TITLE OF THE INVENTION: REMOVAL OF SURFACE OXIDES BY ELECTRON
ATTACHMENT CROSS-REFERENCE TO RELATED APPLICATIONS [0001] This
application is a continuation-in-part of U.S. Patent Application No, 12/119,701, a
continuation-in part of U.S, Patent Application No. 12/042,055, which, in turn, is a continuation
of U.S. Patent Application No. 10/425,405, filed April 28, 2003, the disclosures of which are
incorporated herein by reference in their entirety. This application also claims the benefit of
U.S. Provisional Application Serial No. 61/086,313 filed August 5, 2008, the disclosure of
which is incorporated herein by reference in its entirety. BACKGROUND OF THE INVENTION
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BACKGROUND OF THE INVENTION
10 [0002] Described herein are fluxless processes for removing metal oxides from the surface
of a substrate, including an insulated substrate. Also described herein is an apparatus for
removing metal oxides from the surface of a substrate.
[0003] Wafer bumping is a process used to make thick metal bumps on the chip bond
pads for inner lead bonding. The bumps are commonly made by depositing a solder on the
15 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-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

20  solders (e.g., > 300°C) are normally used in the wafer bumping process because it allows for



bump height is preferable for better bonding and higher fatigue resistance. Further, the bumps
formed should preferably be substantially uniform to ensure planarity. 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 are two major approaches to
removing solder oxides during the first reflow of the solder bumped wafer. One approach is
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challenge of this approach is the flammable nature of the pure hydrogen, which largely limits
the applRALHOIS 66 Bis<pprEARNtPHEdiREstiarapipfssiches lepglbengdsrganic fluxes over the
deposited solder bumps, or within a solder paste mixture that has been printed onto the wafer
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upon thewekiderfreelboatp corfade duedta shenittstegfiade herpetiprthareearefttiteragigembly.
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reducing surface oxides, has been sought by the industry. [0006] Fluxless (dry) soldering has
been peptarmedhiediuniortbe avhissittgfserehal haoipsigues rélloeitertie duensstm eamplont lasers to
ablate or heat metal oxides to their vaporization temperatures. Such processes are typically

performefvireasreinkse dhatiediiges srispiiectively [RaoratingialodidesPoyhe sadessigtace.
contaminants. However, the melting or 10boiling points of the oxide and base metal can be
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techniqueSHOREOS FRHSHNHURISAIMES but also destroy the co-planarity of the solder bumped
wafer and affect the subsequent chip bonding process. The decomposed flux volatiles can
also contaminant the reflow furnace which can increase the maintenance cost. In addition,
20 flux residues are oftentimes left upon the wafer which can corrode metals and degrade the
performance of the .assembly.
[0005] To remove the flux residues from the reflow processes described 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
25  processing time. Further, the use of chlorofluorocarbons (CFCs) as cleaning agents is

banned due to the potential damage to the earth’s protective ozone layer. Although no-clean
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[0007] Surface oxides can be chemically reduced (e.g., to H20) through exposure to reactive
gases (e.g., H2) at elevated temperatures. A mixture containing 5% or greater reducing gas in
an inert carrier (e.g., N2) is typically used. The reaction products (e.g., H20) are then
released from the surface by desorption at the elevated temperature and carried away in the
gas flow field. Typical process temperatures exceed 350C. However, this 20process can be

slow andlinefaeiichededeareripeatby ieimgaraiuranio0N8d EHtepeed@rshietie eibianesfsre

the reduction process can be increased using more active reducing species. Such active
species taa adprofi bebseasitigeggainemibloas pidbmantednhiof ik reésidysiasmathataatidity, otithe
or microwave frequencies can be used to produce reactive radicals for surface de-oxidation.
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1-12, 02, SF6, or other species, including fluorine- containing compounds, into highly reactive
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substrat8iMRERhpEaaiakravaytie-ansaiRndrdhertlaasrhaeatamiaants| ddeneyeatha sielting or

cickincPOTROARINE SNEGHER AP AREE BN BE S By L AR 1 G SErR apel

EffeCtiveé‘.’el\'?ggéﬁ?g%lé‘basse%éta'}‘ oﬁe‘%%?“33‘u‘%@?é%}%(‘fﬁ@%&’&e%s%g’éiﬂ{é{ﬂf‘% rj‘r%sp&}eﬁ?écmﬂ"e

hydrogen pecies (1.€., atomic hydrogen)using a ent to thermally dissoc

g e e H ek o Lty o
Electricahy oxide layer. These factors limit the usefulness of laser techniques for most soldering
applications.

15 [0007] Surface oxides can be chemically reduced (e.g., to H,O) through exposure to
reactive gases (e.g., H,) at elevated temperatures. A mixture containing 5% or greater
reducing gas in an inert carrier (e.g., 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. However, this

20  process can be slow and ineffective, even at elevated temperatures.

[0008] 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 electromagnetic

25  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
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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 containing 2% 20to 100%
hydrogen in an inert carrier gas. (00101 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
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ions and activated neutrals flow into the treatment chamber to chemically reduce the oxidized
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effectiveness and filament life. Vacuum operations require expensive equipment, which must
be incorpozedtiohs teqaild @expgrsivesegoipbehtgatemsstthe pdyorethdcasgatsEiwobetetil posess
effectiveness. [00111 Potier, et at "Fluxless Soldering Under Activated Atmosphere at
Ambienf#hesira a BisRiceminUaUnRIATEEsn AlTo Raseirtearedypicatindisrer seshdiffgaly.s.
Pat. Nos. 6,146,503, 6,089,445, 6,021,940, 6,007,637, 5,941,448, 5,858,312 and 5,722,581

destribd'BRIE G REORSSIHUIRRRS ARH AR TIRIIP SRSt AlRUERTG iR sKRS KRl R HAgpiore,
NH3) usjpe eleaiioat ischards, The J5dicino Stsds e BlucRLes s porse B clec
rr a . uc

an inert ¢ rge is pr ed using an alternating voltage source o

"Severa'ﬁiﬂé{gg%& RUORRFHBERAAIR IS SAREHE sroeaisi el ImPEIoRIRAGe exited or

10unstable species that are substantially tree of electrically charged species, which are then
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soldered at temperatures near 150C. However, such remote discharge chambers require
significaddraggépniatosasissathdaselned easibisetaigtoohityaiistin gasvhip) apdenbelyatebelt
systems. in addition, these processes are typically employed for pre-treating the metal
15Hurfatentrderersoniyibg difisolt teaentel surinassradnentid ddagomasan slsp selease

5,433,820 describes a surface treatment process using electrical discharge or plasma, at
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the proximity of the substrate rather.than in a remo amber. The fr | emitted
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hydrogeghes gy ten pass through openings in a dielectric shield

[0009] U. S. Pat. No. 5,409,543 discloses a process for producing a reactive hydrogen
156  species (i.e., atomic hydrogen) using a hot filament to thermally dissociate molecular
hydrogen in a vacuum condition. The energized hydrogen chemically reduces the substrate
surface. The temperature of the hot filament may range from 500°C to 2200°C. Electrically
biased grids are used to defiect or capture excess free electrons emitted from the hot
filament. The reactive species or atomic hydrogen is produced from mixtures containing 2%
20 to 100% hydrogen in an inert carrier gas.
[0010] 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 activated neutrals
25  flow into the treatment chamber to chemically reduce the oxidized metal surface. However,

such hot cathode processes require vacuum conditions for optimum effectiveness and
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placed over the oxidized substrate. The dielectric shield concentrates the active hydrogen
onto those specific surface locations requiring de-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, 2510013]
Accordingly, there is a need in the art to provide an economical and efficient process for

fluxless figftaunOiiteOldaERUMBEE MRS HflRETSlpirelvd Ay URMBRTANHIER HRuseeb G EIgsmRd

energy. There is a further need in the art to provide a process and apparatus for fluxless
solder réftovsaladeiingeatvendribeit gy stumes pieabpredscire theid bieralicest affedtivengssise of
purchasing and maintaining vacuum equipment. There is an additional need in the art to
provide BAliklesBaisiu@t alflShyxless Soldsiviegd ncerfAetivatadciyncsahere atrombienirther,
there is a need in the art to remove metal oxides from the surface of substrates, such as, for
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apparatus and method for removing metal oxi surface 150f a substrate without
the use cdmidiugadiie Bispariciibage is praided usingedhctkahetimg visithgensetat @ xidig dierala
treating surface of a substrate, the method comprising: providing a substrate which is proximal
to a basklewslisodelertuing angittashiden electiocitisjotamealiott chsubber-peodungeidiad or treating

surface comprising the metal oxide; royidinfc{; an energéi;in electrode that is proximal to the
bal eI&ﬁ&ﬁ%ﬂ@éﬁ%‘s@(&té&’OﬁE@?&ﬂb opRiAed ﬂ‘iﬁ{?hbﬁ'”@f 9qe fraqiny Yivpiaresthen

o L P L e I e b
energiz@&o%?éﬁ@ﬁ%&?p@?gm%js %91“1%%!‘%%0%'%% remote discharge chambers require
significant equipment costs and are not easily retrofitted to existing soldering conveyor belt
systems. In addition, these processes are typically employed for pre-treating the metal
15  surface before soldering rather than removing solder oxides.
[0012] 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) 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
20 plasma containing atomic hydrogen-- which then pass through openings in a dielectric shield
placed over the oxidized substrate. The dielectric shield concentrates the active hydrogen
onto those specific surface locations requiring de-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.
25 [0013] 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
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plate comprising an array of protruding conductive tips, wherein the conductive tips are
electrically connected by a conductive wire, wherein the array of protruding tips is separated
25into a first electrically connected group and a second electrically connected group wherein
one of the first or second electrically connected group is connected to a DC voltage source
that is positively biased and the other of the first or second electrically connected group is

connectosif g MoNAHABT A Shirg 4 IERALY AL DIRTRS A WhBiGInI r Rk yaligoe

source that is positively biased and the DC voltage source that Is'negatively biased a
electricallyppanmests fddss st rensw Aelolds fApRRIPhRHES ﬁ&ﬁ%&e‘é&b?&’c%fndmons
energy between the DC voltage source that is negatively biased and the DC voltage source
that is polsitinetid hesexh qresstn g ar ¢ ssimidacbroaintphisigo/aciesh dagigasthrqughetheataroet
area; energizing the rows of conductive tips by activating the DC voltage source that is
negativelf¥iE08aHBege B e alldersnydei fiumestsgisearelowpeveis ity b a pofiammébline
electéons attach to at least alﬂ%)rtion of the reducin% gas thereby [arming a negatively

10chargeSfretiMiRgaet owthelinh ¢k i adines & iisartinname rRmetRioyidparud reelauifase
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at the same time. [0016] In further aspect, the energizing electrode is defined by a chamber
having asinatét(l&)\iolervenregionisttemed; amselseiicabygtamdaiesion serdaadinmaitifaper
array of downward protruded conductive tips, wherein the conductive tips are made of
hypdHerriilddheddfe saghagiamtesknoingiesandcombimetinas tdheiof.communication with the
internal volume of the gas chamber, so that a gas mixture comprising a reducing gas flowing
into the chamber can be injected out from each hypodermic needle, wherein the hypodermic

dl Il electricall i i d th ted t
neqatively biased DC valtage soUIELE b PMNARLY She i B BERARES from eaen
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of the art by providing an apparatus and method for removing metal oxides from the surface

15 of a substrate without the use of a flux. In one aspect, there is provided, a method of
removing a metal oxide from a treating surface of a substrate, the method comprising:
providing a substrate which is proximal to a base electrode having a grounded electrical
potential, the substrate comprising a treating surface comprising the metal oxide: providing
an energizing electrode that is proximal to the base electrode and the substrate, wherein at

20  least a portion of the treating surface is exposed to the energizing electrode and wherein the
base electrode and the energizing electrode and the substrate reside within a target area.
[0015] In another aspect, the energizing electrode is defined by an electrically insulated
plate comprising an array of protruding conductive tips, wherein the conductive tips are
electrically connected by a conductive wire, wherein the array of protruding tips is separated

25  into a first electrically connected group and a second electrically connected group wherein

one of the first or second electrically connected group is connected to a DC voltage source
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of the reducing gas that following out from each hypodermic needle tip 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; wherein the
substrate is electrically conductive and grounded, so that negatively charged electrons can
drain from the substrate to the ground. [0017] In yet another aspect, the energizing electrode

is definedHay @ BHRMVRE/ HavERB REHIH M WRSia 98BS @i&ﬁeﬁk‘?ei{m&éa%@%

base that contains an array of downward protruded conductive tips, whefein the con

tips are separedestiitta DGrobiedgetsoateananietiegan@updsha, seePRBRRs tealy conragsted
group, wherein at least one of the first or second electrically connected group of the
conductiaotitse Gaahisresitivaly biaséidanhcdherilivaltage withrdedhatdsnzdgaiivencbidtbe ayas
chamber, so that a gas mixture comprisinq a reducing gas flowing into the chamber can be

injected GURGHFAINLGAMRIBEPrAIfuRetenal contiadier dhatds aralie olberralinga ByppWainic
neecges is connﬁc ed to ﬁﬁ%@ voltage source that is negatively piased and the other of the lirst
or secon§EIEY &RW?% &y ?ﬁ%%ﬁglif‘dﬁﬁ'é%'té%n&g el BIRsge aadithe B vRtagsigourge
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biased and the DC voltage source that is positively biased; flowing a gas mixture comprising a
reducing gamthedypladbe wogerkearbelcanoriéiatah achrgypadelwisdendie|caB L0 AN

at least 20 one group of the hypodermic needles by activating the DC voltage source that is
negativepdiglections atackleatdeast arpbdigeatitzagddusingegas thgpeinydioniingee diegtifively
wherein at least a portion of the electrons attach to at least a portion of the reducing gas that
folldRing e IRshicsieing @36 d sentagibadhedipatiagyReennith dhecepanivg'y Rhasaerraslusing
gas; contactirg)g the tre%t‘ig\ﬁ SU{faC with the neéﬁ;ltively chargéed reducingi?gas to reduce the
metal 259%R11%5" BV AiFR QtifasLBAsdreanag stfags PLING SRR A MAENGFSiEngthe
gfencot'focrﬁgf&w’af%ﬁ&&%ﬁﬂi&%&hﬁy%‘\f%& e BEG R S AR el BIBSSHVGy BiHEYS B cess
retrieve excess electrons from the treating surface, wherein the rows of conductive tips
electrically connected to the DC voltage source that is negatively biased and the rows of
15 conductive tips electrically connected to the DC voltage source that is positively biased are
not energized at the same time.
[0016] In further aspect, the energizing electrode is defined by a chamber having an
internal volume, a gas inlet, and an electrically insulated base that contains an array of
downward protruded conductive tips, wherein the conductive tips are made of hypodermic
20  needles, wherein each hypodermic needle has a fluid communication with the internal
volume of the gas chamber, so that a gas mixture comprising a reducing gas flowing into the
chamber can be injected out from each hypodermic needle, wherein the hypodermic needles
are all electricaily connected together by a conductive wire and then connected to a
negatively biased DC voltage source, so that electrons can be generated from each

25  hypodermic needle tip, wherein at least a portion of the electrons attach to at least a portion

of the reducing gas that following out from each hypodermic needie tip thereby forming a
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from the treating surface, wherein the atone group of hypodermic needles electrically
connected to the DC voltage source that is negatively biased and the other group of
conductive tips electrically connected to the DC voltage source that is positively biased are
not energized at the same time. BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE
DRAWINGS [0018] Figures la and Ib illustrate a voltage pulse on an emission and a base
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of electrons employing a plurality of tips; [0021] Figure 4 provides an example of one
embodimeusifatecietbattockpcitabiefios amissioonaled,wor tiseved aiveigSranrgeaaigéns can
segmented assembly; 15 [0022] Figure 5 provides an example of one embodiment of the
method d&@&diFemneecHuatistratGedaingl. of surface metal oxides in a wafer bumping

appli
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ati?Ln' ['OCiZBﬁEFi ure 6 illustrates a particular embodiment of the method described herein
o Akg
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of the first or second electrically connected group of the conductive tips comprises has a
fluid communication with the internal volume of the gas chamber, so that a gas mixture
comprising a reducing gas flowing into the chamber can be injected out from each
hypodermic needle, wherein the at least one group of the hypodermic needles is connected
to a DC voltage source that is negatively biased and the other of the first or second
electrically connected group is connected to a DC voltage source that is positively biased,
and wherein the DC voltage source that is negatively biased and the DC voltage source that
is positively biased are electrically connected to a functional controller that is capable of
alternating a supply of energy between the DC voltage source that is negatively biased and
the DC voltage source that is positively biased; flowing a gas mixture comprising a reducing
gas through the gas chamber and through each hypodermic needle; energizing the at least
one group of the hypodermic needles by activating the DC voltage source that is negatively
biased, so that electrons can be generated from each hypodermic needle tip, wherein at
least a portion of the electrons attach to at least a portion of the reducing gas that following
out from each hypodermic needle tip 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 energizing the other group of conductive

tips by activating the DC voltage source that is positively biased to retrieve excess electrons
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[0026] Figures 9a through 9e provide various illustrations of particular embodiments of the
method and apparatus described herein employing movement of at least one electrode with
respect to the substrate; [0027] Figures 10a and 10b provide an illustration of a
unidirectional voltage pulse and a 5bi-directional voltage pulse, respectively; [0028] Figure 11
is an illustration of an electrode assembly embodiment of the present invention; [0029]

