TI TLE OF THE | NVENTI ON:.  REMOVAL OF SURFACE OXI DES BY ELECTRON ATTACHVENT
FOR WAFER BUMPI NG APPLI CATI ONS BACKGROUND OF THE | NVENTI ON [ 0001] The
present invention relates generally to fluxiess processes for renoving
nmetal oxides fromthe surface of a substrate. Mire specifically, the
invention relates to a nethod for the fluxiess reflow of solders on a
substrate surface, particularly for wafer 5 bunpi ng appl

Wafer bunping is a process used to make thick netal bunpsWﬂW“WWﬁWW“ﬂ' bond
pads for inner |ead bonding. The bunps .are commonly nade by gpq [ting a
sol der on the pads and then mefllPOFTHE INVENTION:tO herein as a first
reflow) to conduct alloying and to change the shape of the sol der bunp

froma mushgegnsiane SURRAGE XDEBSY ECECTRONATPACHMENT FOR WAFEHR he

first-reflowed bunps is "flipgoriNG aEFLESRPIONG 0 the footprint of the
sol der wettable termnals on the substrate and then subjected to a second

reflow to formsolder joints. These solder joints are referred to herein

as inner |ead bonds. H ghgaekGRWURDIOE Teie! INeENTIONTG. ., > 300C) are
normal Iy used in the wafer bunping process because it allows for

subsequengomy s ahel prescnt Pvestisirelie P Yé Mirallyad dluessiprgesstsker RIRAARIMERI NI

| oner-nel'ting point solders (e.g., <230C) wi thout disruption of the inner

| ead bondgidel %QﬁdneEhﬁaééﬁa%smsus{%e m&b@%@c.hMQSthaf.ﬁ\%nt.Bneenatbs%5 areflowis

critical. For exanple, I 'arge bunp height is preferable for better

bondi ng aRdhdd BPfe fftﬁfebg ‘r'&ldweéf' S Bn aFUbERRE surthE pRHERR fsriwdeshoul d

preferably be substantially uniformto ensure pl anarity. 20 Substantial |y

uni f ogm ving relatively larger bunp heights is believed to
be aséoc?ab@g{vﬁﬂ&glﬁhgm de-free bunp surface during the first reflow

Current | Y5002 €W fafer Bumping is a process used to make thick metal bumps on the chip bond

pads for inner Iéad bonding. The bumps are commonly made by depositing a solder on
the pads and then reflowing (referred to herein as a first reflow) to conduct alloying and
to change the shape of the solder bump from a mushroom-shape into a hemispherical-

10  shape. The chip with the first-reflowed bumps is “flipped” to correspond to the footprint
of the solder wettable terminals on the substrate and then subjected to a second reflow
to form solder joints. These solder joints are referred to herein as inner lead bonds.
High-melting point solders (e.g., > 300°C) are normally used in the wafer bumping
process because it allows for subsequent assembly steps such as outer lead bonding to

15  proceed using lower-melting point solders (e.g., <230°C) without disruption of the inner
lead bonds.
[0003] The shape of the solder bumps after the first refiow is critical. For example, a
large bump height is preferabie for better bonding and higher fatigue resistance. Further,
the bumps formed should preferably be substantially uniform to ensure planarity.

20  Substantially uniform solder bumps having relatively larger bump heights is believed to

be associated with an oxide-free bump surface during the first reflow. Currently, there
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are two maj or approaches of renoving sol der oxides during first reflow of
the sol der bunped wafer. One approach is fluxiess soldering using pure
hydrogen at a reflow tenperature of 400 to 450C. The mmj or chal | enge of
this approach is the flammble nature of the pure hydrogen, which largely .
limts the application of this approach. The 5 second approach is applying
or gani ¢ fargiwe majerappreachiepoisemaningsiottier oidas during fingt tefipw of thesedlden past e
m xture that has been printed onto the wafer to formthe bunps, and

ref | owi ngounpredovaips One apprioach is floxiess soiderng wsing pare hydeogeniat esretiow
effectively renove initial oxides on.the solder surface. However, this
appr oach tempeiatige df 40l tocd50°C SiThk Imajerndredemgeyofftbismpproach és thel fthemmablaps due
to flux deconposition. These voids may not 10 only degrade the electrical
and nechamtuwalof thequee bydreger, whieh laoyehekinisoihdepplicatids obtiis appreachleThe oy t he
co-planarity of the sol der bunped wafer and affect the subsequent. chip
bondi g eocmbapproich idappiyingegarfidc fluxesalvat theadepositedad aiderdbamipsronaithintahe
refl ow furnace which can increase the maintenance cost. In addition, flux

r esi dues salder padte enixtureethal iefst bagip@rintdtcora tiey walel thfom thecburaps,emidr osi on and
degrade the performance 15 of the assenbly. [0004] To renove the fl ux

resi dues réfiowing the busipsawap it ESrs@dntheatso thadthalinxes can eitsttivelp rénbva g
process may be adopted using chlorofl uorcarbons (CFCs) as cleaning agents.

However , ifid oxidles ah itigs didetsufBcd didbive st Ahisdppeesch Iisaie dxalbadke! &S t he
manuf acturing processing tinme. Further, the use of chlorofluorocarbons

(CFCs) asoidéOna foaninlie 3gRIBE Burhfs Baé felnddsolpotifien. PTRESH Voidis fagmee to the
earth's protective ozone |layer. Al though no-clean fluxes have been

devel Ope@n@wegsémna efdRichl tDvBéhapical ppeMRE @F thelform&isti@er tisndd wes, there
Is a trade-off between the gain and loss in the amount of flux residues

and the agbidéstryy e doiflarkdrit)6the SHIBEEb@NPed WaferhAd ¥ifed thebidqlént kg st
generating highly reactive H2 radicals, and thus reducing the effective
ranges Obonding process. The decomposed flux volatiles can also contaminant the reflow
furnace which can increase the maintenance cost. In addition, flux residues are
oftentimes left upon the wafer which can cause corrosion and degrade the performance
15  of the assembly.
[0004] To remove the flux residues from the reflow processes descri.bed above, a post
cleaning process may be adopted using chlorofluorcarbons (CFCs) as cleaning agents.
However, post-cleaning adds an additional process step and increases the
manufacturing processing time. Further, the use of chlorofluorocarbons (CFCs) as
20 cleaning agents is banned due to the potential damage to the earth’s protective ozone
layer. Although no-clean fluxes have been developed by using a small amount of
activators to reduce residues, there is a trade-off between the gain and loss in the
amount of flux residues and the activity of the fluxes. Therefore, a catalytic method to
assist generating highly reactive H, radicals, and thus reducing the effective ranges of

25  hydrogen concentration and processing temperature for reducing surface oxides, has

been sought by the industry.



25 hydrogen concentration and processing tenperature for reducing surface
oxi des, has been sought by the industry. -2 [0005] Fluxless (dry)

sol dering has been perforned in the prior art using several techniques.

One technique is to enploy |asers to ablate or heat netal oxides to their
vapori zation tenperatures. Such processes are typically performed under

i nert or [0P@%Juckluyess (dryirnidesisg hes peen parfoimedirtirapiierarysintheevestleased
contam nants. However, 5 the nelting or boiling points of the oxide and
base net decluiquease Qiertechniqeeis tbempigy lasersiie ablatesorrheist metal oxiges tatheirapori ze
the base netal. Therefore, such |aser processes are difficult to

i npl enentvapbrzatios temperajyes aSlgh propesssis\age fpitally péforoiednindeoineparat e and
require a direct line of sight to the oxide |ayer. These factors limt the
usef ul negeduding atteorspherisnd grevent reroxitaion dyltke raéleased pphiacanantssHowevér)006]
Surface oxides can be chemcally reduced (e.g., to H2O through exposure to
r eact bve tgasedingeordoijlingippint ofehe vaitie dntl dape nadtalroas beAimilattanddt mayhat e ng 5%
or greater reducing gas in an inert carrier (e.g., NOis typically used.
The r eactdesiraljie taltneltor yep@rize théBéde metal.t Nieereford, sk thskr proctbeesaref ace by
desorption at the elevated tenperature and carried away in the gas flow

field TyffieM topmpleasent.t bagees ateuypisallexpedsiddand inkHicldoneyeperateldngl process
can be slow and ineffective, even at elevated tenperatures. [0007] The

speed andedqifecs Hirset Nes 6f Sifhtith tha Gidckayemn THege ésoredimitiRe USRS Bf MSeNg
nore active reducing species. Such active species can be produced using

convent i @suhniquek dsiTRodteolietifg appliceiénsp! asmas at audi o, radi o, or ‘mcrowave
frequenci es can be used to produce reactive radicals for surface

de- oxpdafjoous] |Surfide bxideseas b6 Shemically tgllLess (d.y., RHLD)ekloughegRiuréto
radiation is used to ionize and dissociate H2, 02, SF6, or other species,

i ncl udi ngeddtive ghses @)} 13)) it BRvARERSHPSHaturédt A ikt dontBmaG 5YEor Gdhfenl .
Surface treatnment can be perfornmed at tenperatures bel ow 300C. However, in
order t or&icitigyaah aAWert carrier (e.g., Ny) is typically used. The reaction products (e.g.,
H20) are then released from the surface by desorption at the elevated temperature and
carried away in the gas fiow field. Typical process temperatures exceed 350°C.
15 However, this process can be slow and ineffective, even at elevated temperatures.
[0007] The speed and effectiveness of the reduction process can be increased using
more active reducing species. Such active species can be produced using conventional
plasma techniques. Gas plasmas at audio, radio, or microwave frequencies can be used
to produce reactive radicals for surface de-oxidation. In such processes, high intensity
20 electromagnetic radiation is used to ionize and dissociate H, O,, SFg or other species,
including fluorine-containing compounds, into highly reactive radicals. Surface treatment
can be performed at temperatures below 300°C. However, in order to obtain optimum
conditions for plasma formation, such processes are typically performed under vacuum
conditions. Vacuum operations require expensive equipment and must be performed as

25  a slow, batch process rather than a faster, continuous process. Also, plasmas are

typically dispersed diffusely within the process chamber and are difficult to direct at a
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conditions for plasma formation, such processes are typically perforned
under vacuum conditions. Vacuum operations require expensive equi pnent and
nmust be performed as 25 a slow, batch process rather than a faster,
continuous process. Also, plasmas are typically dispersed diffusely within
t he process chanber and are difficult to direct at a -3 specific substrate
area. Thespetific substtate arac tTheecforse theereactiverapecies cahhotdiecefficigntiyt utilizeaoh i n

the process. Plasnas can al so cause damage to process chanbers through a
sput t er i rthe prarzess sPlaamds can afsoadiuse damage tapnocass chranalbers preoeghchar ge on
dielectric surfaces, leading to possible mcrocircuit damage. M crowaves

t henmsel veputtaingpracess, aadisan prodiuce an ascumolatiergef, spaicd chatystoredieleteioper at ur e
may be difficult to control during treatnment. Plasmas can al so rel ease

pot ent i alguyfackes) gridingsto poksiBNei raicAicirbiipidmadel cMlicrpwdesIsenselleocareasor e
expensive el ectrical equi pment and consume consi derable power, thereby

r educsng dahse mictueifcaltldasrgk, aid aistrarenesmperdt@®eGBay bk difficulad cofdeol darid@9, 543
di scl oses a process for producing a reactive hydrogen 10 species (i.e.,

atom ¢ hy@afgen) Plsne canido foldagBpdtertially) daigepdusyuitavisiecigtt eSOEH ecul ar
hydrogen in a vacuum condition. The energi zed hydrogen chem cally reduces

the SUb?Féc%Ts%sSéléé %@jre@iﬁeﬁﬁ?@@é@?iéél%q@fprﬁé?ﬁah@boﬁédrﬂé”@cﬁﬁsid@i‘%lé ange from
500C to 2200C. Electrically biased grids are used to deflect or capture

excess f peget thsbbP Ruiugitgith@Fodertost BRedtRenédd. anent . The reactive species
or atom ¢ hydrogen is produced from nmi xtures 15 containing 2%to 100%

hydr ogen [pgog}n U. "% Fat. 0. 15, £79, BdisdI S8R prdeess 1BPprodEing & réQdivE hifdfigenl oses
a process for activating hydrogen using the discharge froma thermonic

cat hege. spL&&d i @NntéictHyBfbgbhPRiAG'S hbIRhMeRMoGhERM NG eRssosibRAhSIeAuIAS Phase

n
di scharge, whi ch 'generates active species. The em SSion process iIs

per f or megy 4fqgen FEPF EnditfIP L MRS BRITSGEN EHh Bl G8a G sithd ament .
| ons and %0 gctlvate neutrals flow into the treatnent Chanber to
chem cal kyh&RawIeGiddae 19éiteinpErhture of the hot filament may range from 500°C to 2200°C.
Electrically biased grids are used to deflect or capture excess free electrons emitted from
the hot filament. The reactive species or atomic hydrogen is produced from mixtures
15  containing 2% to 100% hydrogen in an inert carrier gas.
[0009] U.S. Pat. No. 6,203,637 discloses a process for activating hydrogen using the
discharge from a thermionic cathode. Electrons emitted from the thermionic cathode
create a gas phase discharge, which generates active species. The emission process is
performed in a separate or remote chamber containing a heated filament. lons and
20 activated neutrals flow into the treatment chamber to chemically reduce the oxidized
metal surface. However, such hot cathode processes require vacuum conditions for
optimum effectiveness and filament life. Vacuum operations require expensive
equipment, which must be incorporated into soldering conveyor belt systems, thereby
reducing their overall cost effectiveness.

