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SURFACE OXI DES BY ELECTRON ATTACHMENT FOR WAFER BUMPI NG APPLI CATI ONS
BACKGROUND OF THE | NVENTI ON [ 0001] The present invention relates generally
to fluxless processes for renoving netal oxides fromthe surface of a
substrate. More specifically, the invention relates to a nmethod for the
fluxless reflow of solders on a substrate surface, particularly for wafer 5
bunpi ng applications. [0002] Wafer bunping is a process used tgg4mplgat hi ck
metal bunps on the chip bond pads for inner |ead bonding. The bunps are
commonly nmade by depositing a solder on the pads and then refl ow ng

(referred to herein as a firstyfef bpwHe WVENTHON: al | oyi ng and to change
t he shape of the solder bunp froma mushroom shape into a hem spherical 10

shape. The gRMHWAL thétmrfAéébmefsbcy\péLéeim@N ATTAéHmw FOR WAFERsSpond to
the footprint of the sol der V\@@@bl@h@l‘pﬂ@ﬂ|@[\@’l he substrate and then

subjected to a second reflow to tormsolder joints. These solder joints are
referred to herein as inner |ead bonds. Hi gh-nelting point solders (e.g., >

300C) are nornually used i nghbRaAHEHENDIDIPHEINVENTROR because it allows for
subsequent assenbly steps such as outer |ead bonding to 15 proceed using

| over - nelj[bb@ﬁopﬂie"ﬁre%t YRiehtidreretates §@r§9§)y t¥hiLResy pr@béééé@tférf}@nﬁfnnb getainner

| ead bon 003] The shape of the“sol der bunps after the first reflowis

criti cal .oxfdes 1R¢Re! irfade bfd SGbSEIE I‘h@r’e%%cn’héal@r@l@%\%lﬂh@n tepte9RI 4 €r bondi ng

and higher fatigue resistance. Further, buimps fornmed shoul d preferably

be subst %éthé?l kot tﬁ@ﬂﬂfx@%’s@ réﬁbv@ﬁﬁﬁb’ld‘eré’ bﬁ'&asrubEtYate %Qﬁ&&ébﬁhﬁi&hl'aﬂir fof waferf or m

sol der bu aving relatively larger hei ghts i's believed to be

assocgatqﬁ, itdlagdlicAdnde- f ree bunp surface during the first reflow.
Currently, ﬁ%1élﬁﬁh are two maj or approaches of renoving sol der oxides

duri ng f'g[bééz r%h@\“’b%g?g?%ﬁ &Feés B?‘éqf’ ! ¥ @ik nfdta KUAHSA3 e lchip/dml €SS

sol dering usi'ng pure h oge at a w tenperature of 400 to 450C. The

haj t
e gon adE Hinfer 14 BorRARE O df cohfHERRihead By Hefoshinglel\iditch
d b
3 fc\‘;’mn ; h?ﬁﬂé ng{gueofmggg%fwm@%@ge? E% ﬁéﬂﬁas DNt rHBR %e&b%b&t%‘ﬂﬂﬁﬁé dgg bunps,

een prln onto the Wafer to

form the \py etﬁe@h{,ﬁé LAKE ledéhﬁurnb'fmﬁwéﬂuéﬁobﬂe{]ﬁaper}?{bra%mheﬁeall hat the

fluxes can e trve renove 1 nitial oxides on the solder surface

Howeygr , Qéé ?R@{:ﬁ%ﬁfﬁf’thqﬂéﬁ}& %fewapf% §ﬁﬁis@eb”%6 o‘ijr%s th@hdldo rihhe

sol der bu deconposi not 10 only degrade

the el eth{i‘ltﬁea% @ het Q%Qn‘r&iﬁé P‘?ﬂ?ﬁ&&d degrnc{)thsnggsjgagdwéegéonpqm but

al so destr he ' 6 p anar i e so er and fect the

b I
cont S?n“ﬁQéﬁ&ﬂ%'#)eiﬁkﬂ@%gﬁﬁ%%%@%%ﬁ O il serean o =

can I Ncr ease Mai Nt enance cost. In
cor r ost o el oAl ci Bt B00rET ea finaltp B8ed Rindafer pliBRAB. 027 COUS
the flux d’rgéésglﬁgéaujsqu&lfou% fSFédgggéﬂn?gg%ﬁﬁoﬁ%gtﬁég Eba?%soﬁggt\’l%a_%g?rﬁi?ﬁé o oo g

cl eani ng "process 1ng C or carbons (

SEp AT T R S e T

chloroflqg car ons (CFCs) as 20 cleanlng agents is banned due to the
pot enti al "to the earth's protectlve ozone | ayer. Al though no-clean

I'eﬁfﬁﬁe??*‘ﬁ%@ e"he 45 °§% s%ﬁe Esn?ﬁa%né & RS Bff Fovfa% %F"?J' tn%uﬁfdﬁ?e
R A
]Ic:IOlerr edugli“?(ir6 @B? Oér(’ggr ?g?%gieqﬁrfgzgh erf o@ggﬂ& ”5@ Enhgo‘? S}E?t r )?{/ [sgsgrS!aI
e il RO ToR, Ml o i el A
per f or rre%’eLﬁ‘T’ag‘F'atleﬁ&‘f?tE‘ a&ro’?‘%dfﬁ%? Yna £ %%%F‘é‘gg?%ﬁfﬁf)@% %FéreBBé‘ ﬁetrﬁgon )l;y
t he rel eased contam nants. However,
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5 the nelting or boiling points of the oxide and base netal can be simlar
and it may not be desirable to nelt or vaporize the base netal. Therefore,
such | aser processes are difficult to inplenent. Lasers are typically
expensive and inefficient to operate and require a direct line of sight to
t he oxide | ayer. These factors limt the useful ness of |aser techniques for
nost sol dering applications. 10 [0006] Surface oxides can be chemcally
reduced ( aregwp noajo-gproadhes ofjrerovingssoider ogidee duting/fistyefiew of theggo)der?) at

el evated tenperatures. A mixture containing 5% or greater reducing gas in
an inert bempedwaiee. One abRjoach is flyxlesalsbigensedsing perertyduigeorat prreftyet s (e. g.
H20) are then released fromthe surface by desorption at the el evated

t enper at utesnpenatueasf 400 do 48@PC. | Thetrhajogetmliehge\off thislapprobepiisthle flammcadis

t enper at ures exceed 350C. 15 However, this process can be slow and

i nef f ect i naturecofeine pliredlydrogiendwhiehrzegely limits the[ pP0cEtion loé tripapmioactd The
‘effectiveness of the reduction process can be increased using nore active
reducisng squeada@pproguls it applyingeorganic flagsescaver tee depoditertsblderibugnpsoaveitiin anal

pl asma techni ques. Gas plasnas at audi o, radi o, or mcrowave frequencies
can be usssidérpapteatixtife e bhs been pihtedbatofthe water tafoemdiee bumgsitandn. |1 n such
processes, high intensity 20 el ectromagnetic radiation is used to ionize
and di ssogfiewidgtie bGdps Fsh ineit edlif®imeip 6 tes the fluxes dam gffédtivelyiremor@nt ai ni ng
conpounds, into highly reactive radicals. Surface treatnment can be

per f or nedinpitl é>@dgeednatht lseRiePSlirtite 3 HwevER WY 8pproach Idgliey dra@badisaiSmaipt i num
conditions for plasma formation, such processes are typically perforned

under vacwside @adrin ifftfo solderbupRRRieab floX deddrapdsitione TPesSs Voids mayinpirent and
must be perfornmed as 25 a slow, batch process rather than a faster,

cont i 1QUOUSNIP HOGAES the’d1Stricd? g MsEhariCal Y Siepfds of titk foPRES edidei bhidnesdluy Wi t hin
the process chanber and are difficult to direct at a -3 specific

subst r at ealaé B8stroltRé 8b-PlaParifyltE tHeestiddrbanifpea Watsr shariiett the sabddotieAndtiy
utilized in the process. Plasmas can al so cause danmage to process chanbers

through absHid @bedrd. MheERESmpadtd MRAIVORIIREURA akid chtaniHARIth@ Fefloly space
charge on dielectric surfaces, leading to possible mcrocircuit damage.

M cr owav egirridee WHidh/&m ifGast e rRaifteH&fce adst. Ol ddaibh, flRFegiGuesdrd substrate
tenperature may be difficult to control during treatnent. Plasmas can al so

rel ease pgriefifiesidyusbrnes wakky wHidH G @lusé chirgdién atdyrad® R maRde
requi re expensive electrical equipnment and consune consi derabl e power,
therefsy reduehsgbrighei r overal | cost effectiveness. [0008] U S. Pat. No.
5,409, 543 di scl oses a process for producing a reactive hydrogen 10 species

(i.e., atpobs) "vsrPgtRthe AlnesRiuB8trof tha T&ibw precddies aBsdrbel aboRs; iagiddt
nol ecul ar hydrogen in a vacuum condition. The energi zed hydrogen chem cal ly

reduces t@garintPsiotedsemay'bé a86pted D8inh RARFIAbIARARME (ERE iEariRg BgEntsTRY
range from 50 Cﬁto 2200% El gpcteri clg%)ly bi ased gri és a?)?y{ﬁsedlto der}lect or

capture edgRsversRRcRhAARG 208 ak BhditiGth brodetd Bgp 3Rk ifdrda88Me The reactive
species or atomc hydrogen is produced from m Xtures 15 containing 2%to

100% hydrﬂﬁﬁuﬁa&tﬂriﬁé‘pﬁo@@éﬁngﬁﬂﬁé.i Fﬂrt&ﬁ,sthe [ugggm:hl&oﬁuorﬁé‘érbpw-CFCBs;Q& 637

di scl oses a process for activating hydrogen using the discharge froma

t her eoni &eé?ﬁﬁgﬂgfegrés E'b%ﬁﬁ%@&ée £tk ES%n{iéIFHEH%% tb [ SBrfpfY FrofetiiodRoner eat e a

gas phase disc whi ch generates active ecies. The em ssion process

IS perfor,ggg. iNﬁh@ugEhg AEBLA 1 esrrﬁ@g%%eﬁﬁéﬁ?ﬁﬁemﬁ 4 Bfaft ahtRthest fi 1 ament.

| ons and activa neutra winto the treatment chanber to

cheri cal | yoqf 8N bdfeRuLitlie thaf A 130 bRBEWeBR R Glin 2Rl s ipinecat hode

processes require vacuum conditions for optinmm ctiveness and fil anent

life. Va rﬁgﬁﬂﬂﬁeﬁgﬁeé SW{Heeacﬁ?fiWE@/ fuedYiTRERKre él"eétggtir H thddo

i ncorporated 1nto soldering convey t systens, there ucing their

overall cagle g%{éif[éﬁd ‘S’rgﬁgf ?eacgiAhgpajo%alsEQEE Hus rﬁ&u@&?e%ﬁh%ﬁr?ﬁge@o&fde” ng

Under Acti vat e at 1ent Pressure”, ace

o 1 2@520d Ve EBhGRRES, 51 Hibsesiy FREra bR offiubh g sulits oridhs, ndb

5,722, 58 i for producing activated H2 (or other reducing
eSO bYhE R

gases) s ing electrical discharge. The reducing gas is
generally present at "percent levels" in an inert carrier gas (N2). The

di scharge is produced using an alternéﬁ?hg voltage 5 source of "several

kil ovolts". Electrons emtted fromelectrodes in a renote chanber produce
exited or unstable species that are substantially free of electrically
charged species, which are then flowed to the substrate. The resulting
processes reduce oxides on the base netal to be soldered at tenperatures
near 150C. However, such renote discharge chanbers require significant
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10 exi sting soldering conveyor belt systens. In addition) these processes
are typically enployed for pre-treating the netal surface before sol dering
rat her than renoving sol der oxides. [0011J U S. Pat. No. 5,433,820
describes a surface treatnent process using electrical discharge or plasm
at atnospheric pressure froma high voltage (1 kV to 50 kV) 15 el ectrode.
The el ectrode is placed in the proximty of the substrate rather than in a
renot e chi00§] . Filixtes$ (dry) sdidaringdias beri peddrniedimthenpriarasicasingisayeral oduce
reactive hydrogen radicals --a plasma containing atom c hydrogen-- which

t hen passtechniquegh Opetechgiue is ta apdelaseisdo abiatd of hEah etk ovides ththedxi di zed
substrate. The dielectric shield concentrates the active hydrogen onto

t hose spevaddrizatiarn teenperdtoreat iSaols proegsseasi arg typicallp pertordeedi wnder ifert@rer , such

di el ectric shields can accunul ate surface charge that may alter the

el ectri c fadetidgatrdosphierds tb ppevent seoxidativadsy the rdleaded cohtamiessds.i Heweyperpocess
is only used to flux base netal surfaces. [0012J Accordingly, there is a
need i5 tthe melting or tsiling phintabf the@xialei amail bass dnetélf daniberdimilaranessmap nof baix| ess
refl ow of sol der bunped wafer under relatively |ow tenperatures to 25
reduce t hegsimblectoenelyor vaberize the basé metdie Thaeédte] suchhaseaptocessgwarei de a
process and apparatus for fluxless reflow under near anbi ent or atnospheric
pressure diffiedit to onperhent: Lasera\avé tpically expieesive anll insffictdra $é operatecandhi nt ai ni ng
vacuum equi pnent. Additionally, there is a need in the art to provide a

fl uxl ess reglirow direodmesof sRIhMG the bRifie idyerMTihdse fgaorsdimvt therusefulness oBlakkEF
SUVWMARY OF THE | NVENTI ON [ 0013) The present invention satisfies sone, if
not all, wrkhiijeesteeapsoéolddrmgaippliddtiops.ovi ding a nethod for renoving netal
oxides fromthe surface of a substrate w thout the use of a fl ux.