Figures l@taetdatih) ufrdbasunbons afcarabsfont dheypothadim eebaksigladrikhlly

10[0030] Figure 13 is an illustration of a conductive tip employed in the embodiment of Figure
11; and [@981ckad voeHelDE avoltagessowt thibatl echigaliaeta ibiresad ahdftHesotiosrdyrotipeotips
employed in the embodiment of Figure 11.  [0032] Figure 15 is an illustration of an
embodinfenddetive inscelsieiricadiccorusiaddetiv\P b aatagtheelres nat [opositiFaukiasedsien
illustration of an embodiment of the conductive tip having an internal passageway
therethrdifi88rekRgI8LtHR S8MP dPRinged end, [0034] Figure 17 provides an isometric view
of apother embodiment of the electrode assembly described herein. 20[0035] Figures 18(a)
and 18(b) provide a side view and top view, respectively, of certain features of the electrode

assembly of Figure BiRBREAIsAREr B (s &5 e BN ARER View

respectively, of certain features of the electrode assem Figure 17.
[0018] Figures 1a and 1b illustrate a voltage pulse on an emission and a base electrode,

respectively;
[0019] Figures 2a through 2i is a schematic illustration of various electrode geometries

10  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
emission and/or retrieval of electrons having a segmented assembly;

15 [0022] Figure 5 provides an example of one embodiment of the method described herein
illustrating removal of surface metal oxides in a wafer bumping application;
[0023] Figure 6 illustrates a particular embodiment of the method described herein for
removing negatively charged ions on the substrate surface by changing the electrode
polarity during the reflow of wafer bumps;

20 [0024] Figures 7a and 7b illustrates the transportation of the charged species between two
electrodes when the polarity of the two electrodes is changed;
[0025] Figure 8 provides an illustration of a particular embodiment of the method described
herein for removing electrons on the surface of a substrate by employing an additional

electrode with a positive bias relative to the base electrode;



25 DETAILED DESCRIPTION OF THE INVENTION [0037] Described herein is a method and
apparatus for the removal of metal oxides from a substrate surface by exposure to negatively
charged ions. The negatively charged ions react and reduce the surface metal oxides. In one
aspect, the method, apparatus, or both can be employed by modifying traditional reflow and
soldering equipments such as, for example, the reflow machine used for reflow of solder
bumped Inghy g}.g.r? ' plied tq other prpocesses

2d wiedes) N Hyaraes 93‘%3@@‘?9@?%97&5 i &&%Q{Pg%ﬁ?go‘f Soérﬁjmﬂa em%gd?rp%rﬁ?ﬁ(fnthe

wherein the removal of the surface metal oxid rom a substra esired such as

limited to naeriati pladaGHh RS BesiBSsPIIEE SRRMSTRISRORIINERT HGUL P BHESRLNSHR! with

surfaces to make them 10more amenable to subsequent soldering), reflow and wave
soldering esnectdo khadstinsiditey, surface cleaning, brazing, welding, and removing surface
oxides of metals, such as copper oxide, formed during silicon wafer processing. The removal
of metal dRRRA udiiynes 1P anst 1O ide f0 didssative dfcusidiisaignallyatagkoalike tandne
aforementioned processes or any other process desirous of removing oxides without the need

for organfd-PERGIA Kol esierpis fRSREBGlEe" as used herein generally relates to a

material S[UﬁEé?: ilicon s1ilicon g'ﬁ%&%.with silicqn dioxide, aluminum-aluminum oxide, gallium
[ , :

?'aﬂ%?r,& & QN Of 3R PIBCofP ASRERDI SPfndifeeri<t rmresent

arsenide, ceramic
electronigdauigsh; In certain embodiments, the substrate is an electrically insulated or
semi-conductive substrate 20having solder disposed thereupon. Exemplary solder

compositjaoa9nclegiy st ars Bakliniwchie. inBtifss W-clish %M&S&‘iﬁé%%ﬁs&f?ﬂéiﬁroﬁ

fluxiess tin-lead, or a fluxless tin-copper. In one embodiment, the substrate is an electrically
insulatedfdgbstrate. Examples of electrically insulated substrates include but are not limited to
the following: rigid epoxy glass (e.g., FR-4 type) laminate substrates used for printed circuit
boat@: fidABROLspiayiadadgiandlustsatipolofrictndastive tireegieveirthdldmbidnibib st Etrde
substrates used in integrated circuit interconnection schemes, high density interconnects such
as polymé&fican

[0031] Figure 14 is a diagram of the electrical arrangement of the conductive tips
employed in the embodiment of Figure 11.
[0032] Figure 15 is an illustration of an embodiment of the energizing electrode assembly
15  described herein.
[0033] Figure 16 is an illustration of an embodiment of the conductive tip having an internal
passageway therethrough, an angled tip, and a flanged end.
[0034] Figure 17 provides an isometric view of another embodiment of the electrode
assembly described herein.
20 [0035] Figures 18(a) and 18(b) provide a side view and top view, respectively, of certain
features of the electrode assembly of Figure 17.
[0036] Figures 19(a) and 19(b) provide a side view and top view, respectively, of certain

features of the electrode assembly of Figure 17.

25
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-11 - based BGA's, high density interconnects, and the like; insulated substrates used in 3-0
or stacked integrated circuit or 3-0 or stacked packaging technologies; and combinations
thereof. However, the method and apparatus described herein is suitable for a variety of
different substrates and solder compositions. In a certain preferred embodiment, the substrate
is a silicon wafer having a plurality of solder bumps disposed thereupon. [00391 While not
wishing to be bound by theory; gita pelie yresbaIMION BFENFENSERWNSRONICh as a direct
current voltage source is applied between at least two electrodes, electrons are generated
from one [00BW] tvieeteitisddrsdiaisngmetieghtivg appeirtas insheelfative i shaotllarxriestionea
(referred to herein as an "emission electrode™) and/or the gas phase between 10the two
electrodesubsi@igesusiatedy lexpasusettornrgstivelyrchathed islnstrdtie nepidivély plargeddobos has
a positive electrical bias (referred to herein as a "base electrode"), along the electric field. The

substrate"RAtHAG L BRYEA & PYBRRS BaIALRHSSN IANg RRReR, fecBehrghiaRReraleh aehpdd
b b dth iSSi | des (ref d.to herei he " ") with th
co1cBr-b TR O ST Y aE I A S o U B e BHP R ORI FSBr o
embodimgpis, Jfae BURSHAEHARKIRE &9&&*@?&%&%&%@3@? @ﬂﬁ%ﬁa;bd\?vif’é’fn B LSther

assembly. A gas mixture comprising a reducing gas and optio a carrier gas is passed
through thgprlastrindieleisenesatai yhmpeieatiodnsedproinssts piesErnskiferRarhrbihc
reducing gas forms negative ions by electron attachment which then drift to the target
assemblysuriac¢hadialsexieles frodeapsubstbiiigigesirdacach asisusnbsliraie s unieaeplating
negatively charged ions can thus reduce the existing metal oxides without the need for
traditionall Buxés. soldenerating atiporiivias o finted tireudijamedsar thetalatisesas loemeakattewwan
be promoted due to the drifting of the negatively charged ions alon% the electric field. [00401

In effbodPRENRMGRRRIGIAISEREeRKERY SPeeEBmp FRICWARA MRYS, SeldasinirE PRt 188 Rradivg.

of the present invention occurs as follows: Dissociative Attachment of Molecular H2: H2 +
P surf1 E—:-a % 0 ds ; rga ai'é %a

e H(l) ace 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 described herein is equally applicable to the aforementioned
processes or any other process desirous of removing oxides without the need for organic

15 fluxes.

[0038] The term “substrate” as used herein generally relates to a material such as silicon,
silicon coated with silicon dioxide, aluminum-aluminum oxide, gallium arsenide, ceramic,
quartz, copper, glass, epoxy, or any material suitable for use within an electronic device. In
certain embodiments, the substrate is an electrically insulated or semi-conductive substrate
20  having solder disposed thereupon. Exemplary solder compositions include, but are not
limited to, a fluxless tin-silver, a fluxless tin-silver-copper, a fluxless tin-lead, or a fluxless tin-
copper. In one embodiment, the substrate is an electrically insulated substrate. Examples of
electrically insulated substrates include but are not limited to the following:
rigid epoxy glass (e.g., FR-4 type) laminate substrates used for printed circuit board: flexible
25  polymeric films (e.g., polyimide) substrates used for flexible circuit; insulated substrates used

in integrated circuit interconnection schemes, high density interconnects such as polymeric
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- 12- Electron Attachment on Hydrogen Atom: e' + H H-(II) The combination of (I) and (ll):2e’
+ H2 = 2H-(1l1) Oxide Reduction: 2H- + MO .-r) M + H20 + 2e (M . solder/base metal)(IV)
[0041] In these embodiments, the activation energy of metal oxide reduction using the
electron attachment method of the present invention is lower than methods that use molecular
hydrogen because the formation of atomic hydrogen ions with electron attachment eliminates

the energssssBugiad ik deeiehydrRaldoanet e InaliagentePOUEAIES USE in 3-D or

embodiments, energy is supplied to at least one of the electrodes, preferably the emission
electrodestackid éntetpatad sérdbié enBissmsteleldtbpeciagieg deatendloglestrantscdibiraiergy
source is preferably an electric energy or voltage source, such as an AC or DC source. Other
energy sthaws, dpveysrathelaatordaaftetieraniug desarbedaieihiaseiablp febararialy af
photo energy source may also be used alone, or in combinations with any of the

aforemerfiBFHE OIS AR SqlFeirempesiicatint s St IR fiReRigISHhdne
emisg,ion ele(itrcide IS connecte t%a firgst voltagﬁxleyel EP? th?n bas 15el%cigode is connected
to a seco%"bb%ﬂgglg RverernEe i SRR S PHEY I?aé" eevqu CPEE8RBME i &R Mical
potential fthe: fir ; ipdicati ither.

two eIect{rgatjzl?sgs](z:agr?f?)"ttsé g réf&%@g:& {[%)(?gsﬁ/@?(g ?gﬁc%wg;éati%%ll%%c a{rg%elg@’i%gn% %ﬁ;éer%@&sn%mg

attachmegifca darg eirs iR litrept otEigenD BRRJS & MR JBBRIBER Lt HIBMEIGAHIbSGectrons
electrons can be generated by a 20variety of ways such as, but not limited to, cathode
emissionagagetischeddeymooenbthatanslectrodes having a negative electrical bias relative to the
other electrode (referred to herein as an “emission electrode”) and/or the gas phase between
10  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-bumped surface or treating area exposed to the emission
15  electrode. In certain embodiments, the substrate may be connected to the base electrode
forming a target assembly. A gas mixture comprising a reducing gas and optionally a carrier
gas is passed through the electric field generated by the electrodes. During the electron
drift, part of the reducing gas forms negative ions by electron attachment which then drift to
the target assembily, i.e., the base electrode and substrate surface. On the substrate
20  surface, negatively charged ions can thus reduce the existing metal oxides without the need
for traditional fluxes. Further, the adsorption of the active species on the surface to be
treated can be promoted due to the drifting of the negatively charged ions along the electric
field.
[0040] In embodiments wherein the reducing gas comprises hydrogen, it is believed that

25 the method of the present invention occurs as follows:

Dissociative Attachment of Molecular H,: H+e' = H +H 1))
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thereof. Among these electron generation methods, the selection of the method depends
mainly on the efficiency and the energy level of the electrons generated. For embodiments _
wherein the reducing gas is hydrogen, electrons having an energy level approaching 4 eV is
preferred. In these embodiments, such low energy level electrons are preferably generated
25by cathode emission rather than gas discharge. The generated electrons may then drift

from the emissio t cirade which, creates a space charge. The
ERRIDARAENRLL R SsaRcine B IESE

space charge provides electron sourc enerating the negatively charged hydrogen (1

fons by electron aH3E/KRRIAIEA BYaganRRsses throug e atlegs wo electiodes or

within the target area. 5[0044] For e its involving ‘electrdn géneration through

cathode emission,@m@&fgmentéﬁnqymlgg 'ﬂq_lgcgm'@gi Q%@q’%é%%gﬁgggis col(zlv)

emission), thermal emission (referred to herein as hot emission), therma e

photoemiyues i eigst emebiandIahE AL SRR FIF I s c5iae HabER ABRY G ="
electrode

electric field with a negative bias on the 10emission electrode relative to the base

that i$ sufidgetrty bitgichminiensitydo cMeecprassanievsiidhisIiRefahslassMiiahg ganerated
from the surface of the emission electrode. In certain preferred embodiments, a DC voltage is

applied bétRlesH!andydrogdshesdusetibe famgatioh@halointo BRkYg T édasabith reiaging iaacFhient
30kV. In these embodiments, the distance between the electrodes may range from OA to 30

cm, prefe@lBNN2FdRE GBeIgLASsPqEted Mth dond ksrakisia af aroleriiemardiesrn.involves

using a hi perature. to energize electrons in the emission electrode and separate the
electrons %ﬁf%"eﬁﬁﬂle BERS ﬁﬂﬁﬁ?ﬁgf@ﬁ% 5t $HRRURfJS G Ierst PRa & the elesirErsierred

embodimepi i SBRSIRLIEH OidBF R SHAR GIFF IR MR RS Iom.A00IR 500G,

preferably from 800 to 1500C. The emission electrode may ought to andior m

a higb terapsipinEe e oruigivsalireg iBonsismam blakhrt éﬁéﬁ&?&%&i&%@%&u‘?@é‘%@é{ as an

passing AC or DC through the electrode; indirect heating such as contacting the catho
surface wAK an R@sbigady 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 the
present invention, the emission electrode is connected to a first voltage level and the base

15 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.
[0043] To produce negatively charged ions by electron attachment, a large quantity of
electrons needs to be generated. In this connection, the electrons can be generated by a

20  variety of ways such as, but not limited to, cathode emission, gas discharge, or combinations
thereof. Among these electron generation methods, the selection of the method depends
mainly on the efficiency and the energy level of the electrons generated. For embodiments
wherein the reducing gas is hydrogen, electrons having an energy level approaching 4 eV is
preferred. In these embodiments, such low energy level electrons are preferably generated

25 by cathode emission rather than gas discharge. The generated electrons may then drift from
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insulated hot surface heated by a heating element, IR radiation, or combinations thereof,
[0047] Thermal-field emission is a hybrid of field emission and thermal emission methods efor
electron generation in which both an electric field and a high temperature are applied.
Therefore, thermal-field emission may require a lesser electric field and a lower electrode - 14
- temperature for generating the same quantity of electrons as compared with pure field

O g el W L0 8 UL B PN IR e e AT, The space

encountered with pure field emission, such asthe tendency 0

emission hsRYFPVNAES heIRBMERTIRR W&&%éﬁ%ﬂﬁé%&%ﬁ%ﬁieﬂa?ge@ﬁg%%@r{?g@%y

uniformity of the emission surface, Further, thermal-field'emission may also avoi

related to dlectrai eticismenswtizasrifigbrogiessa kisrosanHealtneastifi RESMESAE S within the
emission electrode and the gas phase. In embodiments wherein the thermal-field emission is

used for elat@rbg@neration, the temperature of the emission electrode can range from
ambient to 3500C, or more preferably from 150 to 1500C. In these 10embodiments, the
electric voltdLkafeaAGRedimeOl I & vlesiangensratianyorgmoathadelamiasidopwesn
certain prefe odimenté, the thermal emission or thermal-field emission method is used

for electro%néé%%%?ﬂ?ﬁﬁ]ﬁm’é HAG R IRTUEROR (FRipr R B diaRinas FRld imisRaml ot iald in

either of t Jgt C heat source for t S mixture StEﬁt is passed
through the e ecl:tﬁcnfgig?? geneqr.!agt%@ éﬁicg Wo-alec rgﬁ%éﬁ‘%%ﬁﬁ?ite{ﬂ@ﬂ?&rﬂ PETEE Rt Gy
for heatingreRS i WrvedRs ertissibReflow process step can be reduced, (0049] In certain
embodiments of the present invention, the electron generation is accomplished via a

combinatif00as atFielteennisiio haadecappRidisananaetmratbrOsiathegaioabiadigeMmis. an

energy source such as a DC voltage is applied between the two 20electrodes and electrons
may!Be gé&ndisaied dlecty datratadiventistie haseatterteoizolbad ismiffiaraiih dighsrohasesigasona
discharge) near the emission electrode. The corona discharge is preferably minimized in order

to increastVHEXRFAHRYSHBYNAMRY s iRt HaRscaeraTatey Brintion sutkcembtiteaerdission

increase tr\e Iifegme of th ,emis?ion Slectrod_e,
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 these
embodiments, the distance between the electrodes may range from 0.1 to 30 cm, preferably
15 from 0.5to 5 cm.
[0046] 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 temperature of the
emission electrode may range from 800 to 3500°C, preferably from 800 to 1500°C. The
20  emission electrode may be brought to and/or maintained at a high temperature by a variety
of methods such as, but not limited to, directly heating by passing AC or DC through the
electrode; indirect heating such as contacting the cathode surface with an electrically
insulated hot surface heated by a heating element, IR radiation, or combinations thereof.
[0047] Thermal-field emission is a hybrid of field emission and thermal emission methods
25  for electron generation in which both an electric field and a high temperature are applied.

