TI TLE OF THE | NVENTI ON: APPARATUS AND METHOD FOR REMOVAL OF SURFACE OXI DES
VI A FLUXLESS TECHNI QUE | NVOLVI NG ELECTRON ATTACHVENT CROSS- REFERENCE TO
RELATED APPLI| CATI ONS [0001] This application clains the benefit of U S
Provi sional Application Nos. 61/441,053, filed February 9, 2011,

61/ 514, 615, filed August 3, 2011; and 61/563,112, filed Novenber 23, 2011.
This application also clains the benefit of U S. Application No.

513/ 364,925, filed February 2, 2012. BACKGROUND OF THE | NVENTI ON [ 0002] The
present invention relates generally to fluxless processes for renoving
surface oxides. Mre specifically, the invention relates to an apparatus

and nmet hod 10conpri si ng sane forriE oxressinNveENTOMyand sol dering i nvol ving
el ectron attachnment and field em ssion at anbient (e.g., non vacuum

pressure. hPPARATRE AQEY METHOD! Fisi REM@VAL OFPURPACE RNADESSYIAFI$H@RSY N the

assenbly of el ectroni sECANPQOENNTOLYINGEKECTREN ASTACAMENT The term _
"refl ow' as used herein refers to a process for making a previously applied

sol der on a substrate nelt and flow upon 15 application of an energy
source such as, for exanple, thermal energy. The term "sol dering"” as used
herein refers to a pr 6¢SSS-REFERANGNEORPATEHIABELUATIONS oi n at | east two
netallic substrates. A variety of different refl ow and sol dering processes
rray be usdB001 tHus applediiop olaines elber benedit defvilc®s Previginnais ApplisatiorotNed. i t ed

refl 0V§1?14156§3d‘ﬁ¥edqf569§arﬁ%e%ﬁ PreNBi £61DUHE Rlgust &f LB SRldelbag ysed 1n

the assenbly of slUrface-no
filed November 23, 2011. This application also claims the benefit of U.S. Application No.

5 13/364,925, filed February 2, 2012.

BACKGROUND OF THE INVENTION

[0002] The present invention relates generally to fluxiess processes for removing
surface oxides. More specifically, the invention relates to an apparatus and method
10  comprising same for fluxiess reflow and soldering involving electron attachment and field
emission at ambient (e.g., non vacuum) pressure.
[0003] Reflow and soldering are important processing steps in the assembly of
electronic components for making solder joints. The term “reflow” as used herein refers
to a process for making a previously applied solder on a substrate melt and flow upon
15  application of an energy source such as, for example, thermal energy. The term
“soldering” as used herein refers to a process that allows a melted solder to join at least
two metallic substraies. A variety of different reflow and soldering processes may be
used in the assembly of electronic devices, such as, but not limited to, reflow of solder
bumps used for wafer bumping, reflow soldering used in the assembly of surface-mount
20 elecironic components, and wave soldering used in the assembly of insertion-mount
components .
[0004] Reflow soldering is a process used for outer lead bonding of surface-mount
components wherein a chip is transferred with leads in place to the next-level surface
mount packages. In the reflow soldering process, components are mounted on the
25  corresponding trace area of a circuit board with a solder paste previously printed on the

circuit board. Such formed soldering parts are then loaded into a reflow furnace and
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20el ectroni ¢ conmponents, and wave sol dering used in the assenbly of

i nsertion-nount conponents . [0004] Reflow soldering is a process used for
outer |ead bonding of surface-nount conponents wherein a chip is
transferred with leads in place to the next-level surface nount packages.
In the refl ow sol dering process, conponents are nounted on the
25corresponding trace area of a circuit board with a sol der paste

previ ousl yapsédthenlighrhektieg end caaling horsesd . SGdetjoihtyr ratdeaotaeponegt lpadd andir e

t hen | oad ' retl ow fur n d.through, heatin d copling
zones. Sol%giéljfa Pjtl%}a%tosn lt)ré VEen @%ﬁ%ﬁ%ﬁ?ﬁ@%g 'B%En%ov?%lg?g'laemdgm@ qu\%gﬁe
circuit boeaiddr aagtef ofaredstry angddd wgttingvet tthan ¢noltan doklel iodithy ijoigng kerfsadsder
paste. To ! gQad .n f t I S r,on the jolnin

Bor f aces. G e BRE0ORIAY Werfhipad) . B SeGBrfl i€ "ebPi il oot

r enmovesi niokidek opurdtiaseldebamuk bakesmetal bod o gedmte aunidcbasea ciebalstaia tefooe keep

the surfa dn.a clean.state before solidjfication. The fluxes are npstly
evapor at edOI G oo I IS B et s¥Rsreles’ MR KRR, PSR Y NG ST | e
may cause hpwebéreiss fisueblatiss froayntagevaiotemsn suble as dbaeing jvoidstis thadolder

o natifd 359?Eﬁhﬁi@%&%ﬁﬁiﬂéﬁwg@fﬁféuéﬁgﬁ%‘iﬁ‘%ﬁﬁ*gw;gﬁixt{%gfdﬁ%gﬁ r?;@%inﬂ'gﬁ s,
ey eircaid that ¢ erse=ibif and aledts i

;g[sgggg n 06 .ﬁﬁiwg\;eng&grrile?t ISE(I?I _@ﬁg 8 rr;d(:)ﬁcﬁlé , .Itonl !Sng Slrjlcb > egrfor

curf add. niogdst. Yol Soiettiells, Ao dPad o, SEh S Baising. s e it caskempRag

circuit beadidiobyl ansedidhesioust ltefmporerial dér ialsg. caorbdatskd cis esyrfacbenaint cui t

boards wt > . te rily. bonded have to _be cl eaned by
ising a | CAUFETRRE S el Rl et e AR BRI b a8 et s
| ands and befrea guiissied. t Roobgth aasesghhd enrpeit dtoards with t@mokdter inbatdd offhe
nol t en sol Lcall {s,the tal surfa t.o be sol dered and
sol der ; ocorBl HERHES Patd 1B HicMn B RngSt WaRaTRf 5Fai ol o 1
t endenby tcomipenentilebdseahd dabdarilargissamiddeen gasses!. thildugh ef ligle téreersturd mottenf t he
sol der ba o] chani cal |y renovin he
dross, whreke Bbe T8 RE 45k dytPinRREEE B PRTRAR e R B P e
sol der. Afsbkler poitslara thgs férined. rde dolés sadari in tombathérasia kigh terlleacyl g, bevhi ch
brings th SRR BRI | e S cri.b herein ftor refl ow sal i.ng., [ 0006]
Waf er burrp%lxng I SPOa{%ﬁ‘rgog@g% ﬂ'g’g% ttheﬁ%%e hﬁ 8&?“%& %fle{rﬁu ierotﬂaﬁ@ ﬁ?gctﬁi ~ bond
pads for ifreqeentlyesebrizdiai mgchafimallp uempsviag éhec drosemviyichnirdeedsys dep opertatioy a
sol deg,0n e S refl ow ( erred.to herein as a first
ot oap t SRcABEER SMFupRit BRNSES AR Hirs alt i fletehell B un
from a nushcwDesstes pdidhriringa theesansppreblecel assdespebeditgeio iompeflevw holtiéring.
first-reflgmﬁsﬁl is fli " r opd.to t footprint .of the
sol der V\BII a ewée@'fnblﬁrﬁﬁ)'gé 6§n9¥)ﬁ°ceée§%§§?ccf%t@gg@ﬁg‘"%kh'ﬁﬁtalgﬁ%r]@%%@yet %h'%gg'é%ond
refl ow t o plds forswied ézad monding. THeds.enmscdrdexonjnooniyt sade @y rdepesitireda soldbeorei N as
i nner |ea S i.gh-nel tin oi nt._sol ders _(.e..9., > .3000C) are normally
used i n o e R PeRf el e PRISE RS P Fanvd “Poud ol AR
assenB3by d¢ epangsuibh shap® ot the dobied boompdrony at ughrocraetiaps img al endspheeical ng
poi nt solders ( <2300 wi.t hout di srupti.n of, .the inner |ead bonds.
0007 * The eResn e dlb aes PP, fiBod & Spafegt, o REIPIREL;
For exanploétheasolder wettable terminals on the substrate and then subjected to a second reflow

to form solder joints. These solder joints are referred to herein as inner lead bonds.

High-melting point solders (e.g., > 300°C) are normally used in the wafer bumping

30 process because it allows for subsequent assembly steps such as outer lead bonding to

proceed using lower-melting point solders (e.g., <230°C) without disruption of the inner

lead bonds.

[0007] The shape of the solder bumps after the first reflow is critical. For example, a

large bump height is preferable for better bonding and higher fatigue resistance. Further,
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| arge bunp height is preferable for better bonding and hi gher fatigue

resi stance. Further, the bunps fornmed should preferably be substantially
uniformto ensure planarity. Substantially uniform sol der bunps having
relatively |l arger bunp heights is believed to be associated with an

oxi de-free bunp surface during the first reflow. One approach for renoving
sol der oxides during the first reflow of the solder bunped wafer is
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reduce oxides on base metals and solders is especially atiractive because it is a very

clean process (the only by-product is water which can be easily ventilated out of the
30 furnace), and it can be compatible with an open and continued soidering production line

(H2 is non-toxic and has a flammable range of 4 to 75%). Therefore, hydrogen fluxless

soldering has been a technical goal for a long time.

[0010] One previously used hydrogen fluxless method for inner lead bonding has been

to employ pure hydrogen for reflow of the solder bumped wafer at temperatures ranging
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5 tenperature ranges (<250C), especially for solder oxides, which have
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25[0016] U.S. Pat. No. 6,203,637 discloses a process for activating

hydr ogen using the discharge froma therm onic cathode. Electrons emtted
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reducing their overall cost effectiveness.



conmponent and/or solder surface without requiring a flux, expensive vacuum
equi pnent, 5 and/or a flammable gas environnent. In one aspect, there is
provi ded an apparatus for renoving netal oxides fromthe surface of a
conponent conprising at |east one selected fromsolder, netal, and
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accunul at ed. t S | i ev Lpncre in electron
acounl at cairtng BFshRs RBfoh beliovBEr s 7 b Ebuness SHEAE BICLRHAN  age
supply. 2%nddazd fompredteatingptheenetabpetace befoze eoidsring rathed éthrammapipgrsatdes f or
renmovi ng netal oxides on at |east one surface of a conponent conpri sing

sol der and’it6tal oxi des t her eupon, the apparatus conprising: an field
em ssilbn 4ppta]atlls. Batmplol §i43§,828 deatiieda bafdcadreameemdrpromese usingtalertriamhs

conduct | v AP e & PRRlRc bR S HLEOR S b FARRE: ORRYaRoR4 r om 2

to 5 eV, alexfrode.elet electravzt isrpladedaini the okimityrdshatsubstesté rathpotitanoin of t he

