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 fluxless processes for renoving
metal oxides fromthe surface of a substrate. More specifically, the
invention relates to a nethod for the fluxless reflow of solders on a
substrate surface, particularly for wafer 5 bunping applications. [0002]
Vafer bunping is a process used to nmake thick netal bunps on the chip bond
pads for inner |ead bonding. The bunps are comonly made by depositing a

sol der on the pads and then ﬁ@#ﬂg}@j:ﬁg.,l;_({,@jmﬂgﬁ:to herein as a first

reflow) to conduct alloying an to change the shape of the sol der bunp

froma wskﬁ@g@m@ﬁs'uﬁ;ﬁr;% %@E@W ECEETABNARPACHTIENT POR WiFER he

.
first-refl owed bunps 1's fRSPAPfid 0 the footprint of the
sol der wettable term nals on the gm?‘rﬁgfte and then subjected to a second

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

as inner |lead bonds. Hi QI’BA‘@MG%LW&@F?REWVEPWNH > 300C) are normally

used in the wafer bunping process because it allows for subsequent

assenbl y thig‘?gs {@HE%&@E@S@WA‘ rt‘éﬁg%s?&g@rélg th AudSsPprocEsds Y& BmhoViryehieP! ting

poi nt so I sraption of the inner |ead bonds.

[0003] Tgﬁceié@ﬁgﬁw 1 aféﬁ%ﬁsnéglaﬁﬁfbsﬁ?l@?i\n%%tgﬁéciﬁ%@gtbg?ﬁvehﬁ&rln %ﬁt cyitical.

For exanp a lar el g era better I ng and

fg ngte ;nI ﬁ'}aellt : gﬁﬁ?g@%ﬁgg?eﬂog&ts% ers of Q?yﬁ&%@ gﬁﬁé&?ﬂaﬁ@ﬁlﬁhﬁdﬂv{é&f ably be

0 ensure planari ubstantially” uniform sol der
bunps: hayj ng. r - L | arger bunp heights is believed to be associated
5 Khrﬂxgg%pgfééa\éﬁhy.

wi th "an oxXi anp surface during the first reflow Currently, there
-1 [0002] Wafer 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-meiting point solders (e.g., <230°C) without disruption of the inner
lead bonds.
[0003] The shape of the solder bumps after the first reflow is critical. For example, a
large bump height is preferable 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 fluxless soldering using pure
hydrogen at a reflow tenperature of 400 to 450C. The mmj or chal | enge of
this approach is the flammable nature of the pure hydrogen, which largely
limts the application of this approach. The 5 second approach is applying
or gani ¢ fareitwesmaloe approacitspsl semoving sbider oxidespdyringrfirsti refiow obthessulldker past e
m xture that has been printed onto the wafer to formthe bunps, and ref

| owi ng t bampedmaférn Gk appesaches uxiesssoitlering udirag pure diybitoges st aaeflof f ect i vel y
renmove initial oxides on the solder surface. However, this approach has

| ts dr awianperatubeef 400 16GI503C."Rle frajonchaliériyge of thisleppivacp i thedlatromdbiex
deconposition. These voids nmay not 10 only degrade the el ectrical and

nmechani cahtups 6PBE Purshiroddis whithragesdimity thb apglication of thissappiesdh. dhe he
* co-planarity of the sol der bunped wafer and affect the subsequent chip

bondi g pessrRIEpprddth islasEIRG oRfhnid filkes @var the eepesiedalofier GapaTbmwithin the
reflow furnace which can increase the mai ntenance cost. In addition, flux

resi dues s@ier padtd AidktireRRat HREbedh PAntddieoH@ iR walbi RiToeR thetlfumbss, @ddr osi on and
degrade the performance 15 of the assenbly. [0004] To renove the fl ux

resi dues dfiloRiRg the blfips A'aR freReTvRSNIMBAICSd thaftha FAXEs cah difettivelg kamveg
process may be adopted using chlorofluorcarbons (CFCs) as cl eani ng agents.

Hovever , ini$ bsifbs e tHsofdli SuAiics? ddbwé i athisipfGith Hes SR dréWbadke! Sasalis t he
manuf acturing processing tinme. Further, the use of chlorofluorocarbons

Cs)  agoide hay!i&@RintHe 86188F BurhSs &?é‘féﬁ%x%%oﬁ@oéih&.pm%\}o@ds lapmee to the

arth's protective ozone I|ayer. Although no-clean fluxes have been

deve|@ pednlpwfyage%@e@mhén ﬁi@gﬂéﬁhaﬂfclai BopbMRE of helfomifstidernsves, there

Is a trade-o etween the gain and loss in the anount of flux residues

and the ggf id!sx{rﬁ& b ob-gf‘?r{/ég%gﬁl?% g&aéﬁmﬁsed AafeRhAd Miéd HEbldqhent chipsi St

generating highly rea I cals, and thus reducing the effective

ranges o ' ; ' or reducin
09 Chorkdind 08 MTHAKBRipBEd itk A15hIES BAP SIS BontbIFRAE fiettefiol uci ng

surface oxi
furmace 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.



been sought by the industry. -2 [0005] Fluxless (dry) sol dering has been
performed in the prior art using several techniqgues. One technique is to
enpl oy lasers to ablate or heat netal oxides to their vaporization
tenperatures. Such processes are typically performed under inert or
reduci ng at nospheres to prevent re-oxidation by the rel eased contanm nants.
However , [6008]e Fetiéssngnlsolderihg has peemparfamedtie treqrite adnsingsavenat al can be
simlar and it may not be desirable to nelt or vaporize the base netal.
Ther ef or egctmitples] Drertechniqusis s empidy laBdré icablatetar heabinetad okides tsthedr ar e
typically expensive and inefficient to operate and require a direct line

of si ght vhporiZation ¥érgserafiysy. . Sudhgrecdsses arstypically péffemedaindeniesg cof | aser C
techni ques for nost sol dering applications. 10 [0006] Surface oxides can be

chem cal lryducediadsplerss to prevéR@h-oxiiatiog by ehepeiadsed tontarmirarits.vHoweasers
(e.g., H2) at elevated tenperatures. A m xture containing 5% or greater

r educs ng tigAmeiting D bbilleg boib®y dfited oiGe 8nd bbgs metal cupbeairhiar anddt mayeot Bact i on
products (e.g., H20 are then released fromthe surface by desorption at

t he el evabsifhbiEPAERbEVALGHRE the Bddei Astal \WiYerbford, [back &sef piseddeslale Typi cal
process tenperatures exceed 350C. 15 However, this process can be sl ow and

i nef f ect yifbulas fpldineft. SuRepHarcaymedgexpensive aPnélficiEnetosirestieand

ef fectiveness of the reduction proceSs can be increased using nore active

reduci ng rpfiel Ldirechlifdlofgdtit Y& thaRBeSay&ra MHaSe PACHSH Gt tHe UBEfumeBy eNlasenal
pl asma techni ques. Gas plasnmas at audio, radio, or mcrowave frequencies

(g?n be Uféiﬂniqh@sﬂfr%&%olﬁ@?‘gjéﬂ;ﬁioﬁt@cﬂis@m s for surface de-oxidation. In such

ocesses, high intensity el'ectromagnetic radiation is used to ionize

and 44 Ssﬁfdo%? € dilfracd dxided Ban B& cREABAIN @@F&&F(e.g.ﬂ 163,45 tR@ugh exposure to

fluorine-containing conpounds, into highly reactive radicals. Surface
oo ek B b A RGN o e g I
typi cal | YoddiginYatGh aH I catsi{!8., N,) is typically used. The reaction products (e.g.,
H,0) are then released from the surface by desorption at the elevated temperature and
carried away in the gas flow 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 aslow, 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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condi tions. Vacuum operations require expensive equi pnent and nust be
performed as 25 a slow, batch process rather than a faster, continuous
process. Also, plasmas are typically dispersed diffusely within the
process chanber and are difficult to direct at a -3 specific substrate
area. Therefore, the reactive species cannot be efficiently utilized in
the procepscifidbdscifate a8, Thericralthe réading eptdey camest bedfiivdrdlysititizeciogh a
sputtering process, and can produce an accunul ati on of space charge on

di el ect r iy probédsd Pasmheash Ao caugnsarhagetoprocessi chambiersitmaugh a M cr onaves
t hensel ves can al so 5 cause mcrocircuit danmage, and substrate tenperature

may be disf:&tité‘riﬁbtpré&sﬁpéﬁd 84n SreBLEDan héQMuUTERIN of dpaseesargapnalislectriel ease
potentially dangerous ultraviolet light. Such processes also require

expensi v ! lehBRk 16 PHELIBIE MicrdbifcuQIEvETR. QMBRIvRES hemsgnsatan diser eby
reduci ngggﬁée(f%r% c?vergl I Bcost efl?ectiveness. 0 [0008] U. S. Pat. No.

5, 4095 54%aﬁé'esrﬁi]cﬁ.‘r?éuﬁld?ﬁugg&,saﬁwdfé?}bsﬁé@_(wﬁbé&t@e Rl diflicOl & egrarol dihg peci es

(i.e., atomc ogen Ing a hot filament to thermally dissociate

mol ecul aFreatWeg'ﬁ Oﬁﬂgnﬁg can [8288 peientialy dahdrauRaieavisiet igher sgem

cheni cal ['y reduces t substrate surface. The tenperature of the hot

filament ofEResial i, fdifl SRBUnshR dédical eqibfient hbdbbnsumasstbiasratle are used

to deflef capture excess free electrons emtted from the hot fil anent.

The r eachéwg%%%ggﬁ%%é}gﬁggttm Svardifcdio Bffedtivededuced from m xtures 15

cont ai ni rogen 1n an inert carrier gas. [0009] U. S. Pat.

Q. & 20@@?&@1&%@? EQE%.%JUQ% égegaa%rb&é’ési189p:!%ndéig§ar}ea@iva%yaﬁ@en

scharg ermoni c €atho l'ectrons emtted fromthe thermonic

ot 00S B f? e NaRBer) SAHIRL AB bRto IRy BbsBBbiciRoiBaR! o, The

em s _ T a separate or renbte chanmber containing a
Craneer PR A PR R R SRy somidhrelieetiec T
cathode RSt aTe Sridca’ "I‘ihreeie%ggrlém %P{I’m%i ﬁdt ﬂ@ﬁmefn‘? Fnay 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., “Fluxiess Soldering Under Activated Atmosphere at Ambient

Pressure”, Surface Mount International Conference, 1995, San Jose, CA, and U.S. Pat.
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optimum effectiveness and filanment |ife. Vacuum operations require
expensi ve equi pnent, which nmust be incorporated into sol dering conveyor
belt systens, thereby reducing their overall cost effectiveness. 25 [0010]
Potier, et al., "Fluxless Sol dering Under Activated Atnosphere at Anmbi ent
Pressure", Surface Munt |nternational Conference, 1995, San Jose, CA, and

