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(0001] In the manufacture of sem conductor integrated circuits (10,
dielectric materials such as silicon dioxide (SiQzZ), silicon nitride
(Si3N4), and silicon oxynitride (Si ON) have been wi dely used as insulators
for transistor gates. Such insulators are often called gate dielectrics. As
| C device geonetry shrinks, gate dielectric |ayers have becone
progressively thinner. Wen the gate dielectric |ayer appr oachd$469 USA

t hi cknesses of a few nanonmeters or |ess, conventional Si02, Si3N4, and Si ON

mat eri al s undergo electric bre provi de insulation. To
mai nt ai n adequat e breakdown voI '3%65% M@ﬂg)%l t hi ckness (<_ 10 nm,

hi gh dielectric const q b &R E i nsul ati ng
| ayer. The term "high %%f S g{j-j. E g ed herein,
descri be materials whe Fb G r than about 4.1,

or the dielectric constant of silicon d|0X|de In addltlon hi gh dielectric
constant materials can al so be used as the barrier |ayer in deep trench
capacitors for sem conductor menory 15 chip manufacturing. The I C industry

has experinmented with many terials. The | atest
and nost prom sing high di eEAngBC@@ﬁ @*ﬁﬁ%ﬁ%ﬂﬁ? are netal oxi des such
i si xoy, | 30T o U e Ol i Red gty iedRloartib s L Y BERTE) o
i ncor por atsedh aasticerhdisrida¥$dl,), silicde aitraded(Sigdt, pland |siI|ccrabxe;m|thdg[S|dN)Iheve ric

conat agt  DegR AT ueeh aSElloRhs Mot B o8leS, Sk ifulllt Biolaiattafios ' ©
mat er i al s .didfestries a%ml(bdemeygecmhétryzmlnm gate ﬂue@lctrd:i layers have bespinsd ant

terial t f .
Ther ef or o Proieeiait s Heh B Sge FRERRE bR PapRiFs hiEkntSet Aba IR c.c
reliabili tnanoinetess beless, eoheedienal Sl MG, ahd HHON hetedds Umxergo et of the

above nentj 25 rials ar as.the h k. di ectrl Iaye
For exarrpltbégaq(ggwg E\&’[O OEQET"'LP(E? '"819'3;‘”&?30 F@I"Tt%'ﬂ@g g‘f/atﬁp EwR &P

enpl oyed a velysniithickiiedsay @0 rin, HiGR Rlidls@ie bortid thdiéridls canlbe ubSHEIMHESA
[0002] High dielectric copstant materials such as A1203, Hf 02, and Zr02 are
very st abl98SIRGUIAEAG layex, o hedsim shiohaeleclic qangtast mﬁ%@l&e%ﬁclfﬁesﬁ@relm ch has

led to t h@eécﬂ@néﬁanﬁls%’he%% dilél)é@trn@ céﬁﬂahﬂé @réﬁér"thé@ﬁl%lﬁ 4.1 Pisma et ching
of ot her terlals Shi h et "al Haf ni um di oxi de

et ch- st op Yei§RIC ’F‘(’J?St?mé’g é"'%‘ﬁ] ‘5‘?1"?\% FPa%qgé“O" highiglectrig ponstant saterials can 11
(6), pp. %lsifbe?ds"ah dslP8 hiried layér lrﬁ!éépttﬁé?vch%hpé'énors foEsEMicdh@kctor memory

char agéerl tics of Scz03_and ilayer dielectric grating

appl i p manufagiypng. ke Iq-@gH.ﬁta[ hawwlgyentqgﬂvltm@agy highsligladu®) : J. Hong
et al., " (GoRmAh :ﬁ@ﬁzrigfs @'hé lﬁ@é‘t d:n%l rﬁéﬁ?ﬁ?rﬁﬁsﬁﬁ' Iﬁ%ﬁ Hr\‘é/%c rf&rco}i'lgﬁn{ m ié?l'rt—lls"aiéy

coupled pl asma et chin

17(4), pp. mqfs'zw%:mlcgfgg’éaoa, Uf% Zp%z ane Miglures thereof; and meta}rssj@aw seehal . ;

10 U.S. P 1 S : | ication
Publ | cat | o NEa00 A geEes Txled folH o Smhstantes. BrddBh B 1o ol se
et al. [OOER9rPOrAtesdntitesednelabexisesanometahaiicatas bighalisjectrie constan matgrials
depospped (émrasqhmﬂ%r Vgﬂg&émﬁaowme cr.a%/g)cansqaﬂ%a%%ha&e@anber to

formfilms in a chem ca deposition n"-'sone i nstances,

t hese hi gi¥xhtlizagien P&h'@blﬁlﬁﬁl%ﬂﬁfﬂc ms&aﬂtm%erw arer exapwis, covstalization of hlgh
sen CondU%éréctﬁéll?&ﬁsrtéﬂt%téH@é 8f au)aé)Mf@tﬁTL- h@%ﬁ’éqkﬁ@@%ﬁ?r&t%d%‘v&
which the films_are deposited in contro nonoat om ¢

Appar at us faifye. pT%@&%gnfmporpé@n of miregeneaD téramaﬁcaibrnmsmwm devieg | u s,

Pat ent No. t

Fatent Noroluieh i B850 gl svuch, oPRIET It B3 Tt
Doer | R§ etmaiprials aresdemtte@masm@ high R@ieldedric Bgett J-dbesainplg, etaminate QCB:

001 40772 My Qﬁgg his famly
of patent ;&gsgg)l%gngg”&& b?hfofgggie\q?&%ﬁ’%ﬁ% b%ﬂ'r? Sl ttlnp‘fée "ﬂenc eans al | ow
t he real i Z8P8EWrHf a very long time between mai ntenance cl eani ng ( See,
e.g., US Patent No. 6,387,185 B2 at colum 7, lines 27-28.) However, no
details of any process for pI asma cl eani ng of ALD chanbers were given in

t he above fam |y of disclosures. 25 [0004{ Pl asma sources have been used to
enhance atom c | ayer deposition processes (PE-ALD). For exanple, Pomarede
et al. in WO 02143115 A2 teach the use of plasna sources to generate
excited reactive species that prepare/activate the substrate surface to
facilitate subsequent ALD. Nguyen et al. in WD 02/43114 A2 teach the use of
a puI 5| ng pI asma to enact ALD processes |nstead of aI ter nat| ng precursor

”~ A o S L, S o




06469 USA the vacuum |ines can al so cause vacuum equi pnent failure. Thus,
t he renov&6469 USfe boron-containing residues is necessary to ensure product
quality and equi pment integrity. [0009] Fluorine-containing plasna-based
processes (i.e., dry cleaning) are commonly 5 used to renove residues of
silicon conpounds (such as polycrystalline silicon, Si02, SiON, and Si 3N4)

and tungs romthe interio urfaces of ch osition (CVD
Foact or 2> 6bba, 30 Jpclionlany (Gl RE s Dy Aoy ARe BB e 93
resi dges '{and]?éflsimﬁah gairist m%mhéetcﬁiﬂlegétlo%ﬁwhz\mhaé |ddaﬂ§mms%sa§étah can be
u e ou 0 e U n Cl eanl .n r OCess wever

£l uor i ne- @&%Iaveﬁéﬁﬁgwcﬁ %f@ae?ssl Psaceteng b ethenmaiaral: P8 RE-HE - df
dielectri fsrmﬂéﬁélaﬂqafﬁmheﬂlbﬁbé eﬁ!hséwéﬁa?@rf&? HSse- §ﬁﬁng%d§;ks J. valorgi et al.