Therefore, thermal-field emission may require a lesser electric field and a lower electrode
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[00501 In embodiments wherein the cathode emission mechanism is used for electron
25emission, the voltage applied across the two electrodes may be constant or pulsed. The
frequency of the voltage pulse ranges from 0 to 100 kHz. Figures la and Ib provide an - 15-
illustration of a voltage pulse on an emission electrode and a base electrode, respectively. In
these embodiments, it is believed that a pulsed voltage, such as that shown in Figures la and

b ] : . t
e the B B, B T B el
generatiogriiysiua RGPS HISEAER. dhtsERMradimanizinanissbieihaimalidishofes

photo-discharge, and various avalanche discharge, including glow discharge, arc discharge,
spark disehacyeterad withonaalfiti@rgisslonwsh esbedishasttyade degriiatieropnaisaigshby
gas phase ionization. The gas phase is a gas mixture comprising the reducing gas and an
inert gas.AMIgERAIRYFABIEANNEHES ondhe edipsiapsinficatiam] a highagstsotivoeisthppliadarity
between two electrodes and electrons may be generated from the inert gas within the gas
mixtire bRASEHINRYRS K1e areaviensuiae diuthowharmaliekhrmissinaseayrsaradeduch
as the baSPo gllectrode Dt{rig%his electron drift, some, of these electrons may attach on the

reducing %gs ﬁj’gferc%%%daﬂ Wh@é‘éﬁ%ﬂf&'ﬁ&@%ﬁ MW@B@[@W'&?QW@W‘W@W
some oSl IS B ABRAISHSHD e JBET pes EhEn U IRiE e nege e

t
biased electrode such as the emission e and are neu ze e'g face.

[0052] ASRRBIAPNELIUE YR ERLLRICGEABRESH, aeeqsms@méremr@bﬁsm%n'ausmaad%gﬂvhe”

it has a negative bias relative to a base electrode. Referring to Figures 2a through 21, t
emissionrategerivoe avayitave 35007Ehophare peldesbipucinassdab esaonge 1A fhisavire 2a, a
rod with a sharpened tip 2b, a rod with several sharpened tips or comb 2c, a screen or wire
medf 2d ealsstie s, 2be sleaitiayotagmeas zangeniionl©.0M tBvity's anritrmpref@gbéy iesh 0.1
with sharp tips protruding from its surface 2h, or a plate with a knurled surface 2i. Additional
geometri 184 include combinations of the above geometries such as plates or rods with
surface ions, rods wrapped with wijre windings, or filament, coils of thin 25wires, etc. A
il k b

plurality aggf}ﬁmg ﬁ[ﬁ&ggg@ Risy! tgwmgmﬁe;éoaé;raﬂqual-ﬁeld 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

15 thatis 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.
[0049] in certain embodiments of the present invention, the electron generation is
accomplished via a combination of cathode emission and corona discharge methods. In
these embodiments, an energy source such as a DC voltage is applied between the two

20  electrodes and electrons may be generated from both the emission electrode (cold or hot)
and the gas phase (corona discharge) near the emission electrode. The corona discharge is
preferably minimized in order to increase the efficiency of forming negatively charged ions by
electron attachment and increase the lifetime of the emission electrode.
[0050] In embodiments wherein the cathode emission mechanism is used for electron

25  emission, the voltage applied across the two electrodes may be constant or pulsed. The

frequency of the voltage pulse ranges from 0 to 100 kHz. Figures 1a and 1b provide an
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series or in an intersecting grid. Still further geometries may include a ‘Wagon wheel" - 16-
geometry wherein a plurality of electrodes is arranged in a radial fashion such as in "spokes"
of a wheel. In certain embodiments, such as embodiments wherein field emission is involved,
the cathode is preferably made of geometries having a large surface curvature, such as a
plurality of sharp tips to maximize the electric field near the electrode surface such as the
geometry 'ﬂ&\ i%tt%jnin FiQU{e 3, As Fig}ure 3 illustrates, electrode 1 has a series of thin wires 2
that reside within gr3o0eS SPHHRUAE QP2 LNISIaR AlsRtcIRAadAhans deetrads. daspestively.
fromits s ect terial that acts as an emission electrode is preferabl
compriseg%??c%%%@gyﬂgﬁéﬁﬁrilggvgi'%]\?eeﬁefﬁ\?é@/?g%egé/&%ﬂeeﬂg iah %ﬂé%\?‘ﬁ? rigures 1a
function. Bha 16Maeel Ta3 ' ' i igh stabilit
under processing cﬁéﬁﬁgﬁrﬁﬁg g%ﬁ Ej@tﬁ?emﬁa@gﬁg]sg %E‘f@jéﬂ%ﬁ&%&%ﬂaﬁon A/nd 9
semicondtestocs, thadeoxictey cogtadppagepsiieggynto conductive substrates. Further

examples include, but are not limited to, tungsten, graphite, high temperature alloys such as
nicke? chrifffth dfiesyemaadimentd oxideing ebtctsogenanstisd2Bbiii gae depnsited wate a
15conductive substrate. [0054] The electrode that acts as a base electrode is comprised of a

conductiv@RAments mw alvdediesmahgisshaegetbotaatisthisais sribeatithar aimldiadase
electrode ve a yariety of different geometries depending upon the application. [0055] In
certain erﬁiagga?ngghfgcgwﬁ@ 8@’e$i??ﬁ\?é&?mﬁf‘?rﬂ)ﬁmﬂ@ﬁqéﬂﬁf | qisfdafis i comhgedischarge.
emission gl %d&ﬁﬂ A ri nted assembly such as the electrode depicted in
Figure 4. Iﬁrﬁ%s regar?fglt %ﬂ}%@%@@ﬁ fgr%%e %lero e IQXt\ﬁ?&(P 55 [RORANR0-of B 98 PRAGS ds a
high electisshiirsoRtort Al 19U6RLERR ALIBNAURTLECT FBnTIRS AR DE mAd of
a conductive material with relatively low eleCtron emission €nergy or work tunction LR

anyl6f thehaateinalzatioe) asesthgsaibuteescapplitp iR aaring %&%@m&i@&%ﬂ%&%@
ro

DC current (not shown) through core 10. The thermal conduction will transfer the heat
the core @£NBEAtE from Hist ibert ges avilbiththelgaaliadrisehiearethd fvo 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

15 inert gas that then drift toward the negatively biased electrode such as the emission
electrode and are neutralized at the electrode surface.
[0052] As mentioned previously, electrons can be generated from an emission electrode
when it has a negative bias relative to a base electrode. Referring to Figures 2a through 2i,
the emission electrode may have a variety of geometries, such as, for example, a thin wire

20  2a, a rod with a sharpened tip 2b, a rod with several sharpened tips or comb 2c, a screen or
wire mesh 2d, a loose coil 2e, an array of combs 2f, a bundle of thin wires or filament 2g,a
rod with sharp tips protruding from its surface 2h, or a plate with a knurled surface 2i.
Additional geometries may include combinations of the above geometries such as plates or
rods with surface protrusions, rods wrapped with wire windings or filament, coils of thin

25  wires, etc. A plurality of electrodes may be employed that may be arranged in a parallel

series or in an intersecting grid. Still further geometries may include a “wagon wheel”
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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. The segmented assembly allows for the thermal
expansion of the core during operation. In this arrangement, electrons can be 5generated
from hot tips 11 by applying a negative voltage bias on the emission electrode relative to the

thormal o BSLATe R PR SR S T hepel S0 o R S s
This may BeaAGREENPHPRer YRR MR AL Lo S GO Sl Bl iR Glsg rode:

The 10surface of the heating cartridge may be comprised of an electrically conductive

material sioblasdRtfetatibab ik pletéiaalnasel aleb HaBtibe RaY RIS AN ure,

cartridge. To promote electron emission, a plurality of distributed emission tips can be

mounted sucthasarfhcalitf tieheptting cartrikrizE heecaldeidgdicamber isattechyassingasuch
AC or DC current through the heating element inside the cartridge. Electrons can be
generatefrdifi aspmetisdapiaiad ipEiettnd cAerigerey dpislyatesaategtaie \bitagesbis ohthin
the surface, of the cartridlge relative to a second electrode. For creating the voltage bias in this

arrangem¥lES RN (BRIGL MLHD SEONRLR GRS AIGEHCSS BrafarR 2angiNgd malrdtnelinsdy

biased or ively. the cattridge can be grounded so that the second electrode may be
positiveIy%ﬁ‘ﬂ%ﬁh&%%gsesn%%%‘?ments, the latter case may be preferable for eliminating a

potential 2808t TefRRCARERUBTAANAF AV GRS LH é?rﬁss%ee%@mﬁg}g%%e%%@goﬂp%ged of

current
a conductive material with relatively low electron-emission energy or work function. The

10 material preferably also has a high melting point and relatively high stability under
processing conditions. Examples of suitable materials include metals, alloys,
semiconductors, and oxides coated or deposited onto conductive substrates. Further
examples include, but are not limited to, tungsten, graphite, high temperature alloys such as
nickel chromium alloys, and metal oxides such as BaO and Al,O;that are deposited onto a

156  conductive substrate.

[0054] The electrode that acts as a base electrode is comprised of a conductive material
such as a metal or any of the other materials described therein. The base electrode can
have a variety of different geometries depending upon the application.

[0055] In certain embodiments of the present invention involving thermal-field emission,

20  the emission electrode may comprise a segmented assembly such as the electrode depicted
in Figure 4. In this regard, the core 10 of the emission electrode may be made of a metal
with a high electrical resistance. A plurality of tips 11 emanate from core 10. Tips 11 may
be made of a conductive material with relatively low electron emission energy or work
function such as any of the materials disclosed herein. The core may be heated by directly

25  passing an AC or a DC current (not shown) through core 10. The thermal conduction will

transfer the heat from the core to tips 11. The hot core 10 and the plurality of tips 11 are
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along the heating element, and the another circuit may be the high voltage bias between the
surface of the cartridge and the second electrode. In these embodiments, the hot cartridge
electrode may also act as a heat source for the gas mixture to achieve the required
temperatures for the reflow process step. 25[00571 As mentioned previously, a gas mixture
comprising a reducing gas is passed through the electric field generated by the at least two
electrodes, The reducing gas - 18- contained within the gas mixture may fall within one or
more of tk?en-;(,)?? oevgiwg%aig%gﬂggsﬂeai%mhﬁgié%f f%ﬁ'ﬁ@%ﬁﬂ R aSuRRALL frapssheteby forming
generating gg 'mﬁggcégge\pﬂggm(gg% S ides n reaction hthe active species with
the metal oxide, or 3) a gas cdpable o?@éi@?gtﬁggé%:t?\%ggs%eei%ésv'vq%cé &S50 F?I%]LH% "aqueous

oxides UpPBRJIBaGHEOTROE ishiRlivd SPaR s WE I maeal. oxide sdanafletna f5nt &2&99% R the

gases, or an intrinsically reductant gas, includes any gas that thermodynamically acts as a

reductantttetimalesipasstorbef taseveddrrgropieatfrintrinpisallyaeshiatant casesrschidisdi2,
CO, SiH4, Si2H6, formic acid, alcohols such as, for example, methanol, ethanol, etc., and

some acidieneapesiranihet tirs fbll Gyingptving @ aéddticeatigRbRObh [H0ENibsitormiatarchbl),
substituent R_mag%be an alkyl group, substituted alkyl group, an aryl, or substituted aryl group.
The term *&lfl{y® IRtheRPsRAMSIRR des straight chain, branched, or cyclic alkyl groups,

ferabl ining fram 1 to 20 carb , ferably from Ito 10 carb .
This appllS028L 18 SR B R AERRATR L PG RGeS TG FARNG PRIy
lkyl. The,term. "substi ' anpli L moieties that h i
nclude ho e A o R T B T e AR 0o Ly be
C6.10); alieddmbiehed BpiSite AdiRY SRRRFesalky LGS SP1RE %ml&@nlé?éb%

e
alkyl C1.10 or aryl Ce.10). The term "halogen™ as used herein includes fluorine, chlorine,
broftfine, surthimdifi¢héT heatirrgreimindigasnigesehrymirisuius em Tt bBaMMVERAUARE ARt RSP h

rings having aromatic character. The term "substituted aryl" as used herein includes aryl rings
having s.sstitlieiathaids ielcicidediy iomdated droucthad €atiig B)em bt dwidedtencar e 3 TOR
(R=a(kyl C1.10 or aryl C6.10); alkyl C1_10 or awl C6.0; NO2; 503R (R=alkyl CI-10 or aryl
Ce-10); JVRIBABleftonpryiseion & Hludlitnof distibrisd erissicadiesmsschn amunted aathe
mixture Cgtprlraaic%sor?)ﬁ%%%rﬁhg cartridge. The cartridge can be heated by passing an AC or DC
current through the heating element inside the cartridge. Electrons can be generated from
15 the distributed tips of the cartridge by applying a negative voltage bias on the surface of the
cartridge relative to a second electrode. For creating the voltage bias in this arrangement,
the second electrode can be grounded so that the cartridge may be negatively biased or,
alternatively, the cartridge can be grounded so that the second electrode may be positively
biased. In some embodiments, the latter case may be preferable for eliminating a potential
20 interference between two electric circuits, e.g., one circuit may be the AC or DC current
along the heating element, and the another circuit may be the high voltage bias between the
surface of the cartridge and the second electrode. In these embodiments, the hot cartridge
electrode may also act as a heat source for the gas mixture to achieve the required
temperatures for the reflow process step.

25 [0057] As mentioned previously, a gas mixture comprising a reducing gas is passed

through the electric field generated by the at least two electrodes. The reducing gas
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[0060] The second category of reducing gas includes any gas that is not an intrinsically
reductive but can generate active species, such as, for example, H, C, S, H', C', and S', 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: NH3, HS, C, to C10 hydrocarbons such as but not limited to CH4, C2H4, acidic

hayi mula (ill d ' ing the following f Ja (IV): 9 (IV
R, oo, agzﬁ" il rﬁ‘ﬁﬁﬁ@?@ﬁﬁ%&fﬁﬁ%ﬁ@u,@?fs@)tﬁa_?&?%w
roup, an . r includes
s e B Ean Foon e AT St le S T e

F, Cl, F. agab6dudmitissagiatviesstaronens sénleceniauvifia sRsweelrsxies 8ng)adigsidpie

or aqueous oxides by reaction of the active species with the metal oxides, Examples of this
type of gaf gehedatifig atieecspbcielo viézls dotai i gooarsagu o axided dp ST @atifort Thd Ketive
BF3, WF6, UF6, SiF3, NF3, CC1F3, 15 and HF. [0063] Besides including one or more of the
above catRpsiIRS vithdorioietabedds; the gas mixture may further contain one or more carrier

gases. Tfshgc%rjier ghas,may be used, for example, to dilute the reducing gas or provide
collision stafatibie 5 lRseNyakaases iArhR iprsinally eervsiant aasy igakidsaan easdhah

lisior i R aBb ity Deldaneay
preerrcc DR ErE e Bt A Ackr iR bl e SR Sarbrg e
nclude, Dy Rl ERRARIR B0 i 15, Ko X8 AN R, [OPRSLIFSIARRISIENE 1o

embodiments, the gas mixture comprises hydrogen as‘the?réducing gas and nifrogen as the

carrier gasxaueple, itsctRiatbicbiHamnal &@§ta1fwbmﬁe25@ai\¢iww%mgmb%nwinﬁ%&whﬁrﬁm%ﬁ@
gas release. In these embodiments, the gas mixture comprises from 0.1 to 100% by volume,
preferably 1 to 50% by volume, or more preferably fratn 0.1 to 4% by volume of hydrogen,

AmaQnts of hydrogen lower than 4% are prefdifedRwitighHnakes gas mixture non-flammable,

[0059] In formula (11}, substituent R may be an alkyl group, substituted alkyl group, an aryl,
or substituted aryl group. The term “alkyl” as used herein includes straight chain, branched,
or cyclic alkyl groups, preferably containing from 1 to 20 carbon atoms, or more preferably
from 1 to 10 carbon atoms. This applies also to alkyl moieties contained in other groups