[ aast 5 poriPGnchint, eIk P PR Ity unb B WalloS AT ™

are each ¢gdmget gdditalsara elasoiar cardgdining| dtage Byogsn-- avhidhwhen gians tthreugh

i onPt yoRE e 1Er ol Pt PR IREE HE AR et ey I BRI one

or nore ofcontdmirapEsotheusdtioa hydfogeheortatthoste sparifict bafarbylogtives atguigngldeet r ons

fromthe cat e; cin ej e_el I t t |least a

portion of’ XP%@&F e&_@g\{eﬁg}’] gsggtgtogeq?s%mg@? '(9%1 %atﬁa%cfcgﬁ@atng %grf%ct,ec gﬁ%ﬁ% 3F%em§3ﬁr face

havi ng an aétretherdlesdic fed end irdibitt gratise sravese cpusil.t The desaibet! padcess is drdy

anode, wherei tﬁ]heo cQ nent i.S. set upon the conductive 5surface, wherein
o bRl e

the atom 833?1 “Ft |east one surface of the conponent and
renovesat [0ES3t Azcoairigiyonhat isha preblam oxirdesard ihOQB&@Hingnad webhanicalspedt s,

the field em ssion apparatus. described herein,.may be used in other
appl | cat | SRGTT Pt Eh R BPEp AT O Xidesr TE 4 Y B <OROn Dt ey
non- vac uusudacengpize radativelyrieq tempstaturescioayoiigidmdgenothd elatttenit ¢aompaents.
purification by el eﬁltron ﬁo gt.tach nt_to rermv& dust. ar, i@})geriti@sr.
el ectrost af P& %aa\ RPPIRY N4Rg 2 d’éPPHgf"%Er?Cﬁ\?%ﬁP BRPFRYSdP'SB5ES F9KF 1P
act i vat i ngndexs asarodinbient banrtmesbherio pregssses chboditioqeplhat atvbigasthetdxpensdah or
in ad?é)ti on to renopval of .netal oxi des.i For, ex ngl e %ga at uses of. t he
i nvent? on PHEEYE'S e MUY VASHYT ol %v%rgn?%& SIFQUEE IR a2
et chi ng, oEsom-tased praveds ahdiappaapiki dJatreonProbhmolinvprogidgase uxtess gbldering
interfacial reactions. : .
process and apparatus for internal or non-exposed surfaces of a substrate. Additionally,
there is an additional problem in the art for providing a fluxless soldering process that

does not involve one or more flammable gases.
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15[ 0024] These and ot her aspects of the invention will becone apparent from
the followi ng detail ed description. BRI EF DESCRI PTI ON OF SEVERAL VI EWs OF
THE DRAW NGS [ 0025] Figure 1 provides an exanple of an enbodi nent of
the field em ssion apparatus 20descri bed herein and a test arrangenent.
[0026] Figure 2 provides an exanple of an enbodi nent of the field em ssion
appar at us descri bed herein wherein the field emtter conprises a cathode
conprised of a plurality oBRHFcEUBBIARY OFO[HE’]N\FE!@UQN 3 provides an

addi t i onal[oggﬁnpt <20 &0BQALENfs {)serve Ll Ghes r8ﬂel%?%ﬁﬁﬁé%trf"%¥des

descri bed arrang enent to e reduction o
on a sarrplmow{m@m] mﬂhgdrmdﬁl qppa:natt@esﬁorarenammg inoiall oeResdtom oft ®Ast one

emhodt menteolooh 6 Lidah Lol 83108 AR ARSI, BEoRE Sl 8073k oF 01 @

5 provi des™d an“e em Ssron appa
30deschbi ba]hdlfmreeﬁlamrhebketglaeanmmmm &xpos eshegh dherens grovgied en applackéus fog

S Laves (EROuh o) Yiel RAPife 48 Ao ARl AR IR bn Lelbligy | €] ¢

en ssi on appar atu éreinin Ir'ses
cat hode hefmnmgotaies haetpl, eddecomtbianiahs EizrOEIORILBTI tOh aDrisSiti of mmmm Euﬁ)031]

Vet hod and ARBAIA LA L8l DE- DRSOl B! Uoctth dBSln AT Bl 8RSt A0S

surface of a conmponen
and conbi resmicsios dpparaed doynpeisings i eatlmdregating edne cnamged padtossiansi end of a

reduci,ng Sy W@é&'&f iaSan% ORA R n@Y igPnérel efrC OrﬂaPeFE?ﬁé‘é*S%orerﬁ?&gt‘@ﬁ Bhding

di scl osed Tierern. In cer ain e the eX
and/ or durfiany 2tthed e¥f & oelentric satedial whigh muo'oerweat leddtea petgam io #eycathedeged

oo by Behy e NP0 B3t ohaTake MABANNG LRG0 S B 2580E L

descri bed therd¢lectcanmdterianmheyad thy catidideyamb anpdeli are caeeh carinkected atedan

sol dering electrical voltage source, and wherein the dielectric material between the cathode and

15 anode is polarized, thus confining the electric field distribution and enhancing the
strength of the electric field near the one or more of the protrusions of the cathcde and
thereby emitting electrons from the cathode. In this or other embodiments, at least a
portion of the electrons are generated by field emission, thermal-field emission, or a
combination thereof.

20 [0021] Because the cathode and anode separated by the dielectric material can also
be considered a capacitor, the thickness of the dielectric material in contact with the two
electrodes may in some embodiments of the invention be thin so that more electrons can
be accumulated at the cathode. |t is believed that an increase in electron accumulation
at the cathode promotes its field emission at a given voltage supply.

25 [0022] In yet another aspect, there is provided an apparatus for removing metal oxides
on at least one surface of a component comprising solder and metal oxides thereupon,
the apparatus comprising: an field emission apparatus comprising: a cathode having one
or more protrusions having an angled edge or high curvature surface and comprised of a
conductive material wherein the material has a work function ranging from 2 to 5 eV, a

30 dielectric material which surrounds at least a portion of the cathode; and an anode
comprised of a conductive material which surrounds at least a portion of the dielectric
material wherein the cathode and anode are each connected to an electrical voltage
source, and wherein the dielectric material between the cathode and anode is polarized,

thus intensifying the electric field strength and accumulating electrons at one or more of
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10 equi prents such as, for exanple, the refl ow machines used for inner |ead
bondi ng and the refl ow sol dering or wave sol deri ng machi nes used for outer
| ead bondi ng. The net hod and apparatus descri bed herein can al so be applied
to other processes wherein the renoval of the surface netal oxide is
desired such as, but not limted to, netal plating (i.e., the solder

pl ati ng of portions of printed circuit boards or netal surfaces to nake 15
t hem nor e thereraibis®nt ®f sthé)s:aqmdatarsioﬂhd@rb'y rgpnerating fedemtront daom tgs chthads; nay,

| d : '
vl 0o, PR DR LR e L My o BB
t he net hocﬂorandtoaﬂxpamialwsmdfa ut:dm[upmmamﬂace theeng iaarelecricat) petehijal apxilis oabd e to

the afore r..an r C8SS desiyous qf renpvi.n

oxi des i PRourS Bt ML 7B pBhe ned e, B BRARAL T 81! Bben B OB i
such a8 i sugaees Melnaselub pmmess@ss cantdabbﬂwefétaaambﬂre gaface v itheo torepdrent
[0032] In the fi.el d i on apparatus described herein
conpri ses: agg?%@gﬁ % Staeoort+°na°r];the eC a} %! T y conductive material with a | ow

wor E f Enct{ﬂﬂ%] arlrdfmtberpaspectsgttmrfelcbemlmoe appmmﬁeemgzl'eldmegmgnmy kmngleemh edge
i dge. 1 HeD bt AR T Rl ot inocl o8 L oD T B Aty Ve LR

di el ectri @imespheralis raqdires, emtludiogn’amtenoalllrrumerm yat hpurdiceticec thyi elentadrer i al

Sur 1 oo eipeEER, ol BN Bscobr HHEiRh SR o R PP Sl ARl o T no "

cat hode aimbeathodanay a@lwmabk assthdort e:dtntadmgng@eecbimecahawcrbdagmg s:.msese‘oand
the diele t I t n h d rlzed

pr onot es t%héﬁc(eépng@sy oHr'la{%1 Qﬁl gé}lg% gﬁg'??'f%n '%ﬁw"% 'e?ﬁ'gego 853@88 f| el d
em ssi on appanahtsas of e alvadiobenasaldeibe wdekdeor atmfddeaaeam@ surfaad wxidgionhe

Condi 1 on SR azeRih S bRPr el S gl s RSl BBl AL RS, ©

at t achben{0024] r divose athdsbther aspgnis |afythpamwmioeswlllebeu:drme)gpaaneet p@mtheng, or

coating. r nospheric condition” as used herein neans an
-mlﬁ)w n% cf@tal%pr gg@[ﬂi@}' . ) .

at nospher e havi®ng a range having one or nore follow ng endpoints:
14.0, 14.5, 14.7, 15.0, 15.5, 16.0, 16.5, 17.0, 17.5, 18.0, 18.5, 19.0,

.5, : h
00070 0 D gk PTG, e ERRES) R or R ARG, osPrer ¢
at nospher §0025] t Fregguielt pandddssanpeastly ofzademboddDaR of Theefidld ehdssm spacatus
appar g4 us dgécsr% 8%%9—: #sﬁfégesgaﬁ%?%ge rt| cularly suitable for certain

enbodf rent's U SEEN TS lxl ess sol deri ng of surface nount
conponent :§0026¢I frejungy 2 PEAides] arpemmqbe, ofearderdbedirmt biasf timefidld 2asssidyl apparatyian

the. cat nofE-Get yeroh RSEif s ke BHILS ShigRadlod cofon cBnafas wla BRPARFS 1 ©

appar at us ofinslessed her el n conprises a 10 cat hode and anode whi ch can

deliver el o] rate el at.om c Jd.on uch_ as
nyar ogen’ MH3he Fnfon s e=ch LR ERbL B e B RBE pB o Hiledh
conp%nenabparatussbdcrﬁmdeand aenedradrigenteet it dsetve the cafgatioreot metahpridesesh of a
mat eri al %i‘% as silicon, silicon coated with silicon dioxide, alumnum
al um num 5’ gal l ium arseni de, ceramc, quartz, copper, glass, epoxy, or
any nater [0502815 Feure abpkevidesranusclitisinbhexangie ef acémbodimedesfitbe fieldrendsdidrai n
enbodi menta%< Lhe & "rgo |ragjnt .has sol der di sposed upon at |east one of its
surfaces aeéplsaresc 5 &[e"&orrpo& tions include, but are not limted to, a
fluxl ess {0029%i Figere S@rdvﬁdeslmampresﬁdm@nbm'ppmrqf tize fidltemisstont Appalatagd, or

a flugless tin- yever t he ent invention is

Sui o o Pereried SBRE frr LG onr B Rt it e e e PO De A & Bmos 1 ons.
20[ 0035] [0030%r Figiure P pedvitaseah eabmtt @fmnanbddneemwfmmwwa emissin apdpatdigs oxi de
is to be reno and/ or .sgl e ositioned o unde
p05|t|velge%¥éggge§ﬂb@ﬂwgﬁﬁﬂgﬁ %fgmg §5@¥533ﬁfcﬁﬁwgg Sgggﬁrgﬁﬂhg “to the
field em ssion apparatus. The conponent, the substrate, and the field

em ssion apparatus are all in the sane heating chanber which is purged with
a gas mxture conprising a reducing gas and optionally a carrier 25 gas.
Wil e not wishing to be bound by theory, it is believed that when an energy
source such as direct current (DC) voligge is applied to at | east one of
two el ectrodes (e.g., cathode, anode, or conbination thereof) contained
within a field em ssion apparatus thereby creating an electrical potential,
el ectrons are generated fromthe negatively biased el ectrode and drift
toward the grounded or positively biased substrate with the



30 conponent to be sol dered. The el ectrons are generated nmainly fromthe
solid phase of the cathode material. However, in certain enbodi nents, an
additional portion of the electrons nay be generated fromthe gas phase
when the applied voltage level is relatively high (e.g., greater than 5
eV). Sonme of the electrons generated fromthe field em ssion apparatus may
collide with reducing gas nol ecul es, thus dissociating the gas nolecul es
and form ng negatively DRAAYED BES@Rd:PTI@lhBOBfﬂ-tEI”IBJ\ﬁEéHUQNng gas by el ectron

ri 11 arongedtle 'BREY mE st AGH B AL Wplonde T B R e R e <o
be SFI de(rj ?rﬂ a Mpgmenhmmlnmmeas dde]?soedasatenr irorlg slm(;ttea,l mebal, dasl cmmob(j)riméiobaﬁeone
metal an H%rFSP% 5[58%@%%)5%9% %Iérr %&? onﬁtc 6’}% fa %%cuﬁ%ﬁ \%IQISL IS f%rr%eé

enbodi msnt rel n e appa nprises a
devi ceSor by =t electrar ettadlm’ierd:(pmmsmarad;saiosecbﬁerceirecirr ogttln eocdbHiotatsanide

anode. ThiSedHt 5Faf BRaEIdiSeclidd Sy PCRUbAhLi g Bbcdidscoral

anbi ent préeSsure as” én corrpeh si ng
H2 and N2;neghtvebntharged eloemd; IfClIfISSOfdb.el rigducatgt @sh&edcﬂ@dlmmnﬁﬁe@m thme| seicfates,

el ect ron ek 7k i b bOA Dy dEn T S AN6D 1 R ¢ ach
to the soldéecribeg semriracant be redpioged wyf awelifgirg diesditiinat erbﬁx:b\aifvw'icy sbiplaring
L erpen L Ui St P EaPBleo e oD A et BRL G ST RO BT e

treating s ace or gener ate e oxi
di schar gedhe meflcaw saidsringaps wa!lté[so&tammg anammat ﬂsecdhfmrﬁutéﬂZleaé -bokdihg- | THe