J. Vac. Sci. Techno 326 30, 199‘ wherein the aut hors
exposedl Al f@@ﬂfe!o%ﬁé@)m%ﬁ @r1§01263N ,ae bés@ﬂttemmh@ti‘Eéqwsteaebareateﬁﬁ%ﬁs

and found ddhe} and hﬁ)zg‘ﬂﬁ@tf&r mﬁlﬂiﬁ?&'rﬁléléét'n@ '@réifn?%tpﬁma%oﬁs"ay ajaakl-e Tekhdyigh

source power contri but hi cker fl uori na surfaces, leading to t he

net deposif 14R). PRt ?\%?3'2%@1(1896}1%@0”9 etralt, fleomparisenet . andgte heisedect r i c
const ant 'Eﬂ&ﬁﬁétr?éssfol; ﬁ'\% iREi@lelf lcUnS’;'Slé&i Iagﬁﬁ%ﬁlné Bﬁh%@g’?ﬁ.{f fimBoNVv@hatdd e

and, thus, difficult to renpove from he react hus, 'there 1s an
urgent ned@ches! %W(’ﬁC%é%@'@ﬁ@M@&DI@/%PW@F é'an AT ZR2AteVieeka &t onst ant
mater kgl nesi ﬂb't%ﬁt N§L§E1ﬁ§35°‘B4Q§Moﬁ§(e%1al ZUO,% éigﬁﬁwca@nﬁbuma@dm m xtures

t hereof, residues of l'amnates containing I el'ectric constant

mat er i al s USROR1MH5E85AY 0 Mﬁ?@e@tﬁbBaf(ChEE'd Q@f@%&itqfﬂoﬁg eHplAl O), and
residues fromnitrogen containing high dielectric constant materials such
as Hf ON, APER] diese highlieleetriggpestant raatsdaigeemtypically eenpsiiedomighamid , from
ALD react Wrécd%&rﬁﬂ"ﬁft rié‘Sé;S’c%%n aHibet H:%Frﬁ%ﬁﬁ i aéﬂan‘ﬁf:é|%f;br"e chemi cal
dry cl eaning net S|gn Icantly 1 ncrease t e productivlity and | ower
the cost - cRepesifeT §D) qr@@@)s flo someingianced, thepsbighidiglegiriocensian MatgriglHo11]

enti 1 ot oot BEpEHoE SRR Bor i BRRRR S B0 f s bt Feafin (Lok e
for the rdmphich tog filmssare epogitedfin comizolied beearlytraoncat@tic davers. oAppharhdies@nd. | n
SUbst ance Proessich BERBIAAT ALDYE ischeBl B edE A S, PRRACRS, 5 879/i5F 1 oAl
const ant &t aki WiSc batedit biei 6d 74,r3t3ﬁ1l3dtt0IEmgng &t plard.BoRatent Apsﬂmaﬁtacléubdi:aéon
react or CQF@idbO%Pdh%séé‘{\ﬁ ?6’585&9% ?I U5 OA0% N 55{7' s §f‘? &N & al.
conpri si ng oron-containin i'vé agent Into the ract efel'h the
first20as WOXROME 7TRdabloering Bhalt ared M@ﬂﬁﬁ&w Abe @adgldettaieﬁ'elsrramcby pfovide a
latil t tr d
gas m xt up s beddHedlo U FENEALTIREN RXT PBRIE denr B0 R R "
react or wievasy longhisnes beteedn gesntemariceraleanéarct $See, ely. t LS. E’ataunhNoo&B&? neaég

vor Bt i1 o rRaathabrR GER 27,28, Pohehy b Betils 8 anlaBbSGRot o BlR depaing 10 1

i nvent i on Alilhelranbess preoy gidenl irethp raboes tanfilyrof dscimeureg. a subst ance from at
| east a portion of the surface of a reactor, the process conpri sing:
provi @bng [A004adtlasmakenrees hate beasised tp@nhame atbmidlayerulepasiton progésdesast

G ol oot 11 dPEED, Kbr Bkl BoRELER AT 1926 e SochiRR LR E oo

group consestdeado génexaterexcited remctivees mdcieadthalgreparefagtigite thensubstrale sirflace at e,

G oup 13 nete RSl 8 G RebuerBtin MO PR 143 oo by RELEATEE. "

nitr ogen quirsireg piasrg]a to anmtw.ﬁrprl:reeﬁles insitake) ofaitarﬁamng;prewmmt ahgricg! ﬂows
t t t
of "t n&Pgr Gt St bl Bre 23BLaBrePormneLEedR ke e Al nreRSien At '

sili cate vaaféisduape bdenmptadessed.de, a Group 13 netal silicate, a nitrogen
containing Goup 13 netal oxide, a nitrogen containing Goup 13 netal

si licate, [6008]t r'Whintheatepasitiomgrocessidédiiably gepiseateshigh eielettic ¢arag films

contai nin tra S|t ilicate; .jntroducin first xture
conpri si nSD A BERYR ec@m t"Hl r@@@éﬁ@&‘?@éhﬁ ‘OT?Shtthtg’ tﬂl’iee""erfg"& EI‘POc@Rposi ng
the first gas mxture to one or nore energy sources sufficient to generate
active species that react with the substance and forma vol atile product
and a boron-contai ni ng byproduct; and i+&foducing a second gas ni xture
conprising a fluorine containing reactive agent into the reaction reactor;
exposi ng the second gas m xture to one or nore energy sources sufficient
generate active species that react with the boron 25 contai ni ng byproduct
and formthe volatile product; and renmoving the volatile product fromthe
react or. [0014] These and ot her aspects of the |nvent| on will becone

T - - r 1 N B T e e —



dielectric constant greater than that of silicon dioxide (i.e., greater

t han about06469 USA or greater than 5, or at least 7. Preferably, the
substance is at | east one nenber selected fromthe group consisting of

Al z03, Hf Oz, ZrQz, Hf Si xOY, ZrSi xOY, and m xtures thereof. Those skilled in
the art will appreciate that the fornula H Si,OY (and the fornula ZrSi, QOY)
10 represents a mxture of HHOz (ZrQZ) and Si QZ, where x is greater than O
and y i s Jwn-produdtipgp 2 othherexhesedesthtadisrinside athe @@qsﬁiesshambﬁwentl on, the
subst ance e nmber

sel ect ed Mmg t|8n Ir0 ggépﬂ& tEP ﬁ&ﬂ? %fﬂe\%ﬂl# ﬂ?@ﬁ& Ié)é e%l nlg ? é% ngiﬁ nmet al

oxi de, a tdeansmmrl uumfmrmtnlamh Jrocessng dilfts? ernpsaerfm adn b&ddtewater@etwtsarm

nmet al SI|I 0, talnln iti.on netal e, nitrogen 15
cont ai nt ngUprent P Bide” IR0t EVE Hiabiie. BB RRe A AR 15 et al
oxi de, 5or chamiatersogmstb@pemdha’dgc@ane@. 13 netal silicate. The lam nate is
preferably alternating between at | east one of the foregoing materials and,
?)pti onal | f00G8] hesarisas wfe@meedebumddm@taim@:mp?dwﬂsgd the ;ﬁﬁmexﬁﬁméﬁm t he
am nat e S terpatin e n The

| ami nat e %Cﬁﬁ&? L‘%@%ﬁ a]lhc?erfa 5‘?’?? gu\ﬁﬁgir@\’%ln%é %’? d.gl EPCgt

mat eri al anmbhanlsef mmoatrnbletsnmé aﬂlcﬂ&ﬁﬂbﬂn@Baée@REQ]'rﬂ Etet Plasmlas’0 Met. Res