15 such as haloalkyl, alkaryl, or aralkyl. The term “substituted alkyl” applies to alkyl moieties
that have substituents that include heteroatoms such as O, N, S, or halogen atoms: OCHg;
OR (R=alkyl Cy.10 or aryl Cg.10); alkyl Cy.10 Or aryl Ce.10; NO»; SO3R (R=alkyl Cy.1o or aryl Ce.
10); or NR; (R=H, alkyl Cy.,0 or aryl Cs.10). The term “halogen” as used herein includes
fluorine, chlorine, bromine, and iodine. The term “aryl” as used herein includes six to twelve

20  member carbon rings having aromatic character. The term “substituted aryl” as used herein
includes aryl rings having substitutents that include heteroatoms such as O, N, S, or halogen
atoms; OCHg; OR (R=alkyl Cy.1o or aryl Ce.10); alkyl Cy.10 or aryl Cs.10; NO2; SO4R (R=alkyl C,.
10 Or aryl Cg.10); or NR; (R=H, alkyl Cy.1o or aryl Ce.10). In certain preferred embodiments, the

gas mixture contains hydrogen.
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[0065] 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 450C, more preferably
ranging from 100 to 350C. The pressure of the gas mixture is preferably 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

ey onopdlan) 118 SELBAL oBledBry A decAdRRS P BRCM R S WAt PLANS

in which the oxides are to be removed is preferably loc een the emission

and the basuetretideawiteris aurieacd apuigedl e ainissianrAsHpre HnGastain prefprges by
embodiments of the present invention, the substrate may be connected to the base electrode
to providedissanigivasasitabipenm difaténydherethesgasnettaiotsteahd foragyaseboslionriais bihe
distance between the emission electrode and the top 15surface of the waterfof target
assembly"BRIPE K &R Geliversregiecitpiegarata aritasis ke BamovgdoEXaRigles @ e igesof
an ill%stration_of the process used for a wafer bumping application wherein the substrate is

silicon wa¥8e e Heiute Sl ¥disinaRs feeibashid R eb B et 2idic
d th ISi I ity of solder.b .sh is placed fi
clectode BEe RS R o U= RS s VamRen i Uit talepoiadh 90 Ctaining

the plurality of solder bumps is exposed to second elggtrode 24. While the wafer 20 is shown

as being placed upon first electrode 22, it is enyigigpedipat the water 20 can be placed
anywhere between electrodes 22 and 24. A pulsed voitage 25 is applied across the first

electrode@dend thecsrimsl(BIpaHA(R/ R4 BRI HHRPBLIRAHIG fi19uh SasiXbY aRf

containing hydrogen and nitrogen is passed through the electric field. Low energy electrons

28 are gegrengieanvatiiinothebitititedfmid g@lip. which drift towards the first electrode 22 and
wafer 20 disposed thereupon. In addition, a portion of the hydrogen within gas mixture 25
form§ hydR&§h icre3bingycetegaorohredimingraastinchidescansifgasviatiis thad éinsntrivsicaltie 22
and wafer 20 disposed thereupon. The drift of negatively charged hydrogen ions 30 and
electrons "SEUEvE Pt Gah dsm Rclive species, such as, for example, F, Cl, F, and CI', by dissociative

attachment of electron on the gas molecules and form liquid or aqueous oxides by reaction
of the active species with the metal oxides. Examples of this type of gas include fluorine and
chlorine containing gases, such as CF,, SF;, CF,Cl,, HCl, BF,;, WF,, UF, SiF,, NF,, CCIF,,
15 and HF.
[0063] Besides including one or more of the above categories of reducing gases, the gas
mixture may further contain one or more carrier gases. The carrier gas may be used, for
example, to dilute the reducing gas or provide collision stabilization. The carrier gas used in
the gas mixture may be any gas with an electron affinity less than that of the reducing gas or
20  gases within the gas mixture. In certain preferred embodiments, the carrier gas is an inert
gas. Examples of suitable inert gases include, but are not limited to, Ny, Ar, He, Ne, Kr, Xe,
and Rn.
[0064] In certain preferred embodiments, the gas mixture comprises hydrogen as the
reducing gas and nitrogen as the carrier gas due to its relatively lower cost and the

25  environmental friendliness of the exhaust gas release. In these embodiments, the gas
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5 with wafer 20 disposed thereupon promotes adsorption of ions 30 onto the surlace of wafer
20 and fosters de-oxidation of the wafer surface (referred to herein as surface de-oxidation).
[0060] 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 10substrate due

to the drifti ' ic fj Thiselectron build- h t f

orevent BT UL kb ol e P B S i St e
ert 7ol the SR EDas o

AN ARG S B R

One methodfrreinatizinaes ias mpauRenenbstsatigface may be to change the polarity
of both of the electrodes relative to each other. During the polarity change, the voltage level

on each @@6%delmegytaint erobediaeiysh ththgasanietuhe sneassedatimet tedipilgeheritad g
can be achieved by applying a hi-directional voltage pulse between at least two electrodes
suchs ti3¢ shisaRtiNvrigleRdindsy at@ deprperahiaraagiagirnoaabienine 45086 amgeopneleiably

an electrode n@%enerate electrons in one phase of the voltage pulse (Le., a negative bias)

and retriel&'8 S 1RGI9tRE Bh e BrapRiNR REH Sas B irare dssysiarabhAmDiatig. 6,
I d i h th iSSi lect ievi lectrod d
clectiode AL IR FESR0IS B I RN o TR TDBRERRS v nace
de.oxidat e S . . o
ooated A o e e LB U P R i G

Another gleestasiecty this pesssarb welerasgdiromien 1930 TR CHRASAMY fréf1 RRATEYL8h,

electrodes 110 and 120 can be obtained, for example, by a bi-directional pulsed DC power
1051\n d086fdle Shbisdbsicatrainatmpenhitbetis itikiduatad to bigwad@ iv\frefeelbrtiogted
110 is negatively biased, at least a portion of the electrons generated from tips 101 attach to

at least aQ5SHRSH drerRimissiqpislpeliedarand i paseslsstredamith tessivtrcd difciog tivelsmiagion
103. Wher? t&tE: Oaaola ity is reversed, electrons are released from the surface of wafer 103 and

retrieved %3_ Qupl YRR RiGeY %eéﬂﬂo?mﬁﬂ%?r%ft@&@rﬁ%ﬁ%[ﬂw?&ﬁ@_ﬁdh?r%’?ﬁﬁf@%ﬂ‘ay be
et S Y L OSSR A D e
electronseirthis U NS HRISeMIHBES MMM L he distance between the emission electrode and the top
15 surface of the wafer/or target assembly may range from 0.1 to 30 cm, preferably from 0.5 to
5cm.
[0067] Figure 5 provides an illustration of the process used for a wafer bumping application
wherein the substrate is silicon wafer 20. Referring to Figure 5, a second electrode 24 is
located above a wafer 20, and the wafer 20 comprising a plurality of solder bumps (not
20  shown) is placed upon a first electrode 22 to form a target assembly. At least a portion of
the surface of wafer 20 containing the plurality of solder bumps is exposed to second
electrode 24. While the wafer 20 is shown as being placed upon first electrode 22, it is
envisioned that the wafer 20 can be placed anywhere between electrodes 22 and 24. A
pulsed voltage 25 is applied across the first electrode 22 and the second electrode 24 to
25 generate an electric field. A gas mixture 26 containing hydrogen and nitrogen is passed

through the electric field. Low energy electrons 28 are generated within the electric field
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10removed 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 voltage bias
relative to base electrode 2W and electrode 203 having a positive voltage bias relative to base
electrode 201 are installed above the water surface 200. In this arrangement, 15electrons are

' i df | de 202 tri lectrode 203. | ticular
embodimih ﬁ?h%%(f?awé@é‘éft%ee%é%%a%cfw%”#ar§r£é§¥¥§€e§é§§%€§§e§detngé‘a%%il' 2‘%%35@302
it ' ' i , e rode .

R ARG s AP R S e

20from thetapheisatevaishiansddrRMRYHA R R EigRb dkteD dassrslex0 idRleRd hiskupon.

untreated, residual charge contamination can cause electrostatic discharge damage to

sensitive Bheotrhaf negativelgruisargeth agearegeipaditn aotanti@dogond b towsdOne stshiragd\i2
through a commercially available neutralizer device and then across the substrate surface can
neutpaliz&'iihewalsig@ nisnasrd dhenseneateranetgesadeheppioridl onsrd meiseheisuiiacg ad @afteill

neutralize any residual electrons and provide an electrically neutral surface. Suitable charge

neutraliz&P FOHdBS A3 feraxidRiamp f%ﬁ@gq.r(ﬂ‘%ﬁ%GS@B&&W@S&W&%WCW?MM

s L R R R S B
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

10  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 well as
adversely affect the equilibrium of the surface de-oxidation. To make the surface de-
oxidation process more efficient, the electrons on the substrate surface need to be
periodically removed.

15 [0069] One method to remove the electrons on the substrate surface may be to change
the polarity of both of the electrodes relative to each other. During the polarity change, the
voltage level on each electrode may not necessarily be the same. In one embodiment, the
polarity change can be achieved by applying a bi-directional voltage pulse between at least
two electrodes such as that shown in Fig. 10b. Figure 6 provides an example of a polarity

20  change wherein an electrode may generate electrons in one phase of the voltage pulse (i.e.,
a negative bias) and retrieve electrons in another phase of the voltage pulse (i.e., a positive
bias). In Fig. 6, electrode 110 is used as both the electron emission and electron retrieving
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

25  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
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[0072] 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, horizontal, rotational, or along an arc, In these

embodmepts, S IAgs deaddion Ay MehesuiAON N alosRisH AR ALINn S ipLale

surface.‘f8 owing Figures roug rate 1s"a silicon wa atis

disposeghngaLase SRS BT HrotaunsabiabFaE BN ML RAIES W RIGHRHTECWhen

comprising a plurality of solder bumps (not shown) is exposed to a second electrode that acts

as both apefadingiong AdgiticyinBigiedratRdsta SHBOHIDNS WIHEYIJNE gxAerEied from tisa

negative to a positive bias In electrical potential). Figure 9a shows a silicon wafer 300 moved
rotationallyiattiehadetlexstiaeartep cf toke ra6aciog\das lars] applip dredisdiredticngyap idse dirift
voltage relative to the base electrode 304 that may cycled in a frequency range from 0 to

100K Hz 9saets waiae & g e iharelasiviferesed, Aleakess atafeleainditantibe surface of

processing chamber (not shown) rotates the wafer. Such rotation is frequifrglrx_ accomgtliigggfl

20in serfBBIA A ANPrstaewrsPRfthat RS cdre R AmaAngion BysHata e fansace

L b ided b ovi i : : fod-
control Ol SRS A0 1 B8 G S S Ve ey o e
linear el%@@ﬁf&*ﬁé%@%&@é@gﬁﬂ @%@%Higq@l%@q@gﬂ voltage relative to the base

electrode 314 thereby generating an ion area shown as 316. This arrangement may be

25suitabjedrujarplisaieaingy eintsbapRYRY ekEls isls@ashicom Mesubéatadyiatale imayias
bumping furnaces such as, for example, printed circuit boards through reflow furnaces. - 24 -
Figire 9festuvers lbysiicployivefend20 morecatiditiatahelibgtuodis: Fjgaired heatidddiseer amission
electrodes 324 and 326: the base electrode 322 has a steady positive bias and the emission
electrodes@panhaes Rawaiestisaly sepitale-bReferingve fowe BavwalelRQRigisposas wran

electrons can be generated to and be retrieved back from the wafer surface .
a grounded base electrode 201. Two electrodes, electrode 202 having a negative voltage

bias relative to base electrode 201 and electrode 203 having a positive voltage bias relative
to base electrode 201 are installed above the wafer surface 200. In this arrangement,

15  electrons are continually generated from electrode 202 and retrieved at electrode 203. In
one particular embodiment, the polarity of electrode 202 and electrode 203 may be
periodically changed from a positive to a negative voltage bias, and vice versa, relative to
the base electrode 201.

[0071] In yet another embodiment, electrons or residual surface charge may be removed

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

25  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
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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 on area shown as 338, Lastly, Figure 9e employs a

10relativel ller el de 344 | d h d of a pjvaoti 346. The polarity of th
cloctrods T ET UL Ay SNEP PARIVE SONBUANE BEDUE 365 IPURPEEHBRANY an
[ | ' 40, in f I -lik:
motion 1 SR e Ay F O P P BB el e RO R g e e

method degeHRE” hegin can be used in several areas of the microelectronics
15manufacturing in addition to the reflow eta solder bumped wafer such as, for example,

surface clig@Tizly, meatgilatngodiezing, weldingtans sefioyenassuably SeJesNG oW lead
bonding. An example of reflow and wave soldering apparatuses that are suitable for the

methed deasifiséipHbecteptrndeifiat actsmeviaehissiemelieirols. dpiilisatgardieiomi8siovhich
assigned to the assignee of the present invention and is incorporated herein by 20reference it

its entiret§'SAYGNE PIAYiBGIT R FSSRRRiiRN ARG Yyl HiEateBRY broregvedh theceniesian reduce

metals, such rocessing or thin

e T R T B e e
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ot e e e bt
10 within a localized area of the substrate surface.
[0073] For the following Figures 9a through 9e, the substrate is a silicon wafer that is
disposed upon a base electrode, which is grounded. At least portion of the wafer surface
comprising a plurality of solder bumps (not shown) is exposed to a second electrode that
acts as both an emitting and a retrieving electrode (i.e., changing polarity, for example, from
15 anegative to a positive bias in electrical potential). Figure 9a shows a silicon wafer 300
moved rotationally under a heated linear electrode 302 to which is applied a bi-directionally
pulsed voltage relative to the base electrode 304 that may cycled in a frequency range from
0 to 100KHz thereby generating an ion area shown as 306. A motor located outside the
processing chamber (not shown) rotates the wafer. Such rotation is frequently accomplished
20  in semiconductor processing without significant contamination of the wafer surface.
Contamination may be avoided by employing high cleanliness, rotational feed-throughs and
control of flow patterns. Figure 9b shows a silicon wafer 310 moved linearly under a heated
linear electrode 312 to which is applied a bi-directionally pulsed voltage relative to the base
electrode 314 thereby generating an ion area shown as 316. This arrangement may be

25  suitable for applications wherein a conveyor belt is used to move wafers through tubular

bumping furnaces such as, for example, printed circuit boards through reflow furnaces.
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Further, since the present method is performed at relatively low temperatures, it does not
significantly affect the thermal budget of the device during processing. Higher temperatures,
by contrast, tend to reduce device yield and reliability by causing diffusion of dopants and
oxides thereby reducing device performance. Since the method described herein can --in
certain embodiments- be performed on a single wafer, the method can be integrated with

other S asas S AN PG L ORATRIL i oer b cation

steps. (0 he me and apparatus described hefein are par e

applicatiog RGHA e BiURE g th b BIThe BE AR, JE 528964 98585 PEYFVALIRS and the

method and apparatus described herein for wafer bumping and thin film de-oxidation are

numeroussrhissio s @epRoadd 32vnieal 32f Mo lsieHaY MGERS BRaioreRiiRs {easeerdint dralRy
bumping and thin film de-oxidation are both single-face treatment. In this connection, the

space abd¢2 stethatfdectmanbealebridaresnatad focaad benadtrievdddrackfesabiheesaltinguiiaze
efficient process for both ion generation and transportation. Second, the processing
15temperHiefely e nerriingranise eRmsbReae SafhiftamtpHusatediostsitaths ppressieiow

soldering§ﬁocesses. The hi[gher temPeratures promote the formation of the negatively
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deposited solder bumps on the wafer need only exhibit solder ball formation upon first reﬁow.