Speci fg cajoope] | Bufak: GsdRRGanWe dheamidHllp $&dicet .61t HEY) thhwigh expogurets ded a
nmet hod for renoving netal oxides fromthe surface of a substrate to be
treated lfaemEngdses€y., Pl,Pa dlvated lemperisiet atamintiirg BontainPig®Be BRgreatera fir st
el ectrode; providing a second electrode that is proximal to the first

el ect r oderednéing l3as Fdsinealcarmah ed.§ No)as hypRaly ueddOTHd @Aackdn progudts eagl, ng
surface i s exposed to the second el ectrode and wherein the first and the

second el BRby £ @serpreibabbe fromiAé batsce' IRFdeERdmtoh kit thedeléit@ftenipep@uren@fisi Ng a
gas m xture conprising a reducing gas through the target area; supplying

ener gy t Ocafied 8way inlthe 9BE fi6W fikkie 'I‘f\thcétpr@éeéshémééféﬂnds ekeerazdes. to generate
el ectrons within the target area erein at least a portion of the

el ectyeOnsHaké @ thisprateds@afbedsidWwahd PRIfEEIVENSVdnad Wiivatddampbra@ire®y form ng
a negatively charged reducing gas; and contacting the substrate with the

negati vel %ooo‘mar VRl spRAUHIWedfVenkSs bEHE ¢edudien BRIcaSs 6afl femcriaskdasihgeat i ng
surface of the substrate. 20 [0014] In yet another aspect of the present

i nvent i onmotd&dtive rsduRing\dpdeids 2 SUBH Batelspbcies BRY b8 gratibed using eesventienalt he
surface of a substrate conprising a plurality of solder bunps, the nethod

conpri si NGasih @dhfighes.t B8s pleafiakak Budib) @bid, 8r MRPGVRSleSrbduended Earsbe Bb&Ft r ode
as a target assenbly; providing a second el ectrode adjacent to said target

assenbl y W}ﬁ&ﬁid& r@hctive dadicdls RR 'L @d-okiBftichNh 8Géh 5oB8Edes! Hgh fiéngyyural ity
of solder 25 bunps is exposed to the second el ectrode; providing a gas

M Xt WP CHERFArsAJHR1IA rddiation|id) Osdift® idHish and diksdchdte %%QS%?&hbh?védiés?t and

second el ectrodes; supplying -6 vol t age between the first and second

el ect rod%xh&mgﬁﬂ@ﬁ@é»@o iRiRG cBRPOUE, ﬁit@h@hwlrsaa&eaadm@.i Strigde thdiment

el ectrons attach to at | east a portion of the reducing gas thereby formng

a negati Vﬁﬂ%&ﬁ@ﬁcﬂﬁu@dr ’F%‘.r'rﬁ%?&u%%eldﬁ?%@@t. | HikwevBE i} éalro%ﬁo GisiRERtivuM th the

negati vely charged reduci gas whereln the negative charged reduci ng gas

d t t . . t
east & parolehs o HidhidBimaibe, oot alp R TirPos undidak ey no @
subst r at econhmﬁé] vhEuun bpérhfiss @ &F‘é:éxr?g%sﬁlg%qﬂigﬁr%ﬁf‘&nd RS SHorhB8B8 1S

provi ded a method conprising: providi the substrate which 1s connected to

a first el gohr gsen BR{c%gé g tﬁarﬁg%ﬁﬂg, @&ﬁ?ﬁﬁﬂ%‘@?cﬁ@t AI%) @[a‘%?‘ria@%lret o the

first el ectrode an e substrate wherein t secon ectrode has a

negative {hias dofth & difrGseRPHEM R prbEatdnimblePahdiErel diffilit ! ekl 4GP
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and wherein at |east a portion of the surface conprising the plurality of
sol der bunps is exposed to the second el ectrode; passing a gas m xture
conpri sing hydrogen and nitrogen between the first and the second

el ectrodes; supplying voltage between the first and the second el ectrodes
to generate electrons fromthe second el ectrode wherein at 15 | east a
portion of the electrons attach to the hydrogen and form negatively charged
hydr ogen spatificcautistridie megan Thezefoeaypler miaative spiecieh casrw dedeflidientlyrubiized ianges
from 100 to 1500C; contacting the substrate with the negatively charged
hydr ogen thermoteassr @thsoastdan atst cduse dathage tmptocesschanstisgs tirotdtea subst r at e;
and renoving at |east a portion of the electrons accunul ated on the surface
of the submitiesihg praeess, Gdd@Ehan Ipnoduce tanldccimulatien ofespaee thafgetdnadigleetsent
invention there is provided a nethod conprising: providing the substrate
whi ch i s safavestleaditgtospdssibie migrasiicuiv demagé. hMicrewdnestthergselbesdzer alser ovi di ng
a second electrode that is proximal to the first electrode and the

subst riat ecadsemeicrociréet demeaged ard eatistattetehrperatuieagay by diffiduitdo conted! dating c
potential relative to the first electrode and wherein at |east a portion of
t he surf ateatmenpriiasmegs tarealdd r¢lbateqddténtialy damdetious Witrayislet kghexBosted to the
second el ectrode; passing a gas m xture conprising fromO0.1 %to 4 % by

vol ume hyphoogses alvd require dxp¥nsioe 8Rciifalaquisrhentand consuthé cogsiderlisie ween t he
first and the second el ectrodes wherein the pressure of the gas m xture
ranges frpswerDihefeby Qediiry thek Rpénil Bast\edfetingtedst ween the first and the
second el ectrodes to generate electrons fromthe second el ectrode wherein

at | east FOP8Y t UOY. Rdt. NbES,2DS 643 GiB6losdd &pFockss tohﬁrdmdﬂhg@er@aan@_ﬁyardajen
negatively charged hydrogen ions; 5 contacting the substrate with the

negatio/el speeha(De datbiitl REREger) BSing @ Hot fiaefent RetheRhaly dusodiate mbletiigr sur f ace
of the substrate; and changing the polarity of the second electrode to a

posi tive Rdsgeninalvaetilirn@ahdiBon.eThd éﬁer?i@ed ﬁ?&’bgerﬁ&hérﬁi@éﬂy radpeystthen of the
el ectrons fromthe surface of the substrate. [0017] These and ot her aspects

of the ingagiraRbunate. PRSRFMDARDA GiNke hbidMRrhéR M4} rafbé AFYIMMBDOGE k@ 2LEIYC.
description. BRI EF DESCRI PTION OF SEVERAL VI EWS THE DRAW NGS [ 0018]

Fi gures 1epctabsllybidseld! drids akdligachio\Hehib @ @R cBptufCextBsfrédereiroms @mkted flopse
el ectrode, respectively. 15 [0019] Figures 2a through 2i is a schematic

i Il ustratthehopfilaivent. Othe rehefie’spd6ied 8PARHId I@ﬁirggérl igprece oM mixtupes and/ or
retrieval of electrons. (0020] Figure 3 provides an exanple of one

GWbOdiSTE%on@éinih@_Q‘V@tbel‘UOWHﬁjrﬁ?Bﬁiﬁ@n@nérﬂ&arﬂé’?%a%i.On_ and/or retrieval of
el ectrons enploying a plurality of tips. [0021] Figure 4 provides an

exanpl e ofpoggie ©rRD et WR)6,205,637¢iRIRes %@&e%ﬁiféraéﬂti@at{ngghﬁ%g%ﬁiu%ﬁmﬁe and/ or

retrieval of ‘el ectrons having a segnented assenbly. [ ] Figure 5 .
provi des @sc B atherPii6ni€ emaaéteerec@e]{mé aﬁmaa ﬁ%%e't%ﬁdi@éhthédoés; g ]r ating

removal of surtface metal oxides in a wafer bunping application. [OC
Figure 6 éréé@%tgélt&@sﬁd%ﬁ%ﬂge%ﬁ&h g dicaRBlivePdpechl. ﬁ‘][h%m%sibrgﬁ%éé,@i@ for

renovi ng negatively charged™ ons on the substrate surface by angi ng the

el ectr od‘;pe%naea B & 5apeihtel i 9erhBi® chifrbeMedHtaitiRb @ hdatsiRamett.. lond SRP4]
Figures 7a and 7b illustrates the transportation of the charged species

bet wen Gy ak8 A4S RoNiRB thd oAl éﬁa)ﬁwldé]‘:r td &ﬁ’erﬁi&‘@%@b@@&r g Ridizédchanged.

[0025J Figure 8 provides an illustration of a particular enbodi nent of the

present imx&n@%@tef Wom/e@%f‘?‘g‘{,lé}gh&lc gwtogmepﬁoc%esés%qém GRnPEorRitDHE R at e by

enpl oying an a I onal ectro a positive bias relative to the

hase el eakf of DT AR IE! VAIn SR BHE AEYBEhBUSd | Ustrat | ons

of particular enbodi nents of the present i1nvention ng novenent of at

| east on%@gk&ﬁérﬁq&iﬁcm& Et?ﬁre?r‘bBrat@d ﬁmgf‘so‘i&lé?ﬁ\ ;@p%ﬁ%@@é}sggﬁpg,gﬁ%b}oa and

10b provide "an i1Tustration of "an uni directi tage and a
bi - di r ect L gnahg ¥8lr'b9081 RUsShrechiRRBES | Vel Y.
25 [0010] Potier, et al., “Fluxless Soldering Under Activated Atmosphere at Ambient

Pressure”, Surface Mount International Conference, 1995, San Jose, CA, and U.S. Pat.
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DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0028] The present invention relates
to a nethod for the renoval of netal oxides froma substrate surface by
exposure to negatively charged ions. The negatively charged 15 ions react
and reduce the surface netal oxides. The present invention can be enpl oyed
by nodifying traditional reflow and sol dering equi pnents such as, for
exanpl e, the refl ow nmachine used for refl ow of sol der bunped wafer. The
present i No® ;146,503 6,0803d508 020 PH0,caj00T63N, 19634 1p148¢ 8,858, 812/and 8| 1221589
renoval of the surface netal oxides froma substrate is desired such as,
but not |desctieelptosessestial prpdadingactivated. H. (bhethsotedecing gasés)guaf a2CHpor t i ons
of printed circuit boards or netal surfaces to nmake them nore anenable to
subsequeniiHgaisthgrelegical distharge.aMbe vedueingajadds gergpralyrpresart at fpeaknbleneishg,
surface cl eaning, brazing, welding) and renoving surface oxides of netals)
such as cinppdnerbzareler, gdsqiNge dTiudisehargs isipcaduced Lising pn@itesating volteyge r enoval
of nmetal oxides using the nethod and apparatus of the present invention is
equal Isy aqmukdecaflsbeveral kilbwlteh Eikctranzmmtitieh Bdmpienteges i arensoy charhber pr ocess
desirous of renoving oxides wthout the need for organic fluxes. -9

[ 0029] Theotigrenexited s Lnstalslé speciesitat Sersubstagiayialel of eleztrivhiyschiarged mat eri al
such as silicon, silicon coated with silicon dioxide, alum numalum num
oxi de, gadgecied) whisie aiifen fioWadtcCthe Gubstiate. The PRUIting IpAscesse@dlice oXidesy
material suitable for use within an electronic device. In certain

enmbodi mengrithe tbage el td Bé €olderedat dragdraiueed heari1B860. atieWewr, such remote
sem -conducti ve substrate having sol der di sposed thereupon. Exenpl ary

sol der cofiguhaldd eHasnbersiddire sigrificartq0pimdnt Bbstednd are motfehtild regsfittddrosi | ver,
a fluxless tin-silvercopper) a fluxless tin-lead, or a fluxless tin-copper.

Howevier , éxigingeblaean@EorivegorbietsyBlenisd s AHHIAON, tReseirbéd¥ses b typicaipr i ety of -
different substrates and sol der conpositions. In a certain preferred

enbodi mergmpibyri for prettatitifg tife Mefl bt Biddre solieMhg atiferfhal @mdvihgdoldee! der
10 bunps di sposed thereupon. [0030j While not wishing to be bound by

t heory, idxides. bel i eved that when an energy source such as a direct current
vol tage source is applied between at | east two el ectrodes, electrons are

gener at eqob1AM 198 Paf. Noh 8, 438/826 deséred @SsUirE frdafndMt fRick¥CuSh@elettrigal bi as
relative to the other electrode (referred to herein as an "em ssion 15

el ect r odejigcrarit! 6plddnta SttmBBRTRicRéstarréme RigPvelagel(t Rues 50 kirp gener at ed
el ectrons drift toward the other el ectrode, which is grounded or has a

posi tisve @bl TRk eRicksdé Isafigdddan tePpragiffiy bf Bfe subshAsfaBbemhbA flg”) . al ong
the electric field. The substrate having a plurality of sol der bunps upon

its surf aemoteScHinie?d THE trab BidchiBndE@ited@ioniié disctiob8s PrdiacaRfctifie em ssion
electrodes (referred to herein as the "target area”) with the solder 20
bunped sujyliRfRnQaditAIS ki pidbni EShtSNIRE B8Snit PydifdBefTWhichAReth&GithRAEh | N
certain emnmbodi nents, the substrate fmmay be Connected to the base el ectrode

form ng adefing8in ARFEHYahidl PREedbYdr4h€ ofiBi?BE sShdititdl TIRAEIeBEc$ARIANd
optionally a Carrier gas is passed through the electric field generated by

the el ectds bgti blsbecif@biriRE 1ddARonSYGiring agas f or ms
negative Cfooﬁ?ﬁﬁ%h{hg%tg}%&nﬁygﬁ%ﬂgﬁ%isEﬁCIt hen drift (t)o 2 It'hg t ar get

assepl Y, oxidation. Hpgegﬂz&éﬁ' Qbitnesniglid caHRebrAliSte S ihEE Bnar§d tHdfhajubst rat e

surface, negative rged 1ons can thus reduce the existing netal oxides

wi t hout tdyer mbQiectitefisly GRE iﬁhf@iﬂé’é&i@é‘ﬁr‘océé%ml FEHe digderibdd sro8étsag Bhiyon Of

the active species on the sur e to be treated can be pronoted due'to the

drifting @Edmﬁup@%t,hgtg] durlhgs ged ions along the electric field. (0031] In
t

enbodi nent's erern e reduci ng gas conprises hydrogen, it is believed 5
that the rg{d)0ohXbrdidiy, B L8y Bthé QR 19 bR fSedopbisPandbmsient at i ve
At t achrrer#t o%] I\/b‘faercurfbg)?’ Iﬁ?%m eﬁ'I ~ H+ ﬁl ( IC% %Sect ron Attachment on
Hydrogen p%c%@k & flukleb refldw dt'sbier bumped wafer under relatively low temperatures to

25 reduce thermal energy. There is a further need in the art to provide a process and

apparatus for fluxiess reflow under near ambient or atmospheric pressure conditions to

-5-




The conbination of (1) and (I1): 2¢' + H2 ~ 2H (I11) Oxide Reduction: 2H
+ MO~ M+ H0 + 2¢' (M= solder/base netal) (IV) 10 In these enbodi nents,
the activation energy of metal oxide reduction using the electron
attachnment nmethod of the present invention is |ower than nethods that use
nmol ecul ar hydrogen because the formation of atom c hydrogen ions with

el ectron attachnent elimnates the energy associated with bond breaking of
mol ecul aravejtihe @&pended Paichiasing @ntl aaintainingdiaceurh equipmeny yAdditienatlp) the t o at
| east one of the electrodes, 15 preferably the em ssion el ectrode,

suf fici eng atreed e drite petvidesa foxiesoetiow peodess gsing aaton-finenablegas The
energy source is preferably an electric energy or voltage source, such as
an AC or dpvirsmdeste. Ot her energy sources, such as an el ectronagneti c energy
source, a thermal energy source, or a photo energy source nay al so be used
al one, or in conbinations wth any of the aforenentioned energy sources. In
certain enbodi nents of 20 the present invention, the em ssion electrode is
connegted to a first vol t ggeErF sveiMARY O eHBARVERITEDNIr ode is connected to a
second voltage level. The difference in the voltage | evels creates a bias

in electriogfd] PrHeSstebatt inveRforPEatiches $dmétif mut all et tiseneas of thd agey | evel s may
be zero indicating that either of the two el ectrodes can be grounded.

[0033] Toyrevidifly @anéthedidr Yerhbvifd Aet @xides froRthé k86 4de0st addubatéteatithoutthlear ge
gquantity of 25 electrons needs to be generated. In this connection, the

el ect r ong,seait alRix I SREERERY, iRYbne hdpect df iRIdreédant Hveriors tawé Ik @ovidbdia not
limted to, cathode em ssion, gas discharge, or conbinations thereof. Anong

these el GRitheA 1GHFERbARG RIdIATRKIABE from! the sBRAGCH I CsuLRTratells bERicRRE depends
mainly on the efficiency and the energy | evel of the el ectrons generated.