U.S. Pat Nos: 8,1%6503 56,046,458 3,051,048 6/607,637, 641408, 5858(312GR4,5, 720341 448,
5,858,312 and 5,722,581 describe processes for producing activated H2 (or

other r e@!é&':r!tﬁ ;ﬁaéés%es fot Prodiiirg #etivited M br stbbredating gabsdlsuch s M, @e. The
reducing gas is generally present at "percent levels”™ in an inert carrier

gas (N2) NHEf GSng érébﬁrcsﬁdagaw?@ O fbduging gaars GerieRallyrbseht e iper@mt leveRar ce

of "several | ovol ts' rons emtted fromelectrodes in a renote

chanber srpéﬁﬁiéﬁ%a%rtgﬁg (RD), %ato@ézhsm%ngﬁr&mcé@aémgraﬂ aheREiAg Vbitddey free of

electrically charged™ species, whichi are then flowed to the substrate. The

resul §1 ngofaee %?%%Qérai ﬁi%ﬁs”oﬁl&%%ns %&lﬁé@fr&ﬁ%ﬁecﬁ%@é intPredfoté ehagped at

t enperatures near C. However, such renmote Q discharge chanmbers require

Si gni 1 Capdy gk eﬂ&%ésﬁ%ﬁﬁﬁt e usﬁﬁhﬂléﬂyrh"ebrd%léc?rﬁﬂﬂﬁ hardéy exi sting

sol dering conveyor t systens. In addition hese processes are typically

enpl Oyedsé&]rs%agmég;aﬁgggmﬂ%@ﬁq@g @gaf(@%é)r%%ergg a%déséémcmgée bfed han

renovi ng 820 describes a surface

treat nenj, meoggszsmg%n fve,g?eeéoq&ér%qsﬁ(?m&@g#&\#% 250, A3, QUcHPERBR | ©

pressure roma hi tage eI ect rode. e electrode is

@Iac ed i Hls{: 8 CRXMER E@@gre% ngﬁ%ﬁ?ﬁ Eé@éﬁneﬁfa{: o an an dd? edsil rrgmdqganber '

e free I’OI’]S emt ctro ce reactive rogen

L‘S‘ghf°ﬁ529¥'stﬁ‘§’%°"*‘§%m@f‘=?m@9%@?a%‘?acedfbove ﬂ"eessﬁ?%@% & 20000 U”?ﬁ%h‘
o1 et Lo RIbS A prERUGRAL hBLE el Qa8 bhitFe BUBLARFANRY el BB

surf ace rons "requi
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

( k openings in a dielectric shield placed over the oxidized substrate. The dielectric shield
concentrates the actiye 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 fluxiess reflow under near ambient or atmospheric pressure conditions to
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20 oxi dati.on. 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 used to flux base netal surfaces.
[0012] Accordingly, there is a need in the art to provide an econoni cal and
efficient process for fluxless reflow of solder bunped wafer under

rel ativelayoidane bRaisedk puRhasig and mdhitiihg VARUGRM eqRiphidnt: ABARIbAaNS titere

further need in the art to provide a process and apparatus for fluxless ref
| ow underg geaed HRE ARito Providd RABNEE reflBW PPedsss uSRG@ AdrPMEmin@ble-gasavoi d the
expense of purchasing and mai ntaini ng vacuum equi pnment. Additionally, there
iI's a nee@niiforiniéntart to provide a fluxiess reflow process using a

non-fl ammabl e gas environnent. 5 BRI EF SUMVARY OF THE | NVENTI ON [ 0013] The
present invention satisfies sone, if not all, of the needs of the art by
providing a nethod for renoving netal oxides fromthe surface of a

substgate without the usggrME UM YWHEHNWWTION” one aspect of the
present invention, there Is provided a nethod for removing netal oxides

fromthe @dv‘:lm gﬁﬂle?fres%nFHgéﬁtfﬁts%tigﬁbsb&ﬁé.mgll,ﬁ tHORBEdsTf e aR'byVi di ng the

substr at proximal to a first electrode; providing a Second

| d ' ' L - i

2t Teast sr%%fﬂgﬁﬁ%ﬁégé\ﬁ@a{?ﬁ%bﬁ@ﬁ gé@q{’égg'ﬁaﬁ%s@(?t Fosfla i mEaner el N
| ectrod | ot he ]

subst r at £F BEa JE S é%'f%ggy't"léégéef”wo{mﬁa??&%mvg'l’@g't' HER, fgfaeds

area, passing a g e conprising a

o B P e SPRAAR BRI LR 2ot 12 one

the fir 0 generate e rons wthin the

targ ar, . rein. e N . X a 2 at | east
2 pold i oRoBpriE Wl iy GRe ARt § hrBlimkl\8 Lhrafae ARt bidihd 2
reduci ng S, an tacting th r | e ti ) ed
el nosdite ofe Bt bRetlfo B TRk ol P ARG 400
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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the substrate. 20 [0014] In yet another aspect of the present invention,
there is provided a nethod for renoving netal oxides fromthe surface of a
substrate conprising a plurality of solder bunps, the method conpri sing:
provi ding the substrate which is connected to a first electrode as a
target assenbly; providing a second el ectrode adjacent to said target

assenbl y vohagehatwabn teelirkt andosecond eleetrotiéetosgenkbeate eleothpns whacpin Gtlepsta al ity
of solder 25 bunps is exposed to the second el ectrode; providing a gas

m Xt ur e @erhi dfitigelactrérachitich to ghigastEipartiomof the reguindogdsberebylforringst and
second el ectrodes; supplying -6 voltage between the first and second

el ect r odegghtveediRirgédreduifiy gasisconttifg teaardet assentbly pithtthe negdtivelye
electrons attach to at |east a portion of the reducing gas thereby formng

a negat ich&lgsd ¢ERIcHRPgdsOMErBINGhE ABgathveli chardetlretiliéing 94 AdcduRES tHgbingtali th t he
negatively charged reduci ng gas erein the negatively charged reducing

gas redueRiles bR thesdtaca dPHeQibshatet BRd PéthbvinE albadt REpitibrs b thb @lechidels
renoving at |least a portion of the electrons accumul ated on the surface of

t he subshraikulaled®hahe klriaed sithd Stibsharect of the present invention, there
I's provided a nmethod conprising: providing the substrate which is

connect egpgq®) a ia!’fﬁhe‘?'a@ﬁéd’t%ﬂﬁie presBft sHvaatich, 11566 A stofideaarmeotinat i s
proximal 'to the first electrode and the substrate wherein the 10 second

el ectr odgshdsifg: &ﬁ&ihﬁ%@%&%ﬂbﬁ hiBs isf ddhnBEEE RS b filst BRIcHbHY:Brbfidinge fi 1 st

el ectrode and erein“at least a portion of the surface conprising the

Cg' urali txeégndsaé&r.%ewmépéo&imémﬂ@%ﬁsﬂé}e&t}aﬁef@eqms&sﬁw RfSreirPesi Ng a

as m xture conprising hydrogen a nitrogen between the first and the

secoyyl eketinutiécirods Hak Ia]y,{ Qti\)@bihgﬂPeIQ@t '%Si?en{iélgefgfiﬁéfo the Hfst ltrege ond

el ectrodes to generate electrons fromthe secon ectrode wherein at 15
Char ged SROUhARIFE: 858 LSRG A4 vl RUBEGRY pRSLA R 1
ranges TR0 i second electrode; passing a gas mixture comprising hydrogen and
nitrogen between the first and the second electrodés; 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 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

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% t0 99.9% by volume
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'1500C, contacting the substrate with the negatively charged hydrogen ions
to reduce the netal oxides on the surface of the substrate; and renoving
at least a portion of the electrons accunulated on the surface of the
substrate. 20 [0016] Ina still further aspect of the present invention
there is provided a nethod conprising: providing the substrate which is

connect eﬂit&ﬁeﬂ&%{vg attﬁé it AR She'ddcdhA efectrd8ad WhRereiliElREssuRs BIihdigas a

second el ecfro Is proximal to the first electrode and the substrate

|
wher ei n mﬂuﬁ‘%ﬂpés fbRCII B3R sa%ﬂg.ﬁg%ﬁgé%ﬁeéﬁ 1 et A thB¥eedhd 2|

relative to Irst electrode an rein at |l east a portion.of the

surface gpapped faggpemeﬁatééuee{rum&ﬁqxh@aeéd?.'d%ctmg%érﬁn@f RSEA pbRiohy?
ctrode; "passing a g t f

second ele as mxture conprising fromO0.1 %to 4 % by

vol ue iyl age, Aiheth Ak Rl el ndY R nuBhIVER crinfocd SRR B veen  he

first an € secon wherern t preéssure o gas mxture

secor? " Pt e LR wi B Ph ol RbER0 MBIARR TS p i nERBRIT, ¢
negat f‘iteP%d%ﬁé@ HEGSSL&’@FE?Eﬁ*ﬁe%“%%é'%@2%%‘%%%@‘1%‘3#%%”’%@2‘??S?%&’v%"ﬁ‘?*ﬁ?ee |
of e <t PR Biar i RERGR pEbAR PR of et hctton B TectBot o 1 2

positive,bias, in ectrical potential to renove at | east a portion of the
el ectronE’efsf""(Sfﬁ‘nce ﬁ © bﬁg‘f’}g. of the substrate. [0017] These and ot her

GPar1 callnzhy TSR Betasnackicr HRicRBRRYAM pebPBh EPBer bt Ay Ve 1 a

and b illustrate vol t gge pul se on a em ssion and a base el ectrode,
resperQ:t i &pgp‘y[ng@ttatllggfgfcrﬁt llres 2a through 2i is a schematic illustration
of various el ectrode geonetries

- BRIEF-DESCRIPTION-OF SEVERAL VIEWS-OF THE DRAWINGS ————

[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.



suitable for em ssion and/or retrieval of electrons. [0020] Figure 3

provi des an exanpl e of one enbodi nent of the el ectrode suitable for

em ssion and/or retrieval of electrons enploying a plurality of tips.

[ 0021] Figure 4 provides an exanple of one enbodi nent of the el ectrode
suitable for 20 em ssion and/or retrieval of electrons having a segnented

assenbl y [0G2a] 2 Figuregva and 7biillugtraies thentranspopatiorndf the ehargeddipeeies befweeme
present invention illustrating renoval of surface netal oxides in a wafer

bunpi ng appkleerbdeswhdrDbdPoldringol the bwd bleosbder iechangeat. t i cul ar embodi nent  of
t he present invention for renoving negatively charged ions on the

subst r at goRs] f Fird g peovadel drillusteatioh @ arpastizula? 2mbokdimérit wf therpregerthe ref | ow
of wafer bunps. -8 [0024] Figures 7a and 7b illustrates the transportation

of the chwessh @p@ﬁm%)abm ori the seHaed 6104l Ssbsvatnby Bieplpging'art additioriahe t wo
el ectrodes is changed. |[0025] Figure 8 provides an illustration of a

partigul glecRERONILE Posiile blag relafiveeidithe bay&Blec@ddd.or renoving el ectrons on
the surface of a substrate by enploying an additional 5 electrode with a

posi ti verdu2sf FRjupdd 9LthrSugh B Pravidle YhAblY NdstratibR® dbparfitdal @Rb&amehtsaigh 9e

provi de various 1llustrations of particular enbodi nents of the present

i nventi the%méé?ﬁ i@ntid &MBdYing maVerdht of atdBastdneEldcddge Withtesgeprrthet 0 the
substrate. [0027] Figures 10a and 10b provide an illustration of an

uni di r ecgiupate.vol tage pulse 10 and a bi-directional voltage pul se,
respectively. DETAILED DESCRI PTI ON OF THE | NVENTI ON [ 0028] The present

@J\é ent ;fg:ogﬁjr ?g@gre{)s;h Ga &S T brbPbie BRSIUSEERORbT &H uiiBitethioRiviRagd pase a

exposure to negatively charged ions. The negatively

FEsgﬁf?O%Q%g%ﬂggégﬁ%%aégggéEgg&qega§m§ayface nmet al oxi des. The present
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 example, 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
25 aforementioned processes or any other process desirous of removing oxides without the

need for organic fluxes.



by nodifying traditional reflow and sol dering equi pnents such as, for
exanple, the reflow machine used for reflow of sol der bunped wafer. The
present invention can also be applied to other processes wherein the
renoval of the surface netal oxides froma substrate is desired such as,
but not limted to, netal plating (i.e., the solder plating of 20 portions
of pri nt g0doza)r CTrid tehpasubstrate” &8 UBbd Rerelrigaferdlly rofales tohemampiabsuomesabl e to
subsequent sol dering), reflow and wave sol dering for outer |ead bonding,

surface sficeAMNiltGn cBaRE Wit sildndiiddite, alfiheFNUMBUELGigs, Yalivhigsenideret al s,
such as copper oxide, fornmed during silicon wafer processing. The renoval

of netal ceMdmiesqusrizNébppee glasy, BpskyabeamPatenblsuiablelfbeusd @RfiAtani nvention is
equal ly applicable to the 25 aforenentioned processes or any other process

desi rous ehictroRiFRIEVIRE. Mééisn BinbBaientd) the é\ﬁ%ﬂafeqlé af'edsdticallf induRted of [ 0029]

The term "substrate” as used herein generally relates to a material such as

Silicen, sgmibsiuchifRbsiritd Ravind $A1G8t dpdsEd therdlpdil M @nipiakyisBlgey oxi de,

gal lium arsenide, ceramc, quartz, copper, glass, epoxy, or any naterial

sui t abl e chiposifiSndthbilbe R arh&GinfitaHs, £MMIES tinldiveCbiRkiese iRafidrent s, the

substrate is an electrically insulated or 5 sem -conductive substrate

havi ng S%gﬁ‘ef , & na -Ibgér es@fﬁfﬂagﬁfeb.’ ﬁ&bé‘ﬁe{r, th€ PREIAGA bi tRB lrééBPJtUde’