[00761 Figeparmiclytthdrbbipghnieatryy afciondRIGeHodn assaBbivaamparriue eaBlayRY o

removing a metal oxide from a treating surface of a substrate according to the present
25irientiotlaiReigsimglier Elgeiredel 3éddotraidd ansbenbiyl ob @ pivedingasngizig Ehegiodatttyboflthe
having an array of protruding conductive tips 506 that are electrically connected by a - 26-
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.
[0074] The method described herein can be used in several areas of the microelectronics
15 manufacturing in addition to the reflow of a solder bumped wafer such as, for example,
surface cleaning, metal plating, brazing, welding, and reflow and wave soldering for outer
lead bonding. An example of reflow and wave soldering apparatuses that are suitable for
the method described herein is in Figs. 1-3 provided in pending U.S. application 09/949,580
which assigned to the assignee of the present invention and is incorporated herein by
20 reference it its entirety. In one particular embodiment, the method described herein can be
used to reduce surface oxides of metals, such as copper oxide, formed during silicon wafer
processing or thin film de-oxidation. Such oxides may form as a result of the various wet
processing steps, such as chemical mechanical planarization, that are used to form micro-
electronic devices on the wafers. These surface oxides reduce device yield and device

25 reliability. The present method allows surface oxides to be removed in a fully dry,

environmentally friendly manner that does not require the use of aqueous reducing agents.
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conductive wire (not shown), and base electrode 502, which has a grounded electrical
potential. As used herein, the term "energizing electrode" refers to an electrode that is an
electrode that has an electrical potential - either positive or negative - relative to ground
(zero). The energizing electrode 501 is proximal to the base electrode 502. Preferably, the 5
base electrode 502 and the energizing electrode 501 are spaced apart from one another by a

oo JediaiE20RHE fho BrOdoh R o Bl o R R B R SESTREE

502 and the energizing electro are space from one ano Y da distan

cm. [007 74ifntasipiaralBie PRexarbIRIJRe 3RS Eé%&!éQﬂﬁiﬁ&%r&*é@éﬁﬁ@?ekﬁ%ﬁeeﬁ%@%ﬁﬂh

10insulating portion 504 and a treating surface 505 comprising a metal oXide. y, at

least a pobyoroniréise tepalttogeiitaasobiab jsckxpraediiubiing By esamMpdHREIbPOS B83ansIdhe

base electrode 502 and the energizing electrode 501 and the substrate 503 all reside within a
target areXiRG7BpRbieredigcingevicéraderibneel Bitak theergitiod ddsctivettHeddiiscaefined
by an 15insulated plate having an array of protruding conductive tips 506 that are electrically
conn@cte§ BRI SRRRAMARNSI B REICHBRM P sibgid Walere the Matbadrar ainsgsedwith
material setl cted from insulating materials such as, for example, quartz, a ceramic material, a
polymer, 31 hﬁmpe\gqﬁeérgr&s_zqqﬁsgﬁet HERRAVRING RettRE GRIMRAtIDILRL wihRiRe L BRtieationn
another em@&diment, the insulating plate comprises a ceramic material. 20[0079] In one
particular embodiment, the protruding conductive tips are removably connected to the base

plate. For[eoas]pl%eefﬁéim%Eigﬁb%raﬂéhé%iﬁaé%@@lﬁ Qié*[‘s‘ar"ﬁbwwgtm%% hgp holes

507 that resemble "key holes.' Each of the holes 507 is connected by a conductive wire 508,

which eleapplisilyiarantheisftidcopihictve s MftdersaditbAONTNE bupHRPREL 6 IBFRItRE

into the holes 507. Figure 12(b) shows a close-up of the 25arrangement of three of the holes
5071Prefaraiiod drdrapparsE (asdritieds)ersnctonaadtvbuippin nd tbis firmeth apithfitmare
each other by a distance of from about 2 mm to about - 27 -
numerous. First, compared to typical reflow soldering processes for outer lead bonding,
wafer bumping 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 efficient process for both ion generation and transportation. Second, the processing
15 temperatures for reflow in wafer bumping are significantly higher than that of typical reflow
soldering processes. The higher temperatures promote the formation of the negatively
charged ions by electron attachment. Third, in wafer bumping and thin film de-oxidation
processes, the solder bumps and thin films are completely exposed thereby minimizing any
“shadow” effect during surface de-oxidation. Further, compared to other soldering
20  processes whereby the solder has to wet and spread over the component surface, the
deposited solder bumps on the wafer need only exhibit solder ball formation upon first
reflow.
[0076] Figures 11 to 14 illustrate a preferred electrode assembly apparatus employed for
removing a metal oxide from a treating surface of a substrate according to the present

25 invention. Referring to Figure 11, electrode assembly comprises energizing electrode 501

having an array of protruding conductive tips 506 that are electrically connected by a
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IOmm, or from about 5 mm to about 8 mm, or by a distance of about 5 mm. The holes 507
can be formed by any means known to those skilled in the art such as, for example, by laser
drilling. [0080] Figure 13 shows a single conductive tip 506 whose upper end 508 fits into one
of the holes 507, contacts conductive wire 508, and locks into place by, for example, a
twisting motion. Each of the conductive tips can be unlocked and removed by, for example, a

ot lon.. conauct | DY, .
pince. PO SRBF LA G £a30 gk nes b AT BS Yl o0 Re
stainlessp%&ehiélick\%'Iféar@n&wmﬂiﬁvteﬁm‘&ﬁeeggiz%@@maéem@lyd<aw Sleqksy Haissian

10 energy. In another embodiment, conductive tips 506 can be comprised of nano-tubes such
as, for exsasepiede sibomabaincitdeticd OpGthiRe fewimgnovsitivdhe asyatidénerlatiwpittegtdond
Figure 14, the array of protruding conductive tips 506 separated into a first electrically
connecte@eymud bd ermngizingeelentiasle @it dslpraximalcie thg roage Biecudds Sid2o iy efetablir $he
or second electrically connected 15group is connected to a DC voltage source that is

posifivelPBresRigrse fdradiRe LaeaEing elckeesRP L& FeaNF ¢ SRAR dtat Qs pnather by
ted to a DC volt that i tively biased 518. The PC volt that

1 positui§ HRRER LT TE S Joh AL AT BLTE B PALP O ReEe
t j . ' | '

peween it Bt aEor B RO S A TR R e L8, o

positivelyRiased-Jp¢twegn the functional controller 514 and each of the positive and negative
DC voltage sources is a positive pulse generator 520 and a negative pulse generator 522 in

commun{osyen WitlBibstiaes e ispdoxkaaltteaiebasitagerots GoR. rSypeative 503 benmprses an
generators 520 and 522 are, in effect, switches. When each pulse generator receives a
pul$thg sigpdhiiegpoatipnl564 fnw adtedios g ntdesf S0S3tonHw)Siegha the thl redidn a Peeheraliler at
514, a corresponding hifgh voltage pulse (e.g., between 0 v and the set point of the DC
oltage) (F7ba EREIRBE WA rP BT RGP o RIRERRS HoHhe 9BerOa GlesiioRearhand the

functiongl controller 614 has a dual outputs. When on tput s connected 10 a ) .
correspoP R P BEIER A AT OB kR e RS S P A o Al st it
thus malgr}gr&? gfwé%rnating function, Typically, there are two adjustable variables of the
pulsing signaf of the functional controller: pulsing frequency and the on/off ratio of the voltage.

[0078] Referring now to Figures 11 and 12(a), energizing electrode 501 is defined by an

15  insulated plate having an array of protruding conductive tips 506 that are electrically
connected by a conductive wire (not shown). Preferably, the insulated plate comprises a
material selected from insulating materials such as, for example, quartz, a ceramic material,
a polymer, and mixtures thereof. In one embodiments, the insulating plate comprises quartz.
In another embodiment, the insulating plate comprises a ceramic material.

20 [0079] In one particular embodiment, the protruding conductive tips are removably
connected to the base plate. For example, referring to Figure 12(a), the underside of the
insulated plate has holes 507 that resemble “key holes.” Each of the holes 507 is connected
by a conductive wire 508, which electrically contacts the conductive tips 506 once the
conductive tips 506 are inserted into the holes 507. Figure 12(b) shows a close-up of the

25 arrangement of three of the holes 507. Preferably, the holes 507 (and, thus, the conductive

tips 506) are spaced apart from each other by a distance of from about 2 mm to about

-27-



[0082] In operation, when a gas mixture comprising a reducing gas is passed through the
target area, the functional controller 514, in cooperation with the negative pulse generator
522, energizes the rows of conductive tips by activating the DC voltage source that is
negatively biased to generate electrons within the target area, wherein at least a portion of
10the electrons attach to at least a portion of the reducing gas thereby forming a negatively

charged rﬁSiHﬁif‘Qr%?nt %bg?aét‘éﬁpﬁfﬁb%ﬂﬁé r%?tﬂg?%%ggﬁ@et%frggbﬁﬁswl ?ﬁ%@lé@é@‘?

treating surface of the su unctional contr 4 then deactivates the

voltage sgyasethihisd @ aHyeheRIRStbANdoith6SOBRIRIPA W hHSURAXEY RPEISRIR fyat%er

520, activates the DC voltage source that is positively biased to energize the other set o
15rows ofidgitinguictive tips to retrieve excess electrons from the treating surface. Preferably,
the rows of conductive tips electrically connected to the DC voltage source that is negatively
biased al8aB@ rofiguse ddnehasya singlsiconibative tprifiadhaseneDaT aaitag8 tisunte ohatas
positively biased are not energized at the same time. In operation, functional controller 514 is

capable SPBREIFRANG ORI EREMMEYUEVE 8 RIDANME iR IR BREGENAlY Bxarhln 2 twisting
B B BB e A e B e SRR e
o SO SRS AR AT S AP e
allows fopige|oprEpsnRabRIRAVE 1R 8DBSEkORAREHINT MRt Is 2R IR ExHRPRE brass,
oxide, on an insulated substrate such as, for example, a ceramic substrate. Examples of
insulatedssaihitsatetednaticke)-torexampitiongithé pther pletsidaminaiiatirddsioniesec#8n-emission
10  energy. In another embodiment, conductive tips 506 can be comprised of nano-tubes such
as, for example, carbon nanotubes.
[0081] Referring now to the embodiment depicted in Figure 14, the array of protruding
conductive tips 506 separated into a first electrically connected group 510 and a second
electrically connected group 512 wherein one of the first or second electrically connected
15  group is connected to a DC voltage source that is positively biased 516 and the other of the
first or second electrically connected group is connected to a DC voltage source that is
negatively biased 518. The DC voltage source that is positively biased and the DC voltage
source that is negatively biased are electrically connected to a functional controller 514 that
is capable of alternating a supply of energy between the DC voltage source that is negatively
20 Dbiased and the DC voltage source that is positively biased. Between the functional controller
514 and each of the positive and negative DC voltage sources is a positive pulse generator
520 and a negative pulse generator 522 in communication with the positive and negative DC
voltage sources, respectively. The pulse generators 520 and 522 are, in effect, switches.
When each pulse generator receives a pulsing signal (e.g., a pulsed low voltage signal of 0
25  to 5v) from the functional controller 514, a corresponding high voltage pulse (e.g., between 0

v and the set point of the DC voltage) will be created, which powers the corresponding high
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used for printed circuit boards, flexible flex polymeric films (e.g., polyimide) substrates used
for flexible circuits, insulated substrates used in integrated circuit interconnection schemes,
high density interconnects such as polymeric based BGA's (Ball Grid Array), high density
interconnects, and insulated substrates used in 3-D or stacked integrated circuit or 3-D or
stacked packaging technologies. Next, the embodiment illustrated in Figures 11 to 14

id d ical. is abl [ [ | ical field
s SRS SIS U ARl it I ceeut oo
lon am0”gsgﬁﬁé@éﬂg@éﬁrﬂgﬁ&&ﬁ%ﬁgg&%g@?&wﬁ& tﬂBPBEfgffa/ g@%g?ﬁ%%%ﬂg Y other

additional benefit of the method and scribed herein'i erma

expansiorpgfsmg@i@w@qmnmiadgrw@mmmi@mmn.awpéulel,imereaéﬁerim&ae]haébne

guartz or ceramic is used instead of metal, thus the thermal deflection of electrode can be

eliminatedvatiaéasmet theeputengtsigrs) i thedsrhioval 30t drrhisiag disqual densdittie Brabif
the conductive pins can be removed and replaced from the electrode plate in case of damage

or distepaipliexidbsaeliagenother embodiment depicted in Figure 15, electrode assembly
comprises energizing electrode 600 having an array of protruding conductive tips 605 that are

electrically%% leé[bm%m@&ﬁﬁr@i(ﬁmﬂ?iﬁﬂ@5%@&@9&?@& s e thepushshe
206, At eh0g R g BT REa1d, B SRaetoton R BB BeSa aohign apnorator

606. At least'a portion 0 array uding |

Do aBARING RS Lonthaivs My EIiD B ViRl dalsEashupls

602 of chamber 6@, so that a gas mixture comprising a re}é%cmg gas
chamber nagdwéry‘weadqwgmatel@w@wwmqh%rg@r%éyﬁﬁmiﬁ% BHS BBIRIGE b
e

area 609 containing the substrate 607 having a surface to be treated or treating surface 606
thati@sidéwewitthdasgetaatem GORdst agitaiiveoihbelirpenimdgasthieetpaati 3nagsahitasy
base plate 604 of energizing electrode 600 are spaced apart from one another by a distance
of from al$bafIed taduenshars that.dmtom atemaats g, teratispatethe toréduncometahokivasiona

distance of 1.9 cm. (0085] Referring again to Figure 15, energ&zing electrode 600 further
comprised§ ERANNGIUSGEHAL IR SHPRitRinalPsitvReticne! ¢opBelie&ddban derstivates the DC

ication with the.j | volume 602, and an electrically insulated base plate 604 such
2 that oH IO, Pl Rt GUATRANE . B oS LB B PR AR D RSRBAS SUl pRnsator
b . . ’. . .. H . i 1
roctangul R e R Te KRR aSel L S &

contﬂmsle rOWBLEGHGRIBCEaTHY BN R ERE SR RERIDR B AT SATHY RIGH SR B At BT INe

meen rows of conductive tips electrically connected to the DC voltage source that is negatively
biased and the rows of conductive tips electrically connected to the DC voltage source that is
positively biased are not energized at the same time. In operation, functional controller 514
is capable of alternating between the negative and positive biased DC voltage at a high-

20  frequency pulse. In preferred embodiments, the voltage pulsing frequency is preferably from
about 0 to about 50 kHz and, more preferably, from about 10 kHz to about 30 kHz. The
amplitude of the voltage pulse is preferably from about 1 kV to about 3kV.

[0083] There are several benefits of the embodiment illustrated by Figures 11 to 14. First,
such embodiment allows for the low temperature reduction of metal oxides such as, for

25  example, copper oxide, on an insulated substrate such as, for example, a ceramic substrate.

Examples of insulated substrates include, for example, rigid epoxy glass laminate substrates
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10a polymer, and mixtures thereof. In one particular embodiment, the insulating base plate
604 comprises quartz. In another particular embodiment, the insulating base plate comprises
a ceramic material. Referring again to Figure 15, energizing electrode 600 further contains an
array of protruding conductive tips 605, wherein each conductive tip 605 has an infernal
passageway (not shown in Figure 15) that is in fluid communication with the internal volume

15002 o el 408 S ETRIIA I RIS B v

chamber can be injected out from at least a porti |

609. Conmmmregﬁsmﬁymémaeﬁ%%eemmffﬁi%bﬂa@é&eﬁaﬂﬁﬁtéﬂf&ﬁ%&vgt?q%ﬁn%&t

not limited, from metals such as, for example, brass, stainless steel, nickel-chromium alloy,
and othehiglatsiaisyinterciatively ashele gistymermizioscmery @U@t igHed ot
graphite, carbon, carbon nanotubes, 86] Figure 16 provides a side view of one embodiment
of condudiGECEPBTEs, AEgsuiates Slulsstetes, usatbinci disBREdtintadrathd GrOutiosmprSisg
an internal passageway 611 (shown in dashed line) that is in fluid communication with internal
voluthe @;ng%?@ﬁmﬁ'%-FM the) eapkrgis ertdbigirated isddowreih ia Fgure
15). In operatg)n, athI ast a portion. of the reducing gas may pass through the internal
chamber'802 Ot eh& &%?Hbe @I@%ﬂ?&g '86'1%5?898?1‘%1 Eﬁﬁgﬁégéaﬁé\%)ﬂ/tﬁﬁflﬁ%'?ﬁbﬂe'd on
treating r - ' hown in Figure 16, conductive tip
605 further oanioca 1, iy btad) G SR O B R S B e

of the exisrasiolaSA id TP OMINGAG Rl RoBENRbP R0 il Al es LB ISs Al

the insulating plate 604 of chamber 601 (shown in Figuré 15). In the embodiment

Figure 1@ caiditictizkbipdAitse hathad anglgshimtis2epnnsiterbasiefmaoed enshaap. Itis

anticipated that other geometries for the angled tip 612 of conductive tip 605 may also be
usdf sudraansion sbthierslectiodeiieislagetapsinitendhapgreimsdaitishaped e duoh as
conical-shaﬁ%d end. [0087] In an alternative embodiment, conductive tip 605 can be a

conductifHAFLTIFeI AR dE vead standehmatal 15y dtr eanaldeisationmbeierirodass be

made.of&%q%lé éy% 10material, or combination thereof, throu h. which a portion of the

reducing gas IS paségiemfgdgﬁ'?ﬁgrﬁ%ﬁ?alsy8rfhﬁ§ea%?¥ﬁe3ﬂpo%1nﬁfﬂ’?@'?&?@’é‘ﬂ%@%{.be”eﬂt IS
that the conductive pins can be removed and replaced from the electrode plate in case of
damage or disrepair.