For q@bodiomiismhg breliding tﬁ@@uﬁﬁn@%@@vﬁiﬁ? GBSrokifnaitt F8ESlectPdRE pFovitindi@vi ng an 5

energy | evel approaching 4 eV is preferred. In these enbodi nents, such | ow

ener gy | %&?Egﬁb@%éﬂkﬁaﬁé BraMirRbIas A frsOR8RFeahdie Saishafewssremsatosast at her

t han gas arge. The generated el ectrons may then drift fromthe

em ssi on £h&66k 80Re LRRR FsiriRe RSP 08EE £ theGBcatH SbctidRamSveréiRaRefiehar ge.

The space charge provides the electron source for generating the negatively

charged Age dn@@ee@%d@% 8Rd fH @E&&Bb&ﬁﬁé wmﬁratagehx%s)g@gy@[a% 8s

through the at least two electrodes or wthin the target area 34] For

enbodi ne j ' h - ) f5541Q8astt hese
embodi ot 2 by £ TG TNELE Mo el S AR ey e

em S§is0N)onel fed Tkt §'th d(diEHRBESH JehePRE @iddir8Ss Wkin BE BifdedRlea

8 .
thermal - f1 eldg em ssi on? phot oem ssion,” and el ectron or ion beam em ssion.

15 [00351%@@}1% @tghgé'g%oh BY (e \6RsttBRE bithdHo 2R |4 bbitibn bof @Jeciew;émg das

negative bias on m ssion electrode relative to the base el ectrode that

T T e

electrons to enera e sur e em Ssion electrode. In
certain ' | SRt e HRBlMPGIHAcBR t WO

el ect rodg{se%tgﬁ%egf&aaﬁg%%@fdp@ﬂ?gaiﬁ @Gg%f%a'g%@r"g% y rangi nrgg&f rom2 to 30kV.
In 20 thgﬁgs&gg? j ments, the distance between the el ectrodes nmay range from
0.1 to 30 cny preferably from0.5 to 5 cm [0036] Thernmal enission, on the
ot her,nha 1Nl | L 1 : i leghsPids i n the
em sszponrlngét \rﬁg éFganr?g%sre%%g?(g%g{éﬁg éﬁﬁé@%%@’?&éﬁgﬁ{gblaﬁ? glnféiic bond in the

material g Obihso é{%lﬁoz(ia%g_f,%%e&ys% 8%% ofh Qﬂsh’a{erbo%grgfsﬁ%aﬁgg%ggggisg?g%é t he

25 tenperature €m ssion el ectiode nmay ran

Dr e or 2 il et g cgmfiing: PR il 8% OBSFLERTARE Biediy BibiENt |« ©

and/ or maln ure by a variety o ods such

or ect r 0aesogF el Etalely et tll el MR B 3Feoht HEARCRSoliefiljo B I REOIL 1€
I ically | | at. . i R
et Sl dmbf) e e ke SHONAS 5t AE 3o dorfprldfifY the LFafy B otder
25 bumps is exposed to the second electrode; providing a gas mixture comprising a

reducing gas and a carrier gas between the first and second electrodes; supplying

-6-




5 (0037] Thermal -field emssion is a hybrid of field em ssion and thernal
em ssion nethods for electron generation in which both an electric field
and a high tenperature are applied. Therefore, thermal-field em ssion may
require a lesser electric field and a | ower el ectrode tenperature for
generating the same quantity of electrons as conpared with pure field

em ssion and pure thernmal em ssion. Thernmal-field em ssion can 10 m nim ze
di ffi cul t vatage hetweendhe firsihanth speond eléatodestr ganiecate elegtrhnaiwherein aldeasiigcy of
degradation in electron em ssion by contam nation on the em ssion surface,
and a hi gporties bf thetelextrons attéizh tplah east @ poding ofithiefreduring/gasf theteby deiming en
surface. Further, thermal-field em ssion may al so avoid problens related to
t her mal enegativelp chagled asduiny gas; paottactingdhe tergetlasserobly withdbe negativetyween t he
em ssion el ectrode and the gas phase. In 15 enbodi nents wherein the

t her mal - f crergedbradsising gas svheesdlthearegativeaty clrgerbreeiueing gas reduses drepmetal ur e of
the em ssion el ectrode can range from anbient to 3500C, or nore preferably
from 150 bdxiddsbdDfbe surfatdeftae subsiditeramtdsembliag et ieastra portioh bhihe edstronange
fromO0.01 to 30 KV) or nore preferably fromO0.1 to 10 KV. [0038] In certain
pr ef er r edacvubtite® bh the $urface betherdubstratesi on or thernal -field 20 eni ssion
nmethod is used for electron generation. In these enbodi nents, a high

t enper at ufpB15]Ti Wisd futhet &spieepofahelprEentingritibe) thefe is pesvitledst ethednay al so act
as a heat source for the gas mxture that is passed through the electric
field genesnprishdprdviting the sebstedte atiih, is sonridetid tbhirsteeomide pprevidingraequi r ed
for heating the gas for a subsequent refl ow process step can be reduced. 25

[ 0039] | nsexohtl alettrogd o E‘ﬁﬁb)_ﬁm@f tolthe fifst eleembde antmbisabstraté evhetedre theon
generation is acconplished via a conbination of cathode em ssion and corona

di schay gesdtdhb eftetrodé had 8 negitive Prastif kit tténtiabrelive t@theshstrelectideh as a
DC voltage is applied between the two el ectrodes and el ectrons nay be

gener at edafd WAereRl 4t 1644 aPBHRRI I thetd LRk @EMpising theaslurtanty)of soidet empeis phase
(corona discharge) near the enission electrode. The corona discharge is
pref er abl gxp¥isad fd theGebohdPéleGFodedpadiiirR §8s feurefcoprising hyelogboanting
negatively 5 charged ions by electron attachnment and increase the |ifetine

of the enifsjébaiveeh tredftst dridAAE deddhdIERBIBEHUppWIRGIRItagd bBetweah st

em ssion mechanismis used for electron em ssion, the voltage applied

across t hgnd e sebsitd é1e6tRstesRY gbferaeNEéddins fonib $efondlélectfddeauesrein aof t he
vol tage pul se ranges fromO to 100 kHz. Figures 1 a and 1 b provide an

i | usty at jegst Bporflory 6 tha@ @RcREAS Sttah 18 e FSdearkl f8fh hegativalytthardeass €
el ectrode, 10é)éespecti vely. In these err'gyod?grrents, it igabemteved that a

pul sed vohjdRisen iSHE BndwhéreRH the RéPerafuré bEHE @8cdndeldétfbdk rangdssirgmabetabl e to
constant voltage to inprove the anount of electron generation and to reduce

the t ende{swefccgﬂéctiagwswsﬁswigﬁthe [eQ4thd N eHarethndirdimtiond vreblvdeng
el ectron generation through gas di scharge, these enbodi nents may incl ude

thermal  ding GhakidkidedMitAe SLFERA1 WS sbtrale?Bh@ mEWR] aNeast alsoriiresihng ge,
i ncl udi ng gl ow di scharge, arc discharge, spark discharge, and corona

di schar gegledtrorishiReGmERRRAUIPBIEa&d SGhé QSstkE generated by gas phase
ioni zation. The gas phase Is a gas m xture conprising the reducing gas and

an ingyt ﬁﬁq ' f%ﬂltféﬁﬁbr%ag&im&eégmﬂ%nmﬁré i8 PrAddddomethodol t age

source is applie et ween el ectrodes and el ectrons nmay be generated

fromthe igpes ir%?@rd%oﬁﬂﬁe%ﬂ@st%%é m@ic}étiﬁﬁ&\r%‘éte@%\éﬁﬁ& didt@robi¥uitines t rodes

that then drift war e positiv I ased el ectrode such as the base

el ectr Odehdeua?ﬂ%icg:ﬂgmﬁgriﬁ‘ﬁ)[oioﬁfd 4 Q8cdhi didotrone Weat N prokifRf tthBGirdt @R2trB8Y aRd t ach

on the re gas es and form negatively charged ions by el ectron

att aCh”E”ﬁnﬁ 5’%9?}?#?%%% trhg%{éﬁorpd)élle&wa% 'é}f%néga%vé‘b%e irc R&HE Potdhtibne i nert

gas that t e negative I ased el ectrode such as the

em ssi on i I r aArg-the 14
[0042] " As eneg IS8 (RUSIEIBA0 A WEICHEE Bast Horch @ R RS PHiDBrB e i on
el ectyz0d ' ' i i . : iRPE -

Ret o2 ng 2T ch boBEFy B HAKEKd He SRl I bbe eBSRE SR RTARI . &
variety o tel 128,408 HCho b, W % iipd With a
Shar pened TS o B W B voifinp YL R and rblt Db 8 oFP0r AIE " et een
or wire nesh 2d, a loose coil, an array of conbs 2f, a bundle of thin wires
or filament 2g, a rod with sharp tips ’p7r'otrudi ng fromits surface 2h, or a
plate with a knurled surface 2i. Additional geonetries may include

conbi nati ons of the above geonetries such as plates or rods wth surface
protrusions, rods wapped with wire windings or filanment, coils of thin
wires, etc. Aplurality of electrodes may be enployed 10 that may be
arranged in a parallel series or in an intersecting grid. Still further




geonetries may include a "wagon wheel" geonetry wherein a plurality of

el ectrodes is arranged in a radial fashion such as in "spokes" of a wheel.
In certain enbodi nents, such as enbodi nents wherein field em ssion is

i nvol ved, the cathode is preferably nade of geonetries having a | arge
surface curvature, such as a plurality of sharp tips to 15 nmaxim ze the
electric field near the electrode surface such as the geonetry depicted in
Fi gur e 3. nitksgdri lgptweerthel firstsindahe secorldetdatrodes Whomin theqeesseise ofthelgas wires 2
that reside within grooves on the electrode surface along with a plurality
of tips 3mxteeadnges fioroND td 20 ssiafsupplying0oitaje Béteeeh thet firstienchthe secend t hat
acts as an em ssion electrode is preferably 20 conprised of a conductive
mat eri al sleétfodeehaigérnerhte disoironk o tha secorstelestrogieavigyeinrat lsaska pamioniobn. The
material preferably also has a high nelting point and rel atively high

st abi | i t ytheriErons atahto it Bytegdr antsforfonagatively arargad yalebgenrionser i al s

i nclude netals, alloys, sem conductors, and oxi des coated or deposited onto

condud i V@brﬁéﬂﬁﬁg e Sbstriterdittethe %Q@@b@&ﬂa@éd@ﬁmd@uhom © roducel theintetal t o,
tungsten, graphite, high tenperature 25 alloys such as nickel chrom um

al l oys, asdesRirathe @4itARSoIIHE Bulbiiralia @na kHladyir@ et godritypoithd sposrid electanteo a
conductive substrate. -15 [ 0044) The el ectrode that acts as a base

el ect r odeyol SpSERIVE biskaf elctritaFsuiential toremvie f ieabt & pefion st theraidoons froany  of
t he ot her naterlals descri bed therein. The base el ectrode can have a

vari ety ohe@uii® 6ihe 9@8YIRLd.1 €S dependi ng upon the application. [0045J In
certain enbodi nents of the present invention involving thermal-field 5

em ssi on, (oo ETACERID RhIEspOELS ol iRiBon # becor@Epphrsht fismandl y such as
t he electrode depicted in Figure 4. In this regard, the core 10 of the

en ssjgon @hmhégg@"é@mm figrle of a netal with a high electrical

resistance. A plurality OP tips 11 emanate fromcore 10. Tips 11 nay be
made of a conductive material with relatively | ow el ectron em ssion energy
or work function such as any of the materials disclosed herein. The 10 core

may be heat ed byBﬁ!Efﬁ@E'sbmﬁaemm@FagE\féhnL VEEWE GRITHEMRAWINGShown) t hr ough
core 10. The thermal conduction will transfer the heat fromthe core to

tips 11. [Bb?s]hoﬁug%&qajé%d%q"&é%té% %lé&g’etdals%foria BfiskibnAHr £P&deassdirode! hi n
an enclosure 12 Which is then inserted’into a support franme thereby formng
a segnent gd @ﬁ@ggbly as shown. Tips 11 are exposed outside the enclosure
12. Enclosure 12°1s conposed of an insulating material. 15 The segnented

assey y @ bIIQ]VVSF@WethBQhrToK]gﬁ BRis a%ﬁ%ﬁh@ﬂuﬁfatnbh%f ¢aHcusEédtdBe @B6matriean. | N
t hi s arrangenent ectronS can be generated fromhot tips 11 by applying a

negative émg%,gggr é?h;@&oﬁ’%n&)&?re?f@v%%me&}o%t rode relative to the base

el ectrode . I'n anot her preferred enbodi nent of the present invention

i nvol vi nﬂr"w@ ”ﬁhurfe' nér‘évﬁ@% an 'eQ&nPI'egﬂl'oﬁ@%thlﬁﬁén@Gf HIdcioae stifile for

t enper at ssion el ect Thi's may 20 be acconplished by using

2, neat | NfiRLbh L8R AR aPOFAEIAE chioyBil £ phiiupdiaper ode. The surface of

the heating cartri e conp of” an electrically conductive

mat er | a'. @e aref%reb.dgyahe gnleec%hé%gbwmé?ﬁw ﬁ%%&r‘b@@‘s&ﬁ%lé‘%ﬁ“ ng

el enent e cartri onot e ectron emssion, a plurality of

di st réobute%m?geh SALBPrdy ) sm%aroﬁewo.h Apichchitctaph. of the heat ing

cartridge e cart ge can eate paSS|ng an AC or DC current

t hr ough Lf%ﬁz%\fn t'h‘% Gﬁeért%glﬁg {ahgi‘i%nﬂgletd? EQHbBBﬂ%% %@éé&?@m‘%@ﬁwﬂe

gener ate Ehe cartrd y applying a negative

vol Lage - hikiashd Al LGRS (68 o Lhﬁamféfrbuﬁ%g%@&m to a second

el ect r ode rea e voltage |as in thi enent, the second

el ectrodey ?ﬁv 9&%Qﬁmﬂﬁﬁn éQﬁEwéP Bgﬁﬁkh @E%s@ﬁ:ﬂ@gﬁBhﬁﬁly bi ased

or, alter e car e can groun t ha e second
I d
03B S A SR Pd  t  o

el ectzrr?lgce[? %ﬂ?tﬁ%@egﬁﬂ°@§@¥ﬁémﬁ+‘53 nay be the AC or DC current al ong the

heat i r-cirtcuit may be the high voltage bias

bet ween the surface of the cartridge and the second el ectrode. In these
enbodi nents, the hot cartridge el ectrode nmay al so act as a heat source for
the gas mixture to achieve the required tenperatures for the reflow 10
process step. [0047] As nentioned previfusly, a gas nixture conprising a
reduci ng gas i s passed through the electric field generated by the at |east
two el ectrodes. The reducing gas contained within the gas m xture may fal
within one or nore of the following categories: 1) an intrinsically
reductant gas, 2) a gas capable of generating active species which 15 form
gaseous oxi des upon reaction of the active species with the netal oxide, or




capabl e of generating active species which formliquid or agqueous oxi des
upon reaction of the active species wwth the netal oxide. [0048] The first
category of gases, or an intrinsically reductant gas, includes any gas that
t hernodynami cally acts as a reductant to the oxides to be renoved. Exanpl es
of 20 intrinsically reductant gases include H2, CO SiH4, Si2H6, formc
aci d, al cohols such as) for exanple, nethanol, ethanol, etc.) and sone

aci di ¢ vep0r4] hEiguneg 7atendi7blilusivateg the transpertation pf thexcagey species opiwean
formula (111), substituent R may be an al kyl group, substituted al kyl

group, artwarejdctrodes #6es thespalarity etithartwo etpctrages isicbangadm " al kyl " as used
herein includes straight chain, branched, 17 or cyclic al kyl groups,

pr ef er abl [§025Int Figurer&yprbvides &n illostedtionaf lagrartidutarembodinent of hegfreseml y from 1
to 10 carbon atons. This applies also to alkyl noieties contained in other
groups sunverdien lharlrembking eleatrbias g thessurfacabky bubsTiate byeemploging sini adgitiedalal kyl "
applies to alkyl noieties that have substituents that include heteroatons
such &s Q@leditod8 withra poditalediperetdtioety the®&3e e@trod=al kyl C,., 0 or aryl