alternati outer | t 0 first a ner | ayers
ot o "R nsto el Elena TebE (el nogah A el et fbF BabaeadiE it Y b
preseno | rﬁtem:ﬁg ohALDONend 8bs). aeeSoryedt, ‘EV(H) Maygeneqeao PPI780-39nkeElbed such
as a nitro cont ai ni_.n ransition en conta|n|ng
Fansit1 ofdibeg dinBlbated 6375t 4 FBRURE haracds: resoieil. Bmal SRsdarac

o][ a lr)ni trmgeeasmneaaaltdh @@A@mm (J)l-govli@bﬁhhésd sftu@beweﬁlaiem:tm @factivd u&gt%/pe

of subst an e nment i .one evi oys subst ance
To be’r eabiauH1E) Heiioly, o borbaradienf S TBE O CeE oG ottt Mo rSh oguot
vmn{) C g cantrb:e tl?ﬁﬁdhény'cfl%mﬁlﬁgjrdaf;ﬂcﬁhd hgkesetheﬁ nsm:getnsl guchea:;x})rem RIEeicRHtieHs
enbodi, pen e reactive agen e expose 0 one or more energy
sour cegesd%fr?oéiagﬂly ?8'ePB'F‘9n g%{qdﬁgac\éﬁ@gﬁ%& afeh as ions, radicals, excited
neutral s @8& r] V\,g &1‘ fact with the substance or reaction

by- product[ Ad f‘d’fem ?fHEe g P &t disiasing m%?ﬁ%%e”&‘”r&}’“@%ﬁ!e@cp@actl ve

agent s i naoHgiant i@si0ESMITPALACYD @b Ve @pnéélweeﬂeté“a%a %E'Fhé&iaﬁ@ﬁb
Al t hough the react bve a ents used herein be -7 06469 USA soneti nmes

descri bed MgaNs{suBbiRg or plasiing) ip gleaa tpdbe E’ﬁ sitjondesidees ton e MARls may be

del i ver ed siifa68d dith@shamBésarldidwiitres ipméttlé Yepaep ABadery aRPEkARR”Y
|IQUI§Q a sublimed solid and/or transported by an inert diluent gas into
c

t he réYct shanifosisdsiiowgeer, mgehanieal glsantng raethodcargdime epnsyning. 130T eact i on

chanmber byni@ndis, | piaMaghd BARS surtateld baing d@ineg@xanpl e, conventional
cylinders, safe 'del’i very systens, vacuum deI Ivery systens, solid or

|1 qui d- bagedogge et PRR JshatmedrRAlal iB8ng RRAlobIY AIRRingt ardhG Wi Nt of use.

I n one enbodi nent of the present invention, ["feast one€ reactive agent can

be added tHeHGROERAN YR/ 9|qe@e$'a°rbfesgiaeéére§1 @Pumﬁemal aiviépcep of therheaibehe

subst rate 1d&nt@epr§e@s%,t@3%eheebeuobm¥eenge@c%mmngﬁreaehn@é gdRans. The
reactlve ent _can 10 react with the substance to formthe volatile product

upon §po e B&ldneng of isrselered §3-cepiainingscomppunds altie baliaved dhat BSdds dent
such as f ad@uﬁ?@%ﬁe@ |\%3€Féé?ﬂng'19@edt‘f&trbﬁl'6§mﬁth% digetit Y:@n r%%bs@@ﬁ‘ be
deposi t ed onto non-reactive su can be |ntro uced into the
reaction ¢ ﬁ%ﬁ‘b%? dueriedwaglyBerolgtic Gﬁe"PWé' meehanisias. Kiestshgpd atomssmanackagan wi | |
not react diybéh shfehGatbiNGsAALRaKRT] Bb Mélalix/dHh bBRIE SRBHACCigHRNe Of
nore 15 enefgy sources, certaln preferred odi ment s, non-reactive
support haHoras ganFedct wth éﬂe metab gtonehie feran epeajes tﬁg@ﬁfﬁ@)m@a’ﬁ'%\;@ than 8wsed upon
exposgpe t y 0 be
Fempved t o eorking e BRIG RS INGESh BIORPPAS ol dTechi RARMIARE P
process r éhglgetyc ﬁ@@qﬁaweateea!rreedwssldﬁth%@m@ﬁdégaﬁ alsroaneralesharate by
using a mushthlify SHRPYPFRRRES sudilad BLS,. HHIBA Fedidlbs fdc[ 8¢ a%at? ghﬁﬁé”te 20
containing a boron contai ni ng reactive agent is use convert

nonvol at i [aadHnghcaiisel asotanioatssrelriems b itemated cirpuits. rl%;lrtaer,vtaldypwh@ on

vol atil e species. This conversion is acconplished by contacting the
substance to be renmoved with the first gas m xture containing a
boron-containing reactive agent. Preferrgd exanples of boron-containing
reactive agents include BCl 3, BBr3, BI3, BF3, and m xtures thereof. Anpbng
the foregoing, 25 BCI3 is the nost preferred reactive agent. In these
enbodi ments, BCI3 is a liquefied gas at roomtenperature and can be readily
delivered into the reaction chanber. (0027] The follow ng tables 1 through
10 shOM/thernDchenlcaI calculatlons for boron contalnlng reactlve agents

o v o e " e .




-10 06469 USA Table 6 Thernodynam c data for reaction: 1.5H 0z + 2BBr3 =
1.5Hf Br4 P8BSPEISA (C) ~OH (kcal ) DS (kcal ) 0G '

(kcal ) K~0. 000- 53. 997- 10. 093- 51. 2411. 003E+041100. 000- 54. 122- 10. 459- 50. 2192. 6
02E+029200. 000- 54. 371- 11. 049- 49. 1435. 026E+022300. 000- 54. 601- 11. 492- 48. 0142.
042E+018400. 000- 54. 773-11. 770- 46. 8501. 629E+015500. 000- 48. 872- 3. 621- 46. 0731.
058E+01368'_(|). 000- 48, 508- 3.@%8- 45. 7342. 806E+011700. 00Q- 48. 207- 2. 851- 45. 4331. 6
00E+010808 HWREUMD K585CaN GiR9.- CRYISE § ULy PRYIBBGObIG WS -TAvs 7Bg remave] ohiegg2. 32
8E+008100BofficohlaifiRg rasideh id hebdsdant0Urs 0l Tpraalt @uality Bhe bauigiieani ¢ dat a
for reactign: .5 Alz0O3 + 2BBr3(9) = 2AIBr3(9) + B203 T (C) 0.000~H (kcal)
-2.212DS (Keefity. 12. 6870G (kcal ) -5.678Its

3. 493E+004100. 000- 2, 27912. 503- 6. 9441. 168E+004200. 000- 2. 48212. 022- 8. 1705. 945
E+003300. 48809 sduprnegpplaining plasegdiased preseserroli-50 gnogeaningisye sopperly 362
19. 4765104284 ta retn B TésialidEdiifiRon compounds (such as potyerystaling silicon Si0,,