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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metal surface. However, such hot cathode processes require vacuum
conditions for optinmumeffectiveness and filanent |ife. Vacuum operations
require expensive equipnent, which nmust be incorporated into sol dering
conveyor belt systems, thereby reducing their overall cost effectiveness.
25 [0010] Potier, et al., "Fluxless Soldering Under Activated Atnosphere at
Ambi ent  Nos$5146¢503, 5108DaIS, 6/02M194016,60T\887,c5)94 1,L48) 585882, arlkP®,322,58n Jose, -
CA, and U. S. Pat. -4 Nos. 6,146,503, 6,089, 445, 6,021,940, 6,007,637,

5, 941, 448 esbritkoproddssesrior grodddng Bdtivatkeisidy (ob ether eateiggdses, quch s GH\gor
activated H2 (or other reducing gases, such as CH4 or NH3) using

el ect ri calHgiusimgatatrical Hisch#&rdec The redRingSyagaa generally pre@settt “Gércémas \aadtt
| evel s in an inert carrier gas (N2). The discharge is produced using an

al t er nat ijm@n\rart @gfergBqNL); ETHY discHayed ilprédlced ksing 'an depidtingRoltede tted from
el ectrodes in a renote chanber produce exited or unstable species that are

subst gnt isalutce dfrafverdl kKRORET. | Biattrohs@mittee flomsdissticdies ind réihoelchalrpen f 1 owed
to the substrate. The resulting processes reduce oxides on the base netal

to be solfigdrd exited BFBIAIE EESCIELMat AleUubsidpNRNFee SHWHLHi@NPERargdyschar ge
chanbers require significant equi pnent costs and are not easily retrofitted

to 10 exispbtigg m&rd&lreitngn ﬂé\ﬁ?’@b&he?ﬁb&ra‘iéﬁsTﬁ@?es,ultiﬁg%ﬁ@éés&é’@redh@@E%des

processes are typically enployed for pre-treating the netal surface before

sol deri ngnriRé BEe MBI td SEBMHSG IR tifperaffditsar 1689 THolever, &ith: rehi®

t .
5,433,820 describes a surface treatment process using el ectri cal dﬁscharge

or pl aS”%is%ha@UHPnﬁ%@F%r‘éfor@ﬁ Hﬁig%rftfeﬂmp?newt 865ty 8hd aﬁbe?&ttﬂeﬁgiwe ofttbd®¥) 15

el ectrode. The electrode is placed in the proximty o e ‘substrate rather

than{pn RyuistifdBdiGerfid cBeEyor gisg&@ﬁ\s.ellﬁ’ﬁﬁ iR, 1548t rSEjerEQggett?ﬁ%cﬁll)ﬁCt rodes.

produce reactive hydrogen radicals --a plasma contal ning ¢ “hydr ogen- -

whi ch t hemRass b re.;{%gugggﬁ}gggf%d%?a b@Bﬁé%Biﬁéﬁﬁg R R rPleReRfhg86RIert e

oxi di zed substr at I el
oxides.

[0011] U.S. Pat. No. 5,433,820 describes a surface treatment process using electrical
discharge or plasma at atmospheric pressure from a high voltage (1 kV to 50 kV)

15  electrode. The electrode is placed in the proximity of the substrate rather than in a
remote chamber. The free electrons emitted from the electrodes produce reactive
hydrogen radicals --a plasma containing atomic hydrogen-- which then pass through
openings in a dielectric shield placed over the oxidized substrate. The dielectric shield
concentrates the active hydrogen onto those specific surface locations requiring de-

20  oxidation. However, such dielectric shields can accumulate surface charge that may
alter the electric field and inhibit precise process control. The described process is only
used to flux base metal surfaces.

[0012] Accordingly, there is a need in the art to provide an economical and efficient
process for fluxless reflow of solder 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 fluxless reflow under near ambient or atmospheric pressure conditions to
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concentrates the active hydrogen onto those specific surface |ocations
requiring de 20 oxidation. However, such dielectric shields can accunul ate
surface charge that may alter the electric field and inhibit precise
process control. The described process is only wused to flux base netal
surfaces. [0012] Accordingly, there is a need in the art to provide an
econoni ¢ advoiie @xkpérsdesd ipurdhasivgHhdimdintainivg esciureédupwnent. SaldiRhaly Therd

waf er under relatively low tenperatures to 7?5 reduce thermal energy. There

is a furtisameedesitherart Berévide b AuRiesy rslioweprbtdieashgad fomR@afrRiblesgdsdr

fluxl ess refl ow under near anbient or atnpospheric pressure conditions to
-5 avoi d dlyrossemnse of purchasi ng and mai ntai ni ng vacuum equi pnent.
Additionally, there is a need in the art to provide a fluxless reflow
process using a non-flamrable gas environnent. 5 BRI EF SUVWARY OF THE

| NVENTI ON [ 0013] The present invention satisfies sone, if not all, of the

needsgof the art by provagife SEMBAR?OFE PHENRVEKTIONTt al oxides fromthe
surface of a substrate without the wuse of a flux. SpeC|f|caIIy, in one

aspect Ofio4{% Wr%sﬁﬁéedtfh‘(/gﬂﬁérp tishi&SEGmé St Mot &Ghk Recd®bi}Ag aft(Hg removi ng

met al oxi des fromthe surface a subsfrate to be treated 10 c npri si ng:

provi di n%&mn%‘é?ﬁ%ﬁ&i ﬁr%%n%@eﬁl%id%@kr}pﬁﬁh@ sLTfécht ofd ﬁ?ﬁs‘i@fée\ﬁlt%lﬂ jding a

second el ectr I'S Proxi to t Irst electrode an e SU Strate

wherein qle O?QZJLX. égé’&fr éa'll)gr'n Bfwﬁtagﬁ edt of fHe! ad?g éﬁfr‘f\/@ﬁﬁbd gﬂeefé ?rﬁ‘ﬂlgEQ al he

second el ectrode an wherein t I rst e secon es and the

Subs 1 al &ndifisd 4P rdtho e BEES 18Fe SRS A% SRS LI ?ﬁocormr i sing a

reduci ng gas rou area energy to at least 15 one

Car ol aFeEPihe; J‘SV'E'ﬁﬁﬂfbga@‘isﬁg*%@@ ﬁogﬁﬁ“’% SEUSEISIRBANE
2,501 1 0Qclnd e SENRLo Bl oSt JOUIIAR%8 SRk L Wi 5kt

reduci ng “gas; cont
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; supplying energy to at least

15  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 reduéing gas; and contacting the substrate with the
negatively charged reducing gas to reduce the metal oxides on the treating surface of
the substrate.

20 [0014] In yet another aspect of the present invention, there is provided a method for
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 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

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
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negatively charged reducing gas to reduce the netal oxides on the treating
surface of the substrate. 20 [0014] In yet another aspect of the present

i nvention, there is provided a nethod for renoving netal oxides fromthe
surface of a substrate conprising a plurality of solder bunps, the nethod
conprising: providing the substrate which is connected to a first

el ect r odevoltage@ btwegatthafiseartd yecopd@iedtiodgs to gereoatd etdotrons edereinlphleastat o
said target assenbly wherein at |east a portion of the surface conprising

t he pl ur gdrioh 6ffthé eledpons Gttt ait leastx posied of thetrbducieg gasitheremt foardiag a
providing a gas m xture conprising a reducing gas and a carrier gas

bet ween trigafivelyptharged friveing gals eedntasiing the tapgetiissgmbly withathe aggatheynveen t he
first and second el ectrodes to generate electrons wherein at |east a

portion qhatded religsing gaswhérearitetnegativdlétsdrgéd rRauting gasiredutestisslieitalg gas
thereby formng a negatively charged reducing gas; contacting the target

assenBl y gidel dnhtRe BaGAIE ofehey sutsshted @fld rebeihg @t IBast a\betien bf theeleranki vel y

charged reduci ng gas reduces the nmetal 5 oxides on the surface of the

subst r at gccamdiateieniheGufhcd 6AhE sabfedtél on of the el ectrons accunul ated on
the surface of the substrate. [0015] Ina further aspect of the present

i nvent i ofjgo48)€NR alfSrtidrALhEQGT the BHeB8 invedtibh, 1thérdGs privRIEUd metHoe substrate
which is confnected to a first electrode; providing a second el ectrode that

i's proxi %Bﬁmggieinbhﬁrobih{ngtthﬁk@&é{a@@h%ﬁ% Edihettésb hakst ei@ioBk prbbigingh second

el ectrode a“negative bias in electric potential relative to the first
el ect rOd%ec?ﬂbdel Fddfe! tRatdb pldial 18 11R0fEd Qgctﬁfdete{?% the 6LIBGR1E UBFiStHRY t he

i
) t
plurality of solder bunps Is exposed to the second el ectrode; passing a

gas RhXt UpEorff Etioﬂe%s@ﬁér%ﬁgé‘P%Qqn e%le:%rfc e?éhtiQ%l’é%@é‘t& e ffrétre‘rfiéctl%@@ the

second el ectrodes; supplyi ol t age n the first and the second

PLct” ISR RCRARE BR8£S Do Ry bEnRR LS bt B 10
charged exposed to the second electrode; passing a gas mixture comprising hydrogen and

nitrogen between the first and the second electrodes; supplying voltage between the first

and the second electrodes to generate electrons from the second electrode wherein at

15 least a portion of the electrons attach to the hydrogen and form negatively charged
hydrogen ions and wherein the temperature of the second electrode ranges from 100 to
1500°C; contacting the substrate with the negatively charged hydrogen ions to reduce
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.

20 [0016] !In a still further aspect of the present invention there is provided a method
comprising: providing the substrate which is connected to a first electrode within a
heating chamber; providing a second eledtrode that is proximal to the first electrode and
the 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

25  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
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hydrogen ions and wherein the tenperature of the second el ectrode ranges
from 100 to 1500C, contacting the substrate with the negatively charged
hydrogen ions to reduce the netal oxides on the surface of the substrate;
and renoving at | east a portion of the electrons accunulated on the
surface of the substrate. 20 [0016] Ina still further aspect of the present

i nvent i omitidiRhdehfedt BRifid Gind thesdtRRd efddiioties WhgieiptheMirdssge bhthesgilast r at e
which is connected to a first electrode within a heating chanber;

provi di ngnigupErials fbRCIO R ééi@tsuioﬁlymg%it bétwebhend filssanetheadecode and
the substrate whérein the second el ectrode has a negative bias.in electric

pot ent i alglediBbiad toVeriePatt Rfoctroh§ tro@ltRE se&HY addrodaalRirBinalt Id=Rpa poriopQft | On
of the surface conprising the 25 plurality of solder bunps is exposed to

t he seco . j } I 9% to 4 %b
'i’ﬁdier %I'Sgﬁérgsﬁﬂﬁfpgd?nﬁw? KYIrGhehd Thrth Hé&alt%IWHa d¥phydrégeriods;% t 0 o by

vol une hy %to 99.9% by volumé -7 nitrogen between the

first San%oﬁﬁ%@g%gb%ﬁgﬁtﬂ%é P%ﬁbﬁﬁ/@&%h&l%dmﬁ&ﬁ%%ﬁg tol rBBu&Athe nidt4f Ur e

ranges from psi a; supp g voltage between the first and the

second @l @eL 'bﬁfiiﬁessﬁ%&fﬁg{%ﬁsﬁgﬁgéﬁ@lﬁaﬁ iﬁ!{*ﬁh%%la?ﬁf@ﬂﬂe%b@&{d Qdgrdher ein

at least a portion o ectrons atta o the hydrogen and form

negatively a@Egigigeggia%géﬂ&%aﬂp%'fb%i PoGGRLAC bt st d\forfibh Bt fraldecfoh o

negativel'y rogen irons to reduce the ne oxl des on the surface

of the s%esédﬁcg;ofﬁ%$&g9%g[ ng the polarity of the second electrode to a

positive bias 1 ne rrc potential to renove at |east a portion of the

el ect ¥ ONFad 7D TrnblE afibhaP Golcid Hng HQ%FF;M# il deB0hlaolBRpPBAdng! Ner

aspect S e | nventli on w ar ent romt ow ng
det ai,b]e:d q cr i(%t}i. Ly mmm e m === === BRFEF- DESERI - P- T-t eN- OF SEVERAL
14l afeda

| EWS- WERA e-SCE'Et'Of'OOlB] Figures la and Ib illustrate a voltage

pul se on a em ssion and a base el ectrode, respectively.

-------------- —BRIEF-DESCRIPTION-OF SEVERAL-VIEWS-OF FTHEDRAWINGS —
[0018] Figures 1a and 1b illustrate a voltage pulse on a emission and a base electrode,
respectively.

15 [0019] Figures 2a through 2i is a schematic illustration of various electrode geometries
suitable for emission and/or retrieval of electrons.

[0020] Figure 3 provides an example of one embodiment of the electrode suitable for
emission and/or retrieval of electrons employing a plurality of tips.
[0021] Figure 4 provides an example of one embodiment of the electrode suitable for

20 emiséion and/or retrieval of electrons having a segmented assembly.

[0022] Figure 5 provides an example of one embodiment of the present invention
illustrating removal of surface metal oxides in a wafer bumping application.

[0023] Figure 6 illustrates a particular embodiment of the present invention for
removing negatively charged ions on the substrate surface by changing the electrode

25  polarity during the reflow of wafer bumps.



15 [0019] Figures 2a through 2i is a schematic illustration of various

el ectrode geonetries suitable for em ssion and/or retrieval of electrons.

[ 0020] Figure 3 provides an exanpl e of one enbodi nent of the el ectrode
suitable for emssion and/or retrieval of electrons enploying a plurality
of tips. [0021] Figure 4 provides an exanple of one enbodi nent of the

el ect r odq0824]t afigures Ga ana(¥belinstmiestha trdhsportation oéthel chafgeel spetiesihetwean ng a
segnent ed assenbly. [0022] Figure 5 provides an exanpl e of one enbodi nent

of the prweseictrodyewhemthe pdlaritg bf thieitwg efeztroded isathasged.ace netal oxides in a
waf er bunping application. [0023] Figure 6 illustrates a particul ar

enbodi nernoo2s] thgurpreasetities an ébirationfaira partcuiar emboukrgerttiof eheyprebamtged i ons
on the substrate surface by changing the electrode 25 polarity during the

refl ow ofinvemtien deéi’ﬁSvin?]%Ie[cﬁer?sdrbn tHeddurfase 6fia anbktrdte by ktpldyiigesn adiitional
transportation of the charged species between two el ectrodes when the

pol ar 5t y epfctioBe withe: gispiveReta®ladtive tmedREe eld2f38. Fi gure 8 provides an
illustration of a particular enbodi nent of the present invention for

renovi ng (60263t 'Mglire® Da kiBugH9é pEidel varioGs MGt RioRs BY pariliay émBodimentsdsft i onal
5 electrode wth a positive bias relative to the base el ectrode. [0026]

Figures 9 plRsEMIRVEPBoR eRMPIdfhgMbléhéntior htiehstaneqiisctide Ritht reSpict fo the
enbodi ments of the present “invention enpl oyi ng novenent of at |east one

el ectr odg,Métfdler €spect to the substrate. [0027] Figures 10a and 10b
provide an illustration of an unidirectional voltage pulse 10 and a

oo PR g I THE
i-dir eg{?%')gz éii{gﬁ]réé%a BHY $6b pfo@ﬁié%nll&s‘%r‘aﬁltion @EJ%&E%&%&QW&I@%@E

| NVENTI The present invention relates to a nethod for e renoval

im; ] g?é _?_Lgﬂﬁig%—%jr&étf&ﬁh! @olfagpghrsa,t fespebithaye by exposure to negatively charged
: gati1vely charge
DETAILED DESCRIPTION OF THE INVENTION

[0028] The present invention relates to a method for the removal of metal oxides from
a substrate surface by exposure to negatively charged ions. The negatively charged

15  ions react and reduce the surface metal oxides. The present invention can be employed
by modifying traditional reflow and soldering equipments such as, for exam;;Ie, the reflow
machine used for reflow of solder bumped wafer. The present invention can also be
applied to other processes wherein the removal of the surface metal oxides from a
substrate is desired such as, but not limited to, metal plating (i.e., the solder plating of

20  portions of printed circuit boards or metal surfaces to make them more amenable to
subsequent soldering), reflow and wave soldering for outer lead bonding, surface
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

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

need for organic fluxes.