Cs_,0); alkyl C, _,o0 or aryl C6_,0; NO2; SO3R (R=al kyl C, _,0 or aryl C6_,0);
or NR2 ( RebRe]al Kylre€9a tioroogh 8¢ provide vanipus Mhstrationsof patiodamemiasdimeetd dher ei n
i ncludes fluorine, chlorine, bromne, and iodine. The term"aryl" as used
her ei n i nhé pesentihverition engdioyingmoteEnerntaf Bbkeast ongselduirode gvithresyect to the
character. The term "substituted aryl" as used herein includes aryl rings
havi ng swussfrateents that include 10 heteroatonms such as O N, S, or hal ogen
atons; OCH3; OR (R=alkyl C, _,0 or aryl C6 _,0); alkyl C _,o0 or aryl C6_, o;
NO2; SO3Ro(FAal kiylreS10a @an@nobpydvidetan istratibn MREn (iRdirectiahityoltéye paser ary!|
C6 _,0). In certain preferred enbodi nents, the gas m xture contains

hydr agen.and®¥iYirettivhas esiRige puileeapyctivelyt educi ng gas incl udes any gas that
is not an intrinsically reductive but can generate active species, such as,
for exanple, H C, S, H, C, and S, 15 by dissociative attachnent of

el ectron on the gas nol ecul es and form gaseous oxi des by reaction of the
active species wth theamigED OESERPTONOF BHEBWIENBGNl es of this type
of gas include: NH3, H2S, C, to C o hydrocarbons such as but not limted to
CH4, C2H4o028]i drie prasent snveaNdr@ldtéetd Dmetioa fof the remevil obmgtin bridesifroms
having the following formula (IV): 020 (I1V) R~CHIn formulas (I11) and
(1'V), subséidstafrtsurab@py Bﬁp@ur@id@dgaww@nargy@@hs.t Thedegdtivgly chamed, an

aryl, or substituted aryl group. [0050] The third category of reducing gas
i ncl ydes igmyredasarid@biuéesSthe@urface metdl bxages. alhe/ pregentGiventdombin beembysdact i ve
species, such as, for exanple, F, C, F, and CI', by 25 dissociative

at t achnmemndy RédifArRCtdRbNANeliB® aBia Sokielisg bh@pmamd sl B3, fbogKathpls, tiegjtefiows - 18
oxi des by ‘reaction of the active species wth the netal oxides. Exanples of

this typangdhitkagsddiet k6w iok s8BEM waenr THEpreeaitaiventich gat&iso bsuch as
CF4, SF6, CF2CI2, HCl, BF3, W6, UFs, SiF3) NF3, CCIF3, and HF. [0051]

Besi des igppliedlio@h&ofdssB® Bertin theGemBoxef Gl KEE Atdloxidedusmg gases,
the 5 gas m xture may further contain one or nore carrier gases. The

carrier GRBsimy iPesitedPuct 88, vexX ABNINGted!1S, ﬂéiaualatiﬁdﬂﬁ.enw@dlm pRmg@f provide
collision stabilization. The carrier gas used in the gas m xture may be any

gas wot h Riidpls@s briftd &irbhinbdarad Semelal@itdcBato Maké fent MBHCAMENAASIOr gases
within the gas mxture. In certain preferred enbodinents, the carrier gas

i's an ingjs t SNBSS Srefdw aHd Wabt SoliBfid fol 8o lhA BbHEIRg, dibcar e not 10
limted to, N2, Ar, He,”"Ne) Kr, Xe, and Rn.

cleaning, brazing, welding, and removing surface oxides of metals, such as copper

oxide, formed during silicon wafer processing. The removal of metal oxides using the

method and apparatus of the present invention is equally applicable to the

25  aforementioned processes or any other process desirous of removing oxides without the

need for organic fluxes.




[0052] In certain preferred enbodi nents, the gas m xture conpri ses hydrogen
as the reducing gas and nitrogen as the carrier gas due to its relatively
| ower cost and the environnental friendliness of the exhaust gas rel ease.
In these enbodi nents, the gas m xture conprises fromO0.1 to 100% by vol une,
preferably 1 to 50% by vol une, or nore 15 preferably fromO0.1 to 4% by

vol ume of hydrogen. Anounts of hydrogen |ower than 4% are preferred, which
makes gas[08R9k uTke teom-“substnate’las uspd berejn genecally relpiesdpiadaatatialisych @fe gas

m xture is passed through the field generated by the at |east two

el ect r odeslican, silicenngpatest witresilicamgdionide, atumiawbiadyminum axsEcgaligmarggnider abl y
ranging from 100 to 350C. The pressure of the gas m xture is preferably 20
anbi ent ateresizh quartz, pogrEsLgless, iepexy, ot ary mRiesial suilapledesusecvitiin 8he area of
the process. No special pressure, such as vacuum nmay be required. In
enmbodi nenglscivdnir devidee Igasrtainembodiments ties substrateds anledegiicady inselatagd,or ange
from1l0 to 20 psia, preferably from14 to 16 psia. [0054] The substrate
sur f ace i sermikdonbudtive salkstes havieg solderedisposed dbrespqo: dixemypiiary sgldet ocat ed

bet ween the em ssion el ectrode and the base el ectrode with the surface

f aci ng t heorepdsitione inckidecbutcate nof limitearto aa fluxtessftiorsiler, afbsiésstimsivest t he
present invention, the -19 substrate nay be connected to the base

el ect r odecdppepraditxides éindexdy et a fiadesttinscapper.f Howener} the nesthed didhe present ode.
In these enbodi nents, the distance between the em ssion electrode and the
top surf aiageraontihsuitabledor avafiety gbtiffereatsdbisirateaand @nlgler €oropositiohst dn 80 cm
preferably from0.5 to 5 cm 5 (0055] Figure 5 provides an illustration of
t he processtairspéfdred embfiraentpthesubstraag i a silddnomafehkanvdngna pluealigybissaidere i s
silicon wafer 20. Referring to Figure 5, a second electrode 24 is |ocated
aboveia veireps dposeadhdreapovaf er 20 conprising a plurality of sol der bunps
(not shown) is placed upon a first electrode 22 to forma target assenbly.
At | east ROBOY t While bt WiBBing tis babourf bywhbery, R isalieved thahwhérmen phemggl i ty of
sol der bunps 1s 10 exposed to second el ectrode 24. Wile the wafer 20 is

shown as &Rire@suthareddi Burként Vbitagecstiurdede applied HetweereaMeastowed t hat t he
waf er 20 can be placed anywhere between el ectrodes 22 and 24. A pul sed

vol tage 28lettfoddBPéle@fbraGir® gendrardffionsbnebiane twslele2odeschaving smegatide
el ectrode 24 to generate an electric field. A gas m xture 26 containing

hydr ogen @Bétrital bisageRtivs ot Setkr elecpodd(réfearee tehéreincad arefethisdiaw ener gy
el ectrons 28 are 15 generated within the electric field which drift towards

the f{5 steletrsder)tRi/ctZhéigas PrdserbeBiedh thp 56 Bletiicdeazu The. genpratettieletivons a
portion of the hydrogen within gas m xture 26 forns hydrogen ions 30 by

el ectron gt RKWARPIRE oltr@leciogs, whitH i gréwtiet Br hBafpositive eleewitalddes 22 and
waf er 20 di sposed thereupon. The drift of negatively charged hydrogen ions

30 and el g&fbired o Réteinitdd ast BRcBbES ], lafsty the elctrid fiokf ETheXibdiratpdmeitig a
t her eupon pronotes 20 adsorption of 1ons 30 onto the surface of wafer 20

and f ost ep|grafi§ A sbriat b@pLlpdries Nirfaee isSpladaromitin Biecdreg defiredtsf the bass
surface de-oxidation). (0056] Dependi ng upon the conductivity of the

subst r at egnSPRRMAEsidIEIcBrSels! (RASTdd Bhedif a8 Btetarhehres”) aith@Resslder- by pr oduct
from surface de-oxidation can accunul ate on the substrate surface. In

addi tamn, p@nReY éirfie oF rbithd 488 eRpReHO MR éiiBsith ERefrbYe. aweithinon the 25
substrate due to the drifting along the electric field. This electron

bui | d- up gRbEAIReRIAPHE sBbErAtE AL BRNeBE8 Y iHe 4L cldchBaé fondfprPlargn Of the
negatively charged 1ons as -20° well as adversely affect the equilibrium

of the Suégs%%I)gFAe Qéé AdkiRbompRisig S ebilidng yad é’ffcﬁoﬂi%nﬁlgj &ladrriengdyiecess nore

efficient, the trons on the substrate Surface need to be periodically

removed. (ad lhrSIg@ht ﬁg@%ﬁ feld sm&eafy 164 BBEFAURS. Durihheheselb&tdradrtit, sur f ace

may be to change polarity of both of the electrodes relative to each

ot her. Dusihgs thd ?ed?ﬁlngrdagxomﬁ%%tivé 13Rs ¥Q klcafn bRXGIM<H? WhRGh&N &6t fode may

not necessarily be thé sane. |Inone enbodi nent, the polarity change can be

hece . ame. ( t C
achi ey et*SF\)é St%r@ﬁ! %gssegﬁg,t, bi - tHer tff‘a%'e%%dél/ gh@ agisstiatt SRRl WRARe alibdteAst tWo

el ectrod shown 1 n Fig. Figure 6 provides an exanpl e of

a pol ari ty,£Range W&y ehdlgad idhs€ah ARG ediok HEBREAEMBLP 6B Rithdut @R
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10 phase of the voltage pulse (i.e., a negative bias) and retrieve

el ectrons in another phase of the voltage pulse (i.e., a positive bias). In
Fig. 6, electrode 100 is used as both the el ectron em ssion and el ectron
retrieving electrode and el ectrode 101 is used a base electrode. This
arrangenment allows the efficiency of surface de-oxidation to be maxi m zed.
El ectrode 100 containing a plurality of sharp tips 101 is |ocated above
waf er 15 AésH foltragitioreltuddd) AusthBe aeeadsoyptivnrul tied aclige species & theosweface dair ce
104. Another electrode 102 is | ocated underneath wafer 103. The change in
pol arity bé trehtedichndeprdmibiednide 16 theadiftingeofahd aedgatidely chargeraons slondthea

bi -di rectional pulsed DC power 105. An exanple of bi-directional voltage
pul se i s glettistiert ed in Figure 10b. Wen el ectrode 100 is negatively

bi ased, at least a portion of the electrons generated fromtips 101 attach

to 20 at [oe3%} W diABddiPBneiwHeReIn tROELEBg gas canpristeWydroyenait tdliedsdi ng gas
ions drift towards wafer 103. When the polarity is reversed, electrons are

rel easged fhapifetrhéthsdibf the réfenymiertiohQbecamtsfeidwseved back at tips 101.
Figures 7a and 7b illustrate the transportation of the charged species

during eapfsgoistve Atfachent&Maesuadse. HIhe L eaygpcy of changi nE{Bt he
polarity of the two electrodes can range fromO to 100 kHz. 25 (0058] In an

alternati g@c@ﬂﬁé%rﬂ Oﬁ&gﬁoglreglpg%ron@‘pﬂ ihe substrate surface(”fray be

removed by e oying one o itional electrodes. Figure 8 'provides
such an -21 ex I erein a wafer s, the syhstrate. Referri to

Fi gure 8,%m%f%Pm§%ng§<ﬁ%§8@9éd upon a B?GEHHEﬁE@ase el ectrode 28?9 Two

el ectrodes, el ectrode 202 having a_ne ative,volta%e bi as relative\}o base
el ect r odeO¥de Reuctianect r dde +MQ Rl itrideCut g8<M T seldgHpasegretsllas rdMti ve to
base el ectrode 201 are installed above the wafer surface 200. In this 5

ar r anferelftthess emabodimentsr e @shivation gnesay b mataloxiglefredustion aisingdor elggorand
retrieved at electrode 203. In one particul ar enbodinent, the polarity of

el ect r odeatEghmentimethediaf Hieepreeant inventien isdewerdhammethogs dhaj eige MmaAlesUWarposi ti ve
to a negative voltage bias, and vice versa, relative to the base el ectrode
201. (005ydregenehecauss therformasionofraiemic bydregeninss with elestran gitachieice char ge
may be 10 renoved fromthe substrate surface by enploying a neutralizer

af t er surélimjeatge thexengsgy associated with banst breakieg of melerdlaahyaregenye

contam nati on can cause el ectrostatic di scharge damge to sensitive

el ect r oni [908%ploresnain embppdiments, enesmdissunplied 1o ablgagiEne ¢fithgelsairedss, gas such
as N2 through a commercially avail able neutralizer device and then across

t he sifbstpratesaldy tiesareisgiom elestioden(suffisientto qagse thesmissian glectinde tecgengrale
surface. 15 The positive ions present in the gas will neutralize any

resi dual @edmnsolbegndrgyrsoviagds areferably @ni aledtlicenasgy pravoltage fawee, Sightagbl e
charge neutralizer devices nmay, for exanple, consist of Kr-85 radioactive
sour ces tammACEr Ofusairesyu@thed engrigy iseurces$, suok s ian @lestramaggetic energy$rired t he
gas. Wiile positive and negative ions are produced in the gas as it flows

t hr ough tathevméaleanergyrsouncs, oc b phgte erergyhepuneesmey alsabeiused@iame, o0In[ 0060) | n
certain enbodi nents, the substrate or target assenbly nay be noved with
respect tcombimatohewith@dy of thetafaretmentisnetheneng s sturcese | e certaid @mbioginpérits of
regard, the em ssion electrode may be in a fixed position and the substrate
may (20 nuthe gresehtineentos] e estission eldetrodeyis lsenmamtestitozaitst Yoitage leyel andtheay be
in a fixed position, or both the em ssion electrode and the substrate are
noved. ThHmsemlentede imeonnbeted ¢o aiseadnd Ritape revelbrithel differotice indnavoltage al ong an
arc. In these enbodi nents, surface de-oxidation may then occur within a