2. 525E+003600. 0003, 33719. 858- 14, 0033. 200E+003700. 0003. 57920. 122- 16, 0033. 928
E+003800. (09Y, e SaNa@ndtgngstem remdie intey su suders:s. o ghemicabyappo depasitions 4 E+003
1000. 0003.(8gb F?za‘é%é.zﬁ’:t%@z@pl%éése@éoﬂ%rm%ﬁct@wﬁh é‘?ﬂ)@?\?{ﬂtﬁ Q@P@s'c&%t
reaction: 1.5LF0 + 2Bl (9) = I BHId(d) + B-os T (CDH (keal) 06 (keal)~G
(kcal ) K~0 Powhicgsfop azampleodit. s3VWs4wliatie spevigsiibet crocbepuBred 98 i 52, 0573. 1
04E+03020 : 9 +0 23 - . 0- 48. 5313,
21454018400 L00 T N PR ok e SR 508 3o a5 2216
. 080E10 1 2 dnrdfegtive in3emaying thel igh gielacin corsiamt oederipts dioe ssed pbavey. $B9 48, 1905
. 015E+00980 2. 584 < 2224300 -

£2008600. G000 54 g5 R Vas ST rarftor é‘5‘g%;g%-ffob%?601o3§_°5%‘f"%%ﬂhge 388 315
E+006 - 11 exposuicd.Qigmoatethvaless P Aydiaseriindugtively Foiriedplashnes.and. femd?2 +
2BBr3(a) kP4, . i :

Ckoal) Keqah%og? L{é%tg% ?alnffég%ﬁb?fg%@?%@ﬂgﬁb)apﬁigﬁI&%ﬂ*oﬁ%wer contributed to
E+032100. dockerfluennated sedacesoleadisg (o twme) depouitiaoethes tepeeteing 54n 4% 5606. 49

25E+011500°0001 181 DAL RE SRl H i B AR 0B D0 2 a8k 4 a5, 15
6E+008700 ./O00oIate 604, thus 2iict WTeEI0Se GEFIDEBEELO00- 37. 229- 2. 853- 34. 1679. 096

E+006900. 000- 36. 902- 2. 561- 33. 8972. 067E+00~1000. 000- 36. 619- 2. 330- 33. 6535. 989
E+005 Tabl[@0h) Thwsnibermiamnargentaekd forracprotesso chemidglly dry clearBhiglia) =

i BRSSP0, o, 20, 5.0, 290

E+057100. C0gtures therpof, 2ediduesd. lanbal@aphiabia@ bighGigedtic SOBtaR Nng8eia8s8d16. 05

3ac+030508" 000687 6EPSJad feiRhed 3 Bl Al et g ey Calg MY 5o o

5E+016700.1giodigigcirit Zosstanumaieria@ 3Rcl9 43 EHONA SN, GOW- 8Miraéd Baedigisheosste. 110

£10111000. 0oD A BON ¢ BRI bdeAL S feastors yinou ysaiinglepsning un the TBRFST G 10

il Ibust r at &n effestiof chdmeicblgry clbaoing nodthodh wilk egrdficanitly netessetheé pedhctifity lkend

t - [Pl i b | BZ0 B - t ai ni
o s
1 B NP R B 1 SR BT S O

fl uori ne- entitedieni ng reactive agent is enployed to react with boron
byproducts and formvolatile species, such as gaseous BF3. Exanpl es of
fluorine-containing reactive agents include NF3 (nitrogen trifluoride),
CIF3 (chlorine trifluoride), CF (chlorine fluoride), SF6 (sulfur

hexaf | uori de), perfl uor ocaBRiES SSIMWARY Q5 TAEANNEN TEING et c,

hydr of | uor ocar bons such as CHF3 and C3F~H etc., oxyfluorocarbons such as
CQF80 ( perlPP1]r cA stultipterstep fonvcas} farttioe rerhgyab bf alsubdtawedunn a asbafR3e GF

(fluorgxyt il f h . . , . ,

(bi o 901 e AR Shet sobkb! o VEhiGH v gyt g asess iegping

CF3- O O CRrBsubstapcechmprising afdielectoc constantageatacthan sheGfidleCiric tAnstaditef69 USA

O O CF3 etg: ( i F X here.x = 1-2. and
FZ etc. Insﬂg:gp?giﬁmgﬁ%é%?%#%#%@gﬁéguﬁgéﬁfgﬁ g‘%@réﬁ%né%sﬁnq.ﬁ%oﬁucmga
non-corrosi ve gas, can be easily activated by plasma or thermal processes,
and can achi eve near-zero gl obal warm ng em ssions. In addition, NF3 nay
mnimze the generation of other solid chntanminates. 5 The follow ng table
11 shows thernochem cal calcul ations for the reacti on between B203 and NF3.
Table 11. Bz03 reaction with NF3: Bz03 + 2NF3(g) ~-. 28F3 (g) + Nz(g)+
Qz(g) Tenperature (C)DH (Kcal )0S (Cal) DG

(Kcal ) I (eq0-175. 738103. 229- 203. 9351. 53E+163100- 175. 754103. 22-214. 2713. 21
E+125200- 176. 137102. 324- 224. 5525. 37E+103300- 176. 739101. 175- 234. 7283. 25E+894
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400C, or uc%éto 300C. The pressure range is generally from 10niforr to 760
Torr, or 4889 HSforr to 760 Torr. [0032] In certain enbodinents, the
reactive agents) are activated by a plasma in situ or within the reactor
cont ai ni ng the substance andl or boron-containing by-products to be 10
removed. For in situ plasma activation, one can generate the plasma with a
13.56 MHz ower, supply, .with RF power. density of at least 0.2 Wcn¥Z, or
2t Toast  dret i distore Fomprsiis,a BornRagingeacing adpntitg 435 gt HEOTS o1 ¢,
pl asma at tRE-fifst gasimturesebctvmiithtthasubstarive dehitaiied thafineprovide assigtiteed

cl eaning of gr un&e% ALD chanper, wal | s._,T{;e operating pressure is generally
in the rarjRIYsH apd §RosTECoRRINING Ry-PIBEUGEJRrodyYGng 3 8RN 09S MiKiurFe SN ¢ |

or from 1G mitpihe-chBtafiing! RiactiveBidrR b the reaber #hBred i@ seeti g mbkeureml and
pl asma_enhancenent for nore effective cleaning ALD chanber walls. [0033]

f
In alter naﬁ?%W@Hﬁ%b%ﬁt@pw%m@dﬁpb%qﬂaaig%x%@aeimaofegredhe ¥olald@i tion to

or in bl aGRo@lctathdBmbing thé a8EMe pRoARIFEAR: ARldte species that are then
introduced into the reactfor. In these enbodi nents, the renote plasna source

can be gengafd)edniofict B§FectBr @B ifenfibn, ahdroGE BNRIHRISOMEESss fbireRfifling £N.
reactions between renote plasna generated reactive species and hi gh
di el ect ri GubslREERROMALtRAst alPsrtivarf e sriace af adpatieraeaRICessSHEMANSHIAL D

chanber C??W@ﬁ?tasreéﬁoﬁ»}vﬁé!@rﬁﬂ Ié@émqfo?ﬁdhrcﬁﬁhé&r?ébeﬁgQﬁeaﬂrpaﬂibll?@.oét@QC’ and
or up to 300C. [0034] O her nmeans of activation and enhancenent to the

cl eanilflg pritcies substange andwhensimiae sppstageainas dictselignanstaphel 439" geatgshot on
i nduced c 1 Sl g i ESh@Nce the
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f avor abl e,trapsitine metal silicate: 8irup 1B enptaleayide: eGranp d3tregtaldilicaies Bgitregstr ce to
overcomne ot i har k| : {] : roceed. The
ext er nal ?%g?éé@h%%?&1%gﬁi%érﬂg bé 'ngr;?gré}glcér?ﬁ{nhr@?@n%{uﬁﬁgﬁlé‘tﬁbﬁ%t%raopl asna
act i vat i orlitregegeantairing Feasiierereta axide ok hivpger cemainingdransitigo mesalsiligate, nake
react i4@n ; I ; I