15 ions react and reduce the surface netal oxides. The present invention
can be enployed by nodifying traditional reflow and sol dering equi pnents
such as, for exanple, the reflow nachine used for reflow of sol der bunped
waf er. The present invention can also be applied to other processes
wherein the renoval of the surface netal oxides froma substrate is

desi red s[i00R9]asThentermrisdbsitriate” tasdised herairt géngralbt retages fo. emateriabsigahl aker

pl ati ng of 20 portions of printed circuit boards or nmetal surfaces to nake
t hem nor esilwoansilidon doatedswitis siticoendioxiod, ddurningin;alumfnuevoxide, gadliven askedieei ng f or
outer |ead bonding, surface cleaning, brazing, welding, and renoving
surface weraar, giartetepper, glasd) epoxy; @ppry matetiatisyitabter foe dselwithingnsi | i con
waf er processing. The renoval of netal oxides using the nmethod and :

appar at usel@dtrdnitedgvices e tertai @hibodimeérts, anel slihstrageisl ancelbitecdlly indutated or
af orenenti oned processes or any other process desirous of renoving oxides

Wi thost  tdeeni-coREELtle BulssteRe havihg BIEEr disfsbse@RGbupdre ExanPlayworierat e” as
used herein generally relates to a material such as silicon, silicon

coat ed W dothposhibh®mcRide xbiiteire AbUIFIEdTD 24 HltIesNInciveE a flXldsk tifsAvereni de,
ceram c, quartz, copper, glass, epoxy, or any material suitable for use

Wi thin arbopﬁé@ﬁ"ﬂh?l@éﬁir@@éﬂ?@r a HixI6€Y tirdédpperAREWERIH the rhétBos Bbhlelprésarits an
electrically insulated or 5 sem -conductive substrate having sol der

di sposed ik Jupkien ROSUitabis 964 ety Of dférentUBRASHcEapASoideE by BositHs. aha not
limted to, a fluxless tin-silver, a fluxiess tin-silver- copper, a

f1uxl ess dehinl ffe@rre@enbobimbritohe stibdirt® RRLSilicdiovE¥ERavind'8 pliRAIN B Siddhe
present invention is suitable for a variety of different substrates and

sol dgp CCHT?rfeiﬁu | did 38 tHeledoncertai n preferred enbodi nent, the substrate is a
silicon water hapgji@ng a pll?pural ity of solder 10 bunps di sposed thereupon.

0050) Iyt s Bt piobied oot e
at | east doWRe such as a direct current voltage source is applied between at least two

electrodes, electrons are generated from one of the two electrodes having a negative

electrical bias relative to the other electrode (referred to herein as an “emission

15  electrode”) and/or the gas phase between the two electrodes. The generated electrons
drift toward the other electrode, which is grounded or has a positive electrical bias
(referred to herein as a “base electrode”), along the electric field. The substrate having a
plurality of solder bumps upon its surface is placed within the area defined by the base
and the emission electrodes (referred to herein as the “target area”) with the solder-

20 bumped surface or treating area exposed to the emission electrode. In certain
embodiments, the substrate may be connected to the base electrode forming a target
assembly. A gas mixture comprising a reducing gas and optionally a carrier gas is
passed through the electric field generated by the electrodes. During the electron drift,
part of the reducing gas forms negative ions by electron attachment which then drift to

25  the target assembly, i.e., the base electrode and substrate surface. On the substrate

surface, negatively charged ions can thus reduce the existing metal oxides without the

-10 -



el ectrodes, electrons are generated fromone of the two el ectrodes having a
negative electrical bias relative to the other electrode (referred to
herein as an "em ssion 15 el ectrode”) and/or the gas phase between the two
el ectrodes. The generated electrons drift toward the other el ectrode,
which is grounded or has a positive electrical bias (referred to herein as

a "base qleeaticraeiijonabiiuxey. Fusherl thetadsorgtioaldftheTdutive spstiesibr tHeasurfagedo
plurality of sol der bunps upon its surface is placed within the area

defined Ing ttdiedestbe Emhdtéwd@ériosm'e@ﬁﬁmb&ﬁttrrm&gmi(/elybaanged idrs dlengthe as t he
"target area") with the solder 20 bunped surface or treating area exposed
to the ergesshiidfiei@l ectrode. In certain enbodi ments, the substrate may be
connected to the base electrode formng a target assenbly. A gas mxture

conpri si neo]r af ehibddingds ARErePthe@Balding gasesmprives B§srogen, iprRIsEidvédr ough
the electric field generated by the electrodes. During the electron drift,

part gf Hha thé e dAb YRS plelbMBnVEREah b¥surs @8%ollwsel ectron attachment which
then drift to 25 the target assenbly, i.e., the base el ectrode and

subst r at @308 AnSEhhEIR of NRRICURY §1.: suH{ e Aegyf i vel y charged (jons can

t hus reduce tLe exi sting nmetal oxides wthout the -10 need for traditional
fluxes. Eurther tﬁ@ ﬁﬁgo I .he acti,v pecies on the surface to be
treated #"t?g AB}aS F Qjﬂg&#fjg&e ﬁieontélri f?i"'ng :gﬁt he negatively ch f?ged i ons
along the electric fi ﬁl d. & 031] I n enpqdinpentsg, wherein the redg@' ng gas
conpri seghﬁfBF’%ﬂ'@ﬁ?”Pf 1ahdi eved 5 t#fai e Tt hod of the predht
invention occurs as follows: Dissociative Attachnment of Ml ecular H2: H2 +
e’ H + I@xdeReductieny on 24t aMPenM bhlPyife g+ selderbase mete) i ((IM  The
conmbi nation of (1) and (l11): 2e' + H2 21-1- ﬁl 1) Oxide Reduction: 21-1- +
MO =10/ + irHhese epdodimnts, dag dddivatiersenergy af metal vyida cedugtiombsing dhebelartiemt s,
the activation energy of nmetal oxide reduction using the electron

attachment method of the present invention is lower than methods that use molecular

hydrogen because the formation of atomic hydrogen ions with electron attachment

eliminates the energy associated with bond breaking of molecular hydrogen.

[0032] In certain embodiments, energy is supplied to at least one of the electrodes,

15  preferably the emission electrode, sufficient to cause the emission electrode to generate

electrons. The energy source is preferably an electric energy or voltage source, such as

an AC or DC source. Other energy sources, such as an electromagnetic energy source,

a thermal energy source, or a photo energy source may also be used alone, or in

combinations with any of the aforementioned energy sources. In certain embodiments of

20 the present invention, the emission electrode is connected to a first voltage level and the

base electrode is connected to a second voltage level. The difference in the voltage

levels creates a bias in electrical potential. One of the first or the second voltage levels

may be zero indicating that either of the two electrodes can be grounded.

[0033] To produce negatively charged ions by electron attachment, a large quantity of

25  electrons needs to be generated. In this connection, the electrons can be generated by

-11 -



attachnment nmethod of the present invention is |lower than nethods that use
nol ecul ar hydrogen because the formation of atom c hydrogen ions with

el ectron attachnment elimnates the energy associated with bond breaki ng of
nol ecul ar hydrogen. [0032] In certain enbodi nents, energy is supplied to at
| east one of the electrodes, 15 preferably the em ssion el ectrode,

suf fi ci ey vdretyCafugasystdirch @8] Biinoniimitario] oattot® egisingpas distiearyeasrs. The
energy source is preferably an electric energy or . voltage source, such as
an AC or dambritibR€ therddie Ansiey tB¥sS Qb SgeriaiatibnaneMbds the beletmansitthe ener gy
source, a thermal energy source, or a photo energy source nmay al so be used

al one, OImétAod BEREMBIHhAAK oM the eflitieney ahd theddritir§RVEI A Meslel0BIRdr@y Sources. In
certain enbodi nents of O the present invention, the em ssion electrode is

connect eyehrafed. | Edtenidiems Wperdin Wﬂ’ebb@ln% Base Wd%dén?@l@cﬂrénscmﬂ@éﬁd to

a second ‘voltage level. The difference in the volt'age evel s creates a

bi as kn ee'n@fﬁy"lé@é{)ﬁr%%@ﬁhgﬁlev (fettfred R thbéS bmBbdiiRLs S68BWRI@pe | evel s

may be zero 'ndicating that either of the two el ectrodes can be grounded.

[ 0033] T?ev%ﬁ legﬁgrrs';%‘tg?%%féﬁdr%e rr&eg bl @8oBY efli&SH Rttt A EHER chafgd. ar ge

gquantity o S to be generated. In this cohnection, the

el ectrons h%@%g?%é%ﬁé@l@&@é&qngy then Jd*ngroYlﬂ{hieeéﬁ(isQBn Wﬁ%&é‘ma‘?@ theﬁ?esenm

limted to, em ssion, gas discharge, or conbinations r eof .

Qn‘ong t h%?e%tr?)hg thcﬂ%rgftgg 5%})59@0%%@09% shdle &%L'@énj&ﬂegﬁhet é]@ct{dﬁ%d?f?&
epends mainl’y on the efficiency a d the energy Tevel of the electrons
avi ng anorenkrfl L (Rl 3AETER ol S tibidion drethifbftigfln o oot Tons
nbodi £ .
5? ﬁigf;%ﬁggéﬁﬁg?%%%ﬁaﬁﬂﬁhgﬁe e R Bl B et s oy
t M . . - .
Che o ] O BRI SRSl AE B boBRoA Bor e aleshtads, 10 "

creates & Sp e electron source for

generati rt}%ste%?nb%%%&j\tg%%l iﬁ&@é&‘?i&d*%&&gﬁ ﬂeie%% tQYwe?Air? 6L £38 eﬁjfiés%:rb,ma nt when

thermal emission (referred to herein as hot emission), thermal-field emission,

photoemission, and electron or ion beam emission.

15 [0035] Field emission involves applying an electric field with a negative bias on the
emission electrode relative to the base electrode that is sufficiently high in intensity to
overcome an energy barrier for electrons to be generated from the surface of the
emission electrode. In certain preferred embodiments, a DC voltage is applied between
the two electrodes that ranges from 0.1 to 50kV, preferably ranging from 2 to 30kV. In

20 these embodiments, the distance between the electrodes may range from 0.1 to 30 cm,
preferably from 0.5 to 5 cm.

[0036] Thermal emission, on the other hand, involves using a high temperature to
energize electrons in the emission electrode and separate the electrons from the metallic
bond in the material of the emission electrode. In certain preferred embodiments, the

25 temperature of the emission electrode may range from 800 to 3500°C, preferably from

800 to 1500°C. The emission electrode may be brought to and/or maintained at a high

-12 -



10 hydrogen passes through the at |least two electrodes or within the target
area. [0034] For enbodinents involving electron generation through cat hode
em ssion, these enbodinents may include: field emssion (referred to
herein as cold emssion), thermal em ssion (referred to herein as hot

em ssion), thermal-field em ssion, photoem ssion, and el ectron or ion beam
em ssi on.terhpelafl?e by aFiagiet) efrméethodssuohvas, Besna fipitgd g dvecty eedtingbyf i el d with
a negative bias on the enission electrode relative to the base el ectrode
that is gpakéihgiAeéd DC hrabgh the dléctrtdel Mdirect hedtig Suth & contadtiay tikatathede f or

el ectrons to be generated fromthe surface of the em ssion electrode. In

certain puahes wrel af eheticampinsulatedXet baHacsedtsd BPAlHeathdelkeRAR IRt he two
el ectrodes that ranges fromO0.1 to 50kV, preferably ranging from2 to 30kV.

I n 20 t hesRaifertombBihatiorsAedbopt ance between the el ectrodes may range from
0.1 to 30 cm preferably from0.5 to 5 cm [0036] Thermal em ssion, on the

ot her 5 hangg37] "VitkKAS-flékd BRisBioRiiF B HyBAP 6f RIWERidsdn SHHRhBIFS eflighéd ons in the
em ssion el eCtrode and separate thé electrons fromthe netallic bond in

the mat emdihod fof BctfdH %édé?é‘tjdﬂ iRGHI@Soth bR efiricidl Br@hPidroed Gerent s,
the 25 tenperature of the emssion el ectrode may range from 800 to 3500C,

preferablye Lgﬁﬁi@a. §90rdkSte LPRAfa1-EREeRRRRINY RLEFE b AL MBS fBICAHY T O

and/or maintained at a high -12 tenperature by a variety of nmethods such

as, but Welrleiljéplrbﬁg tc%]rﬁ’pergfué@g&&'g%ngrgﬁﬁ' e L¥ne %’Elw fﬁ%ct)@és Qgcbmgﬁl'w. the

el ectrode; 1 ndirect heatin contactin surface with an
el ectri cgj; ' : [ . Lef IR
radi at i og‘},lth?ru @@%%‘%‘%ﬁ%fﬁg&yﬁﬂ%ﬁé‘?‘%@{ @ﬁgﬁ%ﬁfleﬂ? ?@ Sgggmrgagsi onis a

hybr]‘l(ﬁi Qi‘niliii'rﬂe iffi .Iﬁé. Hcd%'ﬂ%r r.tj] tmﬁhr .i.I }n‘%@i n'E (Q'lo h%%ncfeln‘caz bfon
|g}'1%o€ {ecrlcefe‘fgeﬁg ano?él?ng tt gre

generation in han el e enper at are

appl i ed. (TNEHEE feiddih BhiadibiPbyloSHbHat BRYhd SAKLIOR <Bribés SRk AhgRT 11 ©

field an
restriction on the planarity and uniformity of the 'em_ission surface. Further, thermal-field

emission may also avoid problems 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

-13-



| ower el ectrode tenperature for generating the sanme quantity of el ectrons
as conpared wth pure field em ssion and pure thermal em ssion.