Feduct | on It St aBlrBER POk nE efiin gt 3o DX dpucy B OPRBe krEy o
at | east cbmmranrﬁovah@‘tbé swacedestal ceucga is debiesdcatch@debuttriotliraitertie, metal platmg
Ol At R LT Bl drChns! & SRNSP (B ATHIP0 ERREA'SAAGIY BhRE

cat hode. IMn ’certal n Sourcé cCa
ener gy5sotnae msea@mensbla tdisubstquent scﬁd&nr’(gﬁ)@).:rfaoé bbgemgpbnazmg Weldmg, emnlar gy

sourcee: PR Ok 0B, o A0, S Sl RO

colrrbi gat i @mce‘ﬁkleg Dﬁammm@oﬁmata?mtﬂ@syum the msstaod amd appHrétes naﬂieﬁs}e,nt
o i
Ponnect ed MENGOT s Y SR, 1 Fol i EPhed, BRBbAR s o RERL ARG ¢

connect ed desireusvol teagmrtgoumdes atithautstaeomskd "ewe:irgaannéludes‘ feagpemzies vacuune

Y ondD o PHEBR LSRR 18 plis® A bREEUA L OO B Bie ool Enifonhiiid o1 '

30t he anodq@03d2y dm onmdmdodlrr{e@u()fim fidlo temigsidn appataiudH eedrnibed hbreiracdringey, a a

Fol Tows. VAGHCE aede, 2 i il Eafl GEndeh OF Re ol VA LT d ok ufRnCdf s =

proper|y compsgsitgdne ®roneeqrotnmiensehadng ac ahghed|ddgg eorsogh cenvatune sdifadegct ri ¢

i al d
20 S it by B AR beBlchadt 8, S7RTHE, Wb IBlEoBRIC oo
fi el d28li ssurrbuidedrbyam didléniric matezias; i & yletelcmcehetetlall wiadreini tebcﬂiaeammg“tdterradaar
th f | f I t
pr ot st ool B aepri it EAnGi A driaride i g e iRl O e
| i ke. The at k=biodporéon chthediclsatpa meterchl, taymdtv&rherein ¢heecdthode amat @radel areegctdo al so
be consi dered

apacitor. . In. this regar it Vo nme, enbadi ts be

et or abi Sopreae BN oL Qiegp Pric It phiEPE bR T FER e BRSO
the two elkedianodes picﬂartzlabl mh@nprbhmtesntbeeneskﬁm ofcrisctons fmcmmdaaioeleafhé he
cat hog(g. Itc' ) ?brﬁ | : SItrpat an |sncrne $e énse ect [Qp._accun rI]a Bin
cat hotd o lrclgBandrt SEsibT BhefnienaaSs pe Isf TR0 PR o b §Mnd tho050)
Si nce t henped af formaihy dizeietegmoop or 4n amaient or ridmevagdueinetpsghetiorshaitidbn, glicti he
di el ectri %s but not limited to, gas purification by electron attachment to remove dust or impurity

particles, efectrostatic painting, or coating. The term “ambient atmospheric condition” as

used herein means an atmosphere having a pressure range having one or more
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material, a dielectric material with a relatively high dielectric constant,
e.g., 1000 or greater is particularly preferred, such as bariumtitanate
and ot her piezoelectric ceramcs, such as PZT (Lead Zirconate Titanate).
The voltage potentials applied on the two electrodes for initiating

el ectron em ssion depends on the geonetry, material, and 15 arrangenent of
the field emtter structure. The field emtter described herein may be
parti cul arbyowlegtudipdims: eabodi aEnt B 80,155, el v&5atT.0vEr b nMB 012 8gad9and

reduci ng tal oxides.on non-exposed, or non-flat, .or insulated substrates
Wt moral T4 aredd B3 Ibors paledat Fomee PRl dhB iy AR e o

at t achmentrafiges frem, 180§ tackgdigchinpan aembheesmbaditheniy tipo atendspherana théir ough
hol e conponents. In these enbodi nents, the treating 20surface is no | onger
sui tabl e t'HMZ6E SRCSHINGRGde. [ 0040] When the fiel d enission apparatus is
used f@r rpeoss]i Nthendldlentesicteappinatoe tdidcldsea desinmagroeepatitulatyablitablenoul at ed
substrate, variou i schargi ng approaches can be a i.ed to renmpve charges
accunmul at €FT8HK Fﬁgxgﬁ%§¥%ag(* ﬁSrﬂgxgﬁﬁP@?’$5FF§%§%E%HH%r@?ﬁF%§§%fT%.?e
char ge neujon@onzetssincalinge BGe diip nchtimn g cdié oattashinena msasrabliss. and 2eseet hod
described herejn. As an alternative e | e, a charge receive evi

Cont ai ni ng ShaiBens 18 SeReitd Aot s REMRLG o Bligapeed Bife tohofSEntEr (e
| i ke powers@d cainhbt 4t @b apasictié VEneViddld agéssjpotapphratls disclosddsieréie cospdsema
conjunction with current design, to r ve accunul at ed charges. 041]. In
cort all eBitidreE Aronn whisd satiel o leairp 56 WEbeAl Sl iua Sharobdditlc: he
30 netal axmgashen dsigeh anens frabugrsameiecteorpattaetiment proesssat hode el ectron
emtter, a for exanpl e, non-expqgsed or interior, surfaces, such,.kas
For reti odbGodemendrar “amisienl o8 UsBHsCareReaeRrls PiaRs 7 & omaidhin:
devi ces. Idaniphiese oeahadier@ndush sesibcon, shipet castbe withasilidoa disdde,talurdinumet t he
negatively char ed(ﬁ%galc i ons g, the saolderin ur f aces.

. .ci)f a reduci gg C%%s t 3{%
In one entFBUMRERLOX U R5RANGE, SPTREG RS ToPRET GRS PRR% MY ST 8ls Tt he
shar p 16i p,sugthisle foradgeavithireadélectrdrimdevice. r indgetainkdraisteljménts, thecombendritkes can

be directl aced toward the p between t sol der i surfaces of .a
conponent %H{Trt SN PRB AT l@%ﬁ B (?)‘\ﬁtécw CS?'OU%WQ&DQ%P’ LN PSSR ded
surface f orclédenibnt afeara dimitet o, anflaliértirasiivee scfidxeds nardlyveradoppén; arflughdsssi on
can be applied, above the 5 conponents to be ass I and t he .conponents
can be oomingRee Fok riuiERs din CPRPh: M DRar e RATER e HaReaT ATGRARan. o
conduct i veuphtsé eor aSutibtyas difeednt domponentsrabdibr sdiddreompbsitigrer. f or at ed

i nsul atin te all,ows the negatively charged atom c i.ogng Or _.ani.ons,to
spr eadoal ToBtAl: o e RRcP BT ¢ ats TR ST ER horbith b PERE T Phoc
t he non- expmoeest aod/desologed us basiesnaf ot Begroongeanens pobitivelp thiased tduestrae al
oxi des. The perfo

ted 10 | | at.i t | | | th tivel
onarood st crgREsTH SRS Y sDUR b s e o
pl ate set thndabsiens hand thei felpeafissisredppdratustdre atioindhietsawes heating ¢Hanted
o ont Ty T siresd, B oot it re R g e oS o GlonRRLEGRirR:
appar asus g(ale.. Whild Bdt wighibll o be poand by th@m,a?e)beﬂ@;eaaaéts?hdm ?mérgy sodfircer
attract at east .a porti the negatlVv ar ge a m C 1,0Nn
o onet st Bl Pt 1BB) woles BostnibSud A D0 e i Vb Siedinafi e s an
exanpl e i ratHaids, anodd, hercopidiesdionethbmeont dentgined aitained fietss emidsiongapharstes can

be a perforated ceramc ate of 0.5 to 2 mllimeters thick wi.th holes
of 0. 11 o B DisteainG: St Biegioah fotpnl. 1P, AT Srratasyomn g Soditiay
However, ipiase8 eédtiodi paidedhift totard thee grogaosd or pesitivey biaees substiHte witapaadi ng

on the_geonetries of the co nents. to be soldered.. As.an 20 alfernative
oxam iR T ROEBPRET R ke roetthy ThR et Rae: SeRetates i AN afe st e o1 ¢ i
si gni fi camid yathoas InestedidanHébater ofn tdrirs ehdbbtidientd, arbadditdrde pediontdiehe

perforated insulating plate c be .a poroys insul atin | ate with pore size
P ang! ng.  EIAARDS o be asneraif T 46 S i tare it g ARgRo ol d o
equi val entrelaalll high e §P gRadéMBanSaal) \VSdrye ohthegeettoad gehagtegioforh ahd field
non-exposed_solderin% surfa&iF 2 0042kpAs nenti@neg abﬁve .%t Hﬁ

pref er r ed STHSHON ARPATHE TaY CRlIds Wity rervgmo 285 ACIPRECSH P¥o Fiss RPN 0P £8P ng
pl ate has an electrical potential slightly nore positive than that of the
anode of the field em ssion apparatus._#ysinple approach to obtain this is
to electrically ground the conductive plate and use a resistor or varistor
to connect the grounded plate and the anode of the field em ssion
apparatus. The net potential 30 difference between the grounded plate and
the anode will be increased by increasing the resistance value applied

bet ween the two. However, it is anticipated that other neans, besides a
vari stor, can be used to make the conductive plate slightly nore positive




[ 0043] To produce negatively charged atom c ions by el ectron attachnent
using a field em ssion apparatus, a large quantity of el ectrons needs to be
generated fromthe 5 cathode surface. In this connection, the electrons can
be generated by pure field emssion or thermal field em ssion. Anong these
el ectron generation nethods, the selection of the nethod depends mainly on
the efficiency and the energy |evel of the el ectrons generated. For

enbodi mentmowbrﬂ!eeiand ﬁdﬁ‘rmmrgadeg:aitmgy@aargedrqwmseendﬁyﬁmegedum@ gat bprtechani ng

aboa man el atte sl sibeS BidbNE) i e AabER Sra el By o Bl o

nore of t heedtoddl dmddn{gwprcbthesa&:stra@\atrdtremmpamlent tohles lsalldelfeldeM:odamhembpn or

my e gerrdang et e en 3hdfié KR R ERbE, BoPCUbhl o pRad o7

t he at 5 easdditmmel fluxes.r usi on of the cathode when the el ectrl c vol tage | evel

or 1 om dogEelnc BelieRRIE oftepofhd terlsdbdiirt Belor Pl T ot P on

of el ect r cndeviceoon zastectured that aottaine al pianrrg)felectm@s aathodd a:mcéaMeeﬂihlsaiewbar rier