| ocal i zedewizeareafestaisias inbeléctadas pstenfigic ©ne- & 2he fifsD@@ihe Jeand vditegé Evelswi ng
Figures 9a through 9e, the substrate is a silicon wafer that is disposed
upon a basay bé eerorindleatinghthatteither ofrtibeltviteelectAideseastbegoounded. of t he waf er
surface conprising a plurality of solder bunps (not shown) is exposed to a
second el[6033]odko prodticesdgatiasly barged ionsrbyt dlécipnatidclament; ailarge ngardityot r ode
(i.e., changing polarity, for exanple, 5 froma negative to a positive bias
i n el2sct releatonp oeedd iode) gerferatad.e ithissdoonsctionstiheietantronaten begesetated by
rotationally under a heated linear electrode to which is applied a

bi -directionally pul sed voltage relative to the base el ectrode that my
cycled in a frequency range fromO to 100KHz. A notor |ocated outside the
processi ng chamber (not shown) rotateslthe wafer. Such rotation is
frequently acconplished in sem conductor processing w thout 10 significant
contam nation of the wafer surface. Contam nation nmay be avoi ded by

enpl oyi ng high cleanliness, rotational feed-throughs and control of flow
patterns. Figure 9b shows a silicon wafer noved linearly under a heated

| inear el ectrode to which is applied a bi-directionally pul sed voltage

I T o M . I T ——y - o,



15 tubul ar bunpi ng furnaces such as, for exanple, printed circuit boards

t hrough refl ow furnaces. Figure 9c shows a silicon wafer noved rotationally
under a pair of heated linear electrodes: the base el ectrode has a steady
positive bias and the em ssion el ectrode has a steady negative bias
relative to the base electrode so that el ectrons can be generated to and be
retrieved back fromthe wafer surface. A notor |ocated outside 20 the

pr ocessi ng valayroEways KichH3pbimnot ihikécd, tithodaémission gas disérargdhans a silicon
waf er nmoved |inearly under a heated pair of linear electrodes that are held
at st eadycartsingipe thdreofp Aradrig these elettedr yenerationheethadss tied sal¢ctiodef the conduct
el ectron em ssion and retrieving separately. Lastly, Figure 9e enploys a

rel ati vel yefdaldependd Mmanlyastethk @ichdy and tHecermingl lelelaf fieveledtramsar m - The
polarity of the electrode is frequently altered relative to 25 the base

el ect r odegenEigted! Fbi SmEyAIMEn@WHerdin ti RHUEIEg vas Brhydrogehf elettraemaveigearand
uniformtreatment of the entire wafer surface. -23 [0062) The nethod of
t he preesegierhoatdpproachingliee W Bastefefte8 CUEIhase aimbadimehts, Bechiowrereigct roni cs
manufacturing in addition to the reflow of a sol der bunped wafer such as,

for exanplegel efdtibns Sre%réf%'ﬂéw?er@?étéh bRy lcattions emissidr ratheriedrdgasaiisavadye. ef | ow
and wave sol dering for outer I'ead bonding. An exanple of reflow and wave

sol der i ngTRPgeRAtEd BRechohdRlay Meh dil Rt drilssibh @IcERbEE thwaird fHectRat
invention is"in Figs. 1-3 provided in pending U S. application 09/949, 580

whi ch assggigsbietvhitd ere8feiai}RRe @hargBe TRE 886 cHafyeplovizies &itdlele@ramesnurgor at ed
herein by reference it its entirety. In one particul ar enbodi nent, the

et hod o rof Hend?aRARG neGURAlY CHArGAhyBRogehdshd ) et attthinenewsin des  of

metal s, such as copper 0Oxide, fornmed during silicon wafer processing or

thin {9 | mydesqen &%&é@ﬁwo@#me 1P1e8% 18 BIdBBdELEMNifkin theltBRgét breaf the vari ous
wet processing steps, such as chem cal nechani cal planarization, that are
used to f | SRS i ' dnBrutivAkIFbEgh ddtRSde smiskRAe OXi des
reduce de@?ggnyfgﬁéﬁ%ﬁ%g@\gﬂwﬁlg%él}gtggdlhirbt y.e Tlhe prggsent inventsi on all ows

surface OxbaesmbBdiRfent RidiuidB: foid BinlsKicA! Yeferfddio HRRETR %&%bidkrﬁiééi@@tﬂl y

manner that does not require the use of aqueous reduci ng agents. Further,

since ! henBrfaeissioh (rokRBY s Rerb Rich BTISbri)l nb@aliiblicinristiony t emper at ur es,

it does not significahtly aftfect the thermal "budget of the device during

processi n‘%ﬁtgl;%rgigﬁgn’tmé&,to -f%“s%?’?g’;’“%m’ tend to reduce device yield

and relia y causi ng di opants and oxi des thereby reducing

devi cfy pe{ob?éﬁaﬁi%ﬁr@k%ﬁ sergveﬁfﬁgb@ggﬂgh AP RIS ain@pswei s G@fhebe

performed on ‘a single wa can be integratfed wth other single

waf er 20 ahRsBA %g%tr[)@%gg@% tgﬁr%va%gyeaégﬁhé %atmﬁ&érﬁﬁylﬂadhwnmtwsn?tt@er

fabrication's he net apparatus of "the presenf invention

are partigul arlyguhd glbgrrfeﬁ)'for%?#&rhﬁgfd l%‘ier@rat@@fh%h PEERHAR fethin film

de- oxi dat 1 on. e conveni ences using the present 1 nvention for wafer

bunpi g agfickitl Bidcrbga I ﬁ%rle%ﬂearefn%glﬁ%rﬁé’ % DEWbRdge i€ APPRISEtiEen YPI Cal
refl ow sol'dering procésses tor outer |ead bonding, wafer bunping 25 and

thin fil R . . _ ! tion.

the spacaansg eERhEnH Bnbes Pol ol Brokerahl Fifting fcimplo SoREETL o
th . ; - o . : q
tr ancor t BEF ARl virdoran S bbb T A RRBs hil IR0 ORI b 0T

bunpi ng LNk £ i gher than that of typical reflow sol dering
processe2§£¥%§9%héhg$g%%%ﬁ ratures pronote the formati on of the negatively

char 0o | bseP 78k e 8RR BF It N ol YIS pRHTBHBGRIE I 11

5 de-oxi d proc he sol unps an re conpletely

Eﬁ?fﬁig, t%rﬁek@%% s@cﬁ%r%iﬁh@?e@%@éfeﬁ"&ﬁcg%é s E5irafithe Bhohie FOR MZnRIRS, "

the va eE@%ﬁﬁa t@%ﬁ%tei@ﬁﬂﬁﬁi%@f@bre?%c'gfoﬁg-?é,nr BRI e HIPS 0"
0064]. The i . , . . i

bR I
experi rren?dmsq%m%gu Itw%amwloasql%cérogg?réagtbsec%rﬁ)ggr}tE’é %’g@éﬁm%ﬁ%a? %%actr)r%fiaglig@ed was

a fluxless tin-lead solder preform (nelting point 183C) on a grounded
copper plate (anode), which was | oadedi®nside a furnace and heated up to
250C under a gas flow of 5% H2 in N2. Wen the sanple tenperature was at
equi librium a DC voltage was applied between the negative el ectrode
(cathode) and the grounded sanple (anode) and 20 gradually increased to
about -2kV with a current of 0.3mA. The di stance between the



two el ectrodes was about 1 cm The pressure was anbi ent, atnospheric
pressure. It was found that the solder was indeed very well wetted on the
copper surface. Wthout applying an electric voltage, a good wetting of a
fl uxl ess sol der on a copper surface can never be achieved at such | ow
tenperature, even in pure HZ, because the effective 25 tenperature for pure
H2 to renove tin-oxides on a tin-based solder is above 350C. -25

Ther ef or @gmpérature &9 @l varietytt imieitodstsich aBebut Inetlimitatt taf tisedtibeatingeityhod i s
effective in pronmoting H2 fluxless soldering. Exanple 2 5 (0066] Several

cat hode flﬁbﬁh? ACSoNBT thrbliyieiei clsttredef indiredt Bedtingrsuah bacbnmeotingtheicathede
hydr ogen fl uxl ess soldering by using the field em ssion nmechani smusing the

same set gufaéSwhianeleetritallylidSulaReHot SurfdcetHeatdd ties heagiingietemert, IR ovi ded i n
Table I. (0067] As Table I illustrates, the best result was obtai ned by

using a MadiStior: at b&HBinatidtsaherebPVi ded the highest fluxing efficiency and
thus resulted in the shortest wetting 10 tinme. It is believed that the

N/ Cr scatihesiy omRethaltiRed émisSionlid ¥ @ybrid oF k] eistiohiahy titdrmel éeissions and has
sui tabl e energy level of the electrons conpared to other cathode nmaterials.

Tabl e | ofdth6dd 1oPEleEiRsMgEIR raffnah whichdbtY\h el filld@hdd high@émpardiize % H2
Material of Cathode Rod"with a Shar Ti 1 /16" dia.Time to Conpl ete

Vet ti ngBrps 8dpiiEdN Theretére Pelhdi-fAderfidsioR phdycréglird R lc@BeBTEArS Bsidlangianumi i n
28 secStainless Steell mnTungstenl mn 54 sec 15 -26 Exanpl e 3 [0068]

The presgglerfeiiiRue iRseraRyr bBAerbfing theaimdqiantityt? eRictrerd by eonpareal t he

thermal -field em ssion nethod tbor generating electrons. A 3mm di aneter

gr aphi t e Wi@thurd fibRehissiGHEREPur thermEMbnRRBnMErhBimAdield dfisBibAtandi ng from
its surface, acted as the 5 cathode and had a geonetry simlar to that

depi %e? niéigingié?&iff%uﬁihs n&inker8d Mtﬂ%uéﬂi I8 BRNidafbnTBGdN dtafle tdrRfenbyper & tip

e
angle o egrees. The graphite rod was heated up in a gas m xture of

5%+ and X%g%ﬂég%r?ina&%ﬁon@r%éi@\ g%&tgh‘lir{aﬁéﬁ h theCerRaibh RUr4SH, BAd ahidC power

it
sour ce. tage source o was applied between the graphite cathode

and a CO%&{itftP)'na&nethé E?nsﬁ@tqﬁﬁ lﬁvﬁo@‘(\]tyad?‘?l‘}’é?ier:ﬂl@éjoﬂguﬁaée. SurfReg@Rerhidprielaet veen.

A(l the ps on t graphite r wer e um nated thereby indicating
that el el figish Y afsoWbidPrBbi¥ms related to thermal emission such as a high potential

of chemical reaction between the emission electrode and the gas phase. In

15 embodiments wherein the thermal-field emission is used for electron generation, the
temperature of the emission electrode can range from ambient to 3500°C, or more
preferably from 150 to 1500°C. In these embodiments, the electric voltage can range
from 0.01 to 30 KV, or more preferably from 0.1 to 10 KV.
[0038] In certain preferred embodiments, the thermal emission or thermal-field

20 emission method is used for electron generation. In these embodiments, a high
temperature emission electrode used in either of these methods may also act as a heat
source for the gas mixture that is passed through the electric field generated by the two
electrodes, so that the thermal energy required for heating the gas for a subsequent
reflow process step can be reduced.

25 [0039] In certain embodiments of the present invention, the electron generation is

accomplished via a combination of cathode emission and corona discharge methods. In
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be generated fromthe distributed tips on the graphite rod. Wthout heating
of the graphite rod, there would be either no electron em ssion fromthe
cat hode, or arcing between one of the tips and the anode plate. This
denonstrates that the conbination of using a cathode having nmultiple tips
and el evated tenperatures, i.e., a thermal-field 15 em ssion nethod, is
effective for obtaining uniformelectron em ssion froman integrated

em tting HEsd embodivante| &n énég)EBlircdRaciPaeadT vaitagend applied betwakincthedwasi ng a
0. 04" di ameter nickel-chromum 20 alloy heating wire clanped horizontally

bet ween tgectroiebiang diedtrdfSmag beaeherateddiréth ©6thstHe lerissidrheleetraizt (coldeor
illustrated in Figure 4. A series of five nickel-chromumalloy emtting

Wi res, eagdl) ¥Md e yasphase (doforialdisdhafRy hesnthe emisforedlectfddel Thewdorena
protruded perpendicularly fromthe nickel-chrom umheating wire and were

verti cal | yisdMasdd is préieraBRI MRERZEAR dr8ér 1B cPéaserh@kRRient) 6f fdirhkgIneghfively um
heating wre and tips were heated 25 up in a gas m xture of 5% and 95%\2

to abgut §aBfedishdBy BRctién REARMEHPERE RcreBs&theIfbima Bf 1Ak efiédioh wRstredn! | ed
bet ween the tat hode” and a copper plate that acted as -27 t he anode havi ng

a 6 MM gapole WALMEAEME WRkRSH fHed@thod8ldmiddidemetnisie iLuddd fondleairetl and
the total em'ssion current reached 2.4 mA. Wthout heating of the wre,

there V‘D%rﬁisgﬁn,ﬁhé b@lfagséoagﬁgé‘& LEBEs RIEItWS leRiztrbEE bl 8e GBhS@AISr pRlsedl Tihad

bet ween one o e ti t he anode plate. Like exanple 3, exanple 4
denonstr - J b el He S b $b BRiVide 4R

el ectr On%ﬁ%g@%f'tﬁgﬁélt eer, . e%ggésjseﬁ%rﬁ Oﬁﬂgoﬁ@%gf@gﬁgpﬁgt ur ebof the
em ssi on gl GelibPEea vblfatggllﬁ?ﬂ%ae: Wé@éﬁ%ﬁioﬁ@%&b@é&hh@ﬁ bRbe BRRtr64&CL rOn em ssi on

at a given electric po . Exanple 5 10 070] The present exanpl e was

condugf ed L0 HEOPNH L€ anBSdiﬁ'fefn% ‘St .ié’lg?n%vé@{ﬁaﬁg ?E@HH S8t We&ad Mat

el ectrodes on cathode em ssi on. ingle-tip nickel-chromumalloy wire was

d t ) j . . b
24 o g 5, L 53 o e s

el ect r ode. cated I'p of the em ssion

| ectrod HoTA j | at e.
The. ni okeT e R B o S BBl ol i a ned 1 n

furnace afogfioi r%}gan’i ok 5k ﬁ{v@gf}r{baégeecﬂ%? g@héﬁa‘%ﬁtrﬁ%ﬁ/ggﬁc&%aﬁ@ théygai nder

N2. A pulsed“uni-dir I'ona ari ous ies and anplitudes

105 PP SR URE ) ol O R 00 e, b SATER) L e

potenti al e em 1on e aril e m negative to zero

| i . i b
S A RS kR A S Sl sigens o b
[0071] Thg L&edd U3 o g%o&%%h{ent‘s,@é&%ﬁwﬁ a‘i‘@@%ne%t‘éaygr%ﬁ gﬁaéé fo'nfitﬁti&'f i

ﬁ: eﬁé;ons aire enerae . he _enjl ssion electro " a voT a?e p.ul: se of
nsher Pkl 88 MSNERG AT e cRRBh S o T abbRb:
S ot L
TR
From?0% - oeuBen, 8 e YcfbngCnd ndn Ak RoraBiE ey Biagedd e Sufy 8 1 B
Elhéﬁlgreg?t %%%%%\é@k{ﬂg&g SIBbjr%qsggthl(sfeEg%r]%Rld%ﬁ' éc*neo Bf thgge él@&r&lsqﬁéyy % offthe

reducing gas molecules and form negatively charged ions by electron attachment. In

addition, some positive ions are also created in the inert gas that then drift toward the

negatively biased electrode such as the emission electrode and are neutralized at the