Thermal -field em ssion can 10 minimze difficulties encountered with pure
field em ssion, such as the tendency of degradation in electron em ssion
by contam nation on the em ssion surface, and a high restriction on the

pl anari t ythaselerBbdifeRist ¥n @helgyBoBffeSstichas aUDE a6Ragd 8 dppRéd bétheerahe tie! d
em ssion may al so avoid probl'ens related to thermal em ssion such as a high

pot enti al gleQfodes 8RY eRlctrbfRfialy DR JeREHREN rbMSBIIHSdrRiBsiBh @fdctrade (@Ml of he gas
phase. In 15 enbodi ments wherein the thermal-field emssion is used for

el ectron,.gf)rg,{ ' : LSS t range
from anbi ent togh%g(%%ghg%r (CED%%%%H?;%?Q%F@%? r%?g%eiégﬁ?%ogw?%ﬁtﬂﬁese

embodi menj agg%;é]eiatﬁllé?grtgbifgnw&f’cg% S%r?@r oW IEasd the %%‘lgc?/to‘?fé in%@JﬁVEW e

preferably ftr In certain pre ed enbodi ments,” the

therngl eéﬁ‘a?q%'rc]iqﬁ]sgﬁ eélgﬁl%MﬂJcihﬁ{eqn a@in&f?a@? itﬁ@lif@%@%f]tﬂesed'léggnfegctrpoh@.(:t ron

gener ati on. odi nents, a enperature em ssi on ectrode

mxture dhodtl; JRer8BRATE AR o Sikgat ncliatm 1F QUEGHr eRnbC 9%
el ectrod FissiQ) ,ttibea\t/ol{a & appfid ro§d'fHeIWo eictttol m]c ' B ortﬁ'lﬁs&f‘.ST !{é)r a
sissdh S B ol mal be StaRY

subseque er’'l'ow proce p Can be reduce n 'certain

enbodi ”?Q{%HBE%&iméé%ﬁ%ﬁ%?uis@"rﬁﬂéésgg?rﬂto% 18bREL" Pibuee 74 ahéi 9B prévide an

acconplis Y rrono ode em sSi orf and corona’di schar ge

e b o B g SIG B YBERyERg 2, O ol e

0L SRR, B RS AR SERLE, et PO B ISPEES B2,

R MR R AR M

em ssi on eFelc?rgF] rg(cgrgnieer'ation and to reduce the tendency of gas phase discharge.

[0041] - For embodiments involving electron generation through gas discharge, these

embodiments may include thermal discharge, photo-discharge, and various avalanche

15  discharge, including glow discharge, arc discharge, spark discharge, and corona
discharge. In these embodiments, electrons are generated by gas phase ionization.
The gas phase is a gas mixture comprising the reducing gas and an inert gas. In certain
embodiments of gas phase ionization, a voltage source is applied between two
electrodes and electrons may be generated from the inert gas within the gas mixture

20  between the two electrodes that then drift toward the positively biased electrode such as
the base electrode. During this electron drift, some of these electrons may attach on the
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.

-14 -



[ 0040] In enbodi nents wherein the cathode em ssion nechanismis used for

el ectron em ssion, the voltage applied across the two el ectrodes may be
constant or pulsed. The frequency of the voltage pul se ranges from'0 to
100 kHz. Figures 1 a and |b provide an illustration of a voltage pul se on.
an em ssion el ectrode and a base el ectrode, 10 respectively. In these

enbodi menfos42] t As mé@mbh@/@@vbhag, Sledttdnsa@n\ der@fated HoM @Perhfddlon shown in
Figures 1 a and 1 b, is preferable to constant voltage to inprove the

amount  of gle&trRfet Witdh iBRASE Ab Ve leftive 16 Dabd lebROEE nRMfeﬂfqggl@S:iguh%e
di scharge. [0041] For enbodinents involving el ectron generation through gas

di schar gepa fHiGfh 2i B @FHisHH SlefPOHe M&Y HER: & N8RRI GESRERES Buch as, for
phot o- di scharg€, and various aval anche 15 discharge, 1ncluding glow

di schar g€ yaidie, d R ISa, SiAMitHtl §Waﬂ€§r9§‘d i LRGN é@vﬁfdﬂ@ﬁ%eﬂéé‘ tipgese

enbodi nents, el ectrons are generated gas phase ionization. "The gas

phase gl s & ah 34, étééFéPC&eri 8024, heob&LGH, BH a%glo%&nﬁé‘zﬂ Q%Jnd%aéf-thinine q

certain enbodi nments o gas phase 1 onization, a vbltage source 1s app

bet veen s &lifrhe R8s, A0t E6LHABE pfBRUCRR AFRSERLALES 51010 Lokl o O3S
r 3 E e ectro% Jr F'g{

wi thin the gas mxtu etween the two es thaf 'the t owar d

the posi tivaby sHiasesl AURbAAUEORIERIay WiBADRIARRAGLL §dRe RN N0 Lhi s

el ectron dri sone O ese e rons ‘nay attac r Cl ng gas

e A R e S e U Y

addi tion,”’sone _ _ gas that then
O L b dPidabL5 nABER BYR SRR SRR SBT3 e
s e T T R A
et "SRl ool gy Bher bR FHECHREORERN 7 &
shar pene%nlainBec?ul?f a %dﬁa??jas\ﬁ'ilotnhsu%ﬁ\égrir?lspgp&r”% Q%etei. PR 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 thé 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,Ojthat are

deposited onto a conductive substrate.
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5 or conb 2c, a screen or wre nesh 2d, a |l oose coil, an array of conbs 2f,
a bundle of thin wres or filanment 29, a rod with sharp tips protruding
fromits surface 2h, or a plate with a knurled surface 2i. Additional
geonetries may include conbinations of the above geonetries such as plates
or rods with surface protrusions, rods wapped with wire w ndings or

filanent, [00a4] STRE elebirddeMhiafacts Gk @ babe RidéirBbE 9cathprleddr hdR8udtRE be _
enpl oyed 10 that may be arranged in a parallel series or in an intersecting

grid. Stihtrigl dUtRras LRLERLF ARFoNRY ofRf Mifdiafs dMRHBEd SEH. THERABE Y |
wherein a plurality of electrodes is arranged in a radial fashion such as

i n " spokegectRdettalHagk a Vahie ftdﬁfemerﬁ@aememtogpen@nggg‘z FWE LS

wherein field emssion is involved, tthe cathode | made  of

geometri i@oh‘”@(’iIﬂgseﬁainaérﬁ?cro%%@%?}rlﬁ;tfréé’édfﬁrﬂenﬁéﬁfﬁv@t@in@ 5@&#&{1‘%1@/ of sharp

tips to i mze the electric near the elect e surtace such as

t he 9%0mérﬁagsisﬁ,ﬂbﬁ%ﬁﬁsvﬁiiarheesngzg%gﬁ %oglﬁ%ﬂgéeg%gﬁrﬁeatgb aééérﬁsnggugﬁégefef ode 1

has a series of I N grooves ectrode

ot oce, R 70y SR AR

[0043] The el ectTode ( as an emnissio _
o e o0l AR s Al BBEHEL A8 RLET K G 1 BB o,
B e E e e el
Se Sondgh s oAl B WHAC AR R PR PhHe BB RBBM o HREL %05,
TR e S BA A B A R TR e BT g "
[0044] 105, Shaharsobitlod Wl el oot B4 G L B PPl
descri be%ta'?%rtﬁé BlurJi?yeoft}%ss%1 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 electrodé .
[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 iﬁsulated 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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el ectrode can have a variety of different geonetries dependi ng upon the
application. [0045] In certain enbodi nents of the present invention
involving thermal -field 5 em ssion, the em ssion el ectrode may conprise a
segnented assenbly such as the electrode depicted in Figure 4. In this
regard, the core 10 of the em ssion electrode may be made of a netal with
a hi gh elpesdon thelsurass sttthacartridyepletatiad td ¥ sefortd glectiotiee Ranateatihgtta core 10.
Tips 11 nay be nade of a conductive material with relatively |ow el ectron
em ssi on eR&gebiadin rdtrdngBienn thessedond eleatrpde tan be grainelet abshatitlse | osed
herein. The 10 core may be heated by directly passing an AC or a DC current

(not showajridy @Egbe ¢ @tive%lbiagéwoﬁ; Bresriatives) tkUeriridge vah betgreursledrsot he heat
fromthe core to tips 11. The hot core 10 and the plurality of tips 11 are

encl osed iyitthd Sectid kB8 Faylbe YdvitRBlyi tiadede in borae lehffbdinéits, the fHRPOT t
frame thereby form ng a segnented assenbly as shown. Tips 11 are exposed

out si ge thge RAGIHRPERrable fOFRRMMRYAG a bétdniannEReERde Bbtvwtidni the Wiettid1g
materital. 15 The segnented assenbly allows for the thernmal expansion of the

cor e dur igigiRPelgaldneRircuit fal BeSh@ AT IRBlent oA (the REaifblbReaC BRE Hied
fromhot tips 1T by applying a negative voltage bias on the em ssion

el ect " 0denbfbALI(R ) S heltAgtPycHagE bidtRwed DR SLithés SOAL b8RridJe RS thed

enbodi ment of the present ent1 Oon involving thermal -fie em ssi on,

i ndirect Jpejly éqgctﬁ?igh g@irgee Ehfokifnas, dhehét Qribie cRBirsd PRy alsdGdt ada. This

may 20 be acconp y using a heating cartridge as the core of the

em ssi on hg{ites%tuf' r thE;ngsWiHu?é:?o &hidvBgnd ?é?fuh@@ 1A drhtu o riggoﬁ onpri sed

of an electrically conductive material such as a neta at

el ectgic Hc)é éQt%HI ated fromthe heating elenent inside the cartridge. To
pronot e Sctrontem ssion, a plurality of distributed em ssion tips can be

9 Y ' ue T e b
neated byouel p A3 theAERed ptiiP 8 el tififhe cdriiting BV dRBhb Rt RpdRRa %, i e
the cart Hrgl.?;c% the Rt Htd 8%%{};3@8 bggﬁ%égggg_t\&/%%@cﬂg&esq' Hid tBHERG ghs PS of the

cartridge applying an rve
contained within the gas mixture may fall within one or more of the following 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, dr 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 (1ll):

Q
() R—C-OH

In formula (IIl), substituent R may be an alkyl 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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bias on the surface of the cartridge relative to a second el ectrode. For
creating the voltage bias in this arrangenent, the second el ectrode can be
grounded so that the cartridge nay be negatively biased or, alternatively,
the cartridge can be grounded so that the second el ectrode may be
positively biased. In sonme enbodi nents, the latter 5 case may be preferable
for el i monaydlicglkyl poupstprelerably eoritainimgdeonh tto@@ warbmo agdrastarimoreci rcuit s,
e.g., one circuit may be the AC or DC current along the heating el enent,
and t he peefotdbbrfram ridailD aaetyorbatombe Thisgpplied alagéo dkgsmdietieseeontained #ur f ace

of the cartridge and the second electrode. In these enbodi nents, the hot
car t ri dgetradreedupsdrichiay haloatkyhatkaag, ax ardikylt Theteroe“shibstituted afiyl appiiesitee t o
achieve the required tenperatures for the ref | ow 10 process step. [0047]
As ment i afgtimpleties thas have sutgtitienisxhatiecloderpetesiatomasuadascOny, §asr i s passed
through the electric field generated by the at | east two el ectrodes. The

r educs ng hgRgen @M IOCH,; OR (R=alkyh €, gasr anyQsls)ealkp\C1fadl aryi T NOsESO@IR nor e
of the following categories: 1) an intrinsically reductant gas, 2) a gas

capabl e QR=ARNE,3{ brylET b)Y or BPS ¢RL, alkyl Oh.,cldr drrh,gaTteusmotialegenipen

reaction of the active species with the netal oxide, or 3) a gas capable

of gener abédBet iMOdSPMGrRE, MhbMie, bEsmink, did iddine. Tas et ap)li aegsddpon
reaction of the active species with the netal oxide. [0048] The first

cat egory hefeilmeRSes ik tétweid iefibef aarbyn ridgs BaANG adsaticichaldettrs TABeHRS
that thernodynam cally acts as a reductant to the oxides to be renoved.

Exanpl es “§ubstlﬁﬂed aﬁyr’ i28%isedhkdein PEWEES By BAGERavVinsubdRutERts thadindid¥, Si 2H6,
form c acid, alcohols such as, for exanple, nethanol, ethanol, etc., and.