2% 106 10 For b RuiS o B oo Banti BB it fed i F I, 0

field is neduahd gax<ematoacheat cdrhgrisingeid. end aiz,sﬂhare;mlﬁeq)elettmr‘rsecmatmattm:heun

peci A0 arParacretogrIendofifs ek Eherdal HBE HRR R P 3L rFden
property cefn|drisebycbIedtemtatnachmamte(seeaEqmailonat1emsilZ yThdnbydBdJ@t aniansf ¢aml attackar

t he apex e t he .cat hode

Finger . bitadae P} iHgae BY REBE RE SRebEafiraeied) Bk o886 ere

cat hode priduatisn Grbetong. Tﬂmlfree etdauttonmgmlelutedcmsme treatib@gafdoerorgeaetatarhas a

em ssi on. C ferr rein, a 25 constant
or pul sed %Q@Fﬁ 8"6%9 E)é' %[)eﬁluf: ocli1 e %w%%cma?%eqfﬁ hg&q’f’%}ga hi gh surface
curvatigre and adlissurediee atfachmvaitt ageraegig* f5 8+ 0L 5 t cEduakidh 1] 0045] For
certain enbodi nents, thermal energy is used to assist field em ssion, which
is so called thermal -field emission. In thermal-field em ssion, both an
electric field @ngtarndvngfent-enper at yy e caareHapphi edy Ther@jetien 2t hermal -fiel d
em ssion requires a |l esser electric 30 field for generatl ng the sane
gquantity of electrons as conpared with pure field em ssion. In certain

preferred embodbygifsuchidie tenperatyye pb Lhg +qaichede ey atismge from 150C
to 1000C. In these enbodiments, the electric field can rang@nfrom 0.1to 3

KV. TRE cdP®¥le Ereyosis BurAlightioras laast/ e ahihe aleseras: e hinghcatbagrrtaeur e
by a vari %lﬂd@for%%ﬂ%o%ﬁgre%? suh‘ié?enf‘ﬁ)t cdusBielRftoh QendtafiGithroli@Rd Latbody
passing an ener gy source such DC current "t hrough the cat hode,

i ndi rect Hegeftap esihodingents dhe ée@rgv ﬁéureatqaad%e A PIPEIEE SHPIGY SOHTce) 8¥eh acal | y

i nsul at ed {yafy &erfn@?ﬁCh%ﬁaﬁg Nirdeeapiig e%le?d'%gurcésRsﬂ&Fié@tBL@%ot llr'ﬂﬂ'é@td on
heat i ng, hot gas environne or a conbi nat| on thereof. [0046] In certain
enbodi nmenttkergfal ﬂﬁ@f%pp&cﬁﬁmgglﬁ@c@ﬂ%ﬂ KHephato enpeyi mcetsmamalw peysed of

el ect hans gepepafdy bin fic. d 1881 561 Wha é%meme?tdpe@ns@;mt&e afte@htbely
emtter, a portion o ectrons are generated via corona discharge near t he
hi gh cur vaulsed. ducedde embosirﬁ@rﬁq of tgreenit inyeption. dhepathede isecoppesieditc aThe
corona di %ﬁggegeodrée Qtr&?d%i o1 e%m %a% bﬁboer.Q%nﬁ&téd\er@@aegtefg%ume at
efficienc form ng ativ charged hydrogen ions by elecCtron

at t achrrenta saeand r‘ﬁyebaBee Iﬁereni:e étiihﬁéfo ge lewels grantrrea biag In Rlsekicalpeaientiakal | vy,
when the Ji SRAE ikfloMQlcbad GolRRle AR a7 bl W hRELARARS! iR ltRVGR AR al n
| evel that a corona discharge I's or gas nol ecul™es are 1onized into
posi t BQel yh%ﬂmc@eagr%#ﬁée@nd negatively charged el ectrons, which can attract
cach of heioddl it Wikhing 36 VL boBAL by £ thdifty 05! &bﬁ@éed%@@ﬁarﬁ’é’r‘ﬁ okRCHbES,
especi al | |n anbl ent pressure where the den5|ty gas nol ecules i s nmuch
hi gher thamisshen of ¢lectenngpan berexptadnad amfollews B‘&@ntth%awoemn@éaode of the

field emission apparatus are properly connected to one or more electrical voltage source,

the dielectric material (e.g., insulating material such as a ceramic tube) which surrounds
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15 ions in corona will drift along the electrical field to the cathode tip,
whi ch not only has no positive inpact to oxide reduction on the treating
surface but also can reduce the lifetinme of the cathode tip by ion
bonmbardnent. In contrast, the gas phase in electron attachnent process is
singly charged and the negatively charged ions can repel each other thus
having a relatively long lifetinme even in anbient pressure. The negatively
20 char ge atdemst Bgonea of thekbabbdeois mﬁaraed:h,nce?mth paw cesmecsertiefiad dsttbetdomway
fromthe cat m ni in 'S
damage anaaa}'f)i:} g?rso n?%n%'f @’&gé@&géﬁg&elogsﬁ ac tt{%% P épgﬁr?na% nécfgr? %e 'gi n
pref erred camabde |$Bria® affthe htdea&ttohe@mtmmosssm asex Siaamp spsdid dipe findee dridygeov e,
the volta Nt of ul sed.
The fr equgjﬁaCC%D ?{J frqhg ?R%) %hé Qgth%)é\ée) arﬁ{jﬂ %éé(ie ggéarg%g bg(?a%gr& rpeterlﬁl nay

pr ef er &bl yalda bm orispieRH] Kl—tzapalcmort hera;ehlenmgdldmhmy int somebahbalmdntshisd a
pul sed vol L, .val e to.reduc

Pendency ooneuiEhabbeBhEiss b AeloFRIRkERy JRabER Wl Ew=ThY SeditFen
voltage i gs rthaih ,asa Vet yndre @mectrpﬁs)d:am dcouroeliateaatinthendeditbdeentt Ss belwvedthatnan on

appl cati et aRis, SerR oyt s e S Cals T U heRSRBRR 9,2 des.

For exanplwenafptlagaww@s of the invention may al so be used for surface

nval VPng O SR PPy B Ptrud B RS e St coReE of R aRT " e

field em ssatemalappdielatits ridteda swith berldtigelgi gh Slieséunm cbmstﬁhtge@ 1000Aoneed| e

vvithashr g de_20, . whi i |nsert in
an o act r SRt (RuREl p iR YRR A 2Bl e A Bl PRESER e e
t he di el ea:eranmcsmmeln BalPZTALred Zlrcamate Thdhates). V\'bemdlt@eqnmmttameaapub@ omhlne:h

acts as | G, 0008 CRH0RG Beadl 20 308, ARLE, 0 &1 0o Tl gt Bl

conmuni cat| on w age source a gro
When tihe eabhgeteemeddhe f@lwemntmdetmetuw Mier fiedd fenaitter qmmnpbedl YeEim neyt o= to

an"be enfErLRoRY sarehie” shEBGTLFaRnth el G 38 AFE ity iihea
nmet al pi eogid8$ oh siohexpbsed, ormdrrﬂauorothswmed fsutmtldlt&srw:ﬁsmetal tmqmr afahsaslfor and
s ConnecteF tr |Egsger%§fre&tflirr%tm l’lllg Fach%% Qé\n g%tra eél éﬁ%g;suﬁgéeciges

that the meta iece 9 eceb Ve he a Ve ch arge
i s el ectrimzaint yorhbcmm;'m aod tHBugh solemmeu:toednm tih tmdfse emhscrdﬂsmmdhagreamhg age

sour cg, GOSgﬁgwgcﬁr ’Iorp%?s@a%fétt reét gy%ég},&dg fromthe tip of needle 20 will

di sappear ggat 1y tage potential applied on the cathode
i s signifi[@eoe] | Whancﬂwedjs@demlﬁéxﬁﬁa]opﬁwy,me uEeqblfcoNeniesmgrmeaalob)mdesrmi metebnpl e

f fiel t , ) cat dl 120.
of o2 et SaB B ARCRBBEI 0 R uB0 ABKLA, QI oo G PRE LB,
i S furt helapplwd_rerrelmdvé)ycrmrgancadwmlaiedléﬁ) thétatslhmaihatmeéoﬂ esari:ﬁl@ amdoanode
S i o S S SR B R RRS I e o
an i n2al atriemgacpldammbsdcheram cehAsnmrc gitbataéive HXantples ha schEpge trecdiver daditeode
dle 12 he 13 d i 0 nbl d
posi t 1 ons SBMBRP PG aPm 53R pRAREE 0B naves” IR A e IR AR ither i n
two fiel dh@m Esiton \aftpge abiestsl @D0alde der udeedinhmninotiar eitt sedentEdedigr tel d
em ssi on arat us Z%Qeoc}ﬁcs a cat hode needl e 220 which at |east a portion of

needl e 22 T SInge W%l ectric material such as al umina tube 230.
D el ectri (ncml e eértm@mbsdrinﬂntshane amafratwedmdcrhigedameremoslensedmmraﬁ:cam@e

wre 240 depi,cte Bot h enedes 0.and 240, are in
el ect 1 cal™ %r%ﬁ%?é)gt%% Bﬁ R ng éi ”Q/eof?tgatg IS%%%e@ég a%ha?sground
sour ce 25fbr ekagplee ndn ieupdsleelrorl|mtehmrobwfaaesj|secmatsdchmﬂm ssailasph@ oRfip chlsph

cont ai ns g fltuxleeus oI d/t| L{% ref ar. mS B OC%F§(§ ndW| che

gol d/ ni ckdP FEEEH S L A r&oﬁ’%ﬁ'?ﬁ cke 3“83% CHTERTS) Rpdpra 82 A
current nepmpached aaorbmeﬁeelctottﬂa’emielba riehetivilecldryed bivenid ichamdlbaed@ngosk t he
ground SOH)r (t:hee zsglgienr?g fsﬂ?fggeesr qesgnrel l%ﬁ'u%odiment, the cathode in the field emission
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30in Exanples 2 and 4 herein. [0051] Figure 4 provides yet another exanple
of an arrangenent wherein two field em ssion apparatuses 300 descri bed
herein are used. Each field em ssion apparatus 300 has a plurality of

cat hode needl es 320 which at |east a portion of needles 320 are surrounded
by a dielectric material such as alum na tubes 330. The cat hode needl es
320 and al um na tubes 330 are encased within ceram c block 390. D electric
mat eri al s &f@ratss,fsuch hethes&harmhmcjmdrpbgd@nneettbejéingetcIridgs bsteiudevﬁn @rniosel ke340

(which is silver .f c e Lcted.
Bot h cat ho Er)leeéﬁ ctlgofaﬁgnw&?%ﬁ"eoggp E%%N(u?gﬂgﬂé é’f&e& ﬁ% Ce[s ﬁ?calcg'%Bogen?
comruni catamahthsl ¢dmpomeal eart beocndect\hobtcalgéectoursetao@&)growadecssonfacﬁ feagﬂ,rarand a

gr_ound sourh%? e%SOIn g!ll% mgﬁcoppépg'b':e(%p%%r%ndé |5§BF}%%R$ %gﬁl%gp%!??%

whi ch are €Upport ed acurte |ch IS
connectsed (twnpmentstthcbecasp@eblebasé 138G repmhentsecagr beused cacupartordB0 irmathting used

|0 ExarDl 6 e dGRENDELSLEL e OO SRl B IE B 00U Lo ALt NEr SXAIP! ©

of an arr gemen em ss apparatus
herein is '[fmederfqyatedn%ﬂatmg piata adirpwe siexl negadivelly| ciargenr atetn@cions @alanions to

appar at us FOPHIEOIP BEIPATAYD el bl NE R i M8 el g hoBatei ™ "
portion ofsaftMIdb esuri4zés a:rfethe ucrommamdetd toy remludé ehecnefat axadesr iTak parfonatas

al um r]I Lﬁatlrﬁoplatgg 50 owgq gghggscﬁ%%e%%jorﬁicqgﬁg% é e&%? &goﬁﬁ?gh%i ch

|nsert an ano StArnless st @
surr ounds anenlngaskd: the qmodmtma pta‘te setandemicatit rit is pnefeeed diat ﬂﬁ)ccmsluctwpip@ted A