I
but are no imted to, a fluxiess tin- ver, a fluxless tin-silver-

copPer , hyehti R Biie8 1o Sfhrief obifdriH B Sudtb afi@BABEr odASRIns. 1 et hod

of the present invention i1s suitable for a variety of erent substrates

the present” “rhvent on K drffer
Qea"Sl | PR FREHe) fBoahibn, i SR Bid o lcoh ety GRA ABffaln) dsgiasst Tt ¢

n,"\A

t her gypo | wi shing to be bound by theory, it is believed
t hat ?%eﬁughgggg#%%ﬂ%%geﬁgé' such as a direct current voltage source is

apP! i o0 REHPC e dof MR be Bl Yoo, BBLIAN AEEHRENSH Bhegy! O one

of the t negat
source 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 slectrodes. During the electron drift,
part of the reducing gas forms negative ions by electron attachment which then drift fo

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 ectrical 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
el ectrode"), along the electric field. The substrate having a plurality of

sol der bwapg féHRRMitiohal fRixes AFarther, tleariBBrpiioh of heldttivespeciseon irdsuraceiie base
and the em ssion electrodes (referred to herein as the "target area”) with

the sol dee trRtddEEAsk SréficlPdRs tolthe atifting oRifRPneRuResiP Bhirget lishscdTbng then
el ectrode. In certain enbodi ments, the substrate may be connected to the

base el egldchiigidprmng a target assenbly. A gas m xture conprising a
reduci ng gas and optionally a carrier gas is passed through the electric

field gepsyag egh BinbblifhettSwhéreiaRe ré?ﬂlfd'i gds @niprides h9drodeh it is beidtdd of the

reducing gas™forms negative ions by electron attachment “which then drift to
25 the t {{Afe AeHRARY the prefent itVeRtioRSEcuit 86 tdIB@E: and substrate surface. On

the substrate surface, negatively charged ions can thus reduce the

exi sti ngDﬁﬁgﬁbgﬁﬂgrﬁppphlewﬁ{’_r:lo-H%pgeg It,o_;_t,_t]r adi tional fl yyyes.

Furt her, on o e ac e species on e surface to e treated
can be p te%duetotgi rifti .of t,he,negatively charged io al ong
the el egfeﬁ) n tl@pla’pelr y&jr?g'erb [ rre?“lt"'g"l\ﬁﬁgfei n the reducing 3@5
conprises hydrogen, it is believed 5 that the nethod of the pre I?Iﬂt
i nvent i onhegempmatien el ant!):ni ssoci at iR +Alazdtfent of Mol ecul afilp: H2 +
@ H+ H (1) Electron Attachment on I—%drogen Atom e + HH (I lI)V (~) The
onbi nat PaigedReductionind @H)+ M&x=> M +P0 1 2e" (4 soldenfbiage rretallict i okfV)21-1' +

MO M+ H20 + 2e' (M= solder/base netal) (IV) 10 In these enbodi nents, the
act i vat i bntheseegrbodiments, de activeltion avugy pbmetas oxide réductivreusing the electsarhnent
nmet hod of the present invention is |ower than nethods that use nol ecul ar

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
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hydr ogen because the formation of atom c hydrogen ions wth electron
attachnent elimnates the energy associated wth 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,
sufficient to cause the em ssion electrode to generate electrons. The

ener gy Sqiafigty &f wilyaisBbR Bk Yo RoBliitdd toCcRASIA¥MRBIoNOhAS8RcIsye . such as
an AC or DC source.” O her energy sources, such as an el ectronagnetic energy

source, camblHationd tr@?&ff.g)ﬂrrﬁﬂ?rtﬁ@se Qi ctibnHePatRAGHENO8S) Yhé SeldBtibnadfdhe be used
al one, or in conbinations wth any of the aforenentioned energy sources. In

cer tai n_GrgiAsh B8ts Hainiy Sn'thé oAERAGNind INEieh@Nlevdis tRsbisatans el ectrode i s

connected to a first voltage level and the base electrode is connected to

a second guRbaRGL Kot WRlbodtién WhbRirP leGeliliitd Gay Rl HyRBSen! BBk anstiMican 8

bias in glectrlcal potentia of the fiT8t or “thé second voltage |evels

may b _Zl_gﬁgr[ggrl‘éve‘i’ﬁﬁrpragcﬁin@h ¥ iﬁ??éfel?éd.tIﬁ?h%%’/@erﬁb@&iﬁfeﬁ&%u@rﬂﬂw%e@jf“nded-

[ 0033 duce negatively charged 10 el ectron attachnment, ™ a | arge

quant ity i elécrdilseiit pg@gﬁagfg&ﬁi@B,éaaﬂsa@bﬁﬁ%sgdd}awr therQgHRCHiddraRge, { Ne

el ectrons can be generat e« _ varrety of ways such”as, but™ not
o 5 EARACIBSIHS A A SRy dBERCAS BT il
sepends JRlge Bgh bk URBE AN, THEoRIE B tich] s MoalrLtngs |
Qo8 2 BePaBI e Epu P ROSEAPGPBY i IR e IR, . o 1,
CRLURG, FRBSATBRE Hobl i 870 NEARERRes S IERB RS oL 000, T
Rl = L e T e T o A N
;? eg?/dr O91eers]e %?nsn%%%wén é %ua Qnélznfe: ﬁteldleerrﬁgéior% Y}gfe?njeg% 58%‘?:‘? ad Eol&'ie]‘r{i]ésri]orbpe target
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 andfor maintained at a high

-12 -



[ 0034] For enbodi ments involving electron generation through cat hode

em ssion, these enbodinents may include: field emssion (referred to
herein as cold em ssion), thernmal em ssion (referred to herein as hot

enmi ssion), thermal-field emission, photoenission, and el ectron or ion beam
em ssion. 15 [0035] Field em ssion involves applying an electric field with

a negat i Yémpérafure® Byb%_ﬁef;«r&f FdtAsdsdLRAESOBE rick timttéam,me@tnméamg byl ectrode
that is sufficiently highin intensity to overconme an energy barrier for

el ect r onpakgnd ACISHIRS Hr8GgH therBiddiRdeLinbinéd hehtidd suchal® comtatling tiRcédtRége | n
certain preferred enbodi nents, a DC voltage is applied between the two

el ect r odggadeAith 8 BRetrichMnSuldtedho? Shivaceeited Bh YiehfiipélBmeht, 0F 2 t0 30kV.

In 20 these enbodi nents, t'he distance between the el ectrodes nay range from

0.1 to 3@adidMon, Bf &nfbiadlonsithérgbf 5 to 5 cm [0036] Thernal em ssion, on the
ot her hand, 1nvolves using a high tenperature to energize electrons in the

em SSg on rflaft Frﬂtgﬁgé‘rﬂiélcﬁéfﬁfééi%h‘?s Eiﬁybﬁ’d 8GeIPEMisSIoREndReri®ll hlidsion PONd i n

the matefial "o em ssion electfode. In certain preferred enbodi nents,

the 25 t %ur@stgﬁot@%gag@%mw KA éﬁﬁﬁcﬁ&gﬁcﬁ%’rﬁ?a Hdhrfbﬁ\%@rét@re%ooq

preferably from _ he em ssion ele ~may be brought to
o o, USRS et P GFRSEA A ol KPR <L)
o o o SO AR Y BEn SRR, A e B 7
R ooy BT BB 1 P R9BF, TR idoease on 1 2
Seneiqt s SOk RS b A sl SRR P, 22
it Cul oot Poftadkih eRlcfiEh eRISiS PSS REN GG bn BR'GHRLIAulRE, 3RS MR | 1Y
restriction on the planarity and uniformity of the emission 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
( E from 0.01 to 30 KV, or more preferably from 0.1 to 10 KV.
[0038] In certain preferred embodiments, the thermal emission or thermal-field
20 emission method is used for electron generation. In these embodiments, a high
temperature emission electrode used in either of these methods may also act as a heat
source for the gas mixture that is passed through the electric field generated by the two
electrodes, so that the thermal energy required for heating the gas for a subsequent
reflow process step can be reduced.

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

accomplished via a combination of cathode emission and corona discharge methods. In
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with pure field em ssion and pure thermal em ssion. Thermal -field em ssion
can 10 mnimze 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 planarity and uniformty
of the em ssion surface. Further, thermal-field em ssion may also avoid

pr obl ens yhedeArkbdifieht8CaBherglsSSc Bush' 68 a35C Soltidalls Eﬁbﬁm Ee”theeingihecﬂﬁiﬁ cal

reacti on between the em ssion el ectrode and the gas ase. In

enbodi MenRfe:thes sﬁaﬂenbeﬁoﬁéﬂﬁavglggteh@#a%ﬁ?&ﬁ Bofithb BniS56h brREr84E idolPbr

generation, the tenperature the em ssion el ectrode can range from

anbi ent %Bts)?a%?ﬂg‘e 8€§e pﬁEHee(coWnﬁfo“i’sroﬂQJ?ﬁ) Bé%&@&ié&brﬂég&%dd. rR\ESBna

enbodi nment ctric voltage c range rom0.01 to 30 KV, or nore

P kg o e e 0 3508 e I SRR B 11
generat | glﬂ?rﬁgg i%r{%%&ﬁelgé{md%d%gﬁrtnﬁm &dqirgﬂeasé ﬁ@;g&gﬁﬁ&ﬁhﬁ@rﬁé&@ﬁ' e@c%& ode

used T'n _ ese ne s ‘may al'so act eat source for the gas
e EE?F ﬁdi@?ﬁlgj’a RRpSHfhch i B 88 cBliOa0 Brfbqarfinpoiign T, God thr BREKSHT,
oo e RSB BE A o RS b S i
(i‘n};fﬁgﬁls[ ﬁgggen%f ﬁ?évéoﬁgé%%%?g%ﬁes?;ﬁagﬁa%ﬁééﬁ'&gﬁé%éﬁgﬁ@g%%i ?gge

ot b he MUY doiolios Bie Bn5Pcerpein BRbriceiand 8 BgadBlbptiladtl I 0 "
d?ggiﬁlrge N nealr ot gl eni ssi on({.gel etCt'E ochee. Eﬁ efelgely gdisI %har (icgtr OFgf erably
i i 19 zo P PRCDENe Hpe vairmedtat Ertefieyadfingt o Blibed Wiagenaa as el s

e s on GV PSS TRaRddp. RS Resnreent 85k 1 HebreSt MR, or

hani sm i for el ron .
rechant s flec Fon Sgrgerat?on aen t%treguce the tendency of gas phase discharge.

1

[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

(7— 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.
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em ssion, the voltage applied across the two el ectrodes nmay be constant or
pul sed. The frequency of the voltage pul se ranges fromO 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 nents, it is believed that a pul sed voltage, such as that shown in

Figures Ty, %&m@ntiér%d%r@&i@ﬂﬁ@,'e?e&:%n%%ﬁﬁ%@enlé%é&ﬁ@mtéh drfiRERMe the

848N
anount of e?ectron generation and to reduce The tendency of gas phase

i sch ! . \ . . h
I schar g%‘e#ﬁgﬁ"e@ﬁ{%ﬁ%n a8 bias! rasivY 1d'd Rﬁééeéllbﬁﬁéhegﬁﬁéf@?ﬁdg% Higlirgdgh gas

di schar ge, s may 1 nclude thermal discharge,

phot o- di sefprg 22Tl KAl IEURKRHL havk s JARAPSl SBoméified, Wilbn s Hop

di scharge, arc~di scharge, spar charge, and cor I scharge. In these

embod e Riampl, Bh % 24, BANHY SHhrSlndiAh A1 60 Y H0biaPiharpZiEn 655

phase is ure conprisi ng I'nd gas and an | ner

cert agn  SRRAMINERLS 0 of Aokt Eod, A1bAEI 4 an kPl AGRbS L Hnkie At

bet weén two  el€et €s an rons nay gene romthe Inert gas

L Wi a8 i B b ol Bk, EP S o1
oL et O i PR AR OB TR LAl R R "9,
2, 1O SO AR S B SRt G R (P
et 1o e B b e s ol BE UG Pyl b8
oLECHG Ol ol i ol BB SleR EHEpRoBr R 0%
AR TN W A TR S8 RS
or wire rarﬁ'gngech ih aaraldfz)a?fsa%hi%g islué;h ae ina'rsboal}/esgfof g%v'ﬁ%%l. 2I];'u ’c::e?!a|Jr31uernlﬂogoedin(')n]:mtts,h 'n
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 piurality of tips 3 emanating from its
k ' 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 metais,
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,O, that are

deposited onto a conductive substrate.
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wires or filament 2g, a rod with sharp tips protruding fromits surface 2h,
or a plate with a knurled surface 2i. Additional geonetries nmay include
conbi nati ons of the above geonetries such as plates or rods with surface
protrusions, rods wapped with wire wndings or filanment, coils of thin
wires, etc. Aplurality of electrodes may be enployed 10 that may be

arranged e@aﬁ@y i ﬁl&%oo%%b?éct? aﬁé‘ele’&ﬁ@&? ' s@&'of'a c%ﬂu&nvé“” her

geonetri vvagon geone erel ural ity of

el ect r odgg deq iosglﬁﬁ %E%qqefapola%ﬁyatg't g &{ﬁaﬁ cASed ?\Ie@ﬁo'fﬁé baSd @ wheel.