Forni YRR CaN el g syl omi (LA o O MR 1

group, aBaf &, oPhryl Ce.10; NO,; SO3R (R=alkyl Cy.10 or aryl Ce.10); or NR2 (R=H, alkyl C.10 Or
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, S, 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 Cyo hydrocarbons such as but not limited to CHa,

C.H., acidic vapors having the formula (l1i), and organic vapors having the following

“formula (IV):

Q
20 (V) R—C-H_
In formulas (lll) 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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Z5 substituted aryl group. The term"al kyl" as used herein includes

strai ght chain, branched, -17 or cyclic alkyl groups, preferably
containing from1l to 20 carbon atons, or nore preferably from1l to 10
carbon atons. This applies also to alkyl noieties contained in other
groups such as hal oal kyl, al karyl, or aralkyl. The term "substituted al kyl"
appl i es toxided liyyteastioredfi the atfivat speaies vathitse inietalrdxideish &xatriptdsusiehis aypy ofat ons
such as 0, N, S, or 5 halogen atons; OCH3; OR (R=al kyl Cl.10 or aryI

C6. 10) ; agdeyihclGde iGorirte afq@hl@ﬁmelcmmdﬂﬁﬁg g%suéﬁ@UFWSF%‘lCE%}CI?M@W BF
C6.10); or NR2 (R=H, alkyl C .,0 or aryl C6.10). The term "hal ogen”

used herewmf |wteel sd-'%sNFé lqmﬂ)@ndcp-m orine, brom ne, and iodine. The term
"aryl" as u€ed “ herein”inclUdes six to twelve menber carbon ri ngs having

aromati c [b8TjACBEdidesTiABILbIRGBne oF widé of tHeathodt thiegahed sAEdIERE hasdd) Maides
aryl rings having subsitutents that include 10 heteroatons such as 0, N, S,

or halsogegasahiriife rthdPRohfamPbmie/ br rgérel&arﬂér g'Hs)éE @ﬁe @Qr)nelr:‘)géé K‘bég He . 10 or
aryl Ce6. 10 NC2; SOBR (R=al kyl C1.10 or aryl T6 ); al kyl

C.,0 or us%H)’I‘or@@arﬂ\ to'd?lufiaethb@édhc geéa%r 6r§ﬁoﬁa@%ihé7§r%t§bn&é}%n9aﬁwem xture
contalns hydrogen. [0049] The second category of reducing gas includes any

gas that dapridiQfasBel mtrhb'b‘é‘s%kthye m C?@H“a‘h}_l'\g%s% aﬁ?ﬂe&?d?\%{fﬁﬁn@ 185 {h%R that

speci es, such™as, for exanple, by di ssociative

at t achnmenjs yf re@lh@' ﬁ 588 of aééé%ﬂﬁ’r?th%f%*xﬁﬁe aﬂﬂcér%fr%n@%?r%ﬁ%n%nqgﬁtsby

reacti on of the ac ive species Wt e netal oxides to be renpve

Exanpl es i écér‘ﬁb?gaé %%dﬁért gas E%&Q@of Mﬁglﬂeﬁga&s |h8u&1%u|ﬂ &ar bons

such as but not Timte , acldic vapors havin ormJIa

(III)|0 arﬁqm?ag@rm AY.3ROT Igvgih;ﬁ,follovmng forrrula(l\/) 0 20 (I1'V)

H. ormulas (111 substituent R nmay be an al kyl group,

substi t uygekA! Ky Iceﬂélﬂlbpefeﬁgd efﬁBXJ:hme?ifs, PG bk GE Bmplis fNlogen 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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[ 0050] The third category of reducing gas includes any gas that is not an
intrinsically reductive but can form active species, such as, for exanple,
F, d, F, and d', by 25 dissociative attachnent of electron on the gas

nol ecul es and formliquid or agueous -18 oxides by reaction of the active
species with the netal oxides. Exanples of this type of gas include

fl uori ne subédtrathinay beecornectadipnine baseealectmdetopsovitiela teBF6t asSERBl2andHCl , BF3,
WF6, UF6, SiF3, NF3, CCIF3, and HF. [0051] Besides including one or nore of
t he abovdadng dgoemissionfeleotrdde. hothgses empodiments; thmdistanze bewveraithé ur t her
contain one or nore carrier gases. The carrier gas may be wused, for

exanpl e, dmissloh leetrddeeandthecbpgudace afthg waldribe targétl dssemblyshapidngedtanon. The
carrier gas used in the gas mxture nay be any gas with an el ectron

af finity d.e8s30 banpieherably domt B.6 to 6duei Nng gas or gases within the gas
m xture. In certain preferred enbodinents, the carrier gas is an inert

gas. Bxanpdssy dHigwreidprblides amm;sgamsmltmbmgssmadfarewacér blfhpingn ted to,
N2, Ar, He, Ne, Kr, Xe, and Rn. [0052] In certain. preferred enbodi nents,

the gas rap;sﬁcamanw@mm #RSsUbgfaRIS Biliésn WaRer 20 Mefdriy BASigaved, Aidecosgn as the
carrier gas due to its relatively | ower cost and the environnental

friendl i restrogé 24 heloBsBa EbbvE awaié 008Rd tHdwhfep2e cembAshgB Mirality B 0as
m xture conprises fromO0.1 to 100%by vol une, preferably 1 to 50% by

vol ume, @bidEPHEMBS (it eﬁ@\w)hb Yldce® EIPQn & fir? eftéarede ROk IRMA taRyed bRSEHABIyATouNt s
of hydrogen |ower than 4% are preferred, which makes gas m xture

non- f | ammm a8t a bBARAlof tHe &ﬁfabé'oﬂwﬁ@@d'c@ﬁ!&ﬁrﬁn ﬁ@%l&éﬁ%é&l&é&dn%ﬁ@ssed
through the field generated by the at Ieast wo el ectrodes at a

Lenpegal kiodednd 'sBQorfdél@&t%Hé' 2Ntwhie theafer®d & shBWﬁfa§rb%m8Ypléc%@%rF?>9| firsom 100
to 350C. The pressure of the gas mxture is preferably 2

at mospher)eetrBIE S8 Ut 8 enbis®ned th tisecvafel 2O cBh B8 PiHced %ftr)ly\fvn@fe"%{eﬁ?e the
process. No special pressure, such as vacuum may bée required. In
enmbodi MeRfeRt WS £ LRE2424 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

35  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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m xture is pressurized, the pressure may range from 10 to 20 psi a,
preferably from14 to 16 psia. [0054] The substrate surface in which the
oxides are to be renoved is preferably ?5 | ocated between the em ssion

el ectrode and the base electrode with the surface facing the em ssion
electrode. In certain preferred enbodi ments of the present invention, the

- 19 subuelt as adwesseheaflfen tee eauilibdumief the serfare deroddation. Joovake the t ar get
assenbly and facing the em ssion electrode. In these enbodi nents, the

di st and’éirf?é?@\&%ﬁx'gﬁgon eracess snorel efticiept dhe glectneesonthe substiateosurase

waf er/or target assenbly may range from 0.1 to 30 cm preferably fromO0.5
to 5 criess Beriedigalferemeneslyi des an illustration of the process used for

a waf er_bunpin a glication \#geerei n the substrate is silicon wafer 20.
Re:‘]I erL im85?ﬁbﬁg§’ﬂﬁtg 9 10 fereRve l‘*@PF@E‘?QHé“?&“l 3”"!"8(6%{ edﬁﬁwgeéowaf er 20,
20 < . :
SPacédeqrﬁp?}g%%hemoiqf"rﬂﬁFv'aEgﬁ%w?hﬁf?ééréo@%ﬁ%%twéﬁgfﬁéafi@}i|@S‘r?ﬁ%ﬁwq"lﬁg)st | b
. . 20 < :

o' 10" deddnegdectinwiactderalan osh wariede manpttaiecsssedy BedlR s bei ng
i Z:ééﬁd“ °€m2'péosn%e%r§k§ﬁ“ °‘*§@%?%o&%rit@a§§é'c%h%%iggﬁ%‘g%d&%m“»’&éféa hotn e
Goner o RHBRRLIGHAGE ks Befidi0dinfs ARtk iuar il g *heaﬁiflhﬁﬁééﬁ%ﬁ

. e g 28
E:J gonolott o5 BERE RibrbVHEY 81 shefnde BY ainciauty Ehenor bR g RefiEYF Pk f )
el ect rgéj%&gtea&gﬁ%@ﬁsgfn stk Qﬁéé@B@@%&dﬁt‘%ﬁ@@‘bﬁ@% g.gag,né‘ﬁggésﬁ%bigé) Rejtion o

t he hy gen wthin gas m Xture y’ el'ectron
ttach ' ' ' t . 20
i sposa g IR HEarshs f Sidhbe RIS SRk RIhE Tt (B, FHoE R 035 1PEE 0

el ect 1 IR RPIETs G 84 BOH RloISdraN bMiddidPand icteRAREbVAPT eupon

pr ono
electrode and electrode 120 is used a base electrode. This arrangement allows the

efficiency of surface de-oxidation to be maximized. Electrode 110 containing a
plurality of sharp tips 101 is located above wafer 103. Electrode 110 is heated by
connecting to an AC power source 104. Another electrode 120 is located
underneath wafer 103. The change in polarity of electrodes 110 and 120 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 110 is
negatively biased, at least a portion of the electrons generated from tips 101 attach
to 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.

[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
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20 adsorption of ions 30 onto the surface of wafer 20 and fosters

de-oxi dation of the wafer surface (referred to herein as surface

de- oxi dation). [0056] Dependi ng upon the conductivity of the substrate,
sone of the electrons that are generated as a reaction byproduct from
surface de-oxidation can accunul ate on the substrate surface. In addition,
a porti oexarhplelvwhergiea vedfecis tiemsulstmated i Refetring ta fgurd 8pwafien 200 & digpestedat e due
to the drifting along the electric field. This electron' build-up on the
subst r at epsniaigramdeayaps eleetnddeli. t Twmalectodas; plectrod@202 having gategative/
charged ions as -20 well as adversely affect the equilibriumof the

surface (gityei i@ lefitive Tobagkeletthuzie 204rdnaiatedode 208dtaving ppasiibesvaitage
efficient, the electrons on the substrate surface need to be periodically

renoved. plagQ8iZliveo®a8B eltetioti® 20 € BRViIAstale sh@etthenafersutface 20Bisimthtse sur f ace
may be to change the polarity of both of the electrodes relative to each

ot hers Ddfrhfgbrbdif, el@QtohEidr c6MMOBR gdriteated rorgslettritr] 20arebelrievedelt r ode may
not necessarily be the sane. In one enbodinent, the polarity change can be

achi evedelaytrédPb04. NH ohePartictliar @fiboBENt AE baftylilleftioat wee andleldct@sie t Wo
el ectrodes such as that shown in Fig. 10b. Figure 6 provides an exanple of

a pol ari é?!s AR5 PeDeVBEESIy CrRRgBY BEM PEEsITVRY0 adRialVS folRlgeHidDBAd vizeone phase
of the voltagé pulse (i.'e., a negative bias) and retrieve electrons in

anot her phase&eplivd RAnY PataeRchysSsof.i - €., a positive bias). In Fig. 6,
el ectrode 110 1s used as both the el ectron em ssion and el ectron retrieving

el ectr Od@eﬂ?@g . ﬁ vt Ghofer %%QoaiﬁmeHE %@cﬂoﬁ@gﬁregidﬁﬁltét.ﬂé@e chiige rady Begenent

al l ows t clency of surface de-oxidation to be maxim zed. El ectrode

110 gpnt géniai\@aifgnhmh@uggﬂgéy% Ofacd By melio?iﬁg EHeutralide? @RbPSURRG\R- Waf er  103.

El ectrod eate connecting to an AC power source 104. Anot her

el ectrodg,; 4201 S¢ kR GALSed YRSALAGALR R EimitN RS atlaRERb&akE! arity of
el ect rodes %%8 ang %% canq'%e .
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,

'5  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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obt ai ned, for exanple, by a bi-directional pulsed DC power 105. An exanple
of bi- directional voltage pulse is illustrated in Figure 10b. Wen

el ectrode 110 is negatively biased, at |east a portion of the el ectrons
generated fromtips 101 attach to at least a portion of the reducing gas

and nEV\AX created reducing gas ions drift towards wafer 103. \Wen the
pol ari tIP06H Franje tollewing Figureo9 thapughr e, thesaipsiratg is @ Rliconswafeathet st waf er- 103

dretri back at t 0 7 d 7b t
s pIRaRsEd yPat 5 bhte ElBFodk vitisbd? BouRaed AN Ead PotppI v RL o acE age

I I S can
Ponge. roCaBra S HERMY 5o RIMmArePdinh & olpbsdl 1ol Eock ofechible BE°
el ect r aiits QNbéthRNEMEhG AhE aSHINEARE eRWoddE e, SRBNGRY BXafyPloP¥kdhepl@ TRon®r NMor e
addi tional electrodes. Figure 8 provides such -21 exanpl e wherein a wafer

I s t he sodgtivatea pBefier biasi alectfdal poteniBl). vﬁagtﬂe 92Ghows adiilepo swafer &Opon a
grounded base el ectrode 201. Two el ectrode el ectrode 202 havi ng

negat i vaove\ﬂdptaéﬂeealtyu%\ge?@ha@tPQén% %@d%p@%iwwéh BoAPPie@a &i- é'&qt'ea@yzos

h bi b | de 201

st a1 Bl as g TR e io? 2itsToft 50F 1 med Be P ey faéw%silgrbns are
203.

cont | nUpld 1RENSAALEaLr ARl A ofE ARAraRhI LA hEKE hcdlen Shasd rpde

In one parti di ment el ectro 2 and ectrode

203 mayprbeesamgi cheimdat (npt @nge@tafersqm AafRes Blittvdtdtdnas Regrintly Bcovmplislsd bi as,
and vice versa, relative to the base el ectrode 201. [0059] In yet another

enbodi ninrsemicehémtomrsceﬂsinge«dtrvuastigrsiﬁna‘nacmtammag@ ofethe bafer B0Orfaearoved from
the substrate surface by enpl oy |n(T:1 a neutralizer after surface de-
oxi dat i @entaminatign may #@@e{a'@ea by eawiQYing h'@h@?@'@'”@%t’ elational fesq- tbf&h‘g@%ﬁ@fé

chect " OB ] RO G PEBA R B e ShER S I SRR b

conmer Gigh} ¥edVsde 33‘@' t6 vd?m%rhtné abpief'a BI&NERRMpEIEE Voltage relative to the base
electrode 314 thereby generating an ion area shown as 316. This arrangement may be
suitable for applications wherein a conveyor belt is used to move wafers through tubular
bumping furnaces such as, for example, printed circuit boards through reflow furnaces.
Figure 9c shows a silicon wafer 320 moved rotationally under a pair of heated linear
emission electrodes 324 and 326: the base electrode 322 has a steady positive bias and the
emission electrodes 324 and 326 has a steady negative bias relative to the base electrode
322 so that electrons can be generated to and be retrieved back from the wafer surface
thereby generating an ion area shown as 328. A motor located outside the processing
chamber (not shown) rotates the wafer. Figure 9d shows a silicon wafer 330 moved linearly
under a heated pair of linear electrodes 334 and 336 that are held at steady and opposite
polarities relative to the base electrode 332 to conduct electron emission and retrieving
separately thereby generating an ion area shown as 338. Lastly, Figure 9e employs a
relatively smaller electrode 344 located on the end of a pivoting arm 346. The polarity of the
electrode 344 is frequently altered relative to the base electrode 342 thereby generating an
ion area shown as 348. The arm is swung over a rotating wafer 340, in for example an arc-

like motion, to affect complete and uniform treatment of the entire wafer surface.
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across the substrate surface can neutralize the residual charge on the

waf er 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 exanple, consist of Kr-85 radioactive
sources that produce equal densities of positive and negative ions in the

gas. Wi l[@062]Si tHefetAbd oN#@aireseht iM@AtIGH carPbOdserial seleiahgregasfee it  flows
t hrough the wafer, the net charge of the gas streamis zero. ?0 [0060] In

certain eAbeRicERBhiSs maRBfastimb iRb&difidn ioﬁh@@éﬂoﬁﬁéf@ttbl&eﬂﬁyn WaEreesuoH t h
respect to the electrode that acts as an em ssion electro In this

regard, taaefoe@kaﬁﬁblensur@cefaéaﬂﬂ@ ARYal pfating, @ratmgadelamgl am@fbﬂawchrfdheave
substrate nmay be noved, the em ssion el ectrode may be noved and the

subst r at @oRRMnEfor iobted Iédd%dﬁ@s | Arl &mpE obRfiBwidna weﬁlé‘ SoidePing Appafaases and

the substrate are noved. The novenent nmay be verti cal 5 horizontal,

rotatonglat o0k @{a%ragfloafhe%&hoa'af blaesst lﬁmgh@lﬂtﬁ%s U8 bR Riedn émﬂa%l on may

then occur wthin a localized area of the substrate surface. - 61] For

the foll %;a)dfbawn /9%5 wmsﬂ?a?&g Vé]ch% tﬁggég ﬁéeeof'tﬁe ﬁre%lehf .ﬁpéhmfaﬂﬁd t hat