15 [0084] In another embodiment depicted in Figure 15, electrode assembly comprises
energizing electrode 600 having an array of protruding conductive tips 605 that are
electrically connected by a conductive wire (not shown), and base electrode 606, which has
a grounded electrical potential. The energizing electrode 600 is proximal to the base
electrode 606. At least a portion of the array of protruding conductive tips 605 has an

20  internal passageway (not shown in Figure 15) that is in fluid communication with the internal
volume 602 of chamber 601, so that a gas mixture comprising a reducing gas flowing into
the chamber can be injected out from at least a portion of the conductive tips 605 into the
target area 609 containing the substrate 607 having a surface to be treated or treating
surface 608 that resides within target area 609. In certain embodiments, base electrode 606

25  and the base plate 604 of energizing electrode 600 are spaced apart from one another by a
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[0088] In certain embodiments, conductive tips 605 are all electrically connected together by a
conductive wire and then connected to a negatively biased DC voltage source, so that
electrons can be generated from each conductive needle tip, wherein at least a portion of the
15electrons attach to at least a portion of the reducing gas that flows out from each
conductive tip thereby forming a negatively charged reducing gas. The treating surface is then

contactegigvifh-iher Aeart¥el BNAEIethAshIRIBD A% &P ERdHeRilan mpidaddespariieieming

surface. In this or other embodiments, the substrate is electrically conductive and grounded,

so that nggstheebychargadceleetr@sngan drain from the substrate to the ground. 20[0089] In
other embodiments, the energizing electrode assembly has conductive tips 605 separated into

a first eldofas|lyReferrig e ajrotepFigut e e cnetiding etediyoderfitifctedhgranpniisessircharebet
one of the first or second electrically connected group of the conductive tips is made of

conductif8 tipaRatanHs eieah s 0 A9asi NIl B0Sd milishromBwRiFa ieReNifidhaintetAhe

602 of chamber 601, so th S mix isi i 25flowing. into ch

001 Lan VOB 8 000 BN, BRI B BTV RLFL o8 A BB PSP e
ppituagriagin | | Pbnbihtel . N od and

the othey TP Ra i Croas SRR B MR At KRIBRRe I Wan o Lo B RS "

source thaliSiRRsitraloniRs erb R b RREL AL B AIAYRM PoYTsS thRidfena Jativplyutiases!

and the DC voltage source that is positively biased are electrically connected to a functional

controllepvartdsconpsihigiohaiiriiraliogrebsupy. offs Ry dsetplatncde 4y coligissaurce
that is negatively biased and the DC voltage source that is positively biased. A gas mixture

comprisinmgteniebselrmeagkisos ihenldlingmaterialh sticinmbeiot @xaanplahavags, daetramiednetrsigl,
tip 605 having internal passageways 611 and at
10  a polymer, and mixtures thereof. In one particular embodiment, the insulating base plate
604 comprises quartz. In another particular embodiment, the insulating base plate comprises
a ceramic material. Referring again to Figure 15, energizing electrode 600 further contains
an array of protruding conductive tips 605, wherein each conductive tip 605 has an internal
passageway (not shown in Figure 15) that is in fluid communication with the internal volume
15 602 of chamber 601, so that a gas mixture comprising a reducing gas flowing into the
chamber can be injected out from at least a portion of the conductive tips 605 into target
area 609. Conductive tips 605 may be comprised of a material that conducts electrons such
as but not limited, from metals such as, for example, brass, stainless steel, nickel-chromium
alloy, and other materials with relatively low electron-emission energy such as but not limited
20  to, graphite, carbon, carbon nanotubes,
[0086] Figure 16 provides a side view of one embodiment of conductive tip 605. As Figure
16 illustrates, conductive tip 605 has a body 610 comprising an internal passageway 611
(shown in dashed line) that is in fluid communication with internal volume 602 of chamber
601 (shown in Figure 15) and the treating area 609 (shown in Figure 15). In operation, at

25  least a portion of the reducing gas may pass through the internal chamber 602 of energizing

electrode 601 through the internal passageway 611 into the treating area or target area 609.
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least one group of the conductive tips 605 is activated via a DC voltage source that is
negatively biased, so that electrons can be generated from each conductive tip 605, wherein
10at least a portion of the electrons attach to at least a portion of the reducing gas that
following out from each conductive tip 605 thereby forming a negatively charged reducing gas.
In this or other embodiments, the array of protruding conductive tips can be a mixture of

conductivig fiRs HANSEMRIR BRASS @x%,M&g&wggﬁg%dwm%%&ﬂph@s RS eg'end

passageways. The latter conductive tips, or those that ot have internal passagewdys,

15can bes1semioHgirieyRmblensiA @tgtme@ftﬂaﬁ EaRmRIRF IR SheRHIYiaHRYR 8f the body

conductive tips 605 are then energized by activating the DC voltage source that is positively
biased toGtlrzhmedoetse ¢ip S065MLHY affo Wit teatimysedactocthsuhsiiatie® pRatevbesaindheniier
least one group of conductive tips 605 electrically connected to the DC voltage source that is
negativel§Bidseavanid figuwentd)grisuihe Lodmdliment sheveos Eigeteiddl goutinaive tin 606 Ba
20voltage source that is positively biased are not energized at the same time. [0090] In certain

emb3dimBARLLANGRY iR BHaarersie halifldngad adi618 nikip patiknaertheleihahe

i | 1 of lucti ips 605, di Iy | 609,

Combina B iBring Bl SHOYE ORIt 908 ek A5n B AT, RSte
608 of 7 Wi i i i
b CoCa LoD L i st B P e e o

reducing @EBTRNIAANRMERBIENSHD SARMEMIVSHHREIEAPBIS ARIBE R LorFucRAS FRINAVS

and the balance of the reducing gas mixture or components thereof such as N2 can be flowed
directly intsedregbintoen 625 théo isnihdered aning gating ixateiin, situbl At Y canatikave
embodiment of the electrode assembly described herein is depicted in Figure 17, Figure 17
prolfies BatRitHh @ eoubinatica-therasd difevgiv it aepgitinmyat bhetredecing @iy oG ed
comprising a chamber 701 having an internal volume 702, gas inlets 703, an insulating plate

704, a cIRRHANDBiRISIER voumaahh e Sk ktodhglarast AR a

[0088] In certain embodiments, conductive tips 605 are all electrically connected together
by a conductive wire and then connected to a negatively biased DC voltage source, so that
electrons can be generated from each conductive needle tip, wherein at least a portion of the

15 electrons attach to at least a portion of the reducing gas that flows out from each conductive
tip thereby forming a negatively charged reducing gas. The treating surface is then
contacted with the negatively charged reducing gas to reduce the metal oxides on the
treating surface. In this or other embodiments, the substrate is electrically conductive and
grounded, so that negatively charged electrons can drain from the substrate to the ground.

20  [0089] In other embodiments, the energizing electrode assembly has conductive tips 605
separated into a first electrically connected group and a second electrically connected group,
wherein at least one of the first or second electrically connected group of the conductive tips
is made of conductive tips that has internal passageways in fluid communication with the
internal volume 602 of chamber 601, so that a gas mixture comprising a reducing gas

25 flowing into chamber 601 can be injected out from each conductive tip 605, wherein the at

least one group of the conductive tips 605 is connected to a DC voltage source that is
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slot 707. Insulating plate 704 in embodiment depicted in Figure 17 acts to isolate the
conductive pin plate 705 from chamber 701, which allows a gas, comprising the reducing gas,
inert gas, carder gas, and combinations thereof, to flow through internal volume 702 10and
out into a target area (not shown). Energizing electrode 700 can be a monolithic assembly or,
alternatively, a plurality of modular assemblies which are arranged in series to allow for easy

access I9Raf RPHISELRHy 05 SIRE BN Lot BRI SR Ghaunber

701 is provi Figures 18(a) and 18(b) which provides a side and top view, respectively. A

more detgisbrtewiefaocdusitia Rburtatthd08 jsobiifdEasiasetigite wAskHahand \tgehich
provides a side and top view, respectively. [0092] Referring to Figures 18(a) and 18(b),
energizirgpeleetitaids Ay aivalyrtsiasea andriizeDZ0bhagh aooare tinet isgpeasitivedy hd sedes & 08
whereby gas can pass through gas inlets 703 prior to passing through longitudinal slot 707

(not showleckidakykemg Eridoraiuantiposheriioie pinaslisearobl ey S irshabingchsRrlK 901 is

depicted in Figures 16, 17(e), 20and 18(b) as having a pair of gas inlets that provide a
balahceERBITLPEULRRtAEHAMNRItaa SpibResthadsNedAlEIM RERAAGRI MR R (itRIESS sRurse

703 and Jongitudinal sjot 707..In side view 18(a), hales 708 are.shown as,being chamfered or
"funnel s{%&%ﬂﬁlﬁﬂﬁl@@é F,dOtlgeg%‘cth)gg rﬁ)%‘#gpe"ss'?@fv(/%% 'Egrg%sp{lsmri]?g ?@gv i c?\r/‘vr%"f%%as

th h . 7 g .

the tavger et d6Y ARIRIG e B B P R DR PRk A iR ot
shown ag:RgiReSGHALE oY VARG HIVEES ifadiReed 0B 8UDD 26ikge Sl thatifsular,

elliptical, triangular, or other may be used. The arrangement of holes 708 may be selected
such thahdyatimly bigas fisihah destiohst ciBbie wetierdtad frarh\edumeortdetiv e tipra 08 wibdrein
through insulating layer 704, and longitudinal slot 707 is optimized. [0093] Figures 19(a) and
19(H) pratlitksstagodiandfitieaietene ateshispaldenst amamianiobthmrpruenmeasibate 19(a)
shows the arrangement of the plurality of conductive tips 706 on conductive Ein plate 705. At

least a pfﬂ‘f@’ﬁ"@ﬂ Eﬂh@%i%cﬁ‘p%o'?@@ LA %%im%%m&rﬁmg@ﬁ_%ﬂaé%% %ﬁéﬂ’&ﬁi”g
SRR Y e e
shown aggd 83330&985@@%%8 e ﬁ%&p&%g BRd Qofffchirnipiciiat mBlaisvelaternal

further comprises one or more power connectors 709 which is in electrical communication to a

central ppRGEaGEWAYSEIt ThEMtER IdipiRtics BFay 4P i@ty b peNHaS RdIpaI fiBsdgendys,
such as the reactive gas, a carrier gas, an inert gas, and combinations thereof may flow

thraegh lcargbindised stotetids endd [destargettiareaf (hetesitesslettreinwl be gakamhgoughof
conductive pin plate 603 may be controlled by a baffling system in 15the chamber 701 (see
Figures t8Qgughdeli®POarate/ thdoanaigiced by AtdivstinashaRfrolriiage source that is positively

biased to retrieve excess electrons from the treating surface of substrate 606, wherein the at
least one group of conductive tips 605 electrically connected to the DC voltage source that is
negatively biased and the other group of conductive tips 605 electrically connected to the DC
20 voltage source that is positively biased are not energized at the same time.
[0090] In certain embodiments, at least a portion of the reducing gas mixture may be
flowed through the internal passageways 611 of conductive tips 605, directly into target area
609, or combinations thereof. The negatively charged reducing gas then contacts the
treating surface 608 of substrate 607 with the negatively charged reducing gas to reduce the
25  metal oxides on the treating surface 608 of the substrate 607. In this or other embodiments,

a portion of the reducing gas can flowed through the conductive tips 605 having internal
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that are in electrical communication to the gas distribution block via power connector 709. The
dimensions of longitudinal slot 707 on conductive pin plate 705, insulating plate 704 and the
dimensions of the gas flow apertures 708 can be determined via computer modeling or gas
distribution modeling to achieve the optimum gas flow parameters. In this or other 20
embodiments, one or more supplemental gases may be added to the gas mixture or

alternate dp%%g%‘zvsgfﬁs JHHIH&%&S‘&%%HH@ gé‘&?gw%?%h%liﬁ[ﬁg to?rcef??m nos e?ﬁé) éﬁ?ﬁg%& 8s

standard gas p at are commonly seen inre urnaces or other me

dilute the KeaglivBaOmMRHR:RT) RIS hrpacifsa 6099 BNGSIRIRG-BNFhannRIak! s dgecribed

herein will be illustrated in more detail with 25reference to the lollowing examples. but it

should be[00@ity stéethiiuhhe peshncnahe ardrRsESTIBP absaBEhepdheiiBdstied in
thereto, - 35 - EXAMPLES Example 1 [0095] A first experiment was conducted by using a

lab-scale fighed7 Tgsemipl @losistbsvas isdtostds yitw iefahsariterdimeiorof 4meltisrgipoint
183C) on a grounded cop%}er late (anode), which was loaded inside a furnace and heated up
to 250C URIBERFEASIRIMPYL 208 eompriRipg\WRbanikersEh flaviempe interealvpiume d0Ritgasinlats

DC volta as applied between the negative electrode (cathode) and the grounded sample
(anode) g@o%@dﬁ%[ﬂ'ﬂ@r@%%&%@o dYGY VAR BIIG: @rﬁ?ﬁ@?grﬁﬁnw\fﬁéﬁﬁ@%@ﬂ;@en

the two oggindeeIQ IARAANS Ho LiSRISIRIIC R BTN Ao spheHc piepsit. |

was found that the so indeed very well wetted on the copper su et.

applying gBrRigsive ¥AlagR PoBIRIMEIEIRG S ADHUXIGSR SRRy gp@g@@gf.%g ¥E r‘é?iﬂé?ﬁ%er

be achieved at such low temperature, even in pure H2, becaus ve témperature for

pure H2 tgasrimeviegas; exidies Qasadiit Basrshaalser tiscrdsty & 3ACHIRIe I dIivdiasId 702
confirms that 15the electron-attachment method is effective in promoting H2 fluxless
soldé&ringamkatiidora target area (not shown). Energizing electrode 700 can be a monolithic
assembly or, alternatively, a plurality of modular assemblies which are arranged in series to
allow for easy access for part replacement, gas distribution control, etc. A more detailed
view of chamber 701 is provided in Figures 18(a) and 18(b) which provides a side and top
view, respectively. A more detailed view of conductive pin plate 705 is provided in Figures
15 19(a) and 19(b) which provides a side and top view, respectively.
[0092] Referring to Figures 18(a) and 18(b), energizing electrode 700 comprises a
chamber 701 further comprising an array of holes 708 whereby gas can pass through gas
inlets 703 prior to passing through longitudinal slot 707 (not shown) in insulating plate 704
and conductive pin plate 705. Gas distribution block 701 is depicted in Figures 16, 17(a),
20  and 18(b) as having a pair of gas inlets that provide a balanced flow of gas into chamber
701. Holes 708 are in fluid communication with gas inlets 703 and longitudinal slot 707. In
side view 18(a), holes 708 are shown as being chamfered or “funnel shaped”. However,
other shapes for holes 708 which can optimize the flow of gas through chamber 701 into
holes 708 and through longitudinal slot 707 (not shown) and into the target area (not shown)

25 may be used. In side view 16(b), the top view of holes 708 are shown as being square.