I I

corani o ol U3srBABife bRty SHES ddtals P Rlce S EMaT sl Flu®
Zggde 440 F?JSEIVB thasl tbatt of itlea bnadenohiime Beld ieovissiant dpparated éxg.ri0dato 1\}@{ hlglgﬁau\s“oﬁr ce
0 var ol 0n? o R 0 polfe UK A SRR 3R "0

i nsul d6i ngond, ah@naaandlfrg eteqiions & ihe;sotnfeno@eunfa@sofsm boraporidmé Axeari exaabpe

sur face datieg ApLABdieiel® aeHaletet BN EE, HRIR Fet o ona
eﬁgmg;tehgaplae fof 85do évrrnmﬂmetbe‘rs am\;\pgrttatkmtﬁﬁaes Af BhdoP. &mgein&izémemhialmdﬂ &ch ?‘] 032
tsur faces gﬁ'ﬁ (8 ?%ggnmf@n(gﬁgﬁéertﬁ%w‘%w E Jlrﬁ&%%{ﬁa s:[ﬁ ﬁ%rgre r?etffm%ﬁgg

di el ect ri cujphte e@;ﬁﬁdmgndz_)gttha ageomettas iohdd actamrgmbhhsctos b57@o|d§dd @Jsde?[lgm C
anode 20ur PLETetE 5P gp 3tRallp 51 BGRl RyRE et Ras Bndilato

[ 0054] dA? smnftcaoﬁf;esmplm\thamﬂ"lay of ther sigatrhiedie nsadered, thiehmerioraed irsnkatiag e
have o varta s Re et RegalEb el Ehe ShsTarahe Te I P SRL IR Ten 2

for exarrpl1®00meroormater Qugargehisv@sn equuanatenbd@el; onsgwessiihgesegatihely phargdges,
|n enbo the el ectrode materi al

fins, or the like. 055] In cert ients
that acts'& ucén ﬁ%%?e %’8’@5?? 89%’?9 Séll"-%S%%juctl ve material with
rel at gel yoo42y e‘lsemtanmneelmtms'epm i€ pesfgyed thapding conductive plate underneath the
perforated insulating plate has an electrical potential slightly more positive than that of
the anode of the field emission apparatus. A simple approach to obtain this is o
electrically ground the conductive plate and use a resistor or varistor to connect the
grounded plate and the anode of the field emission apparatus. The net potential
30 difference between the grounded plate and the anode will be increased by increasing the
resistance value applied between the two. However, it is anticipated that other means,
besides a varistor, can be used to make the conductive plate slightly more positive in

electrical potential than that of the anode of the field emission apparatus to direct the
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function. The term"work function" as used herein is the m ni mum energy
nmeasured in electron volts (eV) needed to renove an electron froma solid
such as the electrically conductive nmaterial of the cathode to a point

i medi ately outside the solid surface. In these enbodi nents, the cathode
has a work function that ranges from2 to 5 eV. The 5 material preferably
al so has a high nelting point and relatively high chem cal stability under
pr ocessi ndloaosfciegativety clzxgaphiemiofons Uatiadd andimt eedtadns withtd thederedmdind gas

al | oys, sem,canduct or and oxides, coated or deposited onto conductive
Substrate S}}ESLF%&EEQ S%'iaé:ﬁpqqg%e ?W@ﬁﬁtﬁe, but are not Iimted to, tungsten,

gr aphi t e, [60vB]hiTghproduneateghtivedy atdrogd atemidicas bpietdcebn aliacdmennuaing @yfield

Addi tional_ _exanpl_es o[ cat rode mattqri a)fl SeSF coat%?ngé gn 10 atb(gge mrit al are
ref ract or y L&Y AhiceP AT ifalALI% QYRR ARTTIRUITT9Ex D0 8T | S5 B6 ) h
cer i unbhexathode dairfaGe Bal), thandonrefctiag t the yeleattanls car be deheeated miyt purdeffsld such

as ZrC, HLC. and TaN. 56] . As nentjoned .previously, at |.east ortion of
The car hogisf el Hermaf 2Rl ens R ARBRE JAER SR oafbralidf FatfRoti o
wi th an elseketctiorcaf the methot aleperdsratagty ah toe efficeneg and ¢hd Bnemlydeved|of ahmsl
wherei n at ﬁast a_porti e insul at i.Vﬁ| or .di.el ectric mat md?l ins

I f

sur r oundedSHIAF D AT REE: 1y r%&ﬁ"gﬁ‘?e&ﬁs RPEFFLCPEREY Oa LOMREHE anode.
I n one entetdiroenbavindran dnarge Evel dogseatbdre\ainag bapreferesd.an i nsul ative ceram c

terial, Jhjch in high t i.s,.chemically stable,i
the ndPna 0844 LE8% 31 8Bt BmBofiivebinar anbsaofet f PEFLST b frBiha
t he di el ebyrone omtreire af theafollawiniggbrodessesc figld en@iSsicm nibtaundi-fiekl. gmiss@@0 ot o
10, 000), h. bafi tit te. dit] | f .t hi gh
000 SR BRI RS A5 AR Ol S B Pt
zi r conat e gentrateat @ia(dardna diclarge Meal nheo m@ghocurnaiue: saifedi ofethiesat kEhst one
dielectric T{Pt eri a QW, I ecée( ons

L, may, be relatively. thi.n o as,to all re
Lo accumiPEIBEED § ks gt iferithe oot difes REetRuider o Bindpe and =i
br eak dbwn isstetatinglty highf (etgh @ighrat #an &l K\S foo Ul oin Distanicg between two dlrctrbdesiufiedd n t he
25 voltage differepnce Qet en.the aner and t!h caf hode. %005 1. As
previ ousl Yy HENT 6n€Y, e’éfacpg%s?{ eLSGISPE i 5 S9 H’g‘” i Wl rQHINe? SKTaps
Slﬁlr r olundeqbomrnflfIdxarmbr&t@'cadpjying)atsgon@dle\ukrh:]tfiem T?bbauw iaoadltéqtriccﬁnsldl us;ﬁigrﬁaanoﬁe.
The el ectr,i,g 7 gonductive ano i r [ et r .any. of t ot her
materials hg? 1%559&"13& 'felq&"é‘f’ﬁ/o 86%%%(: ‘?C\%gﬁf'flg%%t %rhggl?1 %ﬁgt?'gir{'ggdg'sc HRxNe a
vari ety ofredtdd et thet agpxoofed shep B0 ofl #Eenathode. uporettdie cypdiroertts othet f@id
i nt ensj, f ol arj zat,i effect.on_the dielectric erijal ,and to Ximze
ol ecr 29 ¢ PR dek et hebin Sibida A S ORsfL SEhE B e Eopke T a2
The anode tleapolbezatioo wnapetty f the diststredmaterial ioointemgiéy thevelbctric fibldangaodhd | ve

one eoarti cul.ar e e anode is a

bias relative to, the, cathode. | odi nent,, .t

conduct i vEPHORLTIdR § SREatARE ol S8 b B rese o aRE Bas Ao B
encapsul atteslikeheaccatiatatieg elettrotd at theerdtiudienggotnssiont bed #nsdediudgnatheedraet pl at e
t hat the ca]& hodP arildtdi el ectric Imat %ri al ?r ot rudgs 1 hrfu h. é0q038e . As

nent i oned B 8{13%"5‘?, o3 edré'gmﬂ?'xt 0r% glgnBrre-esr{erqgerg ?%@38 Sn‘gesﬁg °F St rdduced
into phe avmaamther eulsbe rizC rnvditbge fis edphliedn tetieamm appsthadeu svittles chiigi edirfbes ei n
resi des. The t5 reé;iuci n(%qggats cont ai ned v¥| t hbgj tt @%\gas m xture may fall

wi t hi n on&"YP R 87 aF '8 Y% %a”@éﬁge&’d‘?. s©9%%an intrinsicall y

reduct ant [@S] Epr eergisemapadibicatsothegenlesrardgynig waed to asdist dighiearissioh,ivathict or m
gaseous oxi des reaction .of the ,activ ecies with the netal oxide, or
0 e uas Eaten ERapehERiH ot I v AR RE REEh Bhtvist AR Rl B ¢
agqueous oxighasmppature aec hppied OT hdriferen titarral-Bgld ehdssion feljuitdea atal electricle.

10[ 0059] T first category of es, or.,anintrinsically re t ant . gas,
et udts B dSerRe M Hm A HARTER pBeR ATioP R it SIS ERBS e
to be rempveshairpefavledsentiodiménts Nhé tahparatuadoithaBathgas Btiyiraedefesm HBO°CCO,
SiH4, Si2H6, formc acid, alcohols such as, for exanp net hanol , et hanol

. i | e,
etc., andisdA°Geilrlithesegrpbadimantisniie: electrip fielhwaryrangediam o1t . KV. The
cathode may be brought to and/or maintained at a high temperature by a variety of

methods such as, but not limited to, direct heating by passing an energy source such as
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15(111) RCOH In fornmula (111), substituent R may be an al kyl group,
substituted al kyl group, an aryl, or substituted aryl group. The term

"al kyl" as used herein includes stralght chai n, branched, or cyclic alkyl
groups, preferably containing from1 to 20 carbon atons, or nore preferably
from1l to 10 carbon atons. This applies also to alkyl noieties contained in
20 ot her groups such as hal oal kyl, alkaryl, or aralkyl. The term

"subst i t uthéd oalDEy kurrend ghioggh ttse abttpbe nvideedtdwatingtsubiavee okt itmajeathede hat

C1 10 or “%R%@ea&'@*@“ Bles oy Hyublee ot SrrasH 1388 B BRoq BN, ey o,
aryl C6-1@d ucbmn I\mlngRﬂﬂﬂQaalewrorﬁlenlobr@rcoa‘rb)ﬂatfcﬁIhmeof The term 4 haI ogen" as
used her el[ﬁb‘iﬁz(:lllgggﬁal;} HBLH ntscg'lJ RE Es?rgﬂ[ a&gsgﬁneﬁ%elhogéﬁges tﬁgﬁwaé,c?rrt%avi ng

"aryl" as ‘use herei n | c udes Si er’carbon fin
aromat Pc  chalegitors gerFrated by field substion iorodhaacathddensf tos éeld leenittdrna ipnibondé s

et ogen arseg ShEAE Bt TRt PorbAghishRigl Bl MO bONBLPY SlBR Ggndlan 51 7"
06. 10; NOfeasSOBR prResidyof Be. cmo@e aTIyd c@'@na@)schangel\mefaralHly mirkypizeCIn 10 or
Pyt ogen. o1 P iR e BEIeREY, BEofG HoBBReR creheck b oh ST BRERTC

t hat is n@ttaghmeémtaricnisicieabe he dtgtioei ofethbutatieade @:enMQIe espaclfiq:aﬂe, wpeites,

such 3§, f4 Iuﬁix@ﬁmg% bé't‘weigﬂ tho eI&t;od@Qqs SipovVa %)E(ﬁ?ﬂclégéi ’Mgt gt Lg@ghurent

of el ectro on t as nol ecul es and form gaseous ction of the
active spé’éﬁcésl’gﬂn tShfqrhnednmaal mokcdes are belzeémntpe@osrﬁvmmmsgedf iqnisi 8nd t ype

f t dt
0 0% 1 oy P gl 01 LV SE 0BG ARG i o0 0
havi ng t héhe @rlgloah atgMms anduhele¢ulas, esgeﬂéialv)inl%rﬂblentmrasa‘m mhtleeestr(el densitaod

Syl or Saboytagcues RudPBfle b el VReuiy H BOAHEE o B URadl .
any ga8 t h@t’ts ihsorena vith diifhalong $he alettyical digistloi the cathode im Wl'otnhmetoctn!wlmssmmm es,

such as, Elti Fﬁgﬂc‘?to xidefedudi fion éﬁ"un[ﬂe geFtln é’urel Q%Bf‘:élétg Egr?re%héggﬁbn@&%eo f

el ectron (?n as nol ecul es agqueous oxl
reaction of thﬁ@@hﬂdWéps@EdﬁfE@OWbamrmm nma:bnh)aatdﬁsa gBs aphpisesinokletiors t ype