T 201 ot eaEhe bl aAbaotbne A tFine ori oty Bidhbisinen .,
gener at e rxide, adtangion mptal sfica® adBaup pa chatal axislef adirbip 48 metalsdicbtens. | ons
in the pl e ri i j . at h
to gai n eniy o ETEE R0 P8 mbtalkiet s Aildgef bl 8dui BRI B
ener gy neecteitfogen owdaipipgdranstion imatalaxidey anitmges wontgjningtransition rhetal
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are common nechani sns % i n pl asha et chi hg/ ¢f eaning and reéactive ron

et chi 2§. Qe reavidr gxposing thafirst gad mixdudedo lone lve moad enerdy sbarsas safficienttdi on
hani _ . _ . . \ ¢
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cl eani ng, bmien-camtainig rypnaiuet; @ind smeodsioing Gesdcond) gas matteremmngprigitigi a/Mucsipeci es

chanber o RS ePbE RO N Bl ThaEloh Yupbfib ekt edigre™ ' "

reacti ve specirasorerethendygoudies| safftient generatecattiverapesiesathat eant with thethovart-e d

and/ or,zen {] r ALD c r.c onent.s t evat e
oo 3t uroeing blfau e S s Rk DEPUGLCEA0EY fatBieflem gl 4
provi des drgm theereactol.ow di agr am of one enbodi nent of the nethod of 15 the
present invention for chanber cleaning applications. In step 10, a

substr at e,[0014]h Hiese aOdbtioer ashEcts @h titednvdrdion mdgll beconizsappacenttionbther enoved,

i s evacuat . [ re...for exanple, of less than 10-5 torr. Next, in
step 20, Jgﬁ?@gg%Sgggiﬁg?ﬂ?go%onprising a boron containing reactive agent
is introduced into the reactor. In step 30, the first gas mxture is
exposed to one or nore energy sources such as thermal and/or plasna energy

vol at (e pr oduct S horce i B SREERIEM ARG T ORERBNGS tno S0, Che
comri 9 nd 0T Gols FRANER atps ASEh Jtn B brberuRE PR o Hhbl <f,

respect i vethg présenbimveritioar nat i ve enbodi ment, the second gas m xture is
started in step 60 or vanped up and then the first gas mxture is stopped
25 or vanped down in step 70. The boron-containing by-product is renoved by
the reaction with the fluorine-containing reactive agent in the second gas
m xture and forns a volatile product. The&-volatile product is then renoved
fromthe reactor. Referring again to Figure 1, the one or nore energy
sources is then stopped in step 80. In step 90, the second gas m xture is
st opped or vanped down. Lastly, the reactor is evacuated in step 30 100 to
a pressure of less than 10-5 torr thereby renoving all of the residue and
process gases fromthe reactor. It is understood that steps 20 through 90
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30 a turbo punp through line. In the exanples, reactor chuck was water

cool ed at 08469 USP041] During the one-step cleaning process, the reactor was
evacuated to reach a baseline vacuum pressure; a process gas was introduced
to reach a preset pressure; the -16 06469 USA RF power was activated for
a preset time; the process gas was stopped; and the sanple coupon/carrier
wafer was retrieved. During the two-step cleaning process, the sane steps
were condfQtd) drigwes ?ﬂé‘”ﬁde’cr@\f'd%\h'@hé%F&We&ﬂ’eétk%BfﬁPaEQﬁ’a‘f'a &PBifpefNzGy ocess
gas was i BhHQHasadspeilaRCateR cRaRMglusigdsclyr €; the RF power was activated
for a preset tine; 5 the first proCess gas was stopped; the reactor was
evacuat ed e o} p e, : S

T oduced Ly aaiiog 38 3 RGHITBh Foiilen SR RSN RPSIIANST &
preset timed HiRe respantivelprajtes sleaging using BEloppe HiF s imenea step.sanpl e
coupon/carrier wafer was retrieved. [0042] The thickness of the high

di el ecBri d0@H]stRigures #a@and 4bpreddmbighvissplutioasipestta brepatdatia XPSdaeAke: bot h
bef ore an fikegy i e .Of r a I - .p high
i el et 11 ¢ ONSR (Bebadidy SRR RaRing srd B} BRI U R iR Ao
calcul atestdgpe etch rate. In addition to etch rate, plasma do self bias

vol tage (Vuas) and the surface chem cal conposition was al so neasured. The
surface chem cal conposition was nmeasured using X-ray photoel ectron
spectroscopy (XPS). Duri n%_the XPS anal ysis, the 15 surfaces of the test
coupons were exam ned i BETIANLEL DRSGRIVTHN QFUTHEANYENTEINScans to det erm ne
whi ch el enments were present. Hi gh-resolution spectra were acquired to

det er AP ne 1090]bi Tiei inverdive PEpress iseusefid faneng-gichingahigh) diglegtrisswostant matedalsof

t he el ene ) [ bl |

cl et 5. ug AL SREHD HEIG VAN UEKRRREICD) roaBal AR ohé Bircilell AP
Physi cal FracieispHsesstopspobit gi@b@i@a«ttriesmtm materials ontetwaler stfacesppfioxi nat e

q . . g
ot oot on atelist 6 68 BV g nd URAR RIEFAEARLo AR s odVRREL AT
One- St ep Globd npmyoletilemyatBd! 3ntp @omaieriahnmvingepghdr evalatility tharpibe iighrdigletisice been
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are shown byrre&itguvassiugepuanps. Zthe mittiple-stér pBCeSs of the pesetttihverdiontimy)vesher e

anpl oo, anarErHeRst PR hetob bt o agRindpdAhB LAY AR e, g

Hf Oz was 4ubstanteiobarainded andifoima voletiiperoduct bpd ad@roridontaifitg ®9 pdsiuct.

Exampl e 2: - St nj ihg.a Mxture .of BClL nd NF3 [[0044] This
rosent e/ mcutaa8 AT Pt Gufalle StiaioRG ke Bt Beh sy,
coul d281 i o nedat with éhdoboron-coatairdngebyprédymt andéntred valatiidiptodues Hs, thesul ts are
provi ded in le. 12 High-resolutipn XPS spectra for Bls are s i.n

El gur es. 3uraNGE s TRnole Tpies St el iepOBET ristfi 2ot o fitfRe e

resi dues rsabaiancégndior theeeastichayemodictiot h A1203 and Hf 02 sanpl es. Exanpl e
3: Two-Step Cleaning [0045] In the present experinent, BCI3 was used as the
reactive d0ezn] i m tedraid embbddigasts] thanrstessaicantberl maraihumay lof uddf@ fand He was

'he_exper (EITaFanGRE Momatdfer Bacifaresl tnf idfe s Sheag: Trbeline
hi gh- 28solembaim&ms, suteblersubbtateBhaay iltde, @.dl, semivdreluctr waliers bhEheslinap| e

and 3 mnytes for .the Al2 sanple, th ron residues were renpved to a
Movel el dnores SRaeRARtS doe BfOBS toaeibeq BB unanop SHRe o HSN s  ument
The A]Ic 203 sﬁ;aanahewg&;rhlsubaehtas $8chosy élﬂeéa%ibplﬂjum)rﬁrﬁf the Quméuea%li whaetiod he cl ean
time for the second step wa mpute. Table 12 .Materi al Power Density
(W crro) pr SLEETRT e REPRPT BYB AP pogersess Jhp SR WPBIRIGE Cas Fi ow
(B0 330000, 91 L 20, 5550070 B L0000 G2 030, SoE00LT 2o (BOLAYT .75