However, other shapes for holes 708 such as, for example, circular, elliptical, triangular, or
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[0096] Several cathode materials were investigated for electron-attachment assisted hydrogen
fluxless soldering by using the field emission mechanism using the same set-up as
20Example 1, The results of the investigation is provided in Table I. [0097] As Table |
illustrates, the best result was obtained by using a Ni/Cr cathode, which provided the highest
fluxing efficiency and thus resulted in the shortest wetting time. It is believed that the Ni/Cr

cathode GaRErAgs B GLY CHhiREIRIILANHY ATpiest d@éel%ﬁfé@&@ﬂ%%@%@f&ﬁe

electrons compared to other cathode materials. 25 Table!: Effect of Cathode Material on

Wetting Tgarethitorh@anmis0703 o tvtatistdatafvorihedoRetdhaiatier Comenesagh eiimanmih
a Sharp Tip (1/16" dia.) Brass i min 55 sec Copper 1.1 min 44 sec,... Nickel Chromium39
sec.---i Alapginddd, Anchior@stinab shinEd8% iIStmtimiadd. Tungsten 1 min 54 sec .,
[0093] Figures 19(a) and 19(b) provides a side and top view of further aspects of
5  conductive pin plate 705. Figure 19(a) shows the arrangement of the plurality of conductive
tips 706 on conductive pin plate 705. At least a portion of conductive tips 706 can be solid,
having an internal passageway in fluid communication with internal volume 702 of chamber
701, or combinations thereof. Figure 19(b) provides a top view of conductive pin plate 705
further illustrating slot 707 which is shown as residing between two rows of conductive tips
10  706. Conductive pin plate 705 further comprises one or more power connectors 709 which
is in electrical communication to a central processing unit to control flow of energy to the
array of conductive tips 706. A gas such as the reactive gas, a carrier gas, an inert gas, and
combinations thereof may flow through longitudinal slot 709 into the target area (not shown).
The flow of gas through conductive pin plate 603 may be controlled by a baffling system in
15  the chamber 701 (see Figures 18(a) and 18(b)) and via flow meters or mass flow controllers
that are in electrical communication to the gas distribution block via power connector 709.
The dimensions of longitudinal slot 707 on conductive pin plate 705, insulating plate 704 and
the dimensions of the gas flow apertures 708 can be determined via computer modeling or
gas distribution modeling to achieve the optimum gas flow parameters. In this or other
20 embodiments, one or more supplemental gases may be added to the gas mixture or
alternated with the gas mixture, can be introduced into the target area (not shown) through
standard gas plates that are commonly seen in reflow furnaces or other methods that will not
dilute the reactive gas or the activated species.
[0094] The method and apparatus described herein will be illustrated in more detail with

25  reference to the following examples, but it should be understood that the present method

and apparatus is not deemed to be limited thereto.
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Example 3 (0098] The present example was conducted to investigate the effectiveness of the
thermal-field emission method for generating electrons. A 3mm diameter graphite rod, having
a number of 1mm long machined tips protruding from its surface, acted as the cathode and
had a geometry similar to that depicted in Figure 2i . Each of the protruding machined tips had
a tip angle of 25 degrees. The graphite rod was heated up in a gas mixture of 5%H2 and
95%N2 to about 400 to 500C by resistive heating using an AC power source. A DC voltage 10
source of 5KV was applied between the graphite cathode and a copper plate that acted as an
anode having a 1.5 cm gap therebetween. All tiexipgroeghe graphite rod were illuminated
thereby indicating that electrons could uniformly be generated from the distributed tips on the
graphite r6damteidut heating of the graphite rod, there would be either no electron emission
from the cathode, or arcing between one of the tips and the 15anode plate. This demonstrates

that the cERBMatid it Bxpegsimenmeacoriicts thbininsing ssabracsle areaaemps samse veecth
therrgal-field emission m@ﬂhﬁ, is effectiye for obtaining uniform electron emission from an
integrated"g&ﬁrm‘fé@% 71o24 SRIPRE PrYS[BLERTHRR RYBL AR SxLPRALINEder aoRRsA RIalRg a
0.04" di ickel- j I [ ire cl ' t t

machined TG Vel e A S SRR PRl PR Bdowate
nickel-chiamitiig, 2JeNeRrHEISSMAIS Serfpeaitiag shasBifiRi(R 2 w%ﬁégvé;@ggﬁ@al ythe

wire, protruded perpendicularly from the nickel-chromium heating wire an

positionetdtaepandwegativecitstilaicgatiivRisyelrl whargroiidcaarting AR Iy HRE ¥rakRially
heated up in a gas mixture of 5%H2 and 95%N2 to about 870ct using an AC power source. A
DC voltadgretfasekio azaubiiéditeaaeretheloaBode Tind distappebeliats thabaeiedlesibdes
anode having a 6 mm gap between the two electrodes. All five tips were illuminated and the
total @midkRsrAbaHEHiTe abRR ATeSsHAWRS RIB bieRbAIMpeRhREapressHisre wwasd wnditherthe
electron emjission from thg cathodeg or arcing between one of the tips and the anode plate.

Like exampfe©s "adndaechvannitriswatied fhing SARee-Ruiaess AMIthewRRRIINS g0iglestric
uniform cleRi00, JRBIFRINING YRy HoREeRYSESdnS B, MRS IR S TREONY ot
electrode, It also

such low temperature, even in pure H,, because the effective temperature for pure H, to
remove tin-oxides on a tin-based solder is above 350°C. Therefore, this result confirms that

15 the electron-attachment method is effective in promoting H, fluxless soldering.

Example 2

[0096] Several cathode materials were investigated for electron-attachment assisted

hydrogen fluxless soldering by using the field emission mechanism using the same set-up as
20 Example 1. The results of the investigation is provided in Table I.

[0097] As Table | illustrates, the best result was obtained by using a Ni/Cr cathode, which

provided the highest fluxing efficiency and thus resulted in the shortest wetting time. It is

believed that the Ni/Cr cathode generates a relatively larger quantity of electrons and has

suitable energy level of the electrons compared to other cathode materials.

25
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increases the quantity of the electron emission at a given electric potential. Example 5 [00100]
The present example was conducted to demonstrate the effect of a voltage pulse 15between
two electrodes on cathode emission. A single-tip nickel-chromium alloy wire was used as the
emission electrode and a grounded copper plate acted as a base electrode. The copper plate
was located 3mm below the tip of the emission eIectrode A tin/lead solder preform was

disposed yae 1e-HARPGY ELARUL TP, 1l PESREY, ARG Eppper plate were
maintainedin a |m{§;§ af @gm@]g ﬁgpmatu gaarlmg(talecwhglé?gwé”m cthe
remaindef N2. @ypdserbyniTgiragiigngavpltage of various frequencies and amplitudes was
applied begtween the two glgglyodes. Tn this connection, the elggig po&iaial of theemission
electrode |was varied froopgeative to zero relative to the groygrggfRass; electrode therepy
allowing glectrons tiNkegeretat@chirom the tip electrode. The regglig@re provided in Table Il.
[00101] The results in Paiteidlimdicate that greater quantities phefegdeas are generated|from
the emissjon electroditaiviiess Stemltage pulse of higher pulsing fregagmcy and amplitude is
applied. 5Table Il: Uni-Dirgstiemal Voltage Pulse 1 min 54 sec

Example 3
[0098] The present example was conducted to investigate the effectiveness of the thermal-
5 field emission method for generating electrons. A 3mm diameter graphite rod, having a

number of 1mm long machined tips protruding from its surface, acted as the cathode and
had a geometry similar to that depicted in Figure 2i . Each of the protruding machined tips
had a tip angle of 25 degrees. The graphite rod was heated up in a gas mixture of 5%H,and
95%N to about 400 to 500°C by resistive heating using an AC power source. A DC voltage

10 source of 5KV was applied between the graphite cathode and a copper plate that acted as
an anode having a 1.5 cm gap therebetween. All the tips on the graphite rod were
lluminated thereby indicating that electrons could uniformly be generated from the
distributed tips on the graphite rod. Without heating of the graphite rod, there would be
either no electron emission from the cathode, or arcing between one of the tips and the

15 anode plate. This demonstrates that the combination of using a cathode having multiple tips
and elevated temperatures, i.e., a thermal-field emission method, is effective for obtaining

uniform electron emission from an integrated emitting system.

Example 4
20 [0099] The present example was conducted using a 0.04" diameter nickel-chromium alloy
heating wire clamped horizontally between two machined Al,Q; refractory plates such as the

electrode illustrated in Figure 4. A series of five nickel-chromium alloy emitting wires, each
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Example 6 [00102] The present example was conducted to demonstrate surface discharge by
altering the polarity of the two electrodes using the same set-up as example 5. [00103] 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 varieditPRsARPHY\$AS Jdteafivn BlRcUirrbRIRS KRR IRYRE sé@jﬁ&m@%ﬁqﬂede

thereby allowing electrons to be generated from and retrieved to the tip lectrode. [00104]

Table Il prigkigleshibmilgrakageiny wastdronvine aateafiostatienty vawhéietve rsiyaetdheplates.
polarity change. As Table lll illustrates, the higher the frequency of the polarity change, the

lower the Thamjekblidtramiwili beatiy@ivieramdtipe veakhgatedruperin pagssmyixtumighsdiel camper
base electrode. 20 Table Ill: Bi-Directional Voltage Pulse Pulsing Frequency (Hz)250
Leakage E87¢Bat@rARQBtEFOHO using an AC power source. A DC voltage of 2.6KV was applied
5 between the cathode and a copper plate that acted as the anode having a 6 mm gap
between the two electrodes. All five tips were illuminated and the total emission current
reached 2.4 mA. Without heating of the wire, there would be either no electron emission
from the cathode, or arcing between one of the tips and the anode plate. Like example 3,
example 4 demonstrates that thermal-assisted field emission provides uniform electron

10  emission. Further, because of the higher temperature of the emission electrode, it also

increases the quantity of the electron emission at a given electric potential.

Example 5
[00100] The present example was conducted to demonstrate the effect of a voltage pulse
15  between two electrodes on cathode emission. A single-tip nickel-chromium alloy wire was
used as the emission electrode and a grounded copper plate acted as a base electrode.
The copper plate was located 3mm below the tip of the emission electrode. A tin/lead solder
preform was disposed upon the copper plate. The nickel-chromium wire, preform, and
copper plate were maintained in a furnace at ambient temperature in a gas mixture of 4%H;
20 and the remainder N,. A pulsed uni-directional voltage of various frequencies and
amplitudes was applied between the two electrodes. In this connection, the electric
potential of the emission electrode was varied from negative to zero relative to the grounded
base electrode thereby allowing electrons to be generated from the tip electrode. The results

are provided in Table Il
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500 0.00054 10002500 0.000150.00015 Example 7 [00105] The present example was
conducted to demonstrate remote surface discharge by employing an additional electrode.
A90 PO OSn solder preform having a melting point of 305C was set on a small piece of a
copper substrate that was set on an electrically insulated wafer. A grounded copper plate was
placed underneath the wafer and acted as a base electrode. Two single-tip nickel-chromium

uires. ongauiig AREALENIHSANATEIN BRSbRIAes WAk URIAUER Lem Ahaye

the base electrode with the sol 10pr orm etwe e two single-tip
electrodegrginthd erfRbidiBIGEIRIMPENMALa voltage pulse of higher pulsing frequency and amplitude

is applied.

5 Table ll: Uni-Directional Voltage Pulse

Pulsing Frequency (Hz) 0 250 500 1000 2500

Emission Current at 3.4 kV | 0 0.3 0.4 0.5 0.6

Pulsing Amplitude (mA)

Emission Currentat 1.0kV | 0 0.1 0.1 0.2 0.2

Pulsing Amplitude (mA)

Example 6
[00102] The present example was conducted to demonstrate surface discharge by altering
the polarity of the two electrodes using the same set-up as example 5.

10 [00103] A bi-directional voltage pulse with a total pulsing amplitude of 3.4 kV (e.g. from +1.7
kV to —1.7 kV) was applied between the two electrodes. During the bi-directional voltage
pulse, the polarity of the two electrodes was changed. In other words, the tip of the emission
electrode was varied from a positive to a negative electrical bias relative to the grounded
base electrode thereby allowing electrons to be generated from and retrieved to the tip

15  electrode.

[00104] Table lIl provides the leakage current from the base electrode for each frequency of
the polarity change. As Table Il illustrates, the higher the frequency of the polarity change,
the lower the charge build up will be by observing the leakage current passing through the
copper base electrode.

20
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was heated within a gas mixture containing 4% H2 in N2 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

15preform to form a spherical ball was recorded. The formation of a spherical solder ball

indicated paaidedre rgg{%ﬂgﬁgg‘@& A %ﬁi%gown in Table IV, the surface de-oxidation is quite
rom

efficient at a range of temperature to 330C, which is only 5 to 15C above the melting

a4 o

point of freysaideEreilid HY) T 1sofhaggn Ref low[Teggperature31ggP330 T (PsgdPatt
formatiop Time (second@ﬁgo, )18, 20,24 17,13, 1614, 12 | Average Ball FormaEt?on

Time20.blLbakdgéseaaaasimA)Exampiedd o 106] fowaaia-plate] asesh §1ECTTOAs Yiag 5
installed|inside a furnace. The space¢ between metal pins on the |quartz plate wias 0.5 cm. Th
substrate was a copper plate on a ceramic substrate which, in turn, was put on a grounde
electrode (.e., a base electrode). The gap between the tips of metal pins on the quartz plate
and the cE}p@PYufface was 1 cm. The furnace was purged by 5% H2 balanced with N2. A

pulsed voltage ranging from 0 to -3.12 kV with a pulsing frequency of 10 kHz was applied on
the quarti@%@ﬁﬁ&%gRrﬁﬁ%?ﬁf%meﬁdyﬁéﬁ%gﬁﬂ?ﬂ)m GPReLrRieJRINImeUraceotseinaeer by

T e R S L R00. A )RR S Brafons naving & meling poimtof

arcing was Ise
305°C was set on a small piece of a copper substrate that was set on an electrically

D

insulated wafer. A grounded copper plate was placed underneath the wafer and acted as a
base electrode. Two single-tip nickel-chromium wires, one with a negative voltage and one
with a positive voltage, were installed 1 cm above the base electrode with the solder

10 preform. The distance between the two single-tip electrodes was 1.5 cm. The arrangement
was heated within a gas mixture containing 4% H in N, 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

15 preform to form a spherical ball was recorded. The formation of a spherical solder ball
indicated an oxide-free solder surface. As shown in 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.

20 Table v
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 15.3 13
(seconds) ]
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10 where the space between the emission tips was as small as 0.5 cm. This result
demonstrates that the threshold voltage for a uniform electron emission from the quartz-plate
based electrode is largely reduced to a level much below that of gas ionization. Example 9
15[00107] A quartz-plate based electrode was installed inside a furnace. The space between
metal pins on the quartz plate was 1.0 cm. The treating surface was a copper plate that had
been pre-gxid ggw air at 150C for two hours, which made the color of the copper plate
darker compared with original copper plate. The oxide thickness was estimated to be --400A

by Auger pomlasjm%mq:m@&a@ed:%e%ewaw&té@uwma&@mﬁa%ébwatep%eg Ha?\neg%

located on a grounded electrode. The gap between the tips of metal pins on quartz plate an
the surfaceeathtipingren thédigectz oRne WIS Svaa. 1T0Mm . sTDSHaIO A6 WesHeigRatd b d¥ddramic
balanced with N2 and heated to 200C. Positive and negative voltages were alternatively
applied ofuRRiralfiavaishgiotys,orangtal pive grithnalerb iacdiesdst (-. 2k WameckidcRiode). The gap
respectivelg. The alternating freciuency was 15 KHz. A uniform electron emission was

250b3ervBEMERS S tnmotaettlfRien UdbasvariaBltecndrba aRamen SuBaTRaveSidion The

described above, th | taken out of the It was observed that the - 41
Color of ROYE e GG B ek A CREHUR N PHBPRLIR BApeARg S} OWPTAeIA KV

applying Wﬂq%%i&ﬂfﬁ%%ﬂéﬂﬁgto?rﬂfﬁﬁ? d8s %9@8@% ?g%gxi&%&?ggg tg‘ﬁﬂgg’sa%%@ggon

surface of the pre-oxidized copper were found e Inefficient in the same’h

Example dRia%0BOARLIK SR GISSHE IR SOBLIRIBY, auﬂﬁfﬁ%&é@%ﬁ&ﬁ@ﬁmmmgﬂeacn

internal volume, a gas inlet in fluid communication with the internal’ volume, and an in ing

base whiemisapcpiamwiseandoud e, \Sighdicinteliyod reaPwal b s @Rt dRbEdiment
internal passageway in fluid communication with internal volume was made as follows. The

glad® 10 ¥hereobe waacetietirierl thestaissiandipadas G smali@tefecrandi@dresnlheight. The
ceramic base plate was drilled with an array of 97 holes each having a 0,65 mm diameter and

spaced 5IAMPApYAtes aat hnHvieshldivaiaaalenaenifora slegengmisstondmsm theiduartz-plate
communigcation itl}{%iﬂtrrna‘ volame f the chamber, an external 0.54 diameter, a 0.32

SIS SRR R IR E S AugRd dom kel BRRRelaTy thal 0Rs iuZRERR- having a

internal diameter, a
0.9 mm outer diameter. All 97 conductive tips were inserted into the ceramic base plate and
held in place at the flanged end. A nickel chromium wire with a diameter of 0.0035 inch was
used to efBeifpally connect all the 97 conductive tips by soldering using a high temperature
solder. The assembled energizing electrode was installed inside a laboratory-scale furnace.