Grols 2, 1 e e £8Pl R B bl R e ST o ef gt
i ncl udi ng othes tbs havieg of retatively hoge lifetime gavends apfbierd duessuce. gdbe shegatiesly
20 charge ions formed in electron attachment process can be directed away from the
cathode and towards the treating surface, thus minimizing tip's damage and promoting
oxide reduction at the treating surface. In certain preferred embodiments of the cathode
emission mechanisms described above, the voltage applied across the two electrodes
may be constant or pulsed. The frequency of the voltage pulse ranges from 0 to 100
25  kHz and preferably from O to 20 KHz. in these embodiments, it is believed that a pulsed
voltage may be preferable to a constant voltage to reduce the tendency of gas phase
breakdown or arcing, especially when the applied voltage is relatively high.
[0047] in certain embodiments, the invention may also be used for activating gases
other than reducing gases for applications other than or in addition to the removal of
30 metal oxides. For example, apparatuses of the invention may aiso be used for surface
cleaning, surface oxidation, etching, deposition, and other applications involving gas and
solid interfacial reactions.
[0048] An embodiment of the field emission apparatus 10 described herein is shown in
Figure 1. A needle with a sharp tip is acting as a cathode 20, which is tightly inserted in
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gas m xture may further contain one or nore carrier gases. The carrier gas
may be 15 used, for exanple, to dilute the reducing gas or diluting the
reactive gas or provide collision stabilization. The carrier gas used in
the gas mi xture may be any gas with an electron affinity |less than that of
the reducing gas within the gas m xture. In certain preferred enbodi nents,
the carrier gas is an inert gas. Exanples of suitable inert gases include,
but are nain éleatiicaly insylathi2 tubr 30,HeichNe, arKalunies tubedwiioh a2@[@01B8]di¢lactder t ai n
preferr ed.rﬁgﬁ‘%ﬁ&\! we?% inrQez;oqé%vo”hé P%ﬁd%ﬁé‘?&t{esﬁﬁfcmgﬁ%%%ﬂe Rodd'echf &g' 0o
gas and nitrogen as e carrier ral arTvel omer COosS

t he envi r oweedist 2} and apodd wite gl a]sé |m Iakec’encthmgrasatroelveﬂ[se] elentrmale&ﬂtage

mbodi 0 I
oo oyl 087 gl S FOrES YRl f RO B s
of hydbogeate pARdn cenreiciduitd poged or oomtantmmeagzwua@e;ﬁoar@ra goundbowbe nakes
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30 invention may al so be used for surface cl eaning, surface oxidation,

et ching, deposition, and other applications involving gas and solid
interfacial reactions. [0067] The invention will be illustrated in nore
detail with reference to the follow ng exanples, but it should be
understood that the present invention is not deenmed to be limted thereto.
Exanple 1 [0068] A field em ssion apparatus, such as that shown in Figure 2
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sharp edges, saw edges, sharp ridges, fins, or the like.

[0055] In certain embodiments, the electrode material that acts as a cathode is

comprised of a conductive material with relatively low electron-emission energy or work
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Exanpl e 3 10[0070] The sane field em ssion apparatus structure and the
sanpl e arrangenent described in Exanple 2 and Figure 3 was tested again in
a quartz tube furnace purged with 15 vol% H2 in N2. The die attachment
sanpl e contained a fluxless gold/tin solder preform (mp. 280C) sandw ched
by a gol d/ ni ckel coated ceram c and a gol d/ ni ckel coated copper, which were
used to sinulate die attachnment device. The three pieces of 15 the die
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nonitored fromthe DC power source. Tables 1 and 2 provide the detail ed
data obtained fromthis testing arrangement. By increasing electrical

resi stance downstream of the silver anode, 30 nore current can be directed
to the die attachment sanples (Tablel). Again, increasing tenperature and
hydrogen concentration can both assist el ectron em ssion, such as having
nore em ssion current at a given applied voltage or a reduced onset vol t age
for starting em ssion (Table 2). This exanple denonstrates that with an
inproved field em ssion apparatus structure, such as using an anode surface




wi re wound around the dielectric tube, the required voltage for field
em ssion can be largely reduced and even the voltage pulse to mnim ze
arcing can be elimnated conpared with previous exanples. Table 1. Effect
of Increasing Resistance Downstream of Anode Tenperature (C) Gas (Vol. % of
H2 in N2) Resistance (0) Voltage (KV) Activated Tips (#) Total Em ssion
embodiments, the anode is a metal plate that the cathode and dielectric material
protrudes through.
[0058] As mentioned previously, a gas mixture comprising a reducing gas is introduced
into the atmosphere wherein the field emission apparatus described herein resides. The
5 reducing gas contained within the gas mixture may fall within one or more of the
following categories: 1) an intrinsically reductant gas, 2) a gas capable of generating
active fragments which form gaseous oxides upon reaction of the active species with the
metal oxide, or 3) a gas capable of generating active fragments which form liquid or
agueous oxides upon reaction of the active species with the metal oxide.

10 [0059] The first category of gases, or an intrinsically reductant gas, includes any gas
that thermodynamically acts as a reductant to the oxides to be removed. Examples of
intrinsically reductant gases include H,, CO, SiH,, Si,H,, formic acid, alcohols such as,
for example, methanol, ethanol, etc., and some acidic vapors having the following
formula (l11):

Q
15 (I} R—C-OH

In formula (llf}, substituent R may be an alkyl group, substituted alkyl group, an aryl, or
substituted aryl group. The term “alkyl” as used herein inciudes 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

20  other groups 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; OCHj;; OR (R=alkyl C4.1p or aryl Cs.10); alkyl Cq_40 or aryl Cg_qo; NO,;, SO3R
{R=alkyl Ci.1o or aryl Ces.10); or NR (R=H, alkyt C,.o or aryl Ce.10}. The term “halogen” as
used herein includes fluoring, chlorine, bromine, and iodine. The term “aryl” as used

25  berein includes six to twelve member carbon rings having aromatic character. The term
“substituted aryl” as used herein includes aryl rings having subsitutents that include
heteroatoms such as O, N, S, or halogen atoms; OCHjs; OR (R=alkyl C1.1p or aryl Cs.10);
alkyl Cy.4¢ or aryl Cg.q0; NO2; SO3R (R=alkyl C4.19 or aryl Cs.10); or NR, (R=H, alkyl C4.1o Or
aryl Ces.40). In certain preferred embodiments, the gas mixture contains hydrogen.

30 [0060] The second category of reducing gas includes any gas that is not an infrinsically
reductive but can generate active species, such as, for example, H, C, §, H’, C’, and &',
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

-19 -



(md) Current at Sanples (m) 25 4 0 -1.35 10 -4.94 -1.70 25 4 1 X 106 -1.59
10 -4. 47

type of gas include: NH,, H,S, C, to Cy, hydrocarbons such as but not limited to CH,,
C2H., acidic vapors having the formula (lll}, and organic vapors having the following
formula (IV): .

Q
(IV) R—C-H

5 Informulas (lll) and (IV), substituent R may be an alkyl group, substituted alkyl group, an
aryl, or substituted aryl group.
[0061] The third category of gas includes any gas that is not an intrinsically reductive
but can form active species, such as, for example, F, Cl, F’, and CI’, by dissociative
attachment of electron on the gas molecules and form liquid or agueous oxides by

10 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,Ci,, HCI, BF,, WF,, UF,,
SiF,, NF,, CCIF,, and HF.

[0062] 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 bhe

15 used, for example, to dilute the reducing gas or diluting the reactive gas or provide
collision stabilization. The carrier gas used in the gas mixture may be any gas with an
electron affinity tess than that of the reducing gas 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, N, Ar, He, Ne, Kr, Xe, and Rn.

20  [0063] In certain preferred embodiments, the gas mixture comprises hydrogen as the
reducing gas and nitrogen as the carrier gas due to its relatively lower cost and the
environmental friendliness of the exhaust gas release. In these embodiments, the gas
mixture comprises from 0.1 to 100% by volume, preferably 1 to 50% by volume, or more
preferably from 0.1 to 4% by volume of hydrogen. Amounts of hydrogen lower than 4%

25  are preferred, which makes the gas mixture non-flammabile.

[0064] As mentioned previously, the component or work piece in which the oxide is to
be removed and/or soldered is preferably disposed within close proximity to the field
emitter. The distance between the cathode emitter tip and the top surface of the
component may range from 0.1 to 5 cm or from 0.5 to 1 cm. In certain embodiments, the

30 field emitter and/or the component (or target assembly) may be moved. In this regard,

the field emitter may be in a fixed position and the component may be moved, the field

emitter may be moved and the component may be in a fixed position, or both the field
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-2.99 254 2 X106 -1.59 10 -4.19 -3.32 25 4 3 X 106 -1.59 10 -4.06 -310 25
4

emitter and the component are moved. The movement may be vertical, horizontal,
rotational, or along an arc.
[0065] The method disclosed herein can be used in several areas besides soldering in
electronic assembly such as, for example, surface cleaning, metal plating, brazing,
5 welding, and reflow of a solder bumped wafer. In one particular embodiment, the
method can be used to reduce surface oxides of metals, such as copper oxide, formed
during silicon wafer processing. 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
10 device reliability. The method allows surface oxides to be removed in a fully dry,
environmentally friendly manner that does not require the use of agueous reducing
agents. Further, since the method can be 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
15  of dopants and oxides thereby reducing device performance. Since the method can also
be performed on a single wafer, the method can be integrated with other single wafer
processes, thereby providing better compatibility with other fabrication steps.
[0066] The field emission apparatus disclosed herein can also be used for generating
free electrons for electron attachment in ambient or non-vacuum condition for gas
20  purification and electrostatic painting. For gas purification, the generated electrons from
the cathode can be attached to at least a portion of particles in the gas to be purified
since most of particles have a positive electron affinity. The negatively charged particles
by electron attachment can drift along the electrical field to the anode, thus making gas
phase purified. For embodiments involving electrostatic painting, the free electrons
25 emitted from a cathode can be attached to at least a portion of the painting material and
the negatively charged painting material can he directed to the surface to be painted
which is either directly grounded or attached to a grounded metal surface. The invention
may also be used for activating gases other than reducing gases and for applications
other than or in addition to removal of metal oxides. For example, apparatuses of the
30 invention may also be used for surface cleaning, surface oxidation, etching, deposition,
and other applications involving gas and solid interfacial reactions.
[0067] The invention will be illustrated in more detail with reference to the following
examples, but it should be understood that the present invention is not deemed to be
limited thereto.
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4X 106 -1.59 10 -4.06 -3.76 5 Table 2. Effects of Tenperature Tenperature
(O Gas (Vol.%of H2 in N2) Resistance (0) Voltage (KV)