25 electrode surface.
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the em ssion electrode was varied froma positive to a negative el ectrical
bias relative to 10 the grounded base el ectrode thereby all ow ng el ectrons
to be generated fromand retrieved to the tip electrode. [0074] Table I
provi des the | eakage current fromthe base el ectrode for each frequency of
the polarity change. As Table IIl illustrates, the higher the frequency of
the polarity change, the Iower the charge build up will be by observing the

| eakage C[ucmrt A&Fmé?ﬂi%ﬁédlFre&f&xgygﬁeﬁm\s@ﬁnﬁrgéhémecﬁfrmtemm‘ﬁiss%ﬁb| e Ill:
Bi -Directional Voltage Pul se Pulsing Frequency (Hz)25050010002500Leakage

Current ( eeLRodOWREDI AR a4egRRRI5IAS RIMIVE to dDase Biatitder HefelMhgab Fiqurepr esent

exanpl e was conducted to denonstrate renote surface di scharge by enpl oyi ng

an addi ti pa@ro6dtesit thedenisdor? BleBPdd< Ry Balsla vaikty bpgedriares)Guah ae) fof ng poi nt
of 305C was set on a small piece of a copper substrate that was set on an 5

el ectri cabkamplBsattin ®e 0B £fod Wittla SHAYEEAed APRIS a RIJatith 3#RerdP ERABEnssy neat h
the wafer and acted as a base el ectrode. Two Si ngl e-tip nickel-chrom um

Wi r es,5 0ngr YWrhih 28 'Q98dr HewikPinedl 8d 21 bo88 Boiliahlarfy RP8brby f, WBUNARESS tHiRT e
installed 1 cm above the base el ectrode with the Solder preform The

di stance RgbyeeflambRt 3g/a rdéd Wth @hhipRtipd! 6t oM@ shirfBcEoh, of Aepidte vathge nent

was heated within a gas mxture containing 4% H2 in N2 10 fromroom
tenper at Uggried ﬁrfgbéflé‘uf‘ AcRiitloR¥ JeRmsrhicd Mag irkRiRE @ohibhaiBhd biteBBOW Of the

sol der. Wien the reflow tenperature reached equilibrium electron

at t achmengeyasrigd aidresl MteoP kods Wit $1RfaBE Prdthus®naNddt Weagpraatithvwirg/ Ol t ages

to the twdo single-tip electrodes and the tine required for the sol der

preformt infdf?fﬁg‘id’i‘ﬁ% ko o in'in&?e{cec;a%ud?éﬂtryfc}%cireaé@ﬁuia@Be@mﬁog%%eri cal

sol der ba cated an oxi de-free sol der surface. As shown in 1 bl e

o D50 ot BS8SAOHRI o G g th iy it e L
sol der. geometries may include a “wagon wheel” geometry wherein a plurality of electrodes is
arranged in a radial fashion such as in “spokes” of a wheel. In certain embodiments,
such as embodiments wherein field emission is involved, the cathode is preferably made
of geometries having a large surface curvature, such as a plurality of sharp tips to
15  maximize the electric field near the electrode surface such as the geometry depicted in
Figure 3. As Figure 3 illustrates, electrode 1 has a series of thin wires 2 that reside
within grooves on the electrode surface along with a plurality of tips 3 emanating from its
surface.
[0043] The eléctrode material that acts as an emission electrode is preferably
20 comprised of a conductive material with relatively low electron-emission energy or work
function. The material preferably also has a high melting point and relatively high
stability under processing conditions. Examples of suitable materials include metals,
alloys, semiconductors, and oxides coated or deposited onto conductive substrates.
Further examples include, but are not limited to, tungsten, graphite, high temperature

25 alloys such as nickel chromium alloys, and metal oxides such as BaO and Al,Os that are

deposited onto a conductive substrate.
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Tabl e IV | sot herm Refl ow Tenper at ur e310320330CBal | formation Tine
seconds20, 18, 20, 2417, 13, 1614, 12Average Ball Formation

Ti me20. 515. 313seconds 20 [0076] Wiile the invention has been described in
detail and with reference to specific exanples thereof, it will be apparent
to one skilled in the art that various changes and nodifications can be
made therein wi thout departing fromthe spirit and scope thereof. -30

CLAI M5 1. [0b4apt ITRE eRictrb@sThat Aéts BE baseeldteddé [subnibrisk@at & Bandudtiveice of a
substrate, the nmethod conprising: providing the substrate which is proximal

to a firsmaedrRfElchdes a ekl OF ARl Hithé ofRE RiatkerRiicadscAbEd thaadin.i Shebase mal to
the first electrode and the substrate wherein at | east a portion of the

treating glblédecdronReROvERd & difftPeRoRrRisRIzbeRdIRg 8psh WaaipplicatioRe first

and the second el ectrodes and the substrate reside within a target area,;

passing aj@as) NMnddHath SABBYINBhIRGT the LGt McaAdn ID6IoME thdrhl-ti@aget area; 10
supplying energy to at |east one of the first or the second el ectrodes to

gener ag € ghnRsionOthe éMiEélbﬁ‘ekBﬁo&@th?Eorﬁbﬁéb ABedRbmedbsdcPM s@cha theon of the
electrons attach to at |east a portion of the reducing gas thereby formng

a negat i veleyir&dtPdidiided PAtGhR%. 9A%his AHard IR @&EH'@QDfEﬁEeﬁﬁsQii% len@trods e Wi th

the negatively charged reducing gas to 15 reduce the netal oxides on'the

treating pah{ e Qfmétglq?/iﬁpi’ﬁfgh%‘ié%tric;%l reSRearEB! rA‘%ﬁur‘é]‘ity%‘f fhdn 1L efidhbteqFom

conprising renoving at |east "a portion of the electrons that accunul ates on

the treatpgd {pu r'lfrigﬁfﬁslgifsay %E%aﬂé%%r&hﬂ?ctﬁle rﬂgig?é’fﬁtgqul_aﬁ\‘;elﬂow dbdroper ein the

renovi ng step co anging a polarity o I rst” and the second

ngﬁ;reofg%gigéB{még% PRI R cidn SIch 48 ahy Ui BiinBtefials dRLBRRA YeRin.t fife POl ari ty

10  core may be heated by directly passing an AC or a DC current (not shown) through core
10. The thermal conduction will transfer the heat from the core to tips 11. The hot core
10 and the plurality of tips 11 are enclosed within an enclosure 12 which is then inserted
into a support frame thereby forming a segmented assembly as shown. Tips 11 are
exposed outside the enclosure 12. Enclosure 12 is composed of an insulating material.

15  The segmented assembly allows for the thermal expansion of the core during operation.
In this arrangement, electrons can be generated from hot tips 11 by applying a negative
voltage bias on the emission electrode relative to the base electrode .
[0046] In another preferred embodiment of the present invention involving thermal-field
emission, indirect heating can raise the temperature of the emission electrode. This may

20 be accomplished by using a heating cartridge as the core of the emission electrode. The
surface of the heating cartridge may be comprised of an electrically conductive material
such as a metal that is electrically insulated from the heating element inside the
cartridge. To promote electron emission, a plurality of distributed emission tips can be
mounted on the surface of the heating cartridge. The cartridge can be heated by

25 passing an AC or DC current through the heating element inside the cartridge. Electrons

can be generated from the distributed tips of the cartridge by applying a negative voltage
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to 100 kHz. 5. The nethod of claim2 wherein the renoving step conprises
providing a third el ectrode proximal to the first el ectrode, the second

el ectrode, and the substrate wherein the third el ectrode has a positive
bias in electric potential relative to the 25 first and second el ectrodes.
-31 6. The nmethod of claim2 wherein the renoving step conprises passing
a high purity gas through a neutralizer to provide an ionized neutral gas

and cont agiad by tHdwrfate at iheGastiddectative tda sbeoridmiecteden &ot crebtingathe 7. The
met hod of claim 1 wherein the reducing gas is a gas selected fromthe group

5 consi stydreg®biakid tHigarrardafenSitRdGeconi4lectible caliFrBEhRuntet so B the/Fs, UFG,
Si F3, NF3, . F3, HF, NH3, H2S, straight, branched or cyclic C, to C o

hydr ocar bgigidgé aiafive @@hdveéyabiﬁgéwbﬁ altérektiiely, Waepcarsidga cam ge gheunket sowi ng
formula (111): O(lll) R ~C CH organic vapors having the follow ng formul a

(1V), O (th¥thBsebord déctriad maybepestivielyesigsdd. Insemeiemtidinsérnits, tkatatBr i n
formula (I111) and formula (1V) is an al kyl group, a substituted al kyl

group,s ancaaehayeptierfble forenhidting agsbtértil infifetince Betwiden twetehstticof cl ai m 7
wherein the reducing gas is H2. 9. The nmethod of claim?7 wherein the gas

m xture cgrfd, T8, ShelcifcRit Wit heie WD o BC Lorrént diorily thg @eatirielerhbet, ard tred of

claim9 wherein said gas mxture is 0.1 to 4% by vol une of hydrogen. 11.

The met hoghser@irdiitthay BEHEGh VBRadeasiadbativese tHelgurHaes of hiearaege andther i er
gas. 12. The net hod o¥ claim1l wherein the carrier gas conprises at |east

ﬁQﬁngaieﬁ%gé% BebBSLd. N IRhédCarBb SR efe Bk Fot Edtrie Ridciro@e hay o aoras ar gon,

| hea,t source for the gas mixture to achieve the required temperatures for the reflow

10  process step.
[0047] As mentioned previously, a gas mixture comprising a reducing gas is passed
through the electric field generated by the at least two electrodes. The reducing gas
contained within the gas mixture may fall within one or more of the foliowing categories:
1) an intrinsically reductant gas, 2) a gas capable of generating active species which

15  form gaseous oxides upon reaction of the active species with the metal oxide, or 3)agas
capable of generating active species which form liquid or aqueous oxides upon reaction
of the active species with the metal oxide.
[0048] The first category of gases, or an intrinsically reductant gas, includes any gas
that thermodynamically acts as a reductant to the oxides to be removed. Examples of

20 intrinsically reductant gases include H,, CO, SiH,, Si,H,, formic acid, alcohols such as,

for example, methanol, ethanol, etc., and some acidic vapors having the following

formula (1il):

Q
() R—C-OH

In formula (111), substituent R may be an alky! group, substituted alkyl group, an aryl, or

25  substituted aryl group. The term “alkyl” as used herein includes straight chain, branched,
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krypton, radon, or m xtures thereof. 13. The nethod of claim 11l wherein the
carrier gas has an electron affinity that is less than the el ectron
affinity of the reducing gas. 14. The nethod of claim1l wherein the
substrate is at a tenperature ranging fromO0 25 to 450C. -32 15. The
met hod of claim 14 wherein the substrate is at a tenperature ranging from
100 to 350C. 16. The nethod of claim 1 wherein the energy in the supplying
step is aordyelcsalky geoupsupreteraldly centaiingritam f e 2Q cahen @IBS X M€ of an
el ectric energy source) an 5 el ectronmagnetic energy source, a thernal
ener gy sopretezablyfrpmot to tnearign stomsc dhisappiesdlsn ia alkylsneipiigsgentained inThe
met hod of claim 16 wherein the energy is an electric enerqy source. 18. The
met hod of otbermgmugs suvhrasi haladiy, dillarnd noaraisylnwdba thme“sub@mea@"@l’iraP&&@ ¥nd the
second el ectrode ranges from0.1 to 30 cm 10 19. The nethod of claim 18
wher ei n t dlkyl dici¢timsdieatthavesebstitvents thetinclude betercatema gdch aaOsNe8ner el ect r ode
ranges from0.5 to 5 cm 20. The nethod of claiml1 wherein the first
el ect rsodehdlsger atomdeOCHg IOR TRealky tthaglordryldTeab)ralkylthas ef aryt Geosh@griPsR
el ectrode is grounded. 22. The nethod of claim1 wherein the nethod is used
in at | eaR=alkyeCps, 0t ags Clh);seINRst(BeHf alkyh GheorarglPeselo iiesterm thalegaré @S ow
sol deri ng, wave sol dering, wafer bunping, netal plating, brazing, welding,
surface clsartiengn indudes flubrne) ehloxingdiroming, and wilineu The tetetasdt as aspd The
met hod of claim 1 wherein the electrons are generated in the supplying step
by at | easdremnecingkistadtotakive tneembermartdnaings taping anwhatid ¢hgrasterc dthiedgen
em ssion, 20 gas discharge, or conbinations thereof.

“substituted aryl” as used herein includes aryl rings having subsitutents that include

10  heteroatoms such as O, N, S, or halogen atoms; OCHs; OR (R=alkyl Cy.1o or aryl Cs-10);
alkyl Cy.10 or aryl Ce.10; NO; SO3R (R=alkyl C1.10 Or aryl Ce.10); or NR2 (R=H, alkyl Cy_4p OF
aryl Ce.10). In certain preferred embodiments, the gas mixture contains hydrogen.