I n certalne nts ereln d emssion is

| nvol ved, o4 B gab N adee h%g@étgfo?ﬁ#%} t{g@grﬂﬁtn‘éﬁ E&F@%@ h?én ﬁ'@vér@gcﬁlolnar ge

surface curvature, suc ura imze the

Faue S BAREL Frfed BT et 1
of 1. E st m%ﬁbom%féfwgmv Gorise o eandS Er Brtig el el Tha
AT R A
i B
onto cont’fBEet+QS/ Bﬁﬂéﬁaélt%m d%ﬁ??ﬁ@?é)@g O r%,gtoveﬁ)h aﬁ]%‘q 5't limted

0, h t enper at ure suc ni ck chrom um

t t h t | |

'l oys, RS 18y, peierk neog o éaeﬁgﬁ)ﬁOﬁ 5 ratp ° Hels sRlbsBq bRt I onc o o
duct b t -15 [0 1 th t b

o ecd ohégressr%exss Pesied byritctepaasing AACHEALG avﬂgre}éﬁgtéiﬂoﬁlﬁhﬁ'val?gsfﬁqofany of

the other materials described therein. The bast%p el ectrode

vari oty dp" Thefaarmal Sbickion WUSTRRSIEE in DR (BB RIS gt TBA ho core

10 and the plurality of tips 11 are enclosed within an enclosure 12 which is then inserted
into a support frame thereby forming a segmented assembly as shown. Tips 11 are
exposed outside the enclosure 12. Enclosure 12 is composed of an insulating material.

15  The segmented assembly allows for the thermal expansion of the core during operation.
In this arrangement, electrons can be generated from hot tips 11 by applying a negative
voltage bias on the emission electrode relative to the base electrode .

[0046] In another preferred embodiment of the present invention involving thermal-field

emission, indirect heating can raise the temperature of the emission electrode. This may

20 be accomplished by using a heating cartridge as the core of the emission electrode. The
surface of the heating cartridge may be comprised of an electrically conductive material
such as a metal that is electrically 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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[0045] In certain enbodi ments 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 nmade of a netal with a high

el ectrical resistance. A plurality of tips 11 emanate from core 10. Tips

11 may beidsaethe suladOsidns bhniigeieRitivéto akédondaiedtiode! Yor omatihgte on 0
em ssion energy or work function such as any of the materials disclosed

herein. {bgagkbisdhahidtirahgement 8k sutorl erRkirbie B&SEE BEbuRded o diatahdC current
(not shown) through core "10. The thermal conduction will transfer the heat

from t he cafidhe Ray b Peddtivellfadief orCatematiRly2 i ddiidgé Basbelgrowtidetiises 11 are

encl osed wthin an enclTosure 12 which is then inserted into a support

frame thgfhihe dohl B@cﬁo&@%ﬁ?%%sﬁﬁégfﬁiﬁs\édﬁffn shAvRmbbidRRerts, tAé fattefx posed

out si de the encl osure 12. | osure 12 is conposed of an insulating

mat erg al padomd Se?ﬁ%ﬁiﬂi@ﬂ t@ﬁﬁﬁaﬁhqasb{ema iheFelchBe bBRIJER! twe ehihid on of the

r
core during operation. 1In s arrangenent, electrons can be generated

f duri e I a ! ene
rom ho c&édgﬁ,a %p Qﬁeﬁﬁaﬁﬁéhggggtlgfﬂ@ drese chP«%ﬁt[%%glgg?@reﬁmgtél&néﬁ‘ﬂ, 8Ad B

el ectrode r ve ot ectrode . { n anot her preferred
embodi e ifkGit ey e th ii%em | Wéé}?t hk REHEEY of thé carriddd &t e
i ndirect oetg ﬁ(}’%}g}%gﬁ] ral sght e t%ﬂ%gtragture of the g@n%smhon elcgd(;a'trode. Thi s

20 lhsh Male™ ' Lk d t h
glranyssi onggﬁoﬁgt%? 0 g_i‘lé_rﬁ‘gthgéer P ?828 %ﬁen{iﬁgﬁ%@gﬁ%ﬁgaﬁggﬁ@%eﬂ ?&%;&}:géﬁgri ged

eg? r ?lcgﬁg%t;sioﬁﬂése {I?‘%@gg’g g ?@%ﬁﬁﬁc@%\’?hg} %@ﬂ%ﬁ? I'nsli gésifhg%crgﬁ?vh dge. To

pro e ﬁé?%%gag em ssion, a plurality of distributed em ssion tips can be
nounted 2>€Brface of the heating cartridge. The cartridge can be

ey S e e T e L e A
Cart 11 SORRERR Pl BGHRLG L3b4 Behf iRl S BHAgGRe ' (e
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, or 3) a gas
capable of generating active species which form liquid or aqueous oxides upon reaction
of the active species with the metal oxide.
(o [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,, CQ, SiH,, Si,H,, formic acid, alcohols such as,

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

formula (I}):

Q
() R—C-OH

In formula (111), 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,

-17 -



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 nay be positively
bi ased. In some enbodi nents, the latter 5 case may be preferable for
elimnating a potential interference between two electric circuits, e.g.,
one ci r cor tyaiiepikybgrobps, dteferabiCardainieg tfroad H t2¢ barbbs @atoms celmorent , and t he
another circuit nmay be the high voltage bias between the surface of the
cart ri dgereierdblylfeom 3 éc 00 daddoactomsle Thisrapplisssalse teoalklyl meoietiss ¢améaihed in
cartridge electrode may also act as a heat source for the gas m xture to
achi eve other gaypisach ae hpleakyl alkant, @r atdiieyl.r The teom “0bglituted sikyFE tapplieg ©047]
As mentioned previously, a gas m xture conprising a reducing gas is passed
t hr ough- &gl mbietiéy that hawe! shbgtentsttiest ilgludeketatoaloras sudhvas ©] NcSyodes. The
reduci ng gas contained within the gas m xture may fall within one or nore

of the f phlbgeh ABNBAOEIF OFS(R=akyl G@fion Ryl T3 ik O SAordrirCe.,.gd902; HOMR gas
capabl e of generating active species which 15 form gaseous oxides upon

react i on(Réalityd €, qdriard GREEOINRWREH, g TR1r aopliGig,). Thedgrme‘taisgentapabl e

of generating active species which formliquid or aqueous oxides upon

react i onyseif hdrbm iRCldesSIUDRAS, chiforite! Broimite, BRklabdine Tiee tdrRC4BY" adhesdd r st
category of gases, or an |ntr|n5|cally reduct ant gas, includes any gas

t hat t hergrapyiR@bEPsk Yo AEve MEmBeF &BSH ARgs havid&romeitid ehaizetdpe The t@vied.
Exanpl es of 20 intrinsically reductant gases include H2, CO SiH4, Si2H6,

@)r M C acdbstiftetPdpr &s B56MhaRin if'lélﬁd&%&ﬁphﬁbs H@H@%‘Lﬁbbum@hﬁdﬁ&hraclﬁé and
Sonme acidic vapors having the followng formula (I11): 0 (I111) RCOH In

formy a ﬁété}o\atorﬁé’&%rﬂ dlONN, & SrhaldyRndlomb; WCHQVGHI?R-QHQ% 1{ st & @l k!
group, an aryl, or 25 substituted aryl group. The term "al kyl" as used
herei n i aglisles otk PEARINCRRMR (H=ANGIE,, or aryl Cs.10); or NR; (R=H, alky! C.10 OF
aryl Ce0). 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 &’,
15 by dissociative attachment of electron on the gas molecules and form gaseous oxides by
reaction of the active species with the metal oxides to be removed. Examples of this
type of gas include: NH,, H,S, C, to Cy¢ hydrocarbons such as but not limited to CH,,

( ? CzH,, acidic vapors having the formula (lil), and organic vapors having the following

formula (IV):

Q
50 (V) R—C-H_
In formulas (I} 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, Ci, F’, and C', by

25  dissociative attachment of electron on the gas molecules and form liquid or aqueous
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-17 or cyclic alkyl groups, preferably containing from1 to 20 carbon
atons, or nore preferably from21l to 10 carbon atons. This applies also to
al kyl nmoieties contained in other groups such as hal oal kyl, al karyl, or
aral kyl. The term "substituted al kyl" applies to alkyl noieties that have
substituents that include heteroatons such as 0, N, S, or 5 hal ogen atons;

OCH3; OR dxities! bpreasiibnldl 198 a@tiviélspbBied With theé Knstal kides. Exkamples ofthid Gipesi?;
SBR (R=alkyl Cl1.10 or aryl C6-10); or NR2 (R=H, alkyl C1.10 or aryl

Cr,, (). gERendiedemidime@@@thicipe coRfhimpoadds, sisH a8ier,, [9RIOCF T, Ht| BF],ne,
brom ne, and iodine. The term"aryl" as used herein incl udes six to twel ve

menber cawpqruprﬁl S, mﬁyb(rm:ahﬁcgrpﬂ:i_c character. The term "substituted aryl"
as used her®in® ncfude arﬁ rings having subsitutents that include 10

het er oat Cllﬂﬁsﬂucébs?d‘es%cl!}ﬁin§on96r At 8Re HbBVE ca is (PrediiRi KadesCiel 0 OF
aryl C6-10); " alkyl C1.10 ©or aryl C6.10; NO2; SG3R (R=al kyl .10 or aryl

CB. 10} Qjas NiRtufeRiy filtHer Cofhin'@heRr mareWarfdh-ghSds. The GatibPod: Peghe ' o

enbodi ments, the gaS m xture contai ns hydrogen. [0049] The secohd category |

of reduci ' ; t ; ki td DSt ductive
136d I8P eI A8 Hildia%nd ?e%uts:{i}? ga'g?r'b?éwé’é‘cdlﬁ&éﬂ aﬁbmﬂgox.s TH

but can generate active species, h or exanple, H C S, , C, and

S 15 Ryefdy g%&’ gbe,é;& WH? gé& ﬂﬁﬁ%g#afhe %ag Phé With 2 élé’tﬁroﬂ?at‘ffri]r[ﬁ?'lé‘é‘s'%hﬁﬁ tHtd

f orm gaseous action e I ve specles W he netal oxides

to ber e%?ﬂ%qedgﬁﬁggé%ér Qgsetswit‘ﬁin th¥ s%i@ﬁé Iin%%hﬂﬁ%ggi{iﬂg?d ehfbedifents €10

hydr ocar bons su utnot limted to C di'c vapors haVi ng
0 |5 o 238 L ARG o G0 F 0 80 o BT (11 ©
92U, SR AECAEHY MR . gL 7 bt e 200, oroup- (0050
Intrinsi f@déz?{ In certain preferred embodiments, the gas mixture comprises hydrogen as the
reducing gas and nitrogen as the carrier gas due 1o its relatively lower cost and the
environmental friendiiness 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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reductive but can form active species, such as, for exanple, F, d, F, and
', by 25 dissociative attachnment of electron on the gas nvol 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 fluorine and

chl ori ne containing gases, such as CF4, SF6, CF2Cl 2, HC, BF3, W®6, UF6,

Si F3, NF3ubs§iGité tnayerdcdrinecieddd e Rewi electrddedd pdivide teegetrassemblyaind he above
categories of reducing gases, the 5 gas m xture nmay further contain one or

mor e car rfacing thesersissidh electrodgé.cin these empodimentss b diftancekeiweker thé 0 di | ute
t he reducing gas or provide collision stabilization. The carrier gas used

i n the gagnission slectradeyantthentyp gatacsi df theawafer/octargst aabémblytnyay mnge floam t hat
of the reducing gas or gases within the gas mxture. In certain preferred

embodi mey 1o 30 &rA, wrefaralsly froAs0.6% 8em.nert gas. Exanples of suitable inert
gases include, but are not 10 limted to, N2, Ar, He, Ne, Kr, Xe, and Rn.