S dISpOSE upon a ase ectro ound | east pOFtIOﬂ of

the V"afesﬁb'éé dﬁé}gaaraysae eftel emwéﬁﬂréry m hgﬁ&unapgmsoé.mm Zﬁlé)"‘“) I's

exposed econd el ect’rode acts-as an emtting an

retrievi g%oe&ttﬁtf?gfe\?éhii)lﬁ%esnnlﬁﬁ%gﬁ'DQQJSBQII FéotLJXe stjﬁéﬁe)ed&atlﬁ_&l ’mété

negative e ECtrIC pot ent ure OME a

f%)' 'mﬁf’é‘h‘é@ﬁféqg%@%fg@gﬁﬁyﬁﬁé SieeereY 9*6@9?%@41‘5““@@ de a'fﬁ'v?a’f%"?ﬁe?’ﬁise
Cher thy  Gules ml FyriiRY p bl ik S BRREs AT GeRL caat@ i
pr OceSS' B cﬁ%@%lanéaﬂ?%}lo%h%%}arer@se@f}gz?rmﬁnc%fe% troﬁrH‘an.F%éﬁ {h%r\rvéfﬁ

frequent sem con r 0OCEesSs I gni 5 cant
o e SR B ST g oS
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 iead 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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control of flow patterns. Figure 9b shows a silicon wafer 310 noved
linearly under a heated Ilinear electrode 312 to which is applied a
bi-directionally pulsed voltage relative to the base electrode 314 thereby
generating an ion area shown as 316. This arrangenent may be suitable for
applications wherein a conveyor belt is used to nove wafers through tubular

bunpi ng f4Hifiameroctss fordsoth fo?ur%&é?dmh%_ndﬂfdngb&%tféhf Selcbnd) ARé ProckBsing!gh
refl ow furnaces. Figure 9c shows a silicon wafer 320 noved rotationally

under a %ng%u@@%@éﬂw& MERA&fer sl_ﬁmﬁﬁg% §ibﬁ§i€?rﬁgqﬁgﬁe¥4hé}ﬂﬂag&qypibﬁle base

el ectrode 322 has a steady positive Bias an em ssion el ectrodes 324

and 326 %ﬁoﬁs@lﬁ@ﬂgﬂ&%&é’é&sth irﬁg°herr?érﬁéér&ﬁiréé)prb%é@ﬁﬁﬁoﬁﬁﬁ%r&% 322 so

that el ectrons ca generated t0 and be retrieved back fromthe wafer

surface iég,%ﬁ@éwcr%p% Bt B citiro bR Madh vAEr buingTRY 8ha ik Al d

outside t process C (not shown) rotates t Figure 9d

shows za S&é@@gﬁ@ﬁ@f@éﬁgéﬁ gtﬁ@xaaeﬂhse a%r}’dstthgf‘tﬁﬁ'nrs e B&ﬂ%@fé.fg&,fosa nhértasw

eIFctrodes I are ady and opposi polarities

i s _ . ST

et i evi Abindfia A7 SyrBoBL ERRT i bR Blodichy iAo fEbARARM SR ar

Fi 9 ' | | h d of

| 8?535 i %f@h%%&%sa%ﬁ*@%'ﬁéﬂ | A RS S UL ETedd e thE LAl ) 7 ©
' t . . :

honn as Va0 T béaa BR8N BRL DR TR witer b G AR RObo BB BR 22

arc- like m)i.i(?n to affect conplete and uniformtreatnent of the entire

waf er surtPRBe™ -"?!?“[’0062] The nethod of the present invention can be used

ror 1 o ono0fhC hetyintBa a6 BFOETHA TG JBRM MR InbeRee TP AIO R i g,
tal plati brazi | di fl d . sol i f

"ead bondABPeArb @ AaH e (ndistaft ek s QR imERlon s TR 2PerBEIR 8 {hac

are suitable for the nethod of present invention is in Figs. 1-3 provided

in pendi NGEYIREEQ ) i cati on 09/ 949, 580 which assigned to the assignee of
the present invention and

Example 1

15 [0065] A first experiment was conducted by using a lab-scale furnace. The sample
used was a fluxiess 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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is incorporated herein by reference it its entirety. In one particul ar
enbodi nent, the nethod of the present invention can be used to reduce
surface oxides of nmetals, such as copper oxide, formed during silicon
waf er processing or thin filmde-oxidation. Such 10 oxides may formas a
result of the various wet processing steps, such as chem cal nechani cal

pl anar i zag{pdtord, bt redUR cHfFhsttRatltRé Blobir6n-attadimtdrit AdtRod RVffeRiveim t he
waf ers. These surface oxides reduce device yield and device reliability.

The pres 5mbﬁ,yéeg“|%ssa§ol|d§%g§urface oxides to be renoved in a fully dry,
environmental [y friendly mannér that does not require the use of aqueous
reduci ng agents. Further, since the present 15 invention is perforned at
relatively | ow temperatures, it does not significantly affect the thernal
budget ofE;angléjgvi ce during processing. Hi gher tenperatures, by contrast,
tend to reduce device yield and reliability by causing diffusion of

dopangs ftab’eeﬂxié*e%raﬁ REMERY mart%gall%\ifev?l% Oiﬁ\ﬁéﬁgﬁgtee%rfé?éégf@(?%a}c?b{,éﬁfﬁégﬁemt hod

gfe mteep:ese t ThnventTon can . 0 .on' a sin | | e net Eod can
better gcp %gogllemﬂfj%% év]\?ef(?%rmgtqﬂJe'%d%rg iflg ﬁgﬁggﬁ gﬁ%ﬁ?’fsff’_&%’@ﬁg %rr?eﬂ?%%éd- gn d
appearat s, o Lygh 1o NS 0RO T2 (O e
G- oxi P71 TR IRERAS, ik Bkt el s PARIARTRT Dt AR Grgehiocl g

e- o aatitst pHORb s TEiheRt AonReriPhS nth PG Abufine BthelshoRerticing . pace
7 osuP] ngen Ief oetiopofat e KiEr BileddlenieRE iR Bt dlari e

bunpi ng. SRETBN A hemsiliep ey i e CBrecptiFlye & ahfrsineler t ng

processes. .The hi gher tenperatures pronote the formation of the negatively
char ged W5ﬁ§m§§ electron attachment. Third, in wafer bunping and thin film
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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5 de-oxidation processes, the solder bunps and thin filns are conpletely
exposed thereby mnimzing any "shadow' effect during surface

de- oxi dation. Further, conpared to other soldering processes whereby the
sol der has to wet and spread over the conmponent surface, the deposited

sol der bunps on the wafer need only exhibit solder ball formation upon
first regxh@pie 40 [0064] The invention will be illustrated in nore detail
with reference to the following exanples, but it should be understood that

the presgyies) NVFRiPrésEnt 8xdRble WRRBRALO R % investigatdint kefeethvenesxefpbe 1 15
[ 0065] A"firSt experinment was conducted by using a | ab-scale furnace. The

sanpl e AhalRsid @n‘fi%éiBﬂr‘ﬁ fhobiifér-deprfhating! ciedtroRs. e AGNM (dEhéteNgraphitéifod] 83C)  on

a grounded copper plate (anode), which was | oaded inside a furnace and

heated u Ra\siﬂg\é%ﬁtﬂ? aey rlnlﬁljlrg| gd(cgﬂgdc‘?ibs l%%th?diﬂgﬁrcm its Wigate, BeteaaIThE

tenperat ure s at equi voltage was applied between the

CeSetAY e S S ROty iy S eavedan o o (sasralpaniiting

a current” of 0.3mA. The di stance

e e HRErhfegh S8 B Brasayhed ot Fapup et a5

at nospheric pres at the solder was indeed very well

wet t ed .t.h A - . . _
wet 1 g Byre AR ant S Ricto sl bl o SRACHY HeidloieBthg Land BhIATS e et

on a copper surface can n e achi eved at

such | oWl SIPEL LA £ o Y SifAgk Bl &1 BRv. MEFatTEY bBfeBhiRE biagfird eatypimer at ur e

fl’ﬁtrargijcr)(razwthis etove Xides on-a tin-based Sol de ove 350C. -25
effectiv8"P AR °°BP%'n‘§%J‘F G&Oﬁ%t%%%igg&ds%ﬁieﬁ %gtsr@ﬁ%f%?wf%ﬁ% fp%ei/Zr al
cat h? (9 € ETS‘st grrl ithaeI gsra\é\ﬁ{eeroidr\]/yeer Elliuﬂw%aqu {h%rretﬂj iﬁﬁi%tﬂ{b'tﬁgtt é’}gé}%gtcoafﬁﬁjrm)ﬁﬁly :

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 thé 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 alioy
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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hydrogen fl uxl ess soldering by using the field em ssion nechani smusing the
sane set- up as Exanple 1. The results of the investigation is provided in
Table I. [0067] As Table I illustrates, the best result was obtai ned by
using a Ni/Cr cathode, which provided the highest fluxing efficiency and
thus resulted in the shortest wetting 10 tine. It is believed that the

Ni /Cr catfednode ﬁ@\ﬁﬁ? 8% ran gpbdtwebly tHeamaesleditoaieti R fioé tipd wete ursinaret has
suitabl e energy | evel of the electrons conpared to other cathode

mat er i al sandlRbh&al emighibe elrreht reasHeades Mt enitabutdieaég bf he WireTethate W6OE and
20% H2 Material of Cathode Rod Tine to Conplete Wetting wth a Sharp Tip

1 /16" digs it 78 BlcktrBh Rrfssisitfom @ Bathode, [Brarddg B&Weehiofl ©f tHetipardriam 39
seC AlumMnum1 mn 28 sec Stainless Steel 1 min Tungsten 1 mn 54 sec 15

- 26 Exanhg aRobOPRR. LikEeRdrRNent cRirAdiBl4damisnstanduriafeialiagyisetigrt e t he
effectiveness of the thermal-field em ssion nethod for generating

el ect 5EONSymibsiBABIAIRIRINGbmI LRBIALA Brisdfbn. AiMHeR bedaldéBiqhe Righdr ™M | ong

machi ned tips protruding fromits surface, acted as the 5 cathode and had a

geometry t?%ﬁ%l’ﬂfggt&tﬁe_}@%isgﬁﬁ ieféc(): db, Nt &b Hcfeadks theqsdhtiff of theelRERSA Udi ng

machi ned, atip angle 25 degrees. The graphite rod was heated up

In a gas erﬁgéﬁBHﬁ?i\%fveﬁ%t%t&ﬁ%\p to about 400 to 500C by resistive

heati ng using a

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
tinflead 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 electrons are generated
from the emission electrode when a voltage pulse of higher pulsing frequency and

amplitude is applied .
25
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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

t herebetween. Al the 10 tips on the graphite rod were illum nated thereby
indicating that electrons could uniformy be generated fromthe
distributed tips on the graphite rod. Wthout heating of the graphite rod,

t here wourgbleq: alriiMiectishatekddeoPulssn ssi on from the cathode, or arcing
bet ween one of the tips and the anode plate. This denonstrates that the

conbi nat Pﬂlsfﬁb F,y@émymﬂat no@e havi nNigpapil T 1 pl€odT PS grdodl evaf egpo
tenperatures, “i.e., a thermal-field 15 em ssion nmethod, is effective far
obt ai ni ngg STon fr@gran 1 nhggrated g £m tti g syste
Exanpl e e present exanpl e was condyct ed usiing a 0. 04" di anetjer

ni ckel - hp@ghg eéi heating wirie cl anped horizontally befween twg
machi ned| A ract plates sugh as thejelectrode illustfated in

Fi gure 4 i eket=chriggom =t ent it g wWi eachwith
a sharp EIZRIS%% @c@é?feie tf(vl gne end :)qjthe W gé pr ot rlduéded 02

per pendi y ni c kel - chroni um heat| ng wirejand wereg| verticallly
posi ti on Ig‘héA\Ae%'ﬁjqev@ﬁr)ef ractory pliates. The nickel ychrom um heating(wire
and ti ps—were—heated—25—up—t+h—a—gas—txture—ot—5%R2—and—95% 870C
usi ng an AC povver source. A DC voltage of 2.6KV was applied between the
cat hode d pper plate that acted as -27 the anode having a 6 nmmgap"
bet ween t electrodes AII flvetlps were illumnated and the total

out, heatin h re woul d

be. o1 ﬁgrﬁﬁ%ﬁe?@é PERCE TP G RIFIda dRBBs g SRR R TAYE Bk one. of
b e ORI ShS R Rsm B  RET L
e BB i e R B ot tind BRoRILSSH 83 8 R 1
+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
10 the grounded base electrode thereby allowing electrons to be generated from and
retrieved to the tip electrode. |
[0074] Table lll 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 ieakage current

16  passing through the copper base electrode.