BCI .91 .95 BCl . 82Al z . 5550011. 25, (BCl 3); 3.75
( NF3) égoo. & BPeERh B4 ACsS O %C?r’%“;??r%‘.'?@t'emﬁg?@gﬁﬁ%ﬁ/ﬁsz@g&?‘%@é'ﬁo%
(BCI 3) 8. 74RorRGiscd plhBbinG o SRRl WS hdlor ShBwaAreal of altifidhfeadtibh e t he
i nvention has been described in detail and with reference to specific 20
exanpl es tY@PWEF it will be apparent to one skilled in the art that
various changes and nodifications can be nade therein w thout departing
fromthe spirit and scope thereof. -18 06469 USA CLAIMS 1. A process for
cl eaning a substance conprising a dielecgric constant greater than the
dielectric constant of silicon dioxide fromat |east a portion of a surface
of a reactor, the process conprising: 5 introducing a first gas m xture
conprising a boron-containing reactive agent into the reactor wherein the
first gas mxture reacts with the substance contained therein to provide a
vol atil e product and a boron containing by-product; introducing a second
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removing the volatile product fromthe reactor. 2. The process of claim1,
wherei n t R846%Y8for is an atonic | ayer deposition 15 reactor. 3. The
process of claim1, wherein the second introducing step is conducted during
at least a portion of the first introducing step. 4. The process of claim1l
wherein the second introducing step i s conducted upon the conpletron of the

f t t 0 5. h f | 1 mh

Len i o cLORHT, DG oSt anRomiend i biinta o o rmaved i bea Dhoion BB c oo
intr o(cjiu_cl ?grdglanans@on rhieeal pmcmlets@G@ctug:t:amma}lomlepearﬁrbhp1B|mraél7smd}thet(lne
secon INTro cln e ur.a nmes e
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Goup 13 netal oxide, a nmetal silicate, a nitrogen-containi ng
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‘and m xtures thereof . The pr ocess of claim1, "wherein the substance is
at | east Tﬁ\?zzﬁe“ﬁ%fh%?' eﬁtbf)ﬂ%rﬁ gfotﬁe pkgs@at mZér%n t'ﬁE%bBQchezh%yé@\é and
m xtures theréof, wherein x is greater is 2x + 2, and

any of théarﬁlﬂeteeq?@rﬁrrsmséawoﬁbouﬁ@s Oélérﬁ'ﬂ%mli’ﬁfﬁ@'%iqdrf(ﬁ@ﬁ‘e grourrﬁtethpr ocess of
claiml1 \M?&ro%r% ﬁwQﬁenQ%‘f9@raﬁ&ﬁ&ﬁh!é’téi%xrﬁ@a&trbn‘{ﬁtrélgﬁﬁf?l !;rﬁceﬁé ééﬂi%) Hfetal
selected fromBCQ 3, BBr3, BlI3 , m Xtures thereof . The
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USA provi dj ctor wherein at |east a portion of the surface is at
| east parﬁ%éfh‘gfég@qd with the substance and wherein the substance has a
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conprising a baron- contarnrng 15 reactive agent into the reactor; exposing
the first gas m xture to one or nore energy sources sufficient to generate
active species that react with the subst&ance and forma vol atile product
and a boron-containing byproduct; and introducing a second gas m xture
conprising a fluorine-containing 20 reactive agent into the reaction
reactor; exposing the second gas nmixture to one or nbre energy sources
sufficient to generate active species that react with the boron-containing
byproduct and formthe voIatrIe product and renovrng the voIatrIe product
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21. The process of claim 18 wherein the second gas mxture is exposed to
one or no sources and the second exposing step is conducted during
at least a portion of the second introducing step. 22. The process of claim
18 wherein a tenperature of the first and/or second 5 exposing step is at

| east 150C. 23. The process of claim 18 wherein a pressure of the first
and/ or secagnd,.ex step is at,l.east 10 m 064G69USA. 2
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containing reactive agents. In these tables, K, represents the equilibrium constant for
the reaction as written; the larger the value of this constant, the more favorable the
30  reaction will be to proceed.
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Table 3. ZrO, reaction with BCly: 1.6ZrQ, + 2BCl3(g) «» 1.5ZrCly(g) + B:O3

Temperature (°C) | AH (Kcal) AS (Cal) AG (Keal) | Keq

0.000 -29.845 -12.107 -26.538 1.717E+021
25.000 -29.825 -12.038 -26.236 1.710E+019
50.000 -29.822 -12.026 -25.935 3.481E+017
75.000 -20.828 -12.047 -25.634 1.239E+016
100.000 -29.842 -12.083 -25.333 6.891E+014
125.000 -29.858 -12.126 -25.030 5.502E+013
150.000 -29.875 -12.168 -24.726 5.913E+012
175.000 -29.892 -12.207 -24.422 8.142E+011
200.000 -29.908 -12.240 -24.116 1.381E+011
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225.000 -30.852 -20.466 -20.657 1.158E+009
250.000 -30.835 -20.432 -20.146 2.612E+008
275.000 -30.814 -20.393 -19.636 6.754E+007
300.000 -30.790 -20.349 -19.127 1.967E+007
325.000 -30.761 -20.300 -18.618 6.358E+006
350.000 -30.729 -20.247 -18.112 2.252E+006
375.000 -30.692 -20.190 -17.606 8.652E+005
400.000 -30.652 -20.130 -17.102 3.572E+005
425.000 -30.608 -20.066 -16.600 1.573E+005
450.000 -22.891 -9.391 -16.100 7.348E+004
475.000 -22 663 -9.081 -15.869 4.327E+004
500.000 =22 443 -8.791 -15.646 2.649E+004

Table 5. ZrSiQ, reaction with BF; and BCl3:
ZrSi04 + 1.333BF3(q) + 1.333BCly(g) « SiF4(g) + ZrCls(g) + 1.333B,0;

Temperature (°C) | AH (Kcal) AS (Cal) AG (Kcal) | Keq
0.000 -25.010 -21.014 -19.270 2.627E+015
25.000 -24 951 -20.807 -18.748 5.540E+013
50.000 -24.912 -20.681 -18.229 2.136E+012
75.000 -24 885 -20.600 -17.713 1.319E+011
100.000 -24.865 -20.545 -17.199 1.186E+010
125.000 -24 849 -20.502 -16.686 1.445E+009
150.000 -24.833 -20.463 -16.174 2.260E+008
175.000 -24.816 -20.423 -15.663 4.354E+007
200.000 -24.796 -20.380 -15.153 9.992E+006
225.000 24772 -20.332 -14.644 2.661E+006
250.000 -24.745 -20.278 -14.136 8.053E+005
275.000 24,712 -20.218 -13.630 2.721E+005
300.000 -24.675 -20.152 -13.125 1.012E+005
325.000 -24.633 -20.080 -12.622 4.095E+004
350.000 -24.586 -20.003 -12.121 1.784E£+004
375.000 -24.535 -19.922 -11.622 8.303E+003
400.000 -24 478 -19.837 -11.125 4.095E+003
425.000 -24.418 -19.749 -10.630 2.128E+003
450.000 -16.684 -8.050 -10.139 1.160E+003
475.000 -16.439 -8.717 -9.917 7.894E+002
500.000 -16.201 -8.405 -9.703 5.535E+002
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900.000 -47.761 -2.431 -44,909 2.328E+008
1000.000 -47.606 -2.304 -44.673 4.669E+007

