; >?@\e3ezrrsuvdxybyTzV1l' O 02101621 PCT/ USOL/ 19~66 METHOD TO RESTORE
HYDROPHOBI CI TY I N DI ELECTRI C FI LMS AND MATERI ALS FI ELD OF THE I N\/EI\FI'I ON The
i nventi on vap gyih@es Methods and conpositions for restoring p d,rug RRicity to
the surfaces of silica dielectric films. These filns are useéd as I nsul ating
materials in the manufacture of sem conductor devices such as integrated
circuits ("1 Cs") in order to ensure |ow and stable dielectric properties in
these filnms. 10 15 20 _25 BACKGROUND OF THE | NVENTI ON As feature sizes in
integrated circuits, apf E&@P@QWQ@@XWPWW with interconnect
RC del ay, power consuniNiIEIHCTRIGH . VA : pecone i ncreasingly
~difficult to resolve. It is believed that the |ntegrat| on of low dielectric
" constant materials for interlEHEeD OFFHRINVENTIOR) and i nter net al
dielegtric (IMD) applications will help to solve these problens. Wile

. there haV%eQﬁ%uBﬁ%de?dé% nfehi{dRE b &d?np’%ﬁﬁ'o}is Fo Vet gﬁgatogﬁoﬁiaﬁ%ﬂt@ materials
to integrated circuits, there remains a |longstandin the art for
further ismpﬁacns@rﬁmﬂlmdle}cctpmd'dmssmemmrdslsm msmlatlhgntamnatmn&tel on of both

the dielectric and.nechanjc operties_of t ed in the
rmnut act dRERSTet LS B ERr RS S TSRl eR ECE ik gBRE hilier a
with a | ogwdinglsReleldidlestROplopitied i thdsk ifigAs. | n parti cuI ar, silica can be
applied as a foaned dielectric material. For the | owest possible dielectric
value¥, air is introduced i nto Si I i ca diel ectrl c mateirals. Air has a
dielectric constant of |, B2 EH dlNIHEIN i nto a silica

di el ect | the form of n | d
o el ot £ HRLSE bl el DRy 5 f@é‘p&‘é‘%’ﬁ%&%@@%&l&ﬁ?@% B o eved.
WO 02/ 016 ierSahbdiF ddiy, J&Jwet«la&mpﬂuﬁ aﬁd tulgﬁa ct&saﬁtkmacé baegniecause it

enpl oys simlar precursors, including ani csubstituted silanes, e.g
t et r anet hossssingliifficrivRerepolandltds bftl@t/c htblﬁy@tﬁglah@l of TDEGBEI)‘BQUIQS are used

for the cur: vapor

di spositi o S%m%e?a f&ylgge %%@“’%\%ﬁ%@ﬁﬁ&&é %&%al%feﬁl pr evi ously
been f abripaitatbnd Wil help e eblve thd3e bivditams. SVRRE ﬁaeba'ha/veme@t p@mnpbﬂortm' tabl e
silicon-based precursor conpositions and nethods for form ng nanoporous

silica dianpbcloy diekertrigsopstantgnatenials fcintpgeated eirauitadbere rgrains £ longstandinginpl e,

71 e on Bgsiih B8 S0UEHNEGssitov LA ln ARG SARSHANN, o uw S pmidySahs "

filed on weifustdidléctrit A0S meoRAQS pfobertiek bf Qﬂ:h(lﬁat&lﬂalslﬁiediiﬂ theli@fadd@e @44, 831,
filed March 20, 1998, 09/044,798, filed March 20, 1998, and 09/ 328, 648,

fil ed2bn inAgeated cil@By, al | i ncor porated herein by reference herein. IS
Broadly, a precursor in the formof, e.g a spin-on-glass conposition that

i ncl udes one ﬁle]én%rlgmermvabl e sol vents is applied to a substrate, and

t hen poly jected to solvent renoval in such a way as to form

a diel ect Oh€ ndateriat Wﬁﬁﬁﬂb@ld’@edtﬁ@ oot isSiledae Iy pmﬁaulaz QilMhem bospplieg asuch
nanoporous fil s, rein the precursor, is applied to a substrate by
spi n- coataff@memsiéelwmﬁfr@tﬁatat ngpor the t%sh%ﬂsﬁlsbler,‘aﬁlaﬁplﬁé@luﬁ% i iaiptedneedor base
cat al yst ol i ( uring an
initi %(1 h@?térj ?‘ﬁ%{ ‘git% leewlcﬁée@??l?m&mﬁéshaéﬁglcur eg%&&dt%gl %r@%?@t%rnlg the filmto
one or anDBu@dentotaesﬂmmrcﬁelﬂcteic h&ﬂﬁrlathgl the d@sn afsnanopomm ernaabiaterseiove any
remai ni ng_sql vent and conpl et.e the merization process, as needed. O her
Cur | ng. oY OHS: FOHE PO TSHBF LTS N Y RIS ror g S Eeghbiey s
ultraviolet, electron beam m crowave energy, and the |ike. Co-owned
application Ser. Nos. 091291, 510 and 09/ 291, S11, both filed on April 14, 30
1999, incorporated by reference herein, provide silicon-based precursor
conpositions and nethods for form ng nanoporous silica dielectric f 1ns by

LU IR
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one or nore polynmers or oligomers present in the precursor conposition.

Co- owned 2 WO 02/ 01621 PCT/ USOL/ 19~b6 application Ser. No. 