S -SOH > 60

6 HO/\/\S/\/S\/\/OH 5 > 3 weeks

7 N W N 1 > 50 > 3 weeks

8 ° ° > 50 > 3 weeks
HOJ\/S\/S\)J\OH

9 o0 0 ° oy ~10 > 3 weeks
J I
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Void Formation None None None None As can be seen from the above data, the present sulfide
compounds are useful as complexers in silver electroplating baths, providing void-free deposits. [72]
After 2 weeks of storage at ambient temperature, none of Sn-Ag electroplating baths 13-1, 13-2 and 13-3
showed any decomposition or precipitation of the sulfide compound complexer. Example 16 [73] The

proceddyre of mple[15 isgepeated except that the following sErfac@% and sulfldgé d
complexers are used. Surfagtant A is an alkoxyl\atejjimine oxide of the formula (CH2 %
FOOCH2CH2CH2-N -1l 14 26HZ0)H on
11 HO_ //O O\\ _OH > 50 > 3 weeks
O//S\/\S/\/\S/\/S\\O
12 O\\S/\/\S/\/\S/\/\S//O > 50 > 3 WeekS
HO™ N\ /" “OH
0] (6]
Comparative HO\/\S/\/S\/\OH 30-35 < 24 hours
1
i S S
Comparative P N N G N > 50 <1 week
2
[066] The presence of a precipitate in the stabibist is evidence of decomposition of the

sulfide compound. As can be seen from the abotae ttee present sulfide compounds have very

good bath stability. The stability of the preseompounds 6 and 7 is significantly better that of

Comparatives 1 and 2.

It has been surprisinglydothat a hydroxyl substituent on a carbon

atom that is at least gamma to a sulfur atom (#)a hydroxyl group 3 or more carbons away

from the sulfur atom) in the present sulfide commigiprovides a significant improvement in the

stability of silver and silver-alloy electroplatitgths.

[067]
sulfide compounds.

Example 14

The general procedures of Examples 1-10 apeated to prepare the following

Table 2
Compound Structure
o) ss o
14 OH OH
HO S/\/S OH
OH OH
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where 12a is a (C9-Ci palkyl, and Surfactant B is an EO/PO/EQ copolymer having 20% EO groups, 80%
PO groups and an average molecular weight of 2000 (Pluronic L61); Table 5 Sn-Ag Bath Sulfide
Compound Amount (mL/L) Surfactant 16-1 6 90 A 16-2

O
15 HO_ //O \ _OH
~ NN /\/P\
/ S S
HO OH

”Ozcrs/vs COH

OH
Example 15

[068] Tin-silver (Sn-Ag) electroplating baths wegyeepared by combining 75 g/L tin from
tin methanesulfonate, 0.4 g/L silver from silver thamesulfonate, 275 mL/L 70%
methanesulfonic acid, 4 g/L ethoxylated bisphend|l8 ethylene oxide units) as surfactant, 1
g/L ethyl maltol, 50 mg/L pentahydroxy flavone, 1L ghydroquinone monosulfonic acid
potassium salt, a sulfide compound as a complexet,DI water (balance). Table 3 shows the
complexers used and their amounts. Sn-Ag bath 1343 the conventional complexer from
U.S. Pat. Nos. 6,998,036 and 7,628,903.

Table 3
Sn-Ag Bath Sulfide Compound Amount (mL/L)
Complexer
15-1 5 100
15-2 3 180
15-3 4 80
15-C Comparative 1 65
[069] Tin-Silver wafer bumping testSn-Ag solder bumps were electroplated on a 200 mm

patterned silicon wafer using each of the aboveA§relectroplating baths in a NeXX plating
tool. The patterned wafers had @ diameter vias and 3 different pitch sizes (15Z5 and
375um), a platable area of 3-20%, a negative dry fisist height of 7%m, and a seed of 1Ak
Ti/3kA Cu. Copper studs with gm in height are used as UBM layer to enhance adhesi
between Sn-Ag solder bumps and the wafer. The revakere plated vertically with rapid
oscillation. Platinized titanium was used as aoiable anode and current densities from 12 to
20 A/dnf were used.
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8125B 16-3975B 16-4 11 100 A 16-5 15 110

[070] The height of 11 bumps was measured on eaaferwsing a profilometer (KLA
Tencor) to obtain within-die (WID) uniformity (oloplanarity) which was calculated by equation
1

Coplanarity(%) = % x100
(1)
where hax is the height of the highest Sn-Ag bump in a Hig, is the height of the shortest Sn-
Ag bump in a die, andfy is the average height of Sn-Ag solder bumps. 3Sineller the
coplanarity value (or within-die uniformity), the ame uniform the Sn-Ag solder bumps.

Uniformity of solder bumps is critical to ensuripgoper attachment of components to the wafer.

[071] Tin-silver layers were deposited on the wafesing each of the electroplating baths
prepared above. The tin-silver deposits were aedlyo determine the co-planarity % (within-
die uniformity) and for the formation of voids afteeflow. The results of the analysis of the

resulting solder bumps is shown in the Table 4.

Table 4
Sn-Ag Bath: 15-2 15-2 15-3 15-C
Co-planarity %
(within-die uniformity) 21 19 25 20
Void Formation None None None None

As can be seen from the above data, the presditesabmpounds are useful as complexers in

silver electroplating baths, providing void-fregodsits.

[072] After 2 weeks of storage at ambient tempeggtnone of Sn-Ag electroplating baths
13-1, 13-2 and 13-3 showed any decomposition ocipitation of the sulfide compound

complexer.