Table Hi: 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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K emission at a given electric potential. Exanple 5 10 [0070] The present
exanpl e was conducted to denonstrate the effect of a voltage pulse between
two el ectrodes on cathode em ssion. A single-tip nickel-chrom um all oy

wire was used as the em ssion el ectrode and a grounded copper plate acted
as a base electrode. The copper plate was | ocated 3mm bel ow the tip of the
em ssion g} gede. A tin/lead solder preformwas di sposed upon the copper
pl ate. The nickel -chromumwre, 15 preform and copper plate were

mai nt ai n§goysy arridbleesH %@5&3@505&1&% Bldéhfonistia réfdte SindcE dhschbrgt/i2

and the remai'nder N2. A pu uni -directional voltage of various

f T equenci e dilyinBh!dotifiBRalEieutroBR! 1a2sh PEHYSRRokBPolNPhARIY KtRkking N LI S

connecti o ctric potentia e em ssion el ectrode was vari ed

rom nedaldify 589&@@9%%1%5% LIHEN bRck BPa G6AMKIAEAPAS 8 WES!LERER Shher eby

al I owi ng 'el’'ectrons enera he tip electrode. e results
o P57 e e e 8 B B g T e B,
shen & SSLIREPU 8l LAUL TWLSHBR AN LR A7 2001 52,
200, 1900 S8R R FHSIEN palid Bup G el G ofe BlBRAS
Anpl it Udeele(crtrr)?‘lie 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% H, 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 "1 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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Exanple 6 [0072] The present exanple was conducted to denonstrate surface
di scharge by 5 altering the polarity of the two el ectrodes using the sane
set-up as exanple 5. [0073] A bi-directional voltage pulse with a total

pul sing anplitude of 3.4 kV (e.g. from +1.7 kV to -1.7 kV) was applied
between the two el ectrodes. During the bi-directional voltage pulse, the
polarity of the two el ectrodes was changed. In other words, the tip of the
em ssion el ectrode was varied froma positive to a negative electrical bias
relative to 10 the grounded base el e€GUAIM® t hereby allowi ng electrons to
be generated fromand retrieved to the tip electrode. [0074] Table I

provi des the | ga f : ; r ency of
the polarity Cﬁarl%\gg%hig'Bq_%ﬁfoglnPﬁ@t%l{%fﬁg?frgrpgst’?é\a:nﬁggﬁf% eorf S%ﬁ%t?frtéé?ﬁé;ncy of
the pol amathodeearrgisingt he | ower the charge build up will be by observing
t he | eakage current 15 passing through the copper base el ectrode. Table
I11: Bi-DirectPEYKINO\IBE subpbrate yvhieh isr&imey tea et elestjoderz) 250 500 1000 2500
Leakage Current (mA) 0.00069 0.00054 0.00015 0.00015 -29 Exanple 7 {?0075]
The present exBfYId9RseopRaigeredts e igripsima iodhe firsb pseteede anddbe sehstalear ge
by enpl oyi ng an additional electrqde. 90 Pb/1 OSn sol der preform having a
ml ting | BOEFRN 8fIea8Eofes of e Tislng duiacs p@eedp e tRsBpRFlcia It o t hat
was set on.,an.5 electrically insulated er. A grounded copper plate was
P aceq undEPRIY Tt draeton] euftEnatt s sadutt rabErtui S Bge Bty et p
ni ckel -chromumw.res, one with a..negative voltage and one with a positive
Vol tage, ere PREVIS 1 gar Do boludi it pludlo 68 LREERTE Wi ¥k "o fer
preform The dls&;;p"?\/r?r?geelpe%)y\@eq\neémﬁ\etﬁw aﬁa Qgéoﬂatdegtr&ye%(\tg rggﬁjgrgte 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, wherein the energy

comprises a pulsed direct current voltage; and

contacting the treating surface with the negatively charged reducing gas to reduce the
metal oxides on the treating surface of the substrate, wherein the method is performed in the

absence of a vacuum.

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.

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

100 kHz.
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was 1.5 cm The arrangenent was heated within a gas m xture containing 4%
H2 in N2 10 fromroomtenperature to a given refl ow tenperature above the
nmelting point of the solder. Wen the reflow tenperature reached
equilibrium electron attachnment was started by applying the positive and
the negative voltages to the two single-tip electrodes and the tine
required for the solder preformto forma spherical ball was recorded. The
formati on of a spherical solder ball indicated an oxi de-free sol der
surface. As Showamethol®f Talh 2 whereir the removiag stepl eorapiisdaipravidinga €Hirdt e
efficient at a range of tenperature from310 to 330C, which is only 5to
15C above t he gkektrodegprpamat todiie firbiselsmioderthe Sedoing eledtrbdetahe tha dedbirares
Tenperature 310 320 330 C Ball formation Tinme (seconds) 20, 18, 20, 24 17,
13, 16 14, 12 whereiretye tidal dledfoderhas @ podiiveshidOin BletbicPpoledtial(relativantdthe @6t
[0076] While the invention has been described in detail and with reference
to specific eratpaopdelestreds’s, it will be apparent to one skilled in the
art that various changes and nodifications can be nmade therein w thout
departing fromthe spirit and scope thereof. -30 CLAIMS 1. A nethod of
removing netal oxides froma treating surface of a substrate, the method
conpri sing: $r &0 meHydiohelain B whetinthieraevingstpp exMpRsesPassing @ high paritvct r ode:
provi ding a second electrode that is proxinmal to the first el ectrode and
the substrate IHhEFVGR ateufralizst t°anﬁ‘6ﬁ’€t apienged padral gandnthepnéarting e tiegting
exposed to the second el ectrode and wherein the first and the second

el ectrodes andSYRceihdhe iopized BRYA I t hin a target area:

7. The method of claim 1 wherein the reducing gas is a gas selected from the group
consisting of H,, CO, SiH,, Si;Hg, CF4, SFg, CFoCl,, HCI, BF3, WF¢, UFg, SiF3, NF3,
CCIF3, HF, NH3, H2S, straight, branched or cyclic C, to C4o hydrocarbons, formic acid,
alcohols, acidic vapors having the following formula (lll):

Q
(1) R—C-OH,
organic vapors having the following formula (1V),
0
(IV) R—C-H
and mixtures thereof, wherein substituent R in formula (lll) and formula (IV) is an alkyl

group, a substituted alkyl group, an aryl group, or a substituted aryl group.
8. The method of claim 1 wherein the reducing gas is H..

9. The method of claim 7 wherein the gas mixture comprises 0.1 to 100% by volume of

hydrogen.

10. The method of claim 9 wherein said gas mixture is 0.1 to 4% by volume of hydrogen.
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passing a gas m xture conprising a reducing gas through the target area;
suppl yi ng energy between the first and second el ectrodes to generate
electrons wthin the target area wherein at |east a portion of the

el ectrons attach to at |east a portion of the reducing gas thereby formng
a negatively charged reducing gas, wherein the energy conprises a pul sed
direct current voltage; and contacting the treating surface wth the
negatively charged reducing gas to reduce the netal oxides on the treating
surface of tiee Hiehséthad ef clamhenehdneih litte gastrhiedrd frther doarpieek & BartiBegasabsence

of a vacuum 2. The nmethod of claim 1l further conprising renoving at | east
a portion of the electrons that accunulates on the treating surface of the
substrate. 3. The nmethod of claim2 wherein the renoving step conprises
changi ng a p@. arhetrgetbéd oftdteemf1ilvetereim thetdaeries ge® ouim@rises bt ledstxne4as Shlecteet hod
of claim3 wherein a frequency of the polarity change ranges fromO to 100
kHz. 31 5. Thefromtthedrogp censisting 2f piliegen, heliuhre argenmpreang xeropkiyphop) riaders or
providing a third electrode proximal to the first electrode, the second

el ectrode, andmitieresiligseafate wherein the third el ectrode has a positive
bias in electric potential relative to the first and second el ectrodes. 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 acti ng the thedagthedyof daipild ceigin thergaeier gas hassemelaetron affijity thap s lesfe

met hod of claim1 wherein the r ducing_%as is a gas selected fromthe group
consi sting of Hgn t'@f‘e@,rqqzﬁff"’éa/?ﬁ@? redtitingges. CrF2Cl 2, HCl, BF3, W6, UF6,

Si F3, NF3, CCIF3, HF, NH3, H2S, straight, branched or cyclic C, to Cl0
hydr ocar bons, form c acid,

14. The method of claim 1 wherein the substrate is at a temperature ranging from 0 to

450°C.

15. The method of claim 14 wherein the substrate is at a temperature ranging from 100

to 360°C.

16. The method of claim 1 wherein the distance between the treating surface and the

second electrode ranges from 0.1 to 30 cm.

17. The method of claim 16 wherein the distance between the treating surface and the

second electrode ranges from 0.5 to 5 cm.
18. The method of claim 1 wherein the first electrode is grounded.

19. The method of claim 1 wherein the second electrode is grounded.
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al cohol s, acidic vapors having the followwng formula (I1l): 0O (1ll) RC OH
organi ¢ vapors having the following formula (1V), 0 (I1V) RICI-H and

m xtures thereof, wherein substituent Rin formula (111) and fornula (1V)
is an al kyl group, a substituted al kyl group, an aryl group, or a
substituted aryl group. 8. The nmethod of claim 1l wherein the reduci ng gas
Is H2. 9. The nethod of claim7 wherein the gas m xture conprises 0.1 to
100% by vol unme of hydrogen. 10. The nethod of claim9 wherein said gas

m xture i s @01 The r¥hdayof\eidind mentaieil il ragRod is u32d inlat Iddseoneplodessafelattadi m 1
wherein the gas mxture further conprises a carrier gas. 12. The method of
claim 11l wher efromtitieegroap coresistiggsf retiog solgeringatvalessderibgewgfes baapiag treetal f r om
the group consisting of nitrogen, helium argon, neon, xenon, Kkrypton,
radon, or m xplatires btdzengewélding3surfahe clewtihg dhiofilnc Haxdorddtionwbemixtuned therechir ri er
gas has an electron affinity that is less than the electron affinity of
the reducing gas. 14. The nethod of claim 1 wherein the substrate is at a
tenperature ranging fromO to 450C. 15. The nmethod of claim 14 wherein the
substrat e i £1aThamethedof elpior € wheaneii thg efectipnsiagie geneya@gdiTthelsepp!Yihe stepttiyod of
claiml wherein the distance between the treating surface and the second
el ectrode rangeidedst gpe edditiangl metheghselected from the group consisting of cathode

emission, gas discharge, and combinations thereof.

22. The method of claim 21 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.

23. The method of claim 22 wherein the electrons are generated by thermal-field

emission.

24. 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 a pulsed direct current 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;
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17. The method of claim 16 wherein the di stance between the treating
surface and the second electrode ranges from0.5 to 5 cm 18. The nethod
of claim1l wherein the first electrode is grounded. 19. The nmethod of claim
1 wherein the second el ectrode is grounded. 33 20. The nmethod of claiml
wherein the method is used in at | east one process selected fromthe group
consisting of reflow sol dering, wave sol dering, wafer bunping, netal

pl ati ng, brazing, welding, surface cleaning, thin film de-oxidation, or

m xtures theregéntactihg thetargeehsRehbSfwit the FedatiBI9 tRAged Fé%iu@i'n?@% QRSref the

generated in the supplying step by at |east one additional nethod sel ected

fromthe gegatively@nsiged Peﬂﬂciﬂ% ga Qe the et bRifies B theHuFEEE61Re s@itthate;
conbi nati ons thereof. 22. The nmethod of claim21 wherein the electrons are

generatedahy a cathode em ssion nethod selected fromthe group consisting
of field em ssion, thermal em ssion, thermal-field em ssion,

phot oem ssi on, remmVingl a tdasoam pdréamofehe sletctoons a2dumdlbtedobtthe Surtdce oF tiem 22
wherein the electrons are generated by thermal -field emssion. 24. A

nmet hod of sulestrate ochaegiay aeeladtyof theditstand seé@adeslaftrodes ubst rat e conpri sing a
plurality of sol der bunps, the nethod conprising: providing the substrate
which is connected to a first electrode as a target assenbly; providing a
second el ectrode adjacent to said target assenbly wherein at |east a
portion of t3% Themieibed ofwigimi2diwhgraimha frequanay of the pblagtyl dlengdianpss reméxposed
to the second electrode; providing a gas m xture conprising a reducing gas
and a carrier §dkhetween the first and second el ectrodes; supplying a
pul sed direct current voltage between the first and second el ectrodes to

26. The method of claim 24 wherein the temperature of the second electrode ranges

from 25 to 3500°C.

27. The method of claim 26 wherein the temperature of the second electrode ranges

from 150 to 1500°C.
28. The method of claim 24 wherein the second electrode is moved.
29. The method of claim 28 wherein the target assembly is moved.
30. The method of claim 24 wherein the target assembly is moved.
31. The method of claim 24 wherein the voltage ranges from 0.01 to 50 kV.
32. The method of claim 31 wherein the voltage ranges from 0.1 to 30 kV.