[ 00525 | noeBS]t Figure Geirevitesla® NStz the hloeegnssedfat &l wafer ®ipiraes hydr ogen
as the reducing gas and nitrogen as the carrier gas due to its relatively

| ower cosbpivation Wheretite subERAeas siliddronslel POS Refifmind® FMYlre 55k s@adnd el ease.
In these enbodi nents, the gas mxture conprises from0.1 to 100% by

vol une, RleRirgdabl ¥s Ibeated aB0N wWekdr PR an® thaWafer é@c&hﬁﬁﬁﬁ/@ﬁ'pﬂ;r&li@m 0.1to 4%
by vol une of hydrogen. Ampunts of hydrogen |lower than 4% are preferred,

whi ch makgRiefBimpa tHot 5RovAls Elaaaaa hiea fild @iedlrolié 28 €8 fodna @F%l@%é@ﬁﬁi?; the
s m xture Is passed through the field generated t._ by the at |east two

pect r odag ekt élBE:ﬁiEFH%T HelHiPrabe BPWaRr bO BhAINMPIE pitalty efsold@Bumpy igf er abl y
rangi ng from 100 to 350C. The pressure of thé gas m xture is preferably 20

ambi gmt %&5&%%28%&60&{& KR 24, -While thBSvated 50 is R8oRh %§%g§ pMcedporps of

t he process. speci al pressure, such as vacuum nay required. In

o e B ie 5 o0ty B SSANS it shenit st T anoe
electrodes 22 and 24. A pulsed voltage 25 is applied across the first electrode 22 and
the second electrode 24 to generate an electric field. A gas mixture 26 containing
hydrogen and nitrogen is passed through the electric field. Low energy electrons 28 are

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

L 7" and wafer 20 disposed thereupon. The drift of negatively charged hydrogen ions 30 and

electrons 28 towards the electrode 22 with wafer 20 disposed thereupon promotés

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

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

substrate surface may prevent additional adsorption of the negatively charged ions as
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16 psia. [0054] The substrate surface in which the oxides are to be renoved
is preferably 25 | ocated between the emi ssion el ectrode and the base
el ectrode with the surface facing the em ssion electrode. In certain
preferred enbodi nents of the present invention, the -19 substrate may be
connected to the base el ectrode to provide a target assenbly and facing
the em ssi el e T ' HSH

155 S60rQ8e ik thO ESGEHIRPG 1B Bhiace deRoRluSicH OFo Rk eRIstrite

em ssion el'€ctro e top sur the wafer/or target assenbly may

range fr O”Be-_gf(iaat‘i'd?i pBc&d®m "%}fﬁ&é}h' thedigtifols an te SubstratedstrReTeclitgbee S

- provides an illustration of the process used for a wafer bunping
~appl i cat i operidaiafy fenfdvedsubstrate is silicon wafer 20. Referring to Figure
5, - a second electrode 24 is |ocated above a wafer 20, and the wafer 20

conpri si ngg)@sﬂ' Bhéhietnbdab reQIIRE oRIETBSs 6MHe StBSMS siifade! M&EBe teange ftig St
el ectrode 22 to forma target assenbly. O At |east a portion of the surface

of wafer 2Qoi8RPloRibBtHSF fhllaeelé&u'éaéé irdiativel toSédcH sthdtu NDeringstheOpatariip Shangden the

second el ectrode 24. Wile the wafer 20 is shown as being placed upon first

el ectrode Jaltagh leveBore8athsdigiide hitytnot Recessirty b@ thecsumdde Iipbae edhbadiynent i
bet ween el ectrodes 22 and 24. A pulsed voltage 25 is applied across the

first el ecpolgtp cRehgdnshn Behachiee by appiging raosielirédional itage pulse detveleact ldast
field. A gas mxture 26 containing hydrogen and nitrogen is passed through

the el ect riwo dlectlodes bosk antapshowreiatFignb2 Figure 6lFogdeam example tdf iarpolanity

electric field which drift towards the first electrode 22 and wafer 20

di sposed t thmngepbarein an alddiddeanay geneoate ieteatrarfs in looe iphaseoefdhe wpltagepulpadi.e.,

m xture 26 forms hydrogen ions 30 by electron attachment which also drift

t owar ds t he négatise bizispand retrieve 2lectus inadrothep phalies¢fdBe voltage maisedhe- FIpesiliyq f t

of negatively charged hydrogen ions 30 and electrons 28 towards the

el ect r ode Wias)wiln Fignéf elecirgiedi1€de ssetl as betbthe alepiramernission @nd @lastrph irefrieving

ions 30 onto the surface of wafer 20 and fosters de-oxidation of the wafer
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 altemative embodiment, excess electrons on the substrate surface may be
removed by employing one or more additional electrodes. Figure 8 provides such an
example wherein a wafer is the substrate. Referring to Figure 8, wafer 200 is disposed

upon a grounded base electrode 201. Two electrodes, electrode 202 having a negative

- 21 -



LN
S

surface (referred to herein as surface de-oxidation). [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 accumul ate

on the substrate surface. In addition, a portion of the free electrons can
directly adsorb on the 25 substrate due to the drifting along the electric

field. Thidingk MbbfciiaRiféds tie Subsirie. Reldsing 26 Figars 8 aeafernago jsrdisposed
addi ti onal adsorption of the negatively charged ions as -20 well as

adver sel yoiif 4 Bfdunti®basE blbbisdel2010f TWd Glebtrddesc SletiRodx20having a Tiegatikee t he
surface 'de-oXidation process nore efficient, the electrons on the

subst r at GoiagE bsGeRAGSd BaddlediRiie 281 @bl dlectred® ved halinga/dosiive voltaged to
renove the €l ectrons on the substrate surface nay be to change the

pol ari t ynigh rdigiva t9babd Bleblr64d 5@08% ih@thifdd atfove he Atler@uiace 268)r Intpist he
polarity change, the voltage |level on each el ectrode may not necessarily

be the s nf HedhOhe &t inuhllySgenBfitad frodh dib@rndR 2 arrefiReewed by

e
applying a |b‘&i rectional voltage 'pul se between at |east two el ectrodes

such as m%}l@&f'od%%ﬂ[‘ ih BngkagrdﬁcélﬁpemBBGiH{e?ntﬁhé’Fgléhﬁ}%? efittrBya 20k andlelettioabar i ty

change erein an el ect e nmay generate e trons in one phase of the

vol tage 54d ey bk Pgrgi%di%%l\ysf@gﬁ{;éde’ﬁo&iaaéasitﬂ@% bHelghfiOvdHagE bid¥and Bicanot her

phase of , a positive las). In Fig. 6, electrode

éllgcit foﬁ%gglgﬁ&@rtgggagég@w% g4 ssi on and el ectron retrieving

I's used a base el ectrode. This arrangenent

1015 BB R mBUREE el f es Bhaosgybe 1 oct 04
© SO Bl el SPASTH h Bra R Bt eplies s, Anot e
o o B 1 b0 B A ol By e oL ono
L et et B B AR BB g epppaenioig

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

N ) negative ions in the gas. While positive and negative ions are produced in the gas as it
flows through the wafer, the net charge of the gas stream is zero.

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

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

then occur within a localized area of the substrate surface.
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attach to at least a portion of the reducing gas and newy created reduci ng
gas ions drift towards wafer 103. Wen the polarity is reversed, electrons
are released fromthe 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 fromO to 100 kHz. [0058] In an
alternative enbodi nent, excess electrons on the substrate surface may be

removed byoREHdauiiitod oshive BIRS th a8sliiéd powhtid). Figure 08 shows g elicorBwaepstodes
such an exanple wherein a wafer is the substrate. Referring to Figure 8,

waf er 200pmjogedictRRRSN undBRA hated MEaf edctares02!te dhichdeadliéd a bivdiredtiendllyodes,
el ectrode 202 having 'a negative -21 exanple wherein a wafer is the

subst r at epulbed @itabé eolitive b tebRss slevddrr 3020Ratinsaydiysied sred frequency sargiedronded
base el ectrode 201. Two el ectrodes, electrode 202 having a negative

vol t age bdas 10KH thereby gedeaatingadndci aedahaVl as 606.cA ewtordomtaDAutside theg a
positive voltage bias relative to base electrode 201 are installed above

t he waf er prgessinechatiber (not $Huws) Eotates thegeafen tSuch Iratetioros freguently @ncdnmliahed,
generated fromel ectrode 202 and retrieved at electrode 203. In one

parti cul ain senbemhdoetot protéssingovithoit sjgnificast ecoptaminrtion @ therwafen ssefeede 203 may
be periodically changed froma positive to a negative voltage bias, and

vi ce ver Saptamitaioh waytbe avhideth by emploriog highelganliness optipnal fespsthrovghs Ard
enbodi ment, el ectrons or residual surface charge may be 10 renoved from
the subst contel eificerastems. Higure O aoows asilizonayaferet1 04neved lisgariydera heated
oxidation. If left untreated, residual charge contam nation can cause

el ect r ost Hingas elegiradendtte whighds aprligd adirdirestipnally|nuised ¥itage slafivnio fog base,

t hese enbodi nents, flowing a high purity gas sgﬁg_ﬁ$ N2 through a

cormmer ci aeleptrefexdi4dhereby generaing Ay onjarpa SEOWMaS B HnThis ArraReemart May b8 ot e
surface can neutralize the residual Chﬁ%ﬂe on the mafei sgtfaQﬁ.liq The
posi ti ve PYIRAIGPRARANEALANRS HHErSYHR CopveYOrRETS ugede Moys walers HiifandpRyeh, ons and
provi de art;umping furnaces such as, for example, printed circuit boards through reflow fumaces.
Figure 9c shows a silicon wafer 320 moved rotationally under a pair of heated linear
emmision 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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el ectrically neutral surface. Suitable charge neutralizer devices may, for
exanpl e, consist of Kr-85 radi oactive sources that produce equal densities
of positive and negative ions in the gas. Wile positive and negative ions
are produced in the gas as it flows through the wafer, the net charge of
the gas streamis zero. 20 [0060] In certain enbodi nents, the substrate or

target ageesd)! YrHEBweth8d BPIHRGpraddnt inveRidTECan bousdtbinaleeetal adasiohttie acts as an
em ssion electrode. In this regard, the em ssion electrode may be in a

fixed pogpitloglechBfics FRanEdRRIhg It addiiorP® the Yébw sfhessitdrtningped wifecsuchle nay
be noved and the substrate nay be in a fixed position, or both the

em ssi on a8 BF bkAHSIe 28\ ettt Fididl pitifg Bragiflg, WalginaPaeIRNbw EHd Weve
vertical, 25 horizontal, rotational, or along an arc. In these enbodi nents,

surface dgenhdfrioBier R4 bdrdfiy. Farelanipié BE rfidw! apriakdveasbidbiing sppatdicses

substrate surface. -22 froma™negative to a positive bias in electrical

POt enj i Alilat aFd GuitaBleter HNENBA of bleSOr iHrRibn 1WA Fige 1eSlpioRldRbii pahdivig under a

heat ed | i near ectrode 3 is applied a bi-directionally pul sed

|t i . .
vol t age wg'@@?‘%go%@mﬁkﬁgéﬂ e Bfie BESGnBRYf thY pleadnt |ﬂvéhtforn%ﬂé§”0y

range from Ing an Ton area shown as 306.

t | i i , . h
Mot or Oﬁh%?ﬁﬁoﬁ&}ag@rreﬁr%ﬁQ&tﬁ ]ml?fzﬁré% PaticaaP¥mbodifieft, 38e t he

waf er. Suc equently acco I n sem conduct or

Gont am naEre oy BB Ph -ARTETALAS ifiof suldith PO iR ot e
ClFer 316088 oA, AR WblngaiicorParlrblBeting & A i e-oDy” b, 700 1 <