[0049] The second category of reducing gas includes any gas that is not an intrinsically
reductive but can generate active species, such as, for example, H, C, §, H', C', and S,

15 by dissociative attachment of electron on the gas molecules and form gaseous oxides by
reaction of the active species with the metal oxides to be removed. Examples of this
type of gas include: NH,, H,S, C to Cy hydrocarbons such as but not limited to CH,,
CzH,, acidic vapors having the formula (111), and organic vapors having the following

formula (1V):

Q
20 (V) R—C-H,
In formulas (Il1) and (IV), substituent R may be an alkyl group, substituted alkyl group, an
aryl, or substituted aryl group.
[0050] The third category of reducing gas includes any gas that is not an intrinsically
reductive but can form active species, such as, for example, F, Cl, F’, and CI', by

25 dissociative attachment of electron on the gas molecules and form liquid or aqueous
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24. The nethod of claim 23 wherein the el ectrons are generated by a cat hode
em ssion nethod selected fromthe group consisting of field em ssion,
thermal em ssion, thermal-field em ssion, photoem ssion, and el ectron beam
em ssion. 25. The nmethod of claim?24 wherein the electrons are generated by
thermal -field 25 em ssion. -33 26. A nethod of renoving netal oxides from
a surface of a substrate conprising a plurality of solder bunps, the nethod

conpri si ngxidps by rediction bihtte Buhad spricieswhiihathe insetal@xidest Edamnples of thistypeloéct r ode
as a target assenbly; 5 providing a second el ectrode adjacent to said

target asgaghicideiabmeand chie@Ri contdhing gases) budhas GH{,fSRg,eCE HGHj BEL, t he
plurality of solder bunps is exposed to the second el ectrode; providing a

gas mxtuWEFGQUHPrS'HSi, Nga,ec:(r;legtghidr}g:_gas and a carrier gas between the first
and second el ec rod%s; 10 supplying voltage between the first and second

el ect r odefo053] gBasitas McRIdRGdrRr nidrelobtHe dovk eargofedsirbd@ding@gaddicthe
el ectrons attach to at |east a portion of the reducing gas thereby formng

a negas i vghy mbharednsl fuRAEICiINERiN BRe of MBkPEArtiegdske. ThE gafriengaemBl yew th t he
negatively charged reduci ng gas wherein the negatively charged reduci ng gas

reduces t hgedredradxampled @Sdiftife tHeGe8ubing§8s & proVige ESllisio stabit&tionaMher eNDVI NQ
at least a portion of the electrons accunul ated on the surface of the

subst r at ecarfidr g \@sedh IROgRf mixturé Mag ety fiswithh SIEERIH &Ftinifi165s BAAEHAtSes
changing a polarity of the first and second el ectrodes. 20 28. The net hod
of clai m githehedRiny dasidrQRuewithifthd H& MBkwe] IV catimnNgRIdrAMsbddinehts,
the carrier gas is an inert gas. Examples of suitable inert gases include, but are not
10 limited to, Ny, Ar, He, Ne, Kr, Xe, and Rn.
[0052] In certain preferred embodiments, the gas mixture comprises hydrogen as the
reducing gas and nitrogen as the carrier gas due to its relatively lower cost and the
environmental friendliness of the exhaust gas release. In these embodiments, the gas
mixture comprises from 0.1 to 100% by volume, preferably 1 to 50% by volume, or more
15  preferably from 0.1 to 4% by volume of hydrogen. Amounts of hydrogen lower than 4%
are preferred, which makes gas mixture non-flammable.
[0053] In certain embodiments, the gas mixture is passed through the field generated
by the at least two electrodes at a temperature ranging from ambient to 450°C, more
preferably ranging from 100 to 350°C. The pressure of the gas mixture is preferably
20 ambient atmospheric pressure, i.e., the existing pressure of the area of the process. No
special pressure, such as vacuum, may be required. In embodiments where the gas
mixture is pressurized, the pressure may range from 10 to 20 psia, preferably from 14 to
16 psia.
[0054] The substrate surface in which the oxides are to be removed is preferably
25 located between the emission electrode and the base electrode with the surface facing

the emission electrode. In certain preferred embodiments of the present invention, the
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to 100 kHz. 29. The nethod of claim 26 wherein the renoving step conprises
providing a third el ectrode having a positive bias in electric potenti al
relative to said first and second el ectrodes. -34 30. The nethod of claim
26 wherein the renoving step conprises passing a high purity gas through a
neutralizer to provide an ionized neutral gas and contacting the surface of
the substrate with the ionized neutral gas. 31. The nethod of claim 26
wher ei n t sebdtepmiagberconnéciédi the baseleletieade togeovideng terrgét dssembBardo 3500C.
32. The nethod of claim 31 wherein the tenperature of the second el ectrode
ranges fr tauirififie emissidiélectiitie. Théeheseehmbddivfientd, aherdidganed bemeenttie second

el ectrode is noved. 34. The nethod of claim 33 wherein the target assenbly

I's noved. effissiin elddiRderindabe p stifaceroftfie Waddrior tarhbicassambpBtmasspgb linom s
noved. 36. The nethod of claim 26 wherein the voltage ranges fromO0.01 to

50 kV. 370.1Toesoron, pesterblychéen ms3e smr ei n the vol tage ranges from0.1 to 30
kV. 38. The nethod of claim 26 wherein the voltage is pulsed. 39. The

met hods of [0US58] NFRBIre\b prRAdestdrealivsdlatiarder the lpistebs usetl foflametdribundding 15 40. The
met hod of clalm 38 wherein the voltage pulse is bi-directional. 41. The

met hod of agpizbfbreRhaYery the BubdtratélisHilrbA vafstt20e Reféming a/Piglire, @ stdnd he
second el ectrode ranges fromO0.1 to 30 cm 42. The nethod of claim41l

wher ei n_t BRchlbdd 2nR00RE B Vel WafeH DS landittRe dafkriPDRoRRFiSIAG agliealityetle ranges
fromO0.5 to 5 cm 20 43. A nethod of renoving netal oxides fromthe surface

of a substslaéeouriiEhbEsHIVN iPbIbEeR] bgon LfirsBabERIde PP Fornt & Gargatideasmbly.

conprising: providing the substrate which is connected to a first
el ectr odept RaSNA pbriieh 8f the GRAscEbardiECEEcdM@hing thedpIOvElityBlf sbiiek BEmpsd isSt

el ectrode and the

10  exposed to second electrode 24. While the wafer 20 is shown as being placed upon first
electrode 22, it is envisioned that the wafer 20 can be placed anywhere between
electrodes 22 and 24. A pulsed voltage 25 is applied across the first electrode 22 and
the second electrode 24 to generate an electric field. A gas mixture 26 containing
hydrogen and nitrogen is passed through the electric field. Low energy electrons 28 are

15  generated within the electric field which drift towards the first electrode 22 and wafer 20
disposed thereupon. In addition, a portion of the hydrogen within gas mixture 26 forms
hydrogen ions 30 by electron attachment which also drift towards the first electrode 22
and wafer 20 disposed thereupon. The drift of negatively charged hydrogen ions 30 and
electrons 28 towards the electrode 22 with wafer 20 disposed thereupon promotés

20 adsorption of ions 30 onto the surface of wafer 20 and fosters de-oxidation of the wafer
surface (referred to herein as surface de-oxidation).
[0056] Depending upon the conductivity of the substrate, some of the electrons that are
generated as a reaction byproduct from surface de-oxidation can accumulate on the
substrate surface. In addition, a portion of the free electrons can directly adsorb on the

25  substrate due to the drifting along the electric field. This electron build-up on the

substrate surface may prevent additional adsorption of the negatively charged ions as
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substrate wherein the second el ectrode has a negative bias in electric
potential relative 25 to the first electrode and wherein at | east a portion
of the surface conprising the plurality of solder bunps is exposed to the
second el ectrode; -35 passing a gas m xture conprising hydrogen and
nitrogen between the first and the second el ectrodes; supplying voltage
between the first and the second el ectrodes to generate electrons fromthe

second el gel a9daverbaty afféct atie éqaliirium ¢fahé safacefdetdrdationc Toomeskeathe aotiadeo 5
t he hydrogen and form negatively charged hydrogen ions and wherein the

t enper at ugg ositiafidiFproessdtHorel #fidieradfe eRiREess b tha sUbtrate slfacEheexbtottect | ng
the substrate with the negatively charged hydrogen ions to reduce the netal

oxi des onpdMiRiicaly ferssvedfl the substrate; and renoving at |east a portion of
t he el ectrons accunul ated on the surface of the 10 substrate. 44. The

net hod of [ops?j NOAS Mihdd R/ refRUP tHeSelBtrdhe i the stiktrapd suirkick tnyaydie alhdage bunps
to a terrperature sufficient for the solder bunps to wet at |east a portion

of thes sufhbasefar®yf oftdith sﬂhéfel@trsdeé@at%% 8RN @He0fDNGIthe ddlaktyehenge,at

| east a portion of the voltage in the supplying 15 step is used for the

heating s{@Roltdde IeVQ%n"@ch%cﬂ{)dé hitlyRof Reddaeady Be tiesarmé.t agené n t he
supplying step is pulsed. 47. The method of claim 46 wherein the voltage

pul se is gnbOdireAE, 'tHH}%Ianﬁ%harﬁ%gcdﬁBéMlé%d%P%bmy ga/mfr@bfbrfaheona@bt age

pul se is bi-directional met hod of clalim43 wherein the gas m xture

conpr i sespQsd béiikedn é‘; fét)ést“t%%tr%geé‘%gh%ﬁat SHownTih Eigrabboigate 6 brivities3

wher ei n a geometry o he second el ectrode is at | east one selected from

the gr OUpar?Qf‘cﬁhﬁE 'of‘? pBlarify dHahge Wh@?em 8n bRt ﬁ‘\aﬁ gehéraRedEdlrdnkiin ofe conb, a
screen, a | oose col an-array o onbs, a bundle of thin wires, a rod
10 phase of the voltage pulse (i.e., a negatlve bias) and retrieve electrons in another phase
of the voltage pulse (i.e., a positive bias). In Fig. 6, electrode 100 is used as both the
electron emission and electron retrieving electrode and electrode 101 is used a base
electrode. This arrangement allows the efficiency of surface de-oxidation to be
maximized. Electrode 100 containing a plurality of sharp tips 101 is located above wafer
15  103. Electrode 100 is heated by connecting to an AC power source 104. Another
electrode 102 is located underneath wafer 103. The change in polarity of electrodes 100
and 102 can be obtained, for example, by a bi-directional pulsed DC power 105. An
example of bi-directional voltage pulse is illustrated in Figure 10b. When electrode 100
is negatively biased, at least a portion of the electrons generated from tips 101 attach to
20 at least a portion of the reducing gas and newly created reducing gas ions drift towards
wafer 103. When the polarity is reversed, electrons are released from the surface of
wafer 103 and retrieved back at tips 101. Figures 7a and 7b illustrate the transportation
of the charged species during each cycle of the voltage pulse. The frequency of
changing the polarity of the two electrodes can range from 0 to 100 kHz.

25 [0058] In an alternative embodiment, excess electrons on the substrate surface may be

removed by employing one or more additional electrodes. Figure 8 provides such an
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with sharp tips protruding fromits surface, a plate wwth a knurled
surface, a 25 wagon wheel, or m xtures thereof. 51. The nethod of claim43
wherein the second el ectrode is a segnented assenbly. -36 52. The net hod
of claim43 wherein the second el ectrode is conposed of at |east one
material selected fromthe group consisting of brass, stainless steel,
copper, nickel chrom um alum num tungsten, graphite, netal oxides

deposi t edexampie wherein & wafr isthe substrate.x Refesring todiiguoé 8, waes 200 jscdigpasedd of
claim43 wherein the pressure of the gas m xture ranges from 10 to 20 psi a.
54. The nmidnaigoiindddbasetdeativee @0m. Tive elentrodes, elastrode 02 ihgvihg atnagative at

| east one nethod selected fromthe group consisting of direct heating,

i ndi rect Juitagé bias rélafiveatoddse siticirbd@p0hard elegtroder 20SoTeyingsa positvet radtagef . 10
55. A nethod of renoving netal oxides fromthe surface of a substrate

conpri si ngadirgitive ab base elbctestled dreinstaliet abovetheouafercsypiace 20Q. Impthisvi di ng
the substrate which is connected to a first electrode within a heating

chanbey ; mané;bdieng efecHOROAR @nesiallggenératdd fram pleottode02 and retridviedsit
el ectrode and the 15 substrate wherein the second el ectrode has a negative

bi as in edlesitdde@0BONeOAE phrtibdhBémbediinent, tre dolarity ofdlecttadedi®2eamd elbeirasien at
| east a portion of the surface conprising the plurality of solder bunps is

exposed tzpd hay 66 pefichicdlg chansd fraha aPoBlive i@ segutive wokageotips,ismidrvipef r om 0. 1
%to 4% by volunme hydrogen and from1l %to 99.9% by vol une nitrogen between

the firstyagyl réiBfvest8 R Bast Sedtrdeminwnerein 20 the pressure of the gas
m xture ranges from 10 to 20 psia; supplying voltage between the first and

t he secong@osyecihneegsother ARRimeR, SlkbedristeditNstfgcesshaegeimey det r ode
wherein at |east "a portion of the electrons attach to

10  removed from the substrate surface by employing a neutralizer after surface de-
oxidation. If left untreated, residual charge contamination can cause electrostatic
discharge damage to sensitive electronic components. In these embodiments, flowing a
high purity gas such as N, through a commercially available neutralizer device and then
across the substrate surface can neutralize the residual charge on the wafer surface.

15  The positive ions present in the gas will neutralize any residual electrons and provide an
electrically neutral surface. Suitable charge neutralizer devices may, for example,
consist of Kr-85 radioactive sources that produce equal densities of positive and
negative ions in the gas. While positive and negative ions are produced in the gas as it
flows through the wafer, the net> charge of the gas stream is zero.

20 [0060] In certain embodiments, the substrate or target assembly may be moved with
respect to the electrode that acts as an emission electrode. In this regard, the emission
electrode may be in a fixed position and the substrate may be moved, the emission
electrode may be moved and the substrate may be in a fixed position, or both the
emission electrode and the substrate are moved. The movement may be vertical,

25  horizontal, rotational, or along an arc. In these embodiments, surface de-oxidation may

then occur within a localized area of the substrate surface.
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t he hydrogen and form negatively charged hydrogen ions; contacting the
substrate with the negatively charged hydrogen ions to reduce the 25 netal
oxi des on the surface of the substrate; and -37 changing a polarity of
the second electrode to a positive bias in electric potential to renpve at
| east a portion of the electrons fromthe surface of the substrate. 5
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20 the processing chamber (not shown) rotates the wafer. Figure 9d shows a silicon wafer

moved linearly under a heated pair of linear electrodes that are held at steady and

opposite polarities relative to the base electrode to conduct electron emission and

retrieving separately. Lastly, Figure 9e employs a relatively smaller electrode located on

the end of a pivoting arm. The polarity of the electrode is frequently altered relative to

25 the base electrode. The arm is swung over a rotating wafer to affect complete and

uniform treatment of the entire wafer surface.
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soldering for outer lead bonding. An example of reflow and wave soldering apparatuses
5 that are suitable for the method of present invention is in Figs. 1-3 provided in pending
U.S. application 09/949,580 which assigned to the assignee of the present invention and
is incorporated herein by reference it its entirety. In one particular embodiment, the
method of the present invention can be used to reduce surface oxides of metals, such as
copper oxide, formed during silicon wafer processing or thin film de-oxidation. Such
10  oxides may form as a result of the various wet processing steps, such as chemical
mechanical planarization, that are used to form micro-electronic devices on the wafers.
These surface oxides reduce device yield and device reliability. The present invention
allows surface oxides to be removed in a fully dry, environmentally friendly manner that
does not require the use of aqueous reducing agents. Further, since the present
15 invention is performed at relatively low temperatures, it does not significantly affect the
thermal budget of the device during processing. Higher temperatures, by contrast, tend
to reduce device yield and reliability by causing diffusion of dopants and oxides thereby
reducing device performance. Since the method of the present invention can be
performed on a single wafer, the method can be integrated with other single wafer
20 processes, thereby providing better compatibility with other fabrication steps.
[0063] The method and apparatus of the present invention are particularly suitable for
applications of wafer bumping and thin film de-oxidation. The conveniences of using the
present invention for wafer bumpihg and thin film de-oxidation are numerous. First,
compared to typical reflow soldering processes for outer lead bonding, wafer bumping
25  and thin film de-oxidation are both single-face treatment. In this connection, the space

above the surface to be deoxidized can be as small as 1 cm, thereby resulting in an
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reflow soldering processes. The higher temperatures promote the formation of the
negatively charged ions by electron attachment. Third, in wafer bumping and thin film

5 de-oxidation processes, the solder bumps and thin films are completely exposed thereby
minimizing any “shadow” effect during surface de-oxidation. Further, compared to other
soldering processes whereby the solder has to wet and spread over the component
surface, the deposited solder bumps on the wafer need only exhibit solder ball formation
upon first reflow.
10 [0064] The invention will be illustrated in more detail with reference to the foliowing

examples, but it should be understood that the present invention is not deemed to be

limited thereto.