Example 1
[0068] A field emission apparatus, such as that shown in Figure 2 and containing five
stainless steel cathode needles each tightly inserted into a dielectric material which
comprised an alumina ceramic tube (0.46 mm inner diameter (1.D.} and 1.2 mm outer
5 diameter (O.D.)) which was then mounted on a ceramic plate, was used in the present
example. The distance between the cathode needles was 5 mm. The sharp tip of each
cathode needle protruded about 1.0 mm out of the corresponding alumina ceramic tube.
An anode metal wire was wound on each of the five tubes and electrically grounded. The
wound anode wire was 10 mm away from the end of the tube toward the sharp tip side of
10 the cathode needle. Such prepared structure was located in a quartz tube furnace
purged with 4 vol% H, in N, at room temperature. When a pulsed (10 KV} negative
voltage potential applied on the five needles was increased to -3.7 KV, all the five needle
tips started to emit electrons. When electron emission starts on a needle, the
corresponding needle tip light up in a blue color in H, and N, gas mixture due to gas
15  excitation around the tip during electron attachment process. When the anode wire was
disconnected from the ground, the five tips of the cathode needles did not lit up even
when the cathode voltage potential was increased to -4.3 KV. A further increasing in the
negative voltage potential would cause arcing or gas phase discharge. When the voltage
potentials were switched between the cathode and the anode, such as the needles being
20  connected to the ground and the wire wound on each ceramic tube connected to a
negative voltage potential, there was no lit tips even when the negative voltage potential
was as high as -4.8 KV. This result demonstrates the basic concept of the field emission
apparatus described herein. More specifically, electrons can be injected out of the field
emission apparatus described herein.
25  Example 2
[0069] A field emission apparatus structure, which contains two stainless steel cathode
needles each inserted with a ceramic (alumina) tube or dielectric material and mounted
on both sides of a die aftachment sample placed on a copper plate such as the
configuration shown in Figure 3 was tested. The die attachment sample was electrically
30 conductive and grounded. The distance between each needle tip and the sample edge
was 5.5 mm. The sharp tip of each cathode needle extended 1.0 mm out of the
corresponding dielectric tube. An anode metal wire was wound upon each of the two
dielectric materials or tubes and electrically grounded. The wound anode wire was 10

mm away from the end of the fube toward the sharp tip side. Such prepared structure
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Activated Tips (#) Total Em ssion (md) 25 15 0 -1.21 10 -3.80 25 15 1 X 105
-1.28 10

was located in a quariz tube furnace purged with 4 vol% H. in N at room temperature.
When a pulsed (10 KV) negative voltage potential applied on the two needles was
increased to -1.9 KV, the two needle tips lit up in a blue color, indicating electron
emission. When the sample was grounded and connected to a current meter in series, it
5 was found that the current received on the sample was -0.24 mA. When the negative
voltage potential on the two needles was increased to -2.2 KV, the received current on
the sample was 0.4 mA. This result demonstrates that the electrons emitted from the
cathode tips can be received at the treating surface.
Example 3
10 [0070] The same field emission apparatus structure and the sample arrangement
described in Example 2 and Figure 3 was tested again in a quariz {fube furnace purged
with 15 vol% H: in N,. The die attachment sample contained a fluxless gold/tin solder
preform (m.p. 280°C) sandwiched by a goid/nickel coated ceramic and a gold/nickel
coated copper, which were used {o simulate die attachment device. The three pieces of
15 the die attachment sample each had the same size: 3 mm X 6 mm. To demonstrate the
feasibility of electron attachment (EA) activated H, in N, for fluxless die attachment, a
pulsed (10 KV) negative voltage potential was applied on the two needles at room
temperature. When the applied voltage was increased to -1.8 KV, the two needie tips lit
up in a blue color, indicating electron emission. The current received on the sample was
20 -0.45 mA. The sample was then heated up to 290°C in a ramp time of two minutes and
soaked at 290°C for one minute before cooling down. The electron attachment (EA) was
maintained during the temperature ramping and scaking. It was found that when the
sample temperature was increased to 290°C, a -1.8 mA current was received for the
same applied voltage (-1.8 KV) on the cathode needles. After the heating cycle, the
25 treated sample was taken out of the furnace and analyzed under optical microscope and
scanning electron microscopy (SEM). The results of the analysis concluded that the
solder wetting was good. This result demonstrates that increasing temperature and
hydrogen concentration can both assist electron emission, such as having more
emission current at a given applied voltage or a reduced onset voltage for starting
30 emission compared with previous examples. It also demonstrates that fluxiess soldering
can be achieved by using the field emission apparatus described herein in a H, and N,
gas mixture at a temperature only slightly above the solder's melting point.

Exampie 4. Comparative Exampie
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-3.34 25 151 X 106 -1.70 10 -5.04 150 15 1 X 105 -1.28 10 -4.02 150 15 1 X
106 -1.70

[0071] Another die attachment sample with the same material configuration and size
was treated in the same temperature heating cycle and gas environment described in
Example 3 except that EA was not applied. It was found that solder wetting after the
heating cycle was poor. More specifically, there were many solder de-wetted spots
5 around the edge of the die attachment sample. This result shows that without applying
EA, the gaseous H, cannot effectively reduce solder oxides at the same solder reflow
temperature.
Example 5
[0072] Figure 4 shows an additional example of the field emission apparatus, which
10  contained two groups of stainless steel cathode needles mounted on both sides of a row
of die attachment samples. Each group contained five cathode needles and each needle
was inserted into the dielectric material such as the ceramic (alumina) tube. The sharp
tip of each cathode needle extended 1.0 mm out of the corresponding ceramic tube. The
distance between each of the two adjacent needles was 1.2 cm. The five cathode
15 needles and the corresponding ceramic tubes in each group protruded through a silver
foil surface, which acts as an anode. In other words, the anode surface was vertically
positioned to the cathode needle length direction. The protruded {ength of each ceramic
tube or dielectric tube from the anode surface was 2 mm. The silver anode was
connected to a varistor and then connected to the ground. The electric resistance of the
20  varistor was varied to adjust the electric potential of the silver anode. When a negative
DC voltage was applied to the two groups of needles, all the needies lit up in a biue color
in a H; and N> gas mixture, even when the die attachment samples were not electrically
grounded (electrically floated). To attract more atomic hydrogen ions on the treating
surface, five die attachment samples located at the center of the two group needles were
25 electrically grounded with a current meter connected in series to monitor the received
current. The distance between needle tips of each group and the edge of die attachment
samples was 1.6 cm. The total current supply to the two group needles was monitored
from the DC power source. Tables 1 and 2 provide the detailed data obtained from this
testing arrangement. By increasing electrical resistance downstream of the silver anode,
30 more current can be directed to the die attachment samples (Table1). Again, increasing
temperature and hydrogen concentration can both assist electron emission, such as
having more emission current at a given applied voltage or a reduced onset voltage for
starting emission (Table 2). This example demonstrates that with an improved field

emission apparatus structure, such as using an anode surface instead of using an anode
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10 -7.12 Exanple 6 [0073] Figure 5 provides an enbodi nent of the field

em ssion apparatus for treating 10 non exposed sol dering surfaces of die
attachnment conponents. The field em ssion apparatus contained a perforated
anode plate nade of stainless steel (440), a perforated 1.5 mmthick
ceram c plate underneath the anode plate as a shield to the emtted

el ectrons (470), and an array of cathode needl es nade of stainless steel
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Example 6

[0073] Figure 5 provides an embodiment of the field emission apparatus for treating

non exposed soldering surfaces of die attachment components. The field emission

apparatus contained a perforated anode plate made of stainless steel (440), a perforated

1.5 mm thick ceramic plate underneath the anode plate as a shield to the emitted

electrons (470}, and an array of cathode needles made of stainless steel (430), each

cathode needle tightly inserted in an alumina tube 430 and each fube inserted in a hole

of the two layers of the perforated plates (e.g., 440 and 470). The end of each alumina

tube having a sharp needle tip protruded 4 mm out of the anode surface and each

needle tip protruded 1 mm out of the alumina {ube. In addition, the diameter of each hole

on the perforated anode plate was the same as the outer diameter (O.D.} of each
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25 assenbled were set on a solid (e.g., not perforated) ceram c plate of
the sane thickness (1mm, which was set atop a grounded netal plate. Again,
the die attachnment conponents containing eutectic tin-lead solder on the
non exposed sol dering surfaces were heated to 225C in 15 vol % H2 in N2.
When a pul sed DC was applied on the cathode as in exanple 6, electron
em ssion could not be obtained which was expected 30 since there was no
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vol t age of'OPFEP e‘-‘° 88 S s likely due to the el evated tenperature.

Exanpl e 1Exafepiasir ebmpsratePrdreplé Ef f ect of pul sed vol tage) [0078] The field
em ssi on apparatus and test conditions described in Exanple 10 were 30

r epeat ed bt MRATAPgRMERtAT srauBled was repeaind qgePidpRiiaR CaEPPRES [P%ed,
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cat hode the tenperature of the PZT was increased, thus further pronoting
t hermaP f o thete vgsgrp route for charge draining. As an alternative, the voltage applied on

the cathode needles was pulsed between -2.5 KV to +2.5 KV at a frequency of 10 KHz,
and a streamer-type corona discharge between each needle tip and the solid ceramic

plate was formed. However, a good solder reflow could not be achieved under the
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S5Exanpl e 12: Conparative Exanple (Effect of dielectric thickness) [0079]
The field emtter arrangenent and test conditions described in Exanple 9
were repeated, except that the thickness of each PZT plate was 1 mm i nstead
of 2.5 mMm Wen the voltage applied on the razor was increased to -2.3 KV
at roomtenperature there was a current emssion fromthe razor's edge,

al t hough the em ssion was unstable, 10 simlar to the em ssion in Exanple
9. Conpar ggramg gigampge 9Thia resuludedonsiratéandsy aronshdisdharpe ds rinefficienteior al

(PZT) can JCW%?ﬁ&?@gmﬁm%&’&éérﬁ’ge for edge emi ssion. This result

occurs because 'S an e ron dccumul ati on on the razorwhen a
dielectri &Xampiar9i s added between the cathode and anode. This el ectron
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scope theregf :The%(?ér'Yﬁ[ Jvrag%eﬁ%ﬂ%é“c&% i@ bloBRd fvhs E%cﬁﬂcﬁﬁ}ér%ﬂﬁdéc{‘ﬂ‘?d“a& | ent
pressure condition, the apparatus conprising: a cat hode havi ng
an andbed agdnedem dT sostpiniese dtest raxocwasl gutrevtedrta tenonstianbib eowienseuree sed er i al
sur r ounds "SSP bATITRE LA e arinfl o8 ettt DRI LY, (o
of a condupaity bsdumeace purghd stithslvalBuhds Nat Wheerstheavofiage appiied fontthe razor
di el ectri Qvagarﬂ&%@éd’ to -3 KV at room temperature, current was emitted from the razor edge.
The nature of the current emission was not stable, and was similar to a flash.
20 Example 10: Comparative Example (temperature effect)
[0077] The same field emitter apparatus with the same electrical connections as
described in Example 9 was placed in a quartz tube furnace purged with 4 vol% H, in N,.
The furnace was heated to 250 °C. When the constant DC voliage applied on the razor
was increased to -2.45 KV, there was a current emission from the razor’s edge, although
25 the emission was unstable, similar to the emission in Example 8. In comparison to
Example 9, the reduced threshold voltage of the edge emission was likely due to the
elevated temperature.
Example 11: Comparative Example (Effect of pulsed voltage)
[0078] The field emission apparatus and test conditions described in Example 10 were
30 repeated except that the stainless steel razor was connected to a pulsed, rather than
constant, DC power supply and the pulsing frequency was 10 KHz. When the voliage
level applied on the razor cathode was increased to -1.0 KV, a stable edge emission was
chserved. The razor's edge was illuminated in a blue color, and the emitted current

reached 65 mA, which was set on the power source as the limit of the current supply.
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wherein the cathode and anode are each connected to an el ectrical voltage
10source, and wherein the dielectric material between the cathode
and anode is polarized to provide an intensified electric field and to
accunul ate el ectrons at the edge of the cathode and thereby generate

el ectrons fromthe cathode. 152. The apparatus of claim1l, wherein the

cat hode and anode act as a capacitor, and the dielectric material is

suf fici entQOynndnémtct bxarhpleviOg laeptlissohvaiaga rappasisdn =id int hehiedichedéable 8dgelhe

appar at us r m. t he
20 group cgfrm mﬁ“?'\'ﬂg ‘%%‘ tagh% F&ﬁ?%ﬂ%&g ﬁ%ﬁ%&ﬁ@%&%&%@@f& %' a%f—)@

WF6, UF6, CSlhléGga thFtEmp@fatE‘Ce of ke PRIM3yasHP eastd, dhgghturther pnostobioy thermylcfieild: Cl
to Clo hy W rf)ons, form c acid, alcohols, acidic vapors having the
following Tornula (I11): O (Ill) R CGOH organic vapors having the foll ow ng
formula (IEMpmMpE ’QZSQOV)pami@eHxamlwo(Erﬁfexttqild@eCﬁﬂhﬁhE:bmessMerei n substituents R

in forml T067'9|‘1' rndnid é)ntnﬁg er%riq@qén?a teaslt Fxgdri%{]n%%ig%ﬁ]%gR;éfa hﬂaegm% by

group, an-ar group us o
claim 3, \nmaéedw elxh@otrtbaiutdnertgicgwsomfrqachs%g pl2te 8@s HmnTivetagopalr 26 usmof

cliaim .  S0GEEIR JoiEol SRGRA ERINONA0! WER AcReddhs  e9uskid pkhe W EQ - 1 10

100 vol urre aratus erern - the gas m xture ¥ t her
conpri ses t!aerga\(amaequr@atsem:ssmn from the razor s edge, although the em|33|on was unstable,

10  similar to the emission in Example 8. Compared to Example 9, a reduced thickness of
the dielectric material (PZT) can reduce the threshold voltage for edge emission. This
result occurs because there is an electron accumulation on the razor when a dielectric
layer is added between the cathode and anode. This electron accumulation plays a role
in field emissions from the cathode, and thinner dielectric layers create more

15  accumulated electrons on the cathode, thus leading to a reduced threshold for edge
emission.