R L e e R s sl Al i o

ts E Ir E)ﬁlgj lh ep{%ﬁf@?ﬁ'p&%%ﬁt&ﬂ Y afl (s 169G %-?@é:{rohi% |d§§ﬁgs bR HE W Srepaf er's

urnaces such as, xXa , printed circuit

o oni B3 H ek Rk HEARE yice g ity B6viEd Rty T HRBseRInvndtal oved

rotation 'near
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 vield and reliability by causing diffusion of dopants and oxides thereby

( reducing device performance. Since the method of the present invention can be

performed on a single wafer, the method can be integrated with other single wafer

20 processes, thereby providing better compatibility with other fabrication steps.
{0063] The method and apparatus of the present invention are particularly suitable for
applications of wafer bumping and thin film de-oxidation. The conveniences of using the
present invention for wafer bumpihg and thin film de-oxidation are numerous. First,
compared to typical reflow soldering processes for outer lead bonding, wafer bumping

25 and thin film de-oxidation are both single-face treatment. In this connection, the space

above the surface to be deoxidized can be as small as 1 cm, thereby resulting in an
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enm sion el ectrodes 324 and 326: the base el ectrode 322 has a steady
positive bias and the em ssion electrodes 324 and 326 has a steady
negative bias relative to the base electrode 322 so that el ectrons can be
generated to and be retrieved back fromthe wafer surface thereby
generating an ion area showmn as 328. A notor |ocated outside the processing

chanber (é?ﬁéi?r;?/t*b‘? &&t@&ﬁgpted(}%ewaﬁranalfﬂaagﬁ&taﬁii@n.s RGN the piceassingf er 330

noved | i near under a he pair of linear electrodes 334 and 336 t hat

are held @hostAReY 11N AAkFouREing ard LIBAIERNR Higter tarl et fagicall ect rode

332 to cond ectron emssion and retrieving  separately thereby
ti L :
el at | vel o PRSI BBt TR I 1ot e B e o m 346,
Th | arj by, ' | 2 : ' i@ th
e pol ar elg%é%\fe&%g@?gﬁcgroggtb@%i’e%tr%ﬁ‘énhghrﬁéﬁg%ﬂh, Mﬁdféﬁé:ﬁﬁplﬁghgﬁ gﬁ_dﬁf;m e

base el ec y‘generating an ion area shown a The armis

af fecP com é#agibﬁhiai%ﬁ. it e e i AR T oSEpICl) popEtites) |

0062] T . N ' '

the m o BERER0S 5nY eRinE AR Bl RIcE T GRGRR, ¥, BoTpHRIcRo MRS 2

b d waf , ' Welol '
or ai ng. BT §rooshies ey Bife e AOFEL AT G RTo LT coRoBQ D

The ot nata SREeaRR RGBT OF B0 Ph4RSSny sl oAb ol Gfor 7

@:pl I cation ngtQé}PWSSO whi ch assigned to the assignee of the present
vent i o!PRAYSIE ncorporated herein by reference it its entirety. In one

'rogfrjﬂié ugiﬁ‘iﬁg i 35‘2931“8'? r‘l’ﬁlla‘?%ii@%‘?ag%ﬁ? 'tHQFe ‘E%?E@ﬁ* 6‘%!%@?‘%} @?‘ﬁi@%&ﬁ’?ﬁ ﬁ;edf to
2 o 1 s RETBIES, Ba \hoBLE eserptst i e préva inveien bt ppea B T T
mechani Cj‘llg'nitguld narj zation, that are used to formm cro-electroni c devices on

the wafe & surface oxides reduce device yi el d and device
reliability. The present invention

Example 1

15 [0065] A first experiment was conducted by using a lab-scale furnace. The sample
used was a fluxless tin-lead solder preform (meiting 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

N

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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all ows surface oxides to be renoved in a fully dry, environnentally
friendly manner that does not require the use of aqueous reduci ng agents.
Further, since the present 15 invention is perfornmed at relatively | ow
tenperatures, it does not significantly affect the thernmal budget of the
devi ce during processing. Hi gher tenperatures, by contrast, tend to reduce
devi ce yiTplfbiaradihislesalbbonfinns Wyat¢RelSlebEord aftdchment nithewpaHestivand 0xi des
thereby reducing device performance. Since the method of the present
i nventio mﬁ%h PRideRsBleAnga single wafer, the method can be integrated
with othér single wafer 20 processes, thereby provi di ng better
conpatibility mnth ot her fabrication steps. [0063] The nethod and appar at us
of the present invention are particularly suitable for applications of
waf er bumpbpgeend thin filmde-oxidation. The conveni ences of using the
present i nvention for mafer bunping and thin filmde-oxidation are
numer d:dsﬁs%e%le&? é‘r@'m\Fe%H;f’k W $6H it onCatichRABASsidted out er
np|ng m

| ead ng, and thin de- oxi dation are both

si ngl e- fg?c‘?ro IS tsoldd?lngkq sﬁﬂ"’tﬂgﬁmﬂdclﬁmsél ﬁnﬁ%ﬁﬁﬁsmﬁﬁ%’gﬁh@&%nﬁ%‘é&tﬁce to

be deoxi can e as s ereby resulting i'n an -24

O se bpREEERRI P TREHAOB BRifRliGANNS BIRBIRTEHRI 0. Seoond. the

processin ra ‘ures I ow | unping are si gnl f| cant |y

Lepor at IR0 B?én‘ﬁ-\fb'et MRl *FT%%WB%‘*{‘%'%’@‘%@ﬁéﬁéﬁa’?’g‘% HERS by
@322222 I RIOTR e YRt i BiBle "“E? el NS ORY | ooy
compll e Pﬁsaiﬁﬁgﬁpetgﬁ%?ﬁ%ﬁﬁét Bedbedtiad gﬁﬁ“?é&%ﬁéé‘"ﬂt B et and
ﬁﬁéﬁaﬁnf’éF rgsz%*‘%n"o"@%" ibis g el R e‘*%%i#ﬁ??@#ﬁ?‘ﬁ%”ﬁt% 0064] The

i nvention W l be |IIustrated in nore detail with ‘reference to the
foIIovvlnB1al nais. '

t-

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 Shamp Tip (1/16" dia.)
Brass 1 min 55 sec
Copper 1 min 44 sec
Nickel Chromium 38 sec
Aluminum 1 min 28 sec
Stainless Steel 1 min
( Tungsten 1 min 54 sec

15
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exanpl es, but it should be understood that the present invention is not
deened to be limted thereto. Exanple 1 15 [0065] A first experinent was
conducted by using a | ab-scal e furnace. The sanple used was a fl uxl ess
tin-lead solder preform (melting point 183C) on a grounded copper plate
(anode), which was | oaded inside a furnace and heated up to 250C under a
gas flopyohpR% H2 in N2. Wen the sanple tenperature was at equilibrium a
DC vol t age mgs appl i ed between the negative el ectrode (cathode) and the

gr Ounded@%gfggaé %g%@ﬁi e2IMble Wal'cBAMEY td MVEARERONE effbiehes2liMhel th a

current e distance between the two el ectrodes was about 1 cm

The pr esﬁ'n‘éﬁﬁal‘gﬁe’eﬁd éﬂ@s%’ﬁtm?tﬁﬁam%ﬁé}dﬁn leRTHBAE - A'Hmm\ﬁ@‘-inétét\ﬁi?ﬁhif@tod. he

sol der was 1 ndeed very well wett'ed on The copper surface. out applying

an el ectplgny anhmﬁbgﬁargﬁﬁgr\%@%%{ﬂﬂgd ‘Bﬁs Frcftrluk!iﬂg%:?n 95 GPiced BeiddGRARE

surface can ¥ never Suc ow tenperature, even in pure H2,

becayse églgml?g LeShid 8 gggmhggg@iﬂ' '_tﬁzﬁlafrﬁéeeigga G FigukeP2il. SEEdFoflthé pRthuditfy On a

tin-based solder 1I's alove ore, ‘this result confirns that
Sol dor | njeCRREHNRERSTE i BYRTH 2o ieDleR? e rahietoe e e et e
el a oneaNaR A RAD ST RaDpH WHe R bl Hoahe realiF LG altne'™ oo 1 o°
he. bost PORSicERR, 4 B ftad safte o a0 i abmied Bitocfitnd giepfins ckhote % 70
O Pec ™1 and A e it R et ok MR 1 D FRRRRRer MRS o

T Yt o R iR B P M e P rd) ¥t ks Actioh® BLAIBRAY

be generated from the distributed tips on the graphite rod. Without heating of the

graphite rod, there would be either no electron emission from the cathode, or arcing

between one of the tips and the anode plate. This demonstrates that the combination of

using a cathode having multiple tips and elevated temperatures, i.e., a thermal-field

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

emitting system.

( ' Example 4
[0069] The present example was conducted using a 0.04” diameter nickel-chromium
20 alloy heating wire clamped horizontally between two machined AlOs vrefractory plates
such as the electrode illustrated in Figure 4. A series of five nickel-chromium alloy
emitting wires, each with a sharp tip (12.5 degree) on one end of the wire, protruded
perpendicularly from the nickel-chromium heating wire and were vertically positioned
between two refractory plates. The nickel-chromium heating wire and tips were heated
25 upin a gas mixture of 5%H,and 95%N, to about 870°C using an AC power source. A

DC voltage of 2.6KV was applied between the cathode and a copper plate that acted as
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materials. Table |I: Effect of Cathode Material on Wettin Tinme at 250C and

20% H2 WMaterial of Cathode Rod Tine to Conplete Wetting with a Sharp Tip
1/16" dia.) Brass 1 mn 55 sec Copper 1 min 44 sec Nickel Chromum 39 sec
Alumnum1 mn 28 sec Stainless Steel 1 min Tungsten 1 mn 54 sec ~.. 15
-26 Exanmple 3 [0068] The present exanple was conducted to investigate the

ef fecti Vgﬂ&iﬁ% %J?ﬁ'grmt erhgdgptﬁétﬁé&] 1 tWal it sBE S Ol figd t.@ae\wefeanu.ﬁmated

el ectron Ite rod, having a nunber of 1 nm | ong

machi ned Jiyip P&té’ltén%g%BHcgﬁ&{f‘réé et .4 A \Aﬁﬁéﬁ%e@ﬁn%ﬁﬁhé wird hRgR waddhad a

geonetry S|m epi ct |n Fi gure 21 . t he protrud| ng

E:L:Aﬁen tﬁ%égrap%léfé %\[’\%aggzgﬁ c?'g%::cgﬁpe;kg ri;;t:e 'ﬁat acat'-ed Sgﬁ, ?'5 ?ggd\i/ere
:clrlolrjntﬂgt %’?i?‘gb@@#ﬁ'ﬁ@ﬁfﬂng {’}?16 s 0ectfi:ruonsr cou %%B‘FL hﬁf‘%p be generated
gr aphi tet? a# tpgfi\?oeurﬁgs@@ elﬁﬁﬁerﬁtﬁéci)éée %rggsnwerém ngm??ﬁé o éen E:gtehode

or arcin . . .
%mussnon at a given electric potential.

Q Example 5

10 [0070] The present example was conducted to demonstrate the effect of a voltage
puise between two electrodes on cathode emission, A single-tip nickel-chromium alloy
wire was used as the emissiqn 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 pulséd 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 Il.

[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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bet ween one of the tips and the anode pl ate.
using a cathode having nmultiple tips and el evated
a thermal -field 15 em ssion method,
obtai ning uniformelectron em ssion froman integrated

conbi nat
t enper at

i on of

ures, i.e.