Example 1

15 [0065] A first experiment was conducted by using a lab-scale furnace. The sample
used was a fluxless tin-lead solder preform (melting point 183°C) on a grounded copper
plate (anode), which was loaded inside a furnace and heated up to 250°C under a gas
flow of 5% H, in N.. When the sample temperature was at equilibrium, a DC voltage was
applied between the negative electrode (cathode) and the grounded sample (anode) and

20 gradually increased to about -2kV with a current of 0.3mA. The distance between the
two electrodes was about 1cm. The pressure was ambient, atmospheric pressure. It
was found that the solder was indeed very well wetted on the copper surface. Without
applying an electric voltage, a good wetting of a fluxless solder on a copper surface can
never be achieved at such low temperature, even in pure H,, because the effective

25 temperature for pure H, to remove tin-oxides on a tin-based solder is above 350°C.
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Example 2
5 [0066] Several cathode materials were investigated for electron-attachment assisted

hydrogen fluxless soldering by using the field emission mechanism using the same set-
up as Example 1. The results of the investigation is provided in Table I.
[0067] As Table | illustrates, the best result was obtained by using a Ni/Cr cathode,
which provided the highest fluxing efficiency and thus resulted in the shortest wetting

10 time. ltis believed that the Ni/Cr cathode generates a relatively larger quantity of
electrons and has suitable energy level of the electrons compared to other cathode

materials.

Table I: Effect of Cathode Material on Wetting Time at 250°C and 20% H»

Material of Cathode Rod Time to Complete Wetting
with a Sharp Tip (1/16” dia.)
Brass 1 min 55 sec
Copper 1 min 44 sec
Nickel Chromium 39 sec
Aluminum 1 min 28 sec
Stainless Steel 1 min
Tungsten 1 min 54 sec

15
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thermal-field emission method for generating electrons. A 3mm diameter graphite rod,
having a number of 1mm long machined tips protruding from its surface, acted as the

5 cathode and had a geometry similar to that depicted in Figure 2i . Each of the protruding
machined tips had a tip angle of 25 degrees. The graphite rod was heated up in a gas
mixture of 5%H. and 95%N, to about 400 to 500°C by resistive heating using an AC
power source. A DC voltage source of 5KV was applied between the graphite cathode
and a copper plate that acted as an anode having a 1.5 cm gap therebetween. All the

10 tips on the graphite rod were illuminated thereby indicating that electrons could uniformly
be generated from the distributed tips on the graphite rod. Without heating of the
graphite rod, there would be either no electron emission from the cathode, or arcing
between one of the tips and the anode plate. This demonstrates that the combination of
using a cathode having multiple tips and elevated temperatures, i.e., a thermal-field

15  emission method, is effective for obtaining uniform electron emission from an integrated

emitting system.

Example 4

[0069] The present example was conducted using a 0.04” diameter nickel-chromium
20 alloy heating wire clamped horizontally between two machined Al,O3 refractory plates

such as the electrode illustrated in Figure 4. A series of five nickel-chromium alloy

emitting wires, each with a sharp tip (12.5 degree) on one end of the wire, protruded

perpendicularly from the nickel-chromium heating wire and were vertically positioned

between two refractory plates. The nickel-chromium heating wire and tips were heated
25  upin a gas mixture of 5%H,and 95%N; to about 870°C using an AC power source. A

DC voltage of 2.6KV was applied between the cathode and a copper plate that acted as
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be either no electron emission from the cathode, or arcing between one of the tips and

the anode plate. Like example 3, example 4 demonstrates that thermal-assisted fieid
5  emission provides uniform electron emission. Further, because of the higher

temperature of the emission electrode, it also increases the quantity of the electron

emission at a given electric potential.

Example 5

10 [0070] The present example was conducted to demonstrate the effect of a voltage
pulse between two electrodes on cathode emission. A single-tip nickel-chromium alloy
wire was used as the emission electrode and a grounded copper plate acted as a base
electrode. The copper plate was located 3mm below the tip of the emission electrode. A

tin/lead solder preform was disposed upon the copper plate. The nickel-chromium wire,

15  preform, and copper plate were maintained in a furnace at ambient temperature in a gas
mixture of 4%H, and the remainder N,. A pulsed uni-directional voltage of various
frequencies and amplitudes was applied between the two electrodes. In this
connection, the electric potential of the emission electrode was varied from negative to
zero relative to the grounded base electrode thereby allowing electrons to be generated

20 from the tip electrode. The results are provided in Table |l.

[0071] The results in Table Il indicate that greater quantities of eiectrons are generated
from the emission electrode when a voltage pulse of higher pulsing frequency and

amplitude is applied .

25
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Emission Currentat 3.4 kV |0 0.3 0.4 0.5 0.6

Pulsing Amplitude (mA)

Emission Currentat 1.0kV | 0 0.1 0.1 0.2 0.2

Pulsing Amplitude (mA)

Example 6

[0072] The present example was conducted to demonstrate surface discharge by
altering the polarity of the two electrodes using the same set-up as example 5.

[0073] A bi-directional voltage pulse with a total pulsing amplitude of 3.4 kV (e.g. from
+1.7 KV to -1.7 kV) was applied between the two electrodes. During the bi-directional
voltage pulse, the polarity of the two electrodes was changed. In other words, the tip of
the emission electrode was varied from a positive to a negative electrical bias relative to
the grounded base electrode thereby allowing electrons to be generated from and
retrieved to the tip electrode.

[0074] Table Ill provides the leakage current from the base electrode for each
frequency of the polarity change. As Table lll illustrates, the higher the frequency of the
polarity change, the lower the charge build up will be by observing the leakage current

passing through the copper base electrode.

Table lil: Bi-Directional Voltage Pulse

Pulsing Frequency (Hz) 250 500 1000 2500

Leakage Current (mA) 0.00069 0.00054 0.00015 0.00015
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[0075] The present example was conducted to demonstrate remote surface discharge

by employing an additional electrode. A 90 Pb/10Sn solder preform having a melting

point of 305°C was set on a small piece of a copper substrate that was set on an

5 electrically insulated wafer. A grounded copper plate was placed underneath the wafer

and acted as a base electrode. Two single-tip nickel-chromium wires, one with a

negative voltage and one with a positive voltage, were installed 1 cm above the base

electrode with the solder preform. The distance between the two single-tip electrodes

was 1.5 cm. The arrangement was heated within a gas mixture containing 4% Hz in N

10  from room temperature to a given reflow temperature above the melting point of the

solder. When the reflow temperature reached equilibrium, electron attachment was

started by applying the positive and the negative voltages to the two single-tip electrodes

and the time required for the solder preform to form a spherical ball was recorded. The

formation of a spherical solder ball indicated an oxide-free solder surface. As shown in

15  Table IV, the surface de-oxidation is quite efficient at a range of temperature from 310 to

330°C, which is only 5 to 15°C above the melting point of the solder.

Table IV

Isotherm Reflow Temperature 310 320 330
(°C)

Ball formation Time (seconds) 20, 18,20,24 | 17,13, 16 14, 12
Average Ball Formation Time 20.5 | 16.3 13
(seconds)

20 [0076] While the invention has been described in detail and with reference to specific
examples thereof, it will be apparent to one skilled in the art that various changes and

modifications can be made therein without departing from the spirit and scope thereof.
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1. A method of removing metal oxides from a treating surface of a substrate, the
method comprising:

providing the substrate which is proximal to a first electrode;

5 providing a second electrode that is proximal to the first electrode and the
substrate wherein at least a portion of the treating surface is exposed to the second
electrode and wherein the first and the second electrodes and the substrate reside within
a target area;

passing a gas mixture comprising a reducing gas through the target area;

10 supplying energy to at least one of the first or the second electrodes to generate
electrons within the target area wherein at least a portion of the electrons attach to at
least a portion of the reducing gas thereby forming a negatively charged reducing gas;
and

contacting the treating surface with the negatively charged reducing gas to

15  reduce the metal oxides on the treating surface of the substrate.

2. The method of claim 1 further comprising removing at least a portion of the
electrons that accumulates on the treating surface of the substrate.

3. The method of claim 2 wherein the removing step comprises changing a polarity
of the first and the second electrodes.

20 4. The method of claim 3 wherein a frequency of the polarity change ranges from 0

to 100 kHz.
5. The method of claim 2 wherein the removing step comprises providing a third

electrode proximal to the first electrode, the second electrode, and the substrate

wherein the third electrode has a positive bias in electric potential relative to the

25 first and second electrodes.
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purity gas through a neutrallzer to provide an ionized neutral gas and contacting
the treating surface with the ionized neutral gas.
7. The method of claim 1 wherein the reducing gas is a gas selected from the group
5 consisting of Ha, CO, SiH,, SizHg, CF4, SFe, CF.Clo, HCI, BFs, WFg, UFg, SiFs,
NF3, CCIF,, HF, NH3, H.S, straight, branched or cyclic C, to C,o hydrocarbons,

formic acid, alcohols, acidic vapors having the following formula (Iil):

9
() R—C-OH,

organic vapors having the following formula (1V),

Q
10 (V) R—C-H
and mixtures thereof, wherein substituent R in formula (l1l) and formula (IV) is an
alkyl group, a substituted alkyl group, an aryl group, or a substituted aryl group.
8. The method of claim 7 wherein the reducing gas is Hp.
9. The method of claim 7 wherein the gas mixture comprises 0.1 to 100% by volume
15 of hydrogen.
10. The method of claim 9 wherein said gas mixture is 0.1 to 4% by volume of
hydrogen.
11. The method of claim 1 wherein the gas mixture further comprises a carrier gas.
12. The method of claim 11 wherein the carrier gas comprises at least one gas
20 selected from the group consisting of nitrogen, helium, argon, neon, xenon,
krypton, radon, or mixtures thereof.
13. The method of claim 11 wherein the carrier gas has an electron affinity that is
less than the electron affinity of the reducing gas.
14. The method of claim 1 wherein the substrate is at a temperature ranging from O
25 to 450°C.
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source selected from the group consisting of an electric energy source, an
5 electromagnetic energy source, a thermal energy source, a photo energy source,
or combinations thereof.
17. The method of claim 16 wherein the energy is an electric energy source.
18. The method of claim 1 wherein the distance between the treating surface and the
second electrode ranges from 0.1 to 30 cm.
10 19. The method of claim 18 wherein the distance between the treating surface and
the second electrode ranges from 0.5 to 5 cm.
20. The method of claim 1 wherein the first electrode is grounded.
21. The method of claim 1 wherein the second electrode is grounded.
22. The method of claim 1 wherein the method is used in at least one process
15 selected from the group consisting of reflow soldering, wave soldering, wafer
bumping, metal plating, brazing, welding, surface cleaning, thin film de-exidation,
or mixtures thereof.
23. The method of claim 1 wherein the electrons are generated in the supplying step
by at least one method selected from the group consisting of cathode emission,
20 gas discharge, or combinations thereof.
24. The method of claim 23 wherein the electrons are generated by a cathode
emission method selected from the group consisting of field emission, thermal
emission, thermal-field emission, photoemission, and electron beam emission.

25. The method of claim 24 wherein the electrons are generated by thermal-field

25 emission.
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26. A method of removing metal oxides from a surface of a substrate comprising a
plurality of solder bumps, the method comprising:
providing the substrate which is connected to a first electrode as a target
assembly;
providing a second electrode adjacent to said target assembly wherein at least a
portion of the surface comprising the plurality of solder bumps is exposed to the second
electrode;
providing a gas mixture comprising a reducing gas and a carrier gas between the
first and second electrodes;
supplying voltage between the first and second electrodes to generate electrons
wherein at least a portion of the electrons attach to at least a portion of the reducing gas
thereby forming a negatively charged reducing gas;
contacting the target assembly with the negatively charged reducing gas wherein
the negatively charged reducing gas reduces the metal oxides on the surface of the
substrate; and
removing at least a portion of the electrons accumulated on the surface of the
substrate.
27. The method of claim 26 wherein the removing step comprises changing a polarity
of the first and second electrodes.
28. The method of claim 27 wherein a frequency of the polarity change ranges from O
to 100 kHz.
29. The method of claim 26 wherein the removing step comprises providing a third
electrode having a positive bias in electric potential relative to said first and

second electrodes.
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the surface of the substrate with the ionized neutral gas.
31. The method of claim 26 wherein the temperature of the second electrode ranges
5 from 25 to 3500°C.
32. The method of claim 31 wherein the temperature of the second electrode ranges
from 150 to 1500°C.
33. The method of claim 26 wherein the second electrode is moved.
34. The method of claim 33 wherein the target assembly is moved.
10 35. The method of claim 26 wherein the target assembly is moved.
36. The method of claim 26 wherein the voltage ranges from 0.01 to 50 kV.
37. The method of claim 36 wherein the voltage ranges from 0.1 to 30 kV.
38. The method of claim 26 wherein the voltage is pulsed.
39. The method of claim 38 wherein the voltage pulse is uni-directional.
15 40. The method of claim 38 wherein the voltage pulse is bi-directional.
41. The method of claim 26 wherein the distance between the substrate and the
second electrode ranges from 0.1 to 30 cm.
42. The method of claim 41 wherein the distance between the substrate and the
second electrode ranges from 0.5 to 5 cm.
20 43. A method of removing metal oxides from the surface of a substrate comprising a
plurality of solder bumps, the method comprising:
providing the substrate which is connected to a first electrode;
providing a second electrode that is proximal to the first electrode and the
substrate wherein the second electrode has a negative bias in electric potential relative

25 to the first electrode and wherein at least a portion of the surface comprising the plurality

of solder bumps is exposed to the second electrode;
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surface of the substrate.

45. The method of claim 44 wherein at least a portion of the voltage in the supplying
15 step is used for the heating step.
46. The method of claim 43 wherein the voltage in the supplying step is pulsed.
47. The method of claim 46 wherein the voltage pulse is unidirectional.
48. The method of claim 46 wherein the voltage pulse is bi-directional.
49. The method of claim 43 wherein the gas mixture comprises 0.1 to 4 % by volume
20 hydrogen.
50. The method of claim 43 wherein a geometry of the second electrode is at least
one selected from the group consisting of a thin wire, a rod with a sharpened tip,
a comb, a screen, a loose coil, an array of combs, a bundle of thin wires, a rod
with sharp tips protruding from its surface, a plate with a knurled surface, a
25 wagon wheel, or mixtures thereof.

51. The method of claim 43 wherein the second electrode is a segmented assembly.
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54. Thé method of claim 43 wherein the second electrode is heated by at least one

method selected from the group consisting of direct heating, indirect heating,

infrared radiation heating, or combinations thereof.

10 55. A method of removing metal oxides from the surface of a substrate comprising a

plurality of solder bumps, the method comprising:

providing the substrate which is connected to a first electrode within a heating

chamber;

providing a second electrode that is proximal to the first electrode and the

15  substrate wherein the second electrode has a negative bias in electric potential relative

to the first electrode and wherein at least a portion of the surface comprising the plurality

of solder bumps is exposed to the second electrode;

passing a gas mixture comprising from 0.1% to 4% by volume hydrogen and from

1% to 99.9% by volume nitrogen between the first and the second electrodes wherein

20 the pressure of the gas mixture ranges from 10 to 20 psia;

supplying voltage between the first and the second electrodes to generate

electrons from the second electrode wherein at least a portion of the electrons attach to

the hydrogen and form negatively charged hydrogen ions;

contacting the substrate with the negatively charged hydrogen ions to reduce the

25 metal oxides on the surface of the substrate; and
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