Example 13: Comparative Example (Effect of dielectric constant)
[0080] The field emitter arrangement and test conditions described in Example 9 were
repeated, except that the two PZT plates were replaced with two alumina plates as the

20  dielectric material. It was found that there was no electron emission when negative
voltage applied to the razor was continually increased to -3.5 KV. This result confirms
that the polarization of the PZT between the cathode and the anode plays a role in
intensifying the electric field and accumulating electrons on the cathode, thus promoting
field emission of electrons.

25 [0081] While the invention has been described in detail and with reference to specific
examples thereof, it will be apparent to one skilled in the art that various changes and
modifications can be made therein without departing from the spirit and scope thereof.
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selected fromthe group consisting of: nitrogen, helium neon, argon

krypton xenon, radon, and m xtures therefore. 57.The apparatus of claiml,

wherein the distribution of the electric field at the edge of the cathode

is confined and the electric field strength is intensified by contacting

t he anode and cathode with the dielectric material. 8. The apparat us

of claim1, wherein the edge conprises a blade, ridge, or fin. 10 9.

The apparatus of claim8, wherein theCielly§s conpri ses a conductive material.

10. The appar at Ush }JR& aﬁ]sn}q? er}‘r\(ﬂ?lre I@cttrzg}fs d%ﬁ gr%gBH s[rr%t #ndzt’?b%ljlhéb‘n

apparatus for renov tal oxidds on a ast one su ace of a component

conpri si ngapseu‘acliwccmnrmsmt al surfaces thereupon, the apparatus conprising:

an el ectron em SSI u ri sk ng. 19 one

or nore protrusi ons gé\?ﬁ%(’%é & %ﬂg%g %d eand cfomgnsed sog oﬁl%dacongg?%mla\r)e

mat eri &l wﬁareanrthetrhletamat?mswaWoﬂkaEsnﬂjommngirigjﬁmﬁdn52m'ang| ng from2 to 5 eV,

a dielectric mat.e . e t hode;

and an anodi él%ktr:@ma?%gz%k Rgﬂggu@} %ﬁga%& n%o'q%h Ollfﬁ-\[/%nﬁ%ghhc’dgu?"r;qﬁunds at

| east a portion avfartode cdmerismi ofi & coraluetivearihateniblenicm striminda =h edet apatiamode

are each e | ectrical voltage source, and wherein the

dielectri %?%%%Iggfgg?@%ea?men the cathode and anode is polarized to

provi de an i nt endiefréiedhelcattiode cardi aladleasrg ¢axhacpwetiedtte an elettrioalsvaitbgene or

nor e qp ttdlsu%r o&rgcpm ons of the cathode and thereby generate el ectrons from

the catho a reducing gas wherein the electrons attach to at

| east a porti on vdfer¢ihghe didieciritgngmeaindtecen twe cathdder anchepads iwabojarzkdtged

atomc io n t f

ol ect i catolte At aferiid s 1 Bar e oSSR BEEYSI SPER BB e

t he insul a:athmge;mlnellﬂmrelsy g@eratpefectroes tondoe tathedessur f ace and wher ei n t he

atom c anions contact the at |east one surface of the conponent and renobve

at least a portion of the netal oxides. 12.The apparatus of claim11,

wher eith tl2e cat Hoeeappacitamolidaact, aberirc tipacathate, arehanddecadias| & cépacdor,

gg% ﬁ(r)'dg' o SHET bisleRL! hatePbiid QuALLRYY FhiFTh" QRWAERLIMN At MuRliod 2 the
cathode.

3. The apparatus of claim 1, wherein the reducing gas is a gas selected from the

20  group consisting of Hz, CO, SiH,, SisHs, CF4, SFs, CF.Cly, HCI, BF;, WFg, UFe, SiF;, NF3,
CCIF;, HF, NH:, H.S, straight, branched or cyclic C; o Cyy hydrocarbons, formic acid,
alcohols, acidic vapors having the following formula (111}

Q
() R—C-OH.

organic vapors having the following formula (1V):

9
25 (V) R—C-H

and mixtures thereof, wherein substituents R in formula (lll) and formula (IV} is an alkyl
group, a substituted alkyl group, an ary! group, or a substituted aryl group.

4. The apparatus of claim 3, wherein the reducing gas comprises H..
30
5. The apparatus of claim 4, wherein the concentration of H; in the reducing gas is

from 0.1 to 100 volume %.
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513. The apparatus of claim 11, wherein the reducing gas is a gas sel ected
fromthe group consisting of H2, CO Sl1H4, Si2H6, CF4, SF6, 0F2d 2, HCO,
BF3, W6, UF6, S1F3, NF3, CCF3, HF, NH3, H2S, straight, branched or cyclic
ei to 010 hydrocarbons, form c acid, alcohols, acidic vapors having the
following formula (I11): O (11l1) R CGOH, 10organic vapors having the
followng formula (1V): 0 (I1V) RCH and m xtures thereof, wherein
substitueris R The dpperailiacf(ddiin)1, amerdipthegas njikiye fusthancohikiges graaaer gas
substitute roup A : a,skHhst| e 0

1514. The é%b%&%?t“s"qo?‘gcygﬁgnC%é;g'gtmgyé%ﬁtrﬁ?@’ r%%'ﬁé’i h%%a%gﬁ*éﬁb@’?‘é”eggw

15. The appadat, @sdofixtoiesitherétbre.wherei n the concentration of H2 in the
reducing gas is fromO0.1 to 100 volunme % 2016. The apparatus of claim 11,
wherein the distribution of the electric field around the one or nore
protru$i ons of Theeappatdiesief ¢laimchnfhienad tizendistrivetiern efdhe ietecfricdlett! atsthe edge

I ntensi fi t] d cat . t > di '
mator al | S B cincd End W EeBR0 [6R RGNS ilehoifed BECSTAENE e .,
el ectri caldnpd@Bodndihotie wih thet dieleettic mat@ial. The apparatus of claim 17, wherein
t he cathode conprises netal, graphite, or a sem conductor. 3019. The
apparatus of claim1ll, wherein the edge conprises a tip, needle, finger,

8. The apparatus of claim 1, wherein the edge comprises a blade, ridge, or fin.

10
9. The apparatus of claim 8, wherein the edge comprises a conductive material.

10. The apparatus of claim 9, wherein the edge comprises metal.

15  11. An apparatus for removing metal oxides on at least one surface of a component
comprising solder and metal surfaces thereupon, the apparatus comprising:
an electron emission apparatus comprising:
a cathode having one or more protrusions having an angled edge and
comprised of a conductive material wherein the material has a work function
20 ranging from 2 to 5 eV,
a dielectric material which surrounds at ieast a portion of the cathode; and
an anode comprised of a conductive material which surrounds at least a
portion of the dielectric material, wherein the cathode and anode are each
connected o an electrical voltage source, and wherein the dielectric material
25 between the cathode and anode is polarized to provide an intensified electric field
and to accumulate electrons at one or more of the protrusions of the cathode and
thereby generate electrons from the cathode; -
a reducing gas wherein the electrons attach to at ieast a portion of the reducing
gas molecules to form negatively charged atomic ions of the reducing gas; and
30 a conductive surface having an electrical potential which is more positive than
that of the anode, wherein the insulating plate is set upon the conductive surface and
wherein the atomic anions contact the at least one surface of the component and remove

at least a portion of the metal oxides.
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bl ade, ridge, or fin. 20. The apparatus of claim 17, wherein the edge
conprises a netal blade. 21. The apparatus of claim11l, wherein the
dielectric material conprises a ceranmic nmaterial, a polyner, or a

conbi nation thereof. 5 22. The apparatus of claim 11, wherein the anode
conprises an electrically conductive material. 23. The apparatus of claim
11, wherein the electrical potential of the conductive plate 10is 10V to
1KV hi gher2i n vdhbazpeatdhmoﬁdrlaiwb‘l tvetgeeinfthe bathadmeded an@ik adilss aofapmcitor,

appar at us éat?igc%rsgc:‘l RIS r%af%rlf[ﬂ S sé?f?.cugﬁt i th 48 (Ne%?%&% a%@l?m&g{jér[ a?%é on.

el ectrost trng, coa dce cleanln T &N

et chi ng, dethogeti on, or conbi natlons of the foregm ng 15 25. Use of an
apparatus according to claim 1l for netal oxide renoval, gas purification,
el ectrostatic painting, coating, surface cleaning, surface oxidation,

et chi n§, déposiThemppamtucoidlaimal 1,ovtereih thdeedusinggisisrig a gas selected from the

group consisting of H,, CO, SiH,, Si:Hs, CF,, SFs, CF,Cl,, HCI, BF;, WFs, UFe, SiFs, NF3,
CCIF;, HF, NHa, H,S, straight, branched or cyclic C4 to Cyo hydrocarbons, formic acid,
aicohols, acidic vapors having the following formula (1li):

9
(I} R—C-OH

i0 organic vapors having the following formula (1V):

Q
(V) R—C-H,
and mixtures thereof, wherein substituents R in formuia (I1l} and formula (V) is an alky!

group, a substituted alkyl group, an aryl group, or a substituted aryl group.
15 14, The apparatus of claim 13, wherein the reducing gas comprises H..

15. The apparatus of claim 14, wherein the concentration of H, in the reducing gas is
from 0.1 to 100 volume %.

20 16. The apparatus of claim 11, wherein the distribution of the electric field around the
one or more protrusions of the cathode is confined and the electric field is intensified by

contacting the anode and cathode with the dielectric material.

17. The apparatus of claim 11, wherein the cathode comprises an electrically
25  conductive material.

18. The apparatus of claim 17, wherein the cathode comprises metal, graphite, or a

semiconductor.

30 1e. The apparatus of claim 11, wherein the edge comprises a tip, needle, finger,

blade, ridge, or fin.
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20. The apparatus of claim 17, wherein the edge comprises a metal blade.

21. The apparatus of claim 11, wherein the dielectric material comprises a ceramic

material, a polymer, or a combination thereof.

22. The apparatus of claim 11, wherein the anode comprises an electrically

conductive material.

23. The apparatus of claim 11, wherein the electrical potential of the conductive plate

is 10V to 1KV higher in voltage than the voltage of the anode.

24, Use of an apparatus according to claim 1 for metal oxide removal, gas
purification, electrostatic painiing, coating, surface cleaning, surface oxidation, etching,

deposition, or combinations of the foregoing.
25. Use of an apparatus according to claim 11 for metal oxide removal, gas

purification, electrostatic painting, coating, surface cleaning, surface oxidation, etching,

deposition, or combinations of the foregoing.
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