Thi s denonstrates that the

is effective for
emtting system

Exanpl e 4 [0069] The present exanple was conducted using a 0.04 dianeter

ni ckel - chrgyme WMuniBiraédonul Vatige Ly r € cl anped hori zontal Iy between two
machi ned A12C3 refractory plates such as the electrode illustrated in
Fi gure 4 pdsing Fréauenty (HIYE Nl BREl - CHT[GBHgIMT al D o8 W T EBsogach (with
a sharp fti p i( éaq%ﬁe%"ﬂ’ one end jof the wWre, protruded
per pendi LEhigEﬂop Cdniéﬂ¥étl§4lk L(Bi —ChroTiggT Teat gy W re|[gg weref ggreically
posi ti ored ween two refractory pllates. The ni ckel 1chrom un heating [wi re
and tips F\A}%{iﬁ ﬁﬁ’t' % Al.)lp ip a gas mxture of 5%12 and 95%\2 o about |870C
usi ng an p%we source DC voltcge of 2. pKV was applied between the
cat hode &k t—actet =27 ttye—anott ' gap
bet ween m’sgﬂg%t'{&oflggv A?I five(tTps vvereo'iLfI | um pated '?he t ot/ al
em ssiorIJ:;:Li‘l:Sd e{a h%% ta mA. Wthout heatjng of the wire, fthere would
be eithdg NEATRIHER DRy ss pn from tthe cat hode, or afcing betjween one]of

1 d Aand tha Anadn nl At i len dvannl A 2D oavanal b4 Ao et o ot
the tl p\_ “urru vrre ATTUUC “al L ==3 B A N\ ) LaI\MII'JI A\ Jy CI\(AII'JI — i UClITTUuTIiol 1T ALl CQ hat

thermal -assisted field 5 em ssion provides uniform el ectron em ssion.

'S0 | nerSREBE he quant ity of the 6 ectron emiosion at a i ven electric
Brronst + 40072 herareean sKarmplepras.iuugian e ERPTRIEe FURP BETRRREY on
Cat08e ik PO b RS Bl gy Vo o e
[0073] A bi-directional voltage pulse with a total pulsing amplitude of 3.4 kV (e.g. from
+1.7 kV to 1.7 kV) was applied between the two electrodes. During the bi-directional
voltage pulse, the polarity of the two electrodes was changed. In other words, the tip of
the emission electrode was varied from a positive to a negative electrical bias relative to
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 Hl illustrates, the higher the frequency of the
polarity change, the lower the charge build up will be by observing the leakage current
15  passing through the copper base electrode.

Table lil: Bi-Directional Voltage Pulse

Pulsing Frequency (Hz) 250 500 1000 2500

Leakage Current (mA) 0.00069 0.00054 0.00015 0.00015
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el ectrode. The copper plate was | ocated 3mm bel ow the tip of the em ssion
electrode. A tin/lead solder preformwas di sposed upon the copper plate.
The nickel -chromumw re, 15 preform and copper plate were maintained in a
furnace at anbient tenperature in a gas mxture of 4% and the renai nder
N2. A pul sed uni-directional voltage of various frequencies and anplitudes
was appl i%{rﬁﬁé]yeen the two electrodes. In this connection, the electric
potential of 'the eni ssion el ectrode was varied fromnegative to zero

oner at od 08I T FHEAHE SRR, Fod il od I BbmBherato DR SRR RRal T
ol oct 1 ondTTPHNIEph A0 elecrplé AUGHI 130 608 FEritiidd Sineling | .
Uni - Dt r oRCTBSEROTE P8t At R pRER ! & B SuBBR i waR 5ol 817 0o 5500
Em ssPon S rdpiateciumer o grefrged cBoderiide W Aok URinealffhe Witer
i Sohar g@T o 17 e HeREey da rrg St o PR et BREIIA Tccame
SR #2 KRR RSN A IR E RO T SR )
(IR VN T R SRR CR R AT
O was 1.5 cm. The arrangement was heated within a gas mixture containing 4% Hz in Nz
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 bail 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 15.3 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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the em ssion electrode was varied froma positive to a negative electrical
bias relative to 10 the grounded base el ectrode thereby all ow ng el ectrons
to be generated fromand retrieved to the tip electrode. [0074] Table I
provi des the | eakage current fromthe base el ectrode for each frequency of
the polarity change. As Table IIl illustrates, the higher the frequency of
the polarity change, the |ower the charge build up will be by observing

t he | eakage current 15 passing through the copper base el ectrode. Table
[11: Bi-Directional Voltage Pul se Pul §LAMSTequency (Hz) 250 500 1000 2500
Leakage Current (mA) 0.00069 0.00054 0.00015 0.00015 -29 Exanple 7 [0075]
The present ex | e .was .condy

by ohpl oyi ng.alr RAMRREHFREH A ot §aSst BRT piBsd SIMRRT ofy Shmiis ey TET 0

mel ting pethot compBgBE was set on a snall piece of a copper substrate that
was set on an 5 electrically insulated wafer. A grounded copper plate was
pl aced under nepiovidingdheibstrateadichds pestinagl tapa frgbeleetraslet r ode. Two single-tip
ni ckel -chromumw res, one with a negative voltage and one with a positive

n
vol t age, were PrR¥idiaDasgcendelipeimeodhatifprpyaal todhetrst acroge@nd thesubsirelg,
preform The distance between the two Si n%I e-tip electrodes %ﬁs .5 cm
The ar r an¥yBergin atigast a pattiaq olihe feating syHace ﬁ&?%déﬁmeaﬁeﬁwfgelﬁe ' N2 10
fromroomtenperature to a given refl ow tenperature above, the | ting point
of the syPe&M th?\ﬂ@ha'ﬂ%@ersé&ﬂdoﬁl?‘{“@ﬂ%?'&{'E?é“?%@&]@a'%g Rl quﬁr')ﬁ?re@l ectron
attachnment was started by applying the positive and.the negative voltages
to the two si ngq:sg;ngiapga@rg%wsggcgéons EFPH%C'?QQ@tE@HQFF@Qa?QSFg?HB sol der
preformto forma, spherical  ball s, recorded.. The for i
spherical sol d%‘fppiﬁ[%l STy, RSy tg%’ﬁ@;(?%cggqcpggelg rofies t(gggl?éar'létgéle%gm@%om in

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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15 Table IV, the surface de-oxidation is quite efficient at a range of
tenperature from310 to 330C, which is only 5 to 15C above the nelting
poi nt of the solder. Table IV |Isotherm Refl ow Tenperature 310 320 330 C
Ball formation Tinme (seconds) 20, 18, 20, 24 17, 13, 16 14, 12 Average
Ball Formation Time 20.5 15.3 13 (seconds) 20 [0076] Wile the invention
has been described in detail and with reference to specific exanples

thereof, it will be apparent to one skilled in the art that various changes
and nodi fi oat Tﬁh“ﬁmeﬁ@ﬂ obaamzi%uaﬂﬂﬁb '?erﬁb\IlrgyJélép 88HgHsel rpﬂwid*rsqn thirg spirit
and scope thereof. - . A metho renovi ng net oxides froma

treating surf aé!@ctﬂ:fdeébr@tﬂ’ﬂﬁltté Qﬂe&' rsttél‘éi‘:trc)ﬂ@ttlh@%déﬂﬂﬁrebﬁbdw angdtHe\dubtigle t he
substrate which is proxinmal to a first el ectrode; provi ding a second

el ectrode t hat whéreprtp thifaleldcrodid\Bas a paditivelbitin edetria patenbial reletdas to Atesfirst
wherein at |east a portion of the treating surface is exposed to the second
el ectrode and amhsscehtmelebiodesr st and t he second el ectrodes and the
substrate reside within a target area; passing a gas m xture conprising a
reduci ng gas through the target area; supplying energy between the first
and second el ectrodes to generate electrons wthin the target area wherein
at | east a por Thomethodiohdaipl 2 whewitstha reraeMing siem compriees passing a high pgfity t he
reduci ng gas thereby formng a negatively charged reducing gas, wherein the
energy conpr i gasthepugh lagedtralizeetotprevide amionized newjest gamencenntacing g tregling

treating surface with the negatively charged reducing gas to reduce the
surface with the ionized neutral gas.

7. The method of claim 1 wherein the reducing gas is a gas selected from the group
consisting of Ha, CO, SiH,, SizMs, CF4, SFe, CF;Cly, HCI, BF3, WFe, UFs, SiFs, NF3,
CCIF;, HF, NH,;, H,S, straight, branched or cyclic C, to Cy¢ hydrocarbons, formic acid,

alcohols, acidic vapors having the following formula (l11):

9
() R—C-OH

organic vapors having the following formula {IV),

Q
(V) 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 Ha.

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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metal oxides on the treating surface of the substrate, wherein the nethod
is performed in the absence of a vacuum 2. The nethod of claim1 further
conprising renoving at |east a portion of the electrons that accunul ates
on the treating surface of the substrate. 3. The nmethod of claim2 wherein
the renoving step conprises changing a polarity of the first and the
second el ectrodes. 4. The nethod of claim3 wherein a frequency of the
polarity change ranges fromO to 100 kHz. 31 5. The nethod of claim?2
wher ei n t he 11 e MRY infhcf STRIafA TRIHPES tha! % inshkt0@ farthdtchbmMpridsas édrRéleyarr oxi mal
to the first electrode, the second el ectrode, and the substrate ~wherein
the third el ectrode has a positive bias in electric potential relative to
the first and second el ectrodes. 6. The nethod of claim2 wherein the
renmovi ng st ap. Tagpistisrisof RRES H Mevhardi BB chtiet §as cafFisbH BOUGN ofe RasIESIBtteder tO
provi de an ionized neutral gas and contacting the treating surface with
the ioni zed nefudm e gragp cohsislingofratrduael, lodliuml, aigon Ineshexerion, krixston,addan, bg gas
is a gas selected fromthe group consisting of H2, CO SiH4, Si2H6, CF4,
SF6, CF2Cl 2, Haijur&RBeredF6, UF6, SiF3, NF3, CCF3, HF, NH3, H2S, straight,
branched or cyclic C, to Cl10 hydrocarbons, formc acid, alcohols, acidic
vapors having the followng formula (I11l1): O (Ill) RC-OH organic vapors
having the following fornula (1V), 0 (1V) RCH

13. The method of claim 11 wherein the carrier gas has an electron affinity that is less

than the electron affinity of the reducing gas.

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

450°C.

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

to 350°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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and m xtures thereof, wherein substituent Rin forrmula (I11) and formul a
(I'V) is an alkyl group, a substituted al kyl group, an aryl group, or a
substituted aryl group. 8. The method of claim| wherein the reducing gas
is H2. 9. The nethod of claim7 wherein the gas m xture conprises 0.1 to
100% by vol une of hydrogen. 10. The nethod of claim9 wherein said gas
mxture is 0.1 to 4% by volunme of hydrogen. 32 11. The nmethod of claiml
wherein the gas m xture further conprises a carrier gas. 12. The method of

claim 11 wheieithe llindforcldth 19@Rr&R THY hétRed RlusbE Asdt IQREoRAProsfdsakleRtbd from
the group consisting of nitrogen, helium argon, neon, xenon, Kkrypton,

radon, or M Xfrbhh @%e §roap B&sisting of rEiGw BEIHERR, %véﬁé@l&iéﬂn%,lwme‘b@hmng,hﬁetﬁlarri er
gas has an electron affinity that is less than the electron affinity of

the reduci ng g@atingl ArazilgewsmingOslirfabe loaning, thinfiRi 8é-Bxitidtons ubaixtiuréethereoht a
tenperature ranging fromO to 450C. 15. The method of claim 14 wherein the
substrate is at a tenperature ranging from 100 to 350C. 16. The net hod of
claiml1 wherein the distance between the treating surface and the second

el ectrode r @ngeise method @f dlainot @Beein thé élecifres aregboatated it thei supplgingistepdiyn t he
di stance between the treating surface and the second el ectrode ranges from
0.5 to 5 cm 1&ledsteneradditmhabinethiod isatedtedremeha group cbnsistingelf eathedale i s
grounded. 19. The nmethod of claim 1l wherein the second el ectrode is
grounded. 33 @bissibhagasalidebargef arsl combiratiohetheieof.t he net hod is used in at

| east one process sel ected

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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fromthe group consisting of reflow sol dering, wave sol dering, wafer

bunmpi ng, metal plating, brazing, welding, surface cleaning, thin film
de-oxi dation, or mxtures thereof. 21. The nethod of claim1 wherein the

el ectrons are generated in the supplying step by at |east one additional
met hod sel ected fromthe group consisting of cathode em ssion, gas

di scharge, and conbi nations thereof. 22. The nethod of claim 21 wherein the
el ectrons are generated by a cathode enission nethod selected fromthe

group consi sti gghthing t! thg@f%ﬁ%fn@ﬂr withtRé ABdatiOsly eRarged redhblﬁggaéwﬁér%hﬂhe
em ssi on, photoem ssion, and el ectron beam em Ssi on. e nmet hod of

claim 22 whpHiosH cﬁé’t@e@*e@iﬁélhga& RIdBcEaRE ittt AxibBys bilesatiatd &flthe sE¥iratt on.
24. A method of renoving oxi des froma surface of a substrate

conprisingn@ plurality of solder bunps, the nethod conprising: providing
the substrate which is connected to a first electrode as a target assenbly;
provi di ng a secemvinglatkasogiportich o tleticorsacdurhealagdionadlss surfacy ofiher ei n at

| east a portion of the surface conprising the plurality of solder bunps is
exposed t sulistratesyahanging b @olarityad theffiret\andisecpral eexdrodesct ure conprising a
reduci ng gas and a carrier gas between the first and second el ectrodes;
supplying a pul sed direct current voltage between the first and second

el ectrodes to generate electrons wherein at |east a portion of the

el ectrons at25adhetmethod of shaim 24 wherein a fregiency hitthe paladtyreangssranges &e5y Otter ni ng
a negatively charged reducing gas; 34 contacting the target assenbly with

t he negatlvely1@hgi@ed reduci ng gas wherein the negatively charged
reduci ng gas reduces the netal oxides on the surface of the substrate; and