Table 7. Thermodynamic data for reaction:
5 AL O3 + 2BBry(g) = 2AIBrs(g) + B;O3
T (°C) AH (kcal) AS (kcal) AG (kcal) Keg
0.000 -2.212 12.687 -5.678 3.493E+004
100.000 -2.279 12.503 -6.944 1.168E+004
200.000 -2.482 12.022 -8.170 5.945E+003
300.000 -2.685 11.632 -9.362 3.683E+003
400.000 -2.852 11.362 -10.501 2.567E+003
500.000 3.023 19.476 -12.035 2.525E+003
600.000 3.337 19.858 -14.003 3.200E+003
700.000 3.579 20.122 -16.003 3.928E+003
800.000 3.764 20.303 -18.024 4.688E+003
900.000 3.897 20.422 -20.061 5.464E+003
1000.000 3.985 20.494 -22.107 6.241E+003
Table 8 Thermodynamic data for reaction:
1.5HFO, + 2Bla(g) = 1.5Hfl4(g) + B,O

T (°C) AH (kcal) AS (kcal) AG (kcal) Keq
0.000 -58.042 -15.921 -53.694 9.212E+042
100.000 -58.342 -16.842 -52.057 3.104E+030
200.000 -58.692 -17.675 -50.329 1.775E+023
300.000 -58.991 -18.250 -48.531 3.214E+018
400.000 -59.216 -18.614 -46.686 1.442E+015
500.000 -53.362 -10.530 -45.221 6.080E+012
600.000 -53.042 -10.138 -44.189 1.152E+011
700.000 -52.784 -9.859 -43.190 5.015E+009
800.000 -52.581 -9.660 -42.214 3.961E+008
900.000 -52.429 -9.524 -41.256 4.856E+007
1000.000 -52.324 -9.438 -40.308 8.315E+006
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X -37. 1.706E+014
400.000 -44.545 -12.600 -36.064 5.125E+011
500.000 -38.522 -4.282 -35.212 9.000E+009
600.000 -38.033 -3.686 -34.815 5.186E+008
700.000 -37.604 -3.220 -34.470 5.520E+007
800.000 -37.229 -2.853 -34.167 9.096E+006
900.000 -36.902 -2.561 -33.897 2.067E+006
1000.000 -36.619 -2.330 -33.653 5.989E+005
Table 10 Thermodynamic data for reaction:
5 1.5Zr0, + 2Bl3(g) = 1.5Zrl4(g) + B,O,

T (°C) AH (kcal) AS (kcal) AG (kcal) Keq
0.000 -74.430 -11.695 -71.235 1.001E+057
100.000 -74.587 -12.171 -70.045 1.067E+041
200.000 -74.805 -12.689 -68.801 6.053E+031
300.000 -74.972 -13.013 -67.514 5.573E+025
400.000 -75.065 -13.163 -66.204 3.134E+021
500.000 -69.074 -4.891 -65.293 2.873E+018
600.000 -68.614 -4.330 -64.833 1.685E+016
700.000 -68.212 -3.894 -64.423 2.947E+014
800.000 -67.861 -3.549 -64.052 1.110E+013
900.000 -67.555 -3.276 -63.711 7.411E+011
1000.000 -67.291 -3.061 -63.394 7.642E+010

[0028] As tables 1 through 10 illustrate, one of the byproducts of the reaction between
the high k substance and the boron-containing reactive agent is B,O;. Boron-containing
byproducts such as B;O3;, along with other forms of solid boron-containing residues, may

10  present problems in the end-product or cause processing equipment failure. To remedy
this, a second gas mixture containing a fluorine-containing reactive agent is employed to
react with boron byproducts and form volatile species, such as gaseous BF;. Examples
of fluorine-containing reactive agents include NF; (nitrogen triflucride), CIF; {chlorine
trifluoride), CIF (chlorine fluoride), SFs {sulfur hexafluoride), perfluorocarbons such as

15 CF4 and C,Fs etc, hydrofluorocarbons such as CHF; and CsF+H etc., oxyfluorocarbons
such as C,FsO (perfluorotetrahydrofuran}) etc., hypofluorites such as CF3-OF
{fluoroxytrifluoromethane (FTM}) and FO-CF,-OF (bis-difluoroxy-difluoromethane (BDM))
etc., fluoroperoxides such as CF3-O-0O-CF3, F-O-O-F etc., fluorotrioxides such as CF5-O-
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nitrogen, CO, hehum neon, argon, krypton, and xenon etc. can also be added into the

first and/or second gas mixture. Inert diluent gases can be used, for example, to modify

the plasma characteristics and cleaning processes to better suit some specific

applications. In these embodiments, the concentration of the inert gases can range from

0 to 100%, or from 5 to 100%.

(or 0% inert diluent gas) and the concentration of NF; was 15% (or 85% inert diluent

15

gas). In another embodiment, the inert diluent is a reducing gas.

in one embodiment, the concentration of BCl; was 100%

[0030] The first and second gas mixtures are exposed to one or more energy sources

sufficient to generate active species to at least partially react with {the substance and/or

boron-containing by-products and form volatile species. The energy source for the

20

exposing step may include, but not be limited to, a-particles, B-particles, y-rays, x-rays,

high energy electron, electron beam sources of energy; ultraviolet (wavelengths ranging

from 10 to 400 nm), visible {wavelengths ranging from 400 to 750 nm), infrared

(wavelengths ranging from 750 to 10° nm), microwave (frequency > 10° Hz), radio-
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reaction can proceed. The external energy source can be, for example, thermal heating

30  or plasma activation. Higher temperatures can accelerate chemical reactions and make
reaction byproducts more volatile. However, there may be practical limitations on

temperature in production deposition chambers. Plasmas can generate more active
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etching/c eanlng of high dielectric constant materials. As an alternative to in situ plasma

cleaning, one can use remote plasma source to generate more active species for

cleaning high dielectric constant material residues from the deposition chambers. In

10  addition, reactions between remote plasma generated reactive species and high
dielectric constant materials can be activated and/or enhanced by heating CVD or ALD
chamber components to elevated temperatures up to 600°C, or up to 400°C, or up to

300°C.

[0036] Figure 1 provides a process flow diagram of one embodiment of the method of
15  the present invention for chamber cleaning applications. In step 10, a substrate, such as
a CVD or ALD reactor having a substance to be removed, is evacuated to a pressure, for
example, of less than 107 torr. Next, in step 20, a first gas mixture comprising a boron-
containing reactive agent is infroduced into the reactor. In step 30, the first gas mixture
is exposed to one or more energy sources such as thermal and/or plasma energy in
20  order to induce reaction with the substance to be removed to form a volatile product and
a boron-containing by-product. In steps 40 and 50, the first gas mixture is stopped or
ramped down and the second gas mixture comprising a fluorine-containing reactive
agent is started or ramped up, respectively. In an alternative embodiment, the second
gas mixture is started in step 60 or ramped up and then the first gas mixture is stopped
25  orramped down in step 70. The boron-containing by-product is removed by the reaction
with the fluorine-containing reactive agent in the second gas mixture and forms a volatile
product. The volatile product is then removed from the reactor. Referring again to
Figure 1, the one or more energy sources is then stopped in step 80. In step 90, the
second gas mixture is stopped or ramped down. Lastly, the reactor is evacuated in step
30 100 to a pressure of less than 107 torr thereby removing all of the residue and process
gases from the reactor. It is understood that steps 20 through 90 may be repeated a
plurality of times in order to remove the substance from the reactor.