Example 16

[073] The procedure of Example 15 is repeated extteyi the following surfactants and
sulfide compound complexers are used. Surfactandé An alkoxylated amine oxide of the
formula
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A What is claimed is: 1. An electroplating composition comprising: a bath-soluble source of silver ions;
water; acid electrolyte; and a sulfide compound of the formula: Y I- (CRI R2)",-S
-(CR3R4)"-S-(CR5R6)"-Y2 wherein Y1 and Y2 are independently chosen from CO2H, SO3H, PO3H2,
CONR7R8 and OH; each RI, R2, R5 and R6 is independently chosen from H, (Ci-C6)alkyl, CO2H, and
hydroxysubstituted (Ci-C6)alkyl; each R3 and R4 is indepepdgmij chosen from H and (Ci-C6)alkyl; m =
1-6; n = 1-6; R7 and R8 are independently chosen fromlH and (Ci-C3)alkyl; and x = 1-6; provided that
when Y1 = OH, m = 3; provided that w@%%c—"W?rTN 37and provided that when any of RI, R2, R5 and
R6 is hydroxy-substituted (Ci-C6)alkyl, the hydroxy gro |§1|_t?%§d%g to a carbon atom that is at least
gamma to a sulfur atom. 2. The composition of claim ISl ars bprising a bath-soluble source of tin

ions. 3. The comypositiop-of-clai wherei ch Rl, R2, R5 is.independently ch f H,
Gyl b CTE Rl (et o e B S EORATRHI Archelrc and
Y2 are ingengs) &y Mo sprodpaaORiHa 808t aruddeQBihdelsy 0@ Empasgitiddilpf claim 1 wherein m =
1-4. 6. The composition of claim 1 wherein n = 1-4. 7. The composition of claim 1 wherein Yl and Y2 are

the same. 8. The composition of claim 1 wherein YalledbY2 are independently chosen from CO2H,

SO3H, and OH; each RI, R2, R5 and R6 is independently chosen from H, (Ci-C3)alkyl, and
hydroxy-substituted (Ci-C33alkgl egch KRifired R4 niodependentlyShdserafirom H and (C1- C3)alkyl; m =
1-4; n =1-4; and x = 1-4. 98&tre congusibonnef clg@m A_jurther comprising an alkoxylated amine oxide
surfactant of the formulg: 16-1 5 % A

16-2 8 125 B

16-3 9 75 B

16-4 11 100 A

16-5 15 110 A
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Rc R8IR1-(OCH2CH2CH?2),-11-0 0 Rd wherein r is selected from a (Co-C22)alkyl group and a substituted
(C7-C22)aryl group; Rb is an alkoxylated unit; mis 0 to 7 and represents the number of moles of Rb; n is
0 or 1; and r and Rd are each at least one alkoxylated unit and the total number of alkoxylated units
present in r and Rd is from 3 to 30. 10.A method of depositing a tin-silver layer comprising: contacting a
substrate with the composition of claim 1; applying a potential for a period of time to deposit a
silver-containing layer on the substrate.

What is claimed is:

1. An electroplating composition comprising: albabluble source of silver ions; water;
acid electrolyte; and a sulfide compound of therfola:

Y- (CR'R?)-S-(CRR),-S-(CRR%),-Y?
wherein Y and ¥ are independently chosen from & SQH, PQH,, CONRR® and OH;
each R, R, R and R is independently chosen from H, 1(Cg)alkyl, CO:H, and hydroxy-
substituted (§Cg)alkyl; each R and R is independently chosen from H and{G)alkyl; m =
1-6; n = 1-6; Rand K are independently chosen from H ang-@@)alkyl; and x = 1-6; provided
that when ¥ = OH, m = 3; provided that when¥ OH, n = 3; and provided that when any of

R!, R, R and R is hydroxy-substituted (©Cg)alkyl, the hydroxy group is bonded to a carbon
atom that is at least gamma to a sulfur atom.

2. The composition of claim 1 further comprisingath-soluble source of tin ions.

3. The composition of claim 1 wherein each R, R° and R is independently chosen from
H, (C-Cyalkyl, COH, and hydroxy-substituted (€,)alkyl.

4. The composition of claim 1 wherein ¥nd ¥ are independently chosen from £0
SO;H, and PGH,.

5. The composition of claim 1 wherein m = 1-4.

6. The composition of claim 1 wherein n = 1-4.

7. The composition of claim 1 whereirt ¥nd ¥ are the same.

8. The composition of claim 1 wherein* ¥nd ¥ are independently chosen from &0

SO;H, and OH; each R R, R® and R is independently chosen from H, +Cs)alkyl, and
hydroxy-substituted (GCs)alkyl; each R and R is independently chosen from H and;{C
Cy)alkyl; m =1-4; n=1-4; and x = 1-4.

9. The composition of claim 1 further comprisingadkoxylated amine oxide surfactant

of the formula:
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RC
R?—{RPJ—(OCH,CH,CH,),—N-—3 O
Rd
wherein R is selected from a ¢Cx2)alkyl group and a substituted £Cx)aryl group; R is an
alkoxylated unit; m is 0 to 7 and represents thaier of moles of R nis 0 or 1; and Rand R

are each at least one alkoxylated unit and thé notaber of alkoxylated units present ifi &d
R%is from 3 to 30.

10. A method of depositing a tin-silver layer commg: contacting a substrate with the
composition of claim 1; applying a potential fopariod of time to deposit a silver-containing
layer on the substrate.
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