FivéSiuxIf 0m daguanizipiate iases dlavingia waeliinganeiningidtss fumaddli mRe SioNs Pelveen

20mm diameter and 1 mm height were put on different locations of a grounded,

square-sREsIPIns on the quartz plate was 1.0 cm. The treating surface was a copper plate that had
been pre-oxidized in air at 150°C for two hours, which made the color of the copper plate
darker compared with original copper plate. The oxide thickness was estimated to be ~400A
by Auger analysis. The pre-oxidized copper plate was put on a ceramic substrate and then

20  located on a grounded electrode. The gap between the tips of metal pins on quartz plate

and the surface of the pre-oxidized copper plate was 1 cm. The furnace was purged by 5%
H. balanced with N, and heated to 200°C. Positive and negative voltages were alternatively
applied on two different groups of metal pins with amplitudes of +1.2kV and -1 .2kV,
respectively. The alternating frequency was 15 KHz. A uniform electron emission was

25 observed. After 15 minutes of such electron attachment treatment under the condition

described above, the copper plate was taken out of the furnace. It was observed that the
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10 cm by 10 cm copper plate which acted as a base electrode. The copper plate with the
solder performs on its top surface was located 1 cm below the end points of the conductive
tips of the energizing electrode inside the furnace. A reducing gas mixture of 5% H2 and 95%
N2 was introduced into the furnace during heating. When an equilibrium temperature of
25220°C was reached, a pulsed voltage ranging from 0 to -3 kV at a pulsing frequency of 10

kH ' t rgizi lectrode. A uniform electron emission from all the - 42 -

negdvlvea;pagb\?\#ai&o se{‘r}\gg‘?ggrﬁ;eé g%/gerggépgceemwg'ssigna@&r?g]ﬁ? ﬁb?r?@%'ﬁ%ﬂ" TOBARE BBW&Q'&FOLWHW@
A, Aft Rlardr iSsi ' d I

ko ot T S o s cr i aecagrae e

preforms wirfacselt wietfre-oxidize coppesmialie RLHILLRN S simic GO B IURY N85 Bocess.

emission electrode assembly was placed into the same furnace but it did not the same
conductive tips having internal passageways therethrough in fluid communication with the
internal volume of the glass chamber Without using these conductive tips having the internal
passggev\’%?@rﬂ%esh(?ne solder wetting under an area array emission tips could not be obtained
erature was above 10 250t and the emission time was longer than 1

unless th e tem ) 2
minute. Tiéy i@iﬁ%{?ig[ﬁ%@'&fﬂ%ﬁ&%‘@@ﬁﬁﬁﬂﬂ@'ﬁg@ SV X SRSy AR AREING 8onipEIaL an
. | ) A s | i fluid unicati ith
the mrermal VHGhS Tha Ao e g cher PR PR RIS el onte i adaing ose
the efficienpicRithe @é?&ﬂ@bﬁ%ﬁk%ﬁ@mfﬁeéﬁidrﬁm%%o &&g}@@%‘&&l FRVRY'AY Aternal

metal oxide from a treating surface of a substrate, the'me comprising:
passageway in fluid communication with internal volume was made as follows. The glass

10 chamber was cylindrical in shape and had a 6.0 cm diameter and 8.0 ¢cm height. The
ceramic base plate was drilled with an array of 97 holes each having a 0.65 mm diameter
and spaced 5 mm apant. Each conductive tip had an interior passageway that was in fluid
communication with the internal volume of the chamber, an external 0.64 diameter, a 0.32
internal diameter, a tip having a 12 degree angled slanted end, and a flanged end having a

15 0.9 mm outer diameter. All 97 conductive tips were inserted into the ceramic base plate and
held in place at the flanged end. A nickel chromium wire with a diameter of 0.0035 inch was
used to electrically connect all the 97 conductive tips by soldering using a high temperature
solder. The assembled energizing electrode was installed inside a laboratory-scale furnace.
Five fluxless tin-lead solder performs having a melting point of 183°C and dimensions of 2

20 mm diameter and 1 mm height were put on different locations of a grounded, square-shaped
10 cm by 10 cm copper plate which acted as a base electrode. The copper plate with the
solder performs on its top surface was located 1 cm below the end points of the conductive
tips of the energizing electrode inside the furnace. A reducing gas mixture of 5% H, and
95% N, was introduced into the furnace during heating. When an equilibrium temperature of

25  220°C was reached, a pulsed voltage ranging from 0 to -3 kV at a pulsing frequency of 10

kHz was applied on the energizing electrode. A uniform electron emission from all the
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providing a substrate which Is proximal to a base electrode having a grounded electrical
potential, the substrate comprising a treating surface comprising the metal oxide; providing an
energizing electrode that is proximal to the base electrode and the substrate, wherein at least
a portion of the treating surlace is exposed to the energizing electrode and wherein the base
electrode and the energizing electrode and the substrate reside within a target area, wherein

conauetvd TEL\ PRV (S SaRALA RAHR SRR R RN ey BeEshB e Ao

conductive tips, wherein the conductive 1ps

wherein a@aiian OARE RHFX B cHRPAIHRGBIRiEs tﬂ@%&?p&%&ﬁ%(?i%g éegﬁgn%rmrgl%sc?gwle

second electrically connected group wherein one of the first or secon y con

group is ceasaakes suBOPH/RIAGCSEERH &atiaRoNAY RboRiaseMANd eGPk fifRkor

second electrically connected group is 15 connected to a DC voltage source that is negatively
biased, arfplSenpseéiinisevD@ wellagettedwsehidabimppopititely biased and the DC voltage
source that is negatively biased are electrically connected to a functional controller that is
capaBle of%} igvaxsebpmentsergy satirsemisse@iestiage sssanblhansplagatiittythe
biased and the DC voltage source that Is positively biased; 20passing a gas mixture

cor'npri.sinaaylee Nia o] BHE'WF&?QH%%?%@%W&W'W&F%%P@éﬁ@ﬂ%&ﬁtips by
targer e oL B b R Kol L S cnpent W inou
e o S O S SR e SRR
surface oftharsalestsyteiridiion tips could not be obtained unless the furnace temperature was above
10 250°C and the emission time was longer than 1 minute. This comparison demonstrates that
the use of an energizing electrode comprising an internal volume having conductive tips with
internal passageways in fluid communication with the internal volume that allows for the flow
of the hydrogen-containing reducing gas improves the efficiency of the electron attachment

process.

15



energizing thearray of conductive tips by activating the DC voltage source that is positively
biased to retrieve excess electrons from the treating surface, wherein thearray 5 of conductive
tips electrically connected to the DC voltage source that is negatively biased and thearray of
conductive tips electrically connected to the DC voltage source that is positively biased are
not energized at the same time. 2.The method of claim 1 wherein the energizing electrode
further comprises an 10 internal volume and a gasAnes in fluid communication with the
Internal volume, wherein at least a portion of the conductive tips have an internal passageway
in fluid communigatiothedtbf temoviagmmathlonidarfcomteiientiag kutace pbaRirerate HBelucing
gas passes through the gas inlet into the internal volume and through the internal
passagewa§iad SAEREFHE area, 15 3, The method of claim 2 wherein the insulated plate
further comprises a slot that Is in fluid communication with internal volume and wherein at

least portion of tpeowidingimguyst atasddshtis prepimatieDRAS HRSYarsHAIES aﬂf@“l"ﬁ’@qnethod
of claim 1 wherein the reducing gas is a gas selected from theg ou |st| '% %—%8
S SiARSIiSpoitn ol e ebelkelo FAPRTYIE & RN FAERR.CoRATY of

straight, branched or cyclic Ci to Cie hydrocarbons, formic aC|d alcohols, aC|d|c vapors having

the following formisiding B eD#jdrcoclacegamelismsPsmaliagheaaen SIpRPds ANy ).

substrate, wherein at least a portion of the treating surface is exposed to the energizing
electrode and wherein the base electrode and the energizing electrode and the substrate
reside within a target area, wherein the energizing electrode is defined by an insulated plate

10 comprising an array of protruding conductive tips, wherein the conductive tips are electrically
connected by a conductive wire, wherein a portion of the afray is separated into a first
electrically connected group and a second electrically connected group wherein one of the
first or second electrically connected group is conneeted to & DC voltage source that is
positively biased and the other of the first or second electrically connected group is

15  connected to a DC voitage source that is negatively biased, and wherein the DC voltage
source that is positively biased and the DC voltage source that is negatively biased are
electrically connected to a functional controller that is capable of alternating a supply of
energy between the DC voltage source that is negatively biased and the DC voltage source

that is positively biased;

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

energizing the array of conductive tips by activating the DC voltage source that is
negatively biased 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,



(IV) R---C-H, and mixtures thereof, wherein substituents R in formula (lll) and formula (V)
is an alkyl group, a substituted alkyl group, an aryl group, or a substituted aryl group. 5.The
method of claim 4 wherein thereducing gas comprises F12 10 6. The method of claim 5
wherein the concentration of H2 in the reducing gas is from 0.1 to 100 volume %. 7. The

method of claim 1 wherein the gas mixture further comprise 18RI th
the group cons@mgcﬁf‘%ﬂ%géﬁt'ﬂ%lﬁ?ﬁf???e‘&{ﬁﬁ?ﬁ@n ?3% &%hﬁ%rﬁ r%ggﬁﬁggﬁwitures ©

therefore. 8. The met od clal ]Ewg}%%l Jggt&qué&jlve tips are spaced apart from

each otH@Pﬁ/%&g?a%g‘S ??3 966UE S mm to Omm, 20 9,The method of claim 8 wherein

the conductive tips are spaced apart from ' ;
e elgerglzmgpthe P array of conductive tips by activating the DC voltage source that is

positively biased to retrieve excess electrons from the treating surface, wherein the array

5 of conductive tips electrically connected to the DC voltage source that is negatively biased and

the array of conductive tips electrically connected to the DC voltage source that is

positively biased are not energized at the same time.

2. The method of claim 1 wherein the energlzing electrode further comprises an
10  internal volume and a gas intet in fluid communication with the internal volume, wherein at
least a portion of the conductive tips have an intemal passageway in fluid communication
with the internal volume and wherein at least a portion of the reducing gas passes through

the gas inlet into the internal volume and through the internal passageway into the target

area.
15
3. The method of claim 2 wherein the insulated plate further comprises a slot
that is in fluid communication with internal volume and wherein at least portion of the
reducing gas passes through the slot into the target area.
20 4. The method of claim 1 wherein the reducing gas is a gas selected from the

group consisting of H, CO, SiHs, Siz2Hs, CFs, SFe, CF2Clz, HCI, BFa, WFe, UFe, SiFs, NFs,
CCIF;, HF, NHs, H,S, stralght, branched or cyclic C, to Cyo hydrocarbons, formic acid,

alcohols, acidic vapors having the following formula (I1):
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each other by a distance of from about 5 mm to about 8 ma 10. The method of claim 9
wherein the conductive tips are spaced apart from each other by a distance of about 5 mm.
11. The method of claim 1 wherein the base electrode end the energizing electrode are
spaced apart from one another by a distance of from about 0.5 cm to about 5.0 cm. 12.
The method of claim 1 wherein the base electrode and the energizing electrode are spaced
apart from one another by a distance of 1 Oc . £3. The method of claim 1 wherein the
voltage ranges from 0,1kV to 30 kV. T%e? nﬁéth%c?gf claim 1 wherein the substrate is at
a temperature ranging from 100t to 400t. 15,The method of claim 1 wherein the voltage is
pulsed at a frequency between 0 kHz and 50kHz to prevent arcing. 16.The method of claim 15
wherein the frequency is between 0 kHz and 30 kHz, 17. The method of calm 1 wherein

the insulateddlggic QaMIS PRAH MBTBISHISGRAMAY S group consisting of: quartz, a
ceramic material, a polymer, and mixtures thereof. 5 18. The method of claim 17 wherein

the Insulated plate is a quartz plate. 0
(IV) R—C-H,

and mixtures thereof, wherein substituents R in formula (Ill) and formula (IV) is an

alkyl group, a substituted alkyl group, an aryl group, or a substituted aryl group.

5. The method of claim 4 wherein the reducing gas comprises H,.

10

6. The method of claim 5 wherein the concentration of H; in the reducing gas is

from 0.1 to 100 volume %.

7. The method of claim 1 wherein the gas mixture further comprises a carrier
15 gas selected from the group consisting of: nitrogen, helium, neon, argon krypton xenon,

radon, and mixtures therefore.

8. The method of claim 1 wherein the conductive tips are spaced apart from

each other by a distance of from about 2 mm to 10mm.

20
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19,The method of claim 17 wherein the insulated plate comprises a polymer. 1020.The
method of claim19 wherein the polymer is an epoxy polymer. 21.The method of claim 1
wherein the treating surface further comprises solder bumps. 1522.The method of claim 1
wherein the substrate is an insulated substrate selected from the group consisting of: a rigid
epoxy glass laminate substrate, a flexible flex polymeric substrate, a substrate used in an

integrated circuit gitercoppeqiRRnagiemm 8 Righdletaiboinectonties brospastapagdmm
stacked integrated circuit, and a substrate used in a stacked package. 20 23.The method of
claim 1 wheaelirother psodrdistancecsidiortiabaigS ana ferabodlichMitached to the insulated plate,
24.An apparatus for removing a metal oxide from a treating surface of a substrate that resides
in a target area, the apparatus comprising: a base electrode having a grounded electrical
potential; and

10.  The method of claim 9 wherein the conductive tips are spaced apart from

5  each other by a distance of about 5 mm.

11.  The method of claim 1 wherein the base electrode and the energizing

electrode are spaced apart from one another by a distance of from about 0.5 cm to about 5.0
cm.
10

12.  The method of claim 1 wherein the base electrode and the energizing

electrode are spaced apart from one another by a distance of 1.0 cm.

13.  The method of claim 1 wherein the voitage ranges from 0.1kV to 30 kV.

15
14. The method of claim 1 wherein the substrate is at a temperature ranging from
100°C to 400°C.
20
15. The method of claim 1 wherein the voltage Is pulsed at a frequency between

0 kHz and 50kHz to prevent arcing.

16. The method of claim 15 wherein the frequency is between 0 kHz and 30 kHz.
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5an energizing electrode that is proximal to the base electrode and the substrate comprising:
an insulated plate comprising an array of conductive tips, wherein the conductive tips are
electrically connected by a conductive wire, wherein a portion of the array is separated into a
first electrically connected group and a second electrically connected group wherein one of
the first or second electrically connected group is 10connected to a DC-voltage source that is
positively biased and the other of the first or second electrically connected group is connected
to a DC voltage source that is negatively biased, and wherein the DC voltage source that is

positively biased and thif‘%gﬂ \ﬁ/%lﬁ%?ﬁha%%c? m%fj’e% %@g%@gﬂ%@i@g%fﬁpﬁ@gﬁ%&yyim

connected to a fuhfction at'Is capable of alternating a supply of energy between

the DC voljage saurGe, (gl foi5eaibieng SPiasatk andiamia Gamltaye sorerifaais positvely

biased; whereln at leaSt a portion of the conductive tips are activated by the DC voltage
source thagipanegateadyfbiased to generate electrons within the target area, wherein at least a
portion of the electrons attach to at least a portion of a reducing gas that is present in the
target grea thereby forming a negatively charged reducing gas which contacts the treating
20surface to reduce the metal oxides on the treating surface of the substrate. 25.The

apparalus of a4 WhRLSI S CREIBIFA9 GlRAUIRIA vdDRr&oPRRYSE queintaradd volume
u

and a gas inlet in fluid communication with the infernal volume, wherein at least a portion of
the conductive tips have an internal passageway in fluid communication with the internal
voiume and wherein at least a portion of the reducing gas mixture passes through the gas

inlet into the internal volume and through the internal passage | toﬁtgr?‘ WH% .The
apparatus of claim%4 whbpdnpthedipt f@dbmrﬂ]ﬁﬁlﬁ 'Eﬁﬁﬁ%@ﬂ%s 0 éﬁétg %tal ai P
communication with internal volume and wherein at least portion of the reducing gas passes
through the slot into the target area.

10 20 The method of claim 19 wherein the polymer is an epoxy polymer.

21.  The method of claim 1 wherein the treating surface further comprises

solder bumps.

15 22. The method of claim 1 wherein the substrate is an insulated substrate

selected from the group consisting of: a rigid epoxy glass laminate substrate, a flexible flex
polymeric substrate, a substrate used in an integrated circuit interconnection scheme, a high

density interconnect, a substrate used in stacked integrated circuit, and a substrate used in a

stacked package.

20
23.  The method of claim 1 wherein the protruding conductive tips are removably

attached to the insulated plate.
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20

24.  An apparatus for removing a metal oxide from a treating surface of a

substrate that resides in a target area, the apparatus comprising:
a base electrode having a grounded electrical potential; and

an energizing electrode that is proximal to the base electrode and the substrate
comprising: an insulated plate comprising an array of conductive tips, wherein the
conductive tips are electrically connected by a conductive wire, wherein a portion of the
array is separated into a first electrically connected group and a second electrically
connected group wherein one of the first or second electrically connected group is
connected to a DC voltage source that is positively biased and the other of the first or
second electrically connected group is connected to a DC voltage source that is negatively
biased, and wherein the DC voltage source that is positively biased and the DC voltage
source that is negatively biased are electrically connected to a functional controller that is
capable of alternating a supply of energy between the DC voltage source that is negatively

biased and the DC voltage source that is positively biased,;

wherein at least a portion of the conductive tips are activated by the DC voltage
source that is negatively biased to generate electrons within the target area, wherein at least
a portion of the electrons attach to at least a portion of a reducing gas that is present in the
target area thereby forming a negatively charged reducing gas which contacts the treating

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

25.  The apparatus of claim 24 wherein the energizing electrode further comprises
an internal volume and a gas inlet in fluid communication with the internal volume, wherein

at least a portion of the conductive tips have an internal passageway in fluid communication
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with the internal volume and wherein at least a portion of the reducing gas mixture passes
through the gas inlet into the internal volume and through the internal passageway into the

target area.

26.  The apparatus of claim 24 wherein the insulated plate further comprises a slot
that is in fluid communication with internal volume and wherein at least portion of the

reducing gas passes through the slot into the target area.
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