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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renoving at |east a portion of the electrons accunul ated on the surface of
the substrate by changing a polarity of the first and second el ectrodes.
25. The nmethod of claim 24 wherein a frequency of the polarity change
ranges fromO to 100 kHz. 26. The method of claim?24 wherein the
tenperature of the second el ectrode ranges from25 to 3500C. 27. The

nmet hod of claim 26 wherein the tenperature of the second el ectrode ranges
from 150 to 1500C. 28. The nethod of claim 24 wherein the second el ectrode

i s moved. 29 TH R el Rpdaiff 24 hRéreindfe VOIRGE blisé RpildregRhakRssenbly is noved.
30. The nethod of claim 24 wherein the target assenbly is noved. 31. The

nmet hod of claim 24 wherein the voltage ranges from0.01 to 50 kV. 32. The
met hod of claim 31 wherein the voltage ranges fromO0.1 to 30 kV. 33. The
met hod of cl3gi mhe ey oficiairh 28 whetdire distdree betvaenithalsutatrbiecamalthe S&&coBd. The
met hod of claim 24 wherein the voltage pulse is bi-directional. 35. The

met hod of cl ai ele@rbdehetgesirotn@1ds 30 emce bet ween the substrate and the
second electrode ranges from0.1 to 30 cm 36. The nethod of claim 35
wherein the di stance between the substrate and the second el ectrode ranges
fromO0.5 to 5 cm 37. A nethod of renoving netal oxides fromthe surface of
a subst r at e 36oMpeimstimgl of clairh 36 alhistejn tie distdntebetyaepdhe substratetanddhe ssaent si ng:
provi ding the substrate which is connected to a first el ectrode; providing
a second el ect elecirodelrangeisdropr RitoBlcm o the first el ectrode and the
substrate wherein the second el ectrode has a negative bias in electric
potential relative to the first

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 electrade 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 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 m xture conprising hydrogen and nitrogen between the first and the
second el ectrodes; supplying a pulsed direct current voltage between the
first and the second electrodes to generate electrons fromthe second
el ectrode wherein at least a portion of the electrons attach to the
hydrogen to form negatively charged hydrogen i ons and wherein the

tenper at ur e 38f ThB PhetRIBTRIafth 32 Fiirthee corpriRg Heatfg HeQIdraitl 60 der bOMbats a ng
the substrate with the negatively charged hydrogen ions to reduce the

netal oxides ogniperatdsiifigientbr the SoRiEPSUNER t6 webBlesR AOrtG Athd fafate of
portion of the electrons accunul ated on the surface of the substrate by

changi ng pol arjnhke\subdtratdie first and second el ectrodes. 36 38. The net hod of
claim 37 further conprising heating the plurality of solder 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 of39 MThewathahsf claim 3B evhergirpaty)eas) apodion of theuwoliagd iorthe supphing: stemy
step. 40. The nmethod of claim 37 wherein the voltage pulse is

uni di r ect i onal is usdd for Thechaaliogstdpof cl ai m 37 wherein the voltage pulse is
bi-directional. 42. The method of claim 37 wherein the gas m xture
conprises 0.1 to 4 % by volunme hydrogen. 43. The nethod of claim 37
wherein a geonetry of the second electrode is at |east one selected from
the group cdf@sTke mathodfof gaimhdhwherein the\volinge puish isunidieachen®d tip, a conb, a
screen, a |loose coil, an array of conbs, a bundle of thin wires, a rod with
sharp tips

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 c¢oil, 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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protruding fromits surface, a plate with a knurled surface, a wagon wheel,
or mxtures thereof. 44. The nethod of claim 37 wherein the second

el ectrode is a segnented assenbly. 45. The nmethod of claim 37 wherein the
second el ectrode is conposed of at |east one nmaterial selected fromthe
group consisting of brass, stainless steel, copper, nickel chrom um

al um 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 xier qhé aRaRs dfcRith 3P whereirBe Prdssure’f theldd mMRluRDGngés Bbra10Ns 7
wherein the second el ectrode is heated by at | east one nethod sel ected

fromthe groupeesigi sting of direct heating, indirect heating, infrared

radi ati on heating, or conbinations thereof. 48. A nethod of renoving netal
oxides fromthe surface of a substrate conprising a plurality of sol der
bunps, the nmethod conprising: providing the substrate which is connected to
a first el edf7r dtle muttidadi of cainh 82whegin ihb aetnd;elentrode i hegteal heeat teadt eeect r ode
that is proximal to the first electrode and the substrate wherein the
second el ect r ouethbd selected framithe gtoup sonsistieg et direct healingindisdet hedting) infrared t he
first electrode and wherein at |east a portion of the surface conprising
the plurality refliation beatingbwepmbingtiensjbered’.t o t he second el ectrode; passing
a gas mxture conprising fromO0.1%to 4% by vol ume hydrogen and from 1% to
99. 9% by volume nitrogen between the first and the second el ectrodes

wherein the pressure of the gas m xture ranges from10 to 20 psi a;
suppl yi ng vdBt Agaethed \of semevied metaltoxides frome thecsysiage of acsybstiale W%@W&r"ht e

el ectrons . »
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 andé 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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fromthe second el ectrode wherein at | east a portion of the el ectrons
attach to the hydrogen to form negatively charged hydrogen ions;
contacting the substrate with the negatively charged hydrogen ions to
reduce the nmetal 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 at |least a portion of the electrons fromthe surface of the
substrate. 38 49. The nethod of claim 21 wherein the electrons are

gener at ed byggahe feldiPstERiim 2% WherdiretheRldtaendire Gehératet by dicharigbe

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

di scharge, photo-di scharge, aval anche di scharge, and conbinations thereof.
51. The nethod of claim 37 wherein the second el ectrode is conposed of a
sem conduct &0, The metiiel dfelaim d9 efheddiraihmelettrohesreigenslated byrsgasdisshargede | s
conposed of a sem conductor. 53. The nethod of claim1l wherein the nethod
is used in at methst! seleeteq fromathermat disghrargs, photaadischatgegiatanch® dischidrge, rmptihod
of claim 21 wherein the electrons are generated by the cathode em ssion
met hod conpr i scamgpindtiensttlerdafel d em ssi on. 55. The nmethod of claim 37
wherein a geonetry of the second el ectrode conprises a rod wth a
sharpened tip. 56. The nethod of claim37 wherein a material for the second
el ectrode conprises nickel chromum 57. The method of claim 37 wherein
the second &iledbedwthadsofismim 8d wherein thesgeendstectroge isamprosehef &i ng direct

heati ng. 39
semiconductor.

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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58. The nethod of claim 21 wherein the electrons are generated by the gas
di scharge nethod conprising aval anche di scharge. 59. A nethod of renoving
copper oxide froma treating surface of a substrate, the nethod
conprising: providing a substrate which is proximl to an anode, the
substrate conprising a treating surface conprising copper oxide; providing
a cathode that is proximal to the anode and the substrate wherein at |east
a portion of the treating surface is exposed to the cathode and wherein

the anode ang, tThe metddsERiA 24 whBRibhBSIdclbRs Aré PeflSratdityithe gad aik@Rirger ea,
wherein the cathode has a shape defined by a plate having protruding tips;

passi ng a gas fsthod cBmpASTIRY Avsildhgha disersliige.ng gas through the target area,
supplying a pul sed direct current voltage between the anode and the cat hode

to generate electrons within the target area, wherein at |east a portion
of the electrons attach to at |least a portion of the reducing gas thereby
form ng a négatA methgd ofhvengeitig cepheriorige fram; a teating cuifaug dflacsubsteadé,ithg surf ace
with the negatively charged reducing gas to reduce the netal oxides on the
treati ng surf ametholl comprisngpst rate; and changing polarity of the second
el ectrode to a positive bias in electric potential to renmove at |least a
portion of t heprevigiograsubstratewhichds poxifratte anfancte, the buhstrateccorgisingide net hod
of claim59 wherein the reducing gas is a gas selected fromthe group
consi st i niealinglsArface@ongirping ceppaA@xider4, SF6, CF2Cl 2, HCl, BF3, W6, UF6,
SiF3, NF3, CCF3, HF, NH3, H2S, straight, branched or cyclic C, to C o
hydr ocar bons, Pra¥iging a:eethede that isgpreximal tadhejanodeand the sibsiralg wheeein gt leattiang
formula (111): O gl 1) RRC-OH organic vapors having the foll ow ncé; formul a
(1V), portion of the treating surface is exposed to the cathode and wherein the anode and th
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, SFs, Ccmlz, HCI, BF3, WFs, UFs, SiF3, NF3,
CCIF;, HF, NH;, H.S, straight, branched or cyclic C, to C4 hydrocarbons, formic acid,

alcohols, acidic vapors having the following formula (1ll):

9
(1) R—C-OH,

organic vapors having the following formula {IV},
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40 0 (1V) RRCGH and m xtures thereof, wherein substituent Rin fornula
(1) and formula (IV) is an al kyl group, a substituted al kyl group, an
aryl group, or a substituted aryl group. 61. The nethod of claim59 wherein
the reducing gas conprises H2. 62. The nethod of claim59 wherein the

cat hode conprises a nickel chromumalloy. 63. The nethod of claim59
wherein the pressure of the gas m xture ranges from 10 to 100 psia. 64.
The net hod of claimb59 wherein the voltage ranges fromO0.1 to 30 kV. 65.
The met hod of claim59 wherein the substraie is at a tenperature ranging
from 100 to 350C. 66. The nethod of glprmEBY wherein the voltage is pul sed
at a frequency between 0 and 20 KHz to prevent arching. 67. The nethod of
cl ai m 59 wheinginfixturee theedtodhéreinsubstitient RlinTaeuRXiIjahd mart(hds an 8yl A

met hod of renoving a thin filmof copper oxide froma treating surface of a
substrate, tgheupmaishistititediplkyl growp, apagygrdupmar a sshititateatsyl gdouph i s proxi mal
to an anode, the substrate conprising a treating surface conprising a thin
filmof copper oxide; 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 Twtrhettied ehdaim b wherein e redocing gasdcantpeiseg He.hode and t he
substrate reside within a target area, wherein the cathode conprises a

ni ckel chrom um alloy and has a shape defined by a plate having protrudi ng

tips; passing a gas mxture at a pressure of between 10 and 100 psia
t hr ough t he BRargwetmethod 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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area, the gas m xture conprising a reducing gas, the reducing gas
conprising a mxture of H2N2, wherein the mxture is fromO0.1 to 100% by
vol unme of H2; supplying a pul sed 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 |east a portion of the

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

a negatively ghaitpgd da@fbdeithd iORBXMAPBIREAAINE dndehd SidRlrhteGviardih atiBasat h
t he negatively charged reducing gas to reduce the netal oxides on the

treating poriborthetrestig stibed isakposed @dMél dathodé ah@ dbbreih theahb@damd thehe
el ectrons that accunul ates on the treating surface of the substrate by

changi ng pathade 4nd thé stilstrafe resitie itbinsaagetiareh oeiaréif @ise catlirieaiompribes substrat e
Is at a tenperature ranging from 100 to 350C. 42
nickel chromium alloy and has a shape defined by a plate having protruding tips;
passing a gas mixture at a pressure of between 10 and 100 psia through the target
area, the gas mixture comprising a reducing gas, the reducing gas comprising a mixture of
H2N2, wherein the mixture is from 0.1 to 100% by volume of Hy;
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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