33. The method of claim 24 wherein the voltage pulse is uni-directional.
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generate el ectrons wherein at |east a portion of the electrons attach to at
| east a portion of the reducing gas thereby form ng a negatively charged
reduci ng gas; 34 contacting the target assenbly with the negatively charged
reduci ng gas wherein the negatively charged reducing gas reduces the netal
oxi des on the surface of the substrate; and renoving at |east a portion of
the el ectrons accunmul ated on the surface of the substrate by changing a
polarity of the first and second el ectrodes. 25. The nethod of claim 24
wherein a frafueseetiadd dfleir ol ahieteih BB abERepARGaSbifdi@Blidhal.0 100 kHz. 26.
The nethod of claim 24 wherein the tenperature of the second el ectrode
ranges from 25 to 3500C. 27. The nethod of claim26 wherein the
tenperature of the second el ectrode ranges from 150 to 1500C. 28. The

met hod of cl 26.nTHmethed ef dlaitn & wiesrein theadistahaedibtwee the geloktrate?4hd thlasecomtihod
of claim 28 wherein the target assenbly is noved. 30. The nethod of claim
24 wher ei n t he eteatrgds rangeeindnh P.1ite 3fwwed. 31. The nethod of claim 24 wherein
the voltage ranges fromO0.01 to 50 kV. 32. The nethod of claim 31 wherein
the voltage ranges fromO0.1 to 30 kV. 33. The nmethod of claim24 wherein
the voltage pulse is uni-directional. 35 34. The nmethod of claim24 wherein
t he vol t age $ul e methpd olilaieci5 wiesgin tresdistamee hedweandhe sukstratenarzithelesosidn t he
di stance between the substrate and the second electrode ranges fromO0.1 to
30 cm 36. TheelgstredrrapgescTay M539 Ser ei n t he di stance between the
substrate and the second

37. 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 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 hydrogen and nitrogen between the first and the
second electrodes;

supplying a pulsed direct current 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 to form negatively charged hydrogen ions and wherein the
temperature of the second electrode ranges from 100 to 1500°C;

contacting the substrate with the negatively charged hydrogen ions to reduce 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 by changing polarity of the first and second electrodes.
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el ectrode ranges fromO0.5 to 5 cm 37. A nethod of renoving netal oxides
fromthe surface of a substrate conprising a plurality of sol der bunps,

t he net hod conprising: providing the substrate which is connected to a
first electrode; providing a second electrode that is proximal to the first
el ectrode and the substrate wherein the second el ectrode has a negative
bias in electric potential relative to the first electrode and wherein at

| east a portion of the surface conprising the plurality of solder bunps is
exposed to tdge THRGARoEbRILIMBIGurtiRASEMPASsITY BEGing thel piralitg ONFYId<HibumpB Ysla ogen
and nitrogen between the first and the second el ectrodes; supplying a

pul sed direct cnipeeattre\safficRgefobtewsrier biirepd torvidt atladsttd or@csinte lreé bpdes
to generate electrons fromthe second el ectrode wherein at |east a portion
of the el ectrotie suatttaaeh to the hydrogen to form negatively charged
hydrogen ions and wherein the tenperature of the second el ectrode ranges
from 100 to 1500C;, contacting the substrate with the negatively charged
hydrogen ions to reduce the netal oxides on the surface of the substrate;
and r enovi ng3%atTheaasthodofmtaimi3grwhefein htleastaqiortimnof ecwitagaindble supplitg sep f ace
of the substrate by changing polarity of the first and second el ectrodes.
36 38. The net Iscsedfordhenentidg sfeart her conprising heating the plurality of
sol der bunps to a tenperature sufficient for the solder bunps to wet at

| east a portion of the surface of the substrate. 39. The nethod of claim
38 wherein at | east a portion of the voltage in the supplying step is used
for the heat4thdhe mefhodahclaiphad? whemidtheroltacgirsiss 7 W@@ﬁ?ﬂ%he vol t age pul se
is unidirectional.

41. The method of claim 37 wherein the voltage pulse is bi-directional.

42. The method of claim 37 wherein the gas mixture comprises 0.1 to 4 % by volume

hydrogen.

43. The method of claim 37 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 wagon wheel, or mixtures

thereof.
44, The method of claim 37 wherein the second electrode is a segmented assembly.

45. The method of claim 37 wherein the second electrode is composed of at least one
material selected from the group consisting of brass, stainless steel, copper, nickel
chromium, aluminum, tungsten, graphite, metal oxides deposited on a metal

substrate, or mixtures thereof.
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41. The nethod of claim 37 wherein the voltage pulse is bi-directional. 42.
The nmethod of claim 37 wherein the gas m xture conprises 0.1 to 4 % by

vol une hydrogen. 43. The nethod of claim 37 wherein a geonetry of the
second el ectrode is at |east one selected fromthe group consisting of a
thin wire, a rod with a sharpened tip, a conb, a screen, a |loose coil, an
array of conbs, a bundle of thin wires, a rod with sharp tips protruding
fromits surface, a plate with a knurled surface, a wagon wheel, or

m Xtures t e aok.method difominmey wdrai thel préssu/ofWiegd Mixtune rageoiemelloast r ode
is a segnented assenbly. 45. The nethod of claim 37 wherein the second

el ectrode is cohpsised of at | east one material selected fromthe group
consi sting of brass, stainless steel, copper, nickel chromum alum num
tungsten, graphite, netal oxides deposited on a netal substrate, or

m xtures thereof. 37 46. The nethod of claim 37 wherein the pressure of the
gas m xt ur e 47arndesndtheshofbrim@7 wirereis the. seddhd dledrode ishiozhtesf bycataeast 8Te wher ei n
the second el ectrode is heated by at | east one nethod selected fromthe
group consi st i mgthefl sgiectedifronethe iorayp donelstinger dineciheating, indirech heatingy iaftargti on
heating, or conbinations thereof. 48. A nethod of renoving netal oxides
from the surf atasliajpn heatingserembinagapstheieay a plurality of sol der bunps,

t he net hod conprising: providing the substrate which is connected to a
first electrode within a heating chanber; providing a second el ectrode
that is proxjiml tg the first electrode and the substrate wherein, the
second el ect‘#gggsénﬁg?daoﬂ{@ﬁ‘ﬁi"f‘gé“%?'a@“ &% e e puiassid it pultstral® GRMRASINGA t he

first 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 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 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
to form negatively charged hydrogen ions;

contacting the substrate with the negatively charged hydrogen ions to reduce the
metal oxides on the surface of the substrate; and

changing polarity of the second electrode to a positive bias in electric potential to

remove at least a portion of the electrons from the surface of the substrate.
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el ectrode and wherein at |east a portion of the surface conprising the
plurality of solder bunps is exposed to the second el ectrode; passing a
gas mxture conprising fromO0.1%to 4% by vol ume hydrogen and from 1% to
99. 9% by vol une nitrogen between the first and the second el ectrodes
wherein the pressure of the gas m xture ranges from 10 to 20 psi a;
suppl yi ng voltage between the first and the second el ectrodes to generate
el ectrons fromthe second el ectrode wherein at |east a portion of the

el ectrons at4gacthetrfethdtLoftyHih @ &vherdi® tHeQIdbtraR alel deRbat aRdidngigegen ions;
contacting the substrate with the negatively charged hydrogen ions to
reduce the netal oxides on the surface of the substrate; and changi ng
polarity of the second electrode to a positive bias in electric potenti al
to renove &0. [Teesihethodeirddimgaihetdiethel etadtrond arefgendnatducbysaigdsadischafget he
substrate. 38 49. The nethod of claim 21 wherein the electrons are

gener at ed by gmethddseleategdrom thérmal Hizchmeyd) ptiowidisdhaige) deladthe gisthdre and

el ectrons are generated by a gas discharge nethod sel ected fromthermal

di schar ge, photonrbnatohatigeeofaval anche di scharge, and conbi nations thereof.
51. The nethod of claim 37 wherein the second el ectrode is conposed of a
sem conductor. 52. The nethod of claim 37 wherein the first electrode is
conposed of a sem conductor. 53. The nethod of claim1l wherein the nethod
is used in & Tegasmethprcofglain 84 whemaimiheiserong eledtrode inggpineged 842 The net hod
of claim 21 wherein the electrons are generated by the cathode em ssion
met hod conpri sPBICONMLIEIPR| - fi el d emi ssion. 55. The nethod of claim 37
wherein a geonetry of the second el ectrode conprises a rod

52. The method of claim 37 wherein the first electrode is composed of a semiconductor.

53. The method of claim 1 wherein the method is used in at least one process

comprising wafer bumping.

54. The method of claim 21 wherein the electrons are generated by the cathode

emission method comprising thermal-field emission.

55. The method of claim 37 wherein a geometry of the second electrode comprises a rod

with a sharpened tip.

56. The method of claim 37 wherein a material for the second electrode comprises nickel

chromium.

57. The method of claim 37 wherein the second electrode is heated by at least one

method comprising direct heating.
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with a sharpened tip. 56. The nethod of claim 37 wherein a material for the
second el ectrode conprises nickel chromum 57. The nethod of claim 37
wherein the second el ectrode is heated by at | east one nethod conprising
direct heating. 39 58. The nethod of claim21 wherein the electrons are
generated by the gas di scharge nethod conprising aval anche di scharge. 59.
A nmet hod of renoving copper oxide froma treating surface of a substrate,
the method conprising: providing a substrate which is proximal to an
anode, the sagstheah&hedofUldidi21gvirereih (HRadledN@NS dief Geberatapy theigag dRoRIgE

oxi de; providing a cathode that is proximal to the anode and the substrate
wher ei n at | easietid qomptisiog avdlaridhe disceateng surface i s exposed to the

cat hode and wherein the anode and the cathode and the substrate reside
within a target area, wherein the cathode has a shape defined by a plate
having protruding tips; passing a gas m xture conprising a reducing gas

t hr ough t he SarAymethad ebremayingmoppergxaeiwnsa trealingesttfacauofraesubsivatet thge bet ween
t he anode and the cathode to generate electrons within the target area,
wher ei n at | eaptethwdpomprising'of the el ectrons attach to at |east a portion
of the reducing gas thereby form ng a negatively charged reduci ng gas;

cont acti ng t heptovigingi angpbstiate adéchvip proximed tarireinddecthy subsifaireePmrsigingiang gas to
reduce the nmetal oxides on the treating surface of the substrate; and
changi ng PeftHg sufaes campprrisEeoRBer@Xiset r ode to a positive bias in electric
potential to renpve at |east a portion of the electrons fromthe surface

of the substraP®Vvidgy. 2 satededaidtiPreximal @ithe gredarnddhe sysiraleathrepingt §agla s a

gas sel ected ferthe_grOl#) ) )
portion of the treating surface is exposed to the cathode and wherein the anode and the

cathode and the substrate reside within a target area, wherein the cathode has a shape
defined by a plate having protruding tips;

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

supplying a pulsed direct current voltage between the anode and the cathode 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;

contacting the treating surface with the negatively charged reducing gas to reduce the
metal oxides on the treating surface of the substrate; and

changing polarity of the second electrode to a positive bias in electric potential to

remove at least a portion of the electrons from the surface of the substrate.

60. The method of claim 59 wherein the reducing gas is a gas selected from the group
ConSiSting of H,, CO, SiH4, Sisz, CF4, SFG, CF2C|2, HCl, BF;, WFs, UFG, SiFa, NF3,
CCIF;, HF, NHs, H,S, straight, branched or cyclic C, to C, hydrocarbons, formic acid,

alcohols, acidic vapors having the following formula (lll):

9
(1) R—C-OH,

organic vapors having the following formula (IV),
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consisting of H2, CO SiH4, Si2H6Ii CF4, SF6, CF2Cl 2, HC, BF3, W6, UF6,
SiF3, NF3, CCF3, HF, NH3, H2S, straight, branched or cyclic C, to C10
hydr ocarbons, form c acid, alcohols, acidic vapors having the foll ow ng
formula (111): 0O (Ill) RGOH organic vapors having the follow ng fornul a
(rv), 400 (IV) RCHand mxtures thereof, wherein substituent Rin
formula (I11) and formula (1V) is an al kyl group, a substituted al kyl
group, an aryl group, or a substituted aryl group. 61. The nethod of claim
59 wherein the reducing gas conprises H2 62 The nethod of claim59 wherein
t he cat hode conprises a nickel chrom ywm ®&+ow. 63. The nethod of claim 59
wherein the pressure of the gas m xture ranges from 10 to 100 psia. 64.
The met hod odndohiaiunestfenebe vbereirt substitoéritagie foramuged! fandmorthula (10) iS@n kiKyl 65.
The met hod of claim59 wherein the substrate is at a tenperature ranging
from 100 t agr@%t)@.substitutét elkplegrowg aofaryt bedium &% sibstiteied anhgroupl t age 1s pul sed
at a frequency between 0 and 20 KHz to prevent arching. 67. The nethod of
claim59 wherein the method is a thin-filmde-oxidation nmethod. 68. A

met hod of renoving a thin filmof copper oxide froma treating surface of a
substrate, tfie hes method ohpeimsdhyherpindhe tidugng gssibauprisee Hahi ch i s proxi mal
to an anode, the substrate conprising a treating surface conprising a thin
filmof copper oxide;

62. The method of claim 59 wherein the cathode comprises a nickel chromium alloy.

63. The method of claim 59 wherein the pressure of the gas mixture ranges from 10 to

100 psia.
64. The method of claim 59 wherein the voltage ranges from 0.1 to 30 kV.

65. The method of claim 59 wherein the substrate is at a temperature ranging from 100

to 350°C.

66. The method of claim 59 wherein the voltage is pulsed at a frequency between 0 and

20 KHz to prevent arching.
67. The method of claim 59 wherein the method is a thin-film de-oxidation method.

68. A method of removing a thin film of copper oxide from a treating surface of a
substrate, the method comprising:
providing a substrate which is proximal to an anode, the substrate comprising a

treating surface comprising a thin film of copper oxide;
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41 providing a cathode that is proximal to the anode and the substrate
wherein at least a portion of the treating surface is exposed to the
cat hode and wherein the anode and the cathode and the substrate reside
within a target area, wherein the cathode conprises a nickel chrom um
all oy and has a shape defined by a plate having protruding tips; passing a
gas m xture at a pressure of between 10 and 100 psia through the target
area, the gas m xture conprising a reducing gas, the reducing gas
conprising a mpidvidirgy éathdd@NRat ig\prekifiantotthe afddet ahdahé Substratd Whekeih @it EAG% by
vol ume of H2; supplying a pul sed direct current voltage between the anode
and the cabhiodef the tregtimiesiriate Bl expbdeans thi dditiodetdnd whatgietheahede alidiiieei N t he
voltage is supplied in a range of from 0.1 to 30 kV and is pulsed at a
f r equency cbihbudeend Bieanbist2ie Kside vwathith afaeyee breapivhdreiathe eathgdy ¢ontptises at he
el ectrons attach to at | east a portion of the reducing gas thereby form ng
a negati wekgl abrmigealioeahdhase siepe definedaryta pigtethaeing pectuding tipsr f ace wit h
t he negatively charged reducing gas to reduce the netal oxides on the
treating surfapassifg a lges sunlurerattaepressenm ol brjween @ asd 180 peiatthmuglthe: taeget
el ectrons that accunul ates on the treating surface of the substrate by
changi ng paathe gasonixtuie comMprsingad dedsising ragselhe gedusnigsgastrsnsisingthmidurb<f r at e
is at a tenperature ranging from 100 to 350C. 42

H.N;, wherein the mixture is from 0.1 to 100% by volume of H;

supplying a pulsed direct current voltage between the anode and the cathode to
generate electrons within the target area, wherein the voltage is supplied in a range of from
0.1 to 30 kV and is pulsed at a frequency between 0 and 20 KHz, and 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 treating surface with the negatively charged reducing gas to reduce the
metal oxides on the treating surface of the substrate;

removing at least a portion of the electrons that accumulates on the treating surface
of the substrate by changing polarity of the first and second electrodes,

wherein the substrate is at a temperature ranging from 100 to 350°C.
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