[0037] in embodiments such as when there is a significant amount of high dielectric
constant residues within the reactor, one can employ the first gas mixture comprising the
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overall chamber clean time by minimizing the process gas change over time.

[0038] In still other embodiments, the exposure to the first and the second gas mixture
may be conducted in short periods of time and then repeated a plurality of times to

10 accomplish the cleaning process. This process sequence may shorten the overall
chamber clean time by preventing non-voiatile boron residues from passivating the
chamber interior surfaces. Depending upon a variety of factors such as the selection of
reactive agent, temperature, etc., the processing times for the exposure to the first and |
the second gas mixture may be optimized for rapid removal of high dielectric constant

15  residues and for complete removal of boron residues.

[0039] 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
fimited thereto.

20 EXAMPLES

[0040] The following are experimental examples of utilizing the above chemistries for
cleaning of high dielectric constant materials. The experiments for examples 1 through 3
were conducted in a parallel plate capacitively coupled RF plasma. The gap space
between the two electrodes was 1 inch. Sample coupons were prepared from wafers
25  coated with high dielectric constant materials AL, O3, HfO,, and ZrO, deposited by atomic
layer deposition. For each experimental run, a sample coupon was put onto a carrier
wafer and loaded onto the reactor chuck through a loadlock. Process gases were fed
into the reactor from a top mounted showerhead. The chuck was then powered by a
13.56 MHz RF power source to generate the plasma in situ. The reactor is connected to
30  aturbo pump through line. In the examples, reactor chuck was water cooled at 20°C.

[0041] During the one-step cleaning process, the reactor was evacuated to reach a

baseline vacuum pressure; a process gas was introduced to reach a preset pressure; the
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was introduced to reach a preset pressure; the RF power was activated for a preset time;

5 the first process gas was stopped; the reactor was evacuated to reach baseline vacuum

pressure; a second process gas was introduced to reach a preset pressure; the RF
power was activated for a preset time; the second process gas was stopped; and the
sample coupon/carrier wafer was retrieved.

[0042] The thickness of the high dielectric constant film on a coupon was measured by

10  ellipsomeiry both before and after a timed exposure of the processing plasma. Change
in high dielectric constant film thickness after plasma processing is used to calculate the
etch rate. In addition to etch rate, plasma dc self bias voltage (Viias) and the surface
chemical composition was also measured. The surface chemical composition was
measured using X-ray photoelectron spectroscopy (XPS). During the XPS analysis, the

16 surfaces of the test coupons were examined initially by low-resolution survey scans to
determine which elements were present. High-resolution spectra were acquired {o
determine the binding energy (i.e., chemical state) and concentration of the elements
observed in the survey spectra. The quantification of the elements was accomplished by
using the atomic sensitivity factors for a Physical Electronics Model 5700LSci ESCA

20  spectrometer. The approximate escape depth (3A sin@) of the carbon electrons was
25A. The minimum detection limit for boron is 0.1 atom% for this instrument.

Example 1. One-Step Cleaning Using BCl;

[0043] One-step cleaning experiments have been conducted for both Al,O; and HfO;

25 samples. Experimental conditions and resuits are listed in Tabie 12. The high-resolution
XPS spectra for B1s are shown in Figures 2a and 2b. After the BCl; plasma etching
step, there were boron residues remaining on the surfaces of both Al,O, and HfO,
samples and the boron residues existed as B**. The etch rate for AL O3 and HfO, was
4.1 nm/min and 5.4 nm/min, respectively.

30
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10

15

Example 3: Two-Step Cleaning

[0045]

éﬂ%%ﬂaﬁc&ﬂdtnons and results are provided in
W (p! 10% % & () -*

B4 BERnoNTp @ es 94 M Bbodsi & () -

In the present experiment, BCl; was used as the reactive agent in the first gas

mixture and a mixture of NF; and He was used as the reactive agent for the second gas

mixture. Table 12 provides the experimental conditions and results. Figures 4a and 4b

shows the high-resolution XPS spectra for B1s. Within 1 minute for the HfO, sample and

3 minutes for the Al,O; sample, the boron residues were removed to a level below the
minimum detection limit (0.1 atom%) of the XPS instrument. The Al,O, sample still had a

boron residue of 0.2 atom% when the clean time for the second step was 1 minute.

Table 12
Ex. Material | Power Press. | First Process | Second Second | Boron
Density | (mTorr) | Gas Flow Process Step Residue
(W/cm2) {scem) Gas Flow | Clean | (atomic
{sccm) Time %)
NF3 He
1 Al;O4 0.55 500 10 (BCly) 0 0.9 %
HfO, 0.55 500 10 (BCly) 0 0.8 %
2 Al;O3 0.55 500 11.25 (BCl3); | O 0 0.8 %
3.75 (NF3)
2 HfO, 0.55 500 11.25 (BCl3); | © 0 0 0.6 %
3.75 (NF3)
Al,O; 0.55 500 10 (BCly) 8.7 (493 |3 <0.1
HfO, 0.55 500 10 (BCly) 8.7 (493 |1 <01

20

[0046] 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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introducing a second gas mixture comprising a fluorine-containing

10 reactive agent into the reactor wherein the second gas mixture reacts with
the boron-containing by-product contained therein to form the volatile
product; and

removing the volatile product from the reactor.

2. The process of claim 1, wherein the reactor is an atomic layer deposition
15 reacfor.
3. The process of claim 1, wherein the second introducing step is conducted

during at least a portion of the first introducing step.

4, The process of claim 1 wherein the second introducing step is conducted
upon the completion of the first introducing step.

20 5. The process of claim 1 wherein the removing step is conducted during at
least a portion of the first and/or the second introducing steps.

6. The process of claim 1 wherein the first and the second introducing steps
are alternated a plurality of times.

7. The process of claim 1, wherein the substance is at least one member

25 selected from a transition metal oxide, a transition metal silicate, a Group
13 metal oxide, a Group 13 metal silicate, a nitrogen-containing Group 13

metal oxide, a nitrogen-containing Group 13 metal silicate, a nitrogen-

containing transition metal oxide, a nitrogen-containing transition metal

silicate, or a laminate comprising at least one layer of the group consisting

30 of a transition metal oxide, a transition metal silicate, a Group 13 metal
oxide, a Group 13 metal silicate, a nitrogen-containing Group 13 metal
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10 10. The process of claim 9, wherein the boron-containing reactive agent is
BCls.
11. The process of claim 1, wherein the fluorine-containing reactive agent is

at least one selected from NF;, CIF; , CIF, SFg, a perfluorocarbon, a
hydrofluorocarbon, an oxyfluorocarbon, a hypofluorite , a fluoroperoxide, a

15 fluorotrioxide, COF,, NOF, F,, NF,Cl;,, wherein x is a number ranging
from 1 to 2, and mixtures thereof.

12.  The process of claim 11, wherein the fluorine-containing reactive agent is
NFa.

13. The process of claim 11, wherein the fluorine-containing reactive agent is
20 Fo.

14.  The process of claim 1, wherein the first gas mixture and/or the second
gas mixture is conveyed to the reactor from at least one gas cylinder, a
safe delivery system, or a vacuum delivery system.,

15. The process of claim 1, wherein the first gas mixture and/or the second
25 gas mixture is formed in situ by a point-of-use generator.

16. The process of claim 1, wherein the first gas mixture and/or the second
gas mixture further comprises an inert gas difuent.

17.  The process of claim 16, wherein the inert gas diluent is selected from
nitrogen, CO, helium, neon, argon, Krypton, xenon, and mixtures thereof.

30 18. A process for removing a substance from at least a portion of the surface
of a reactor, the process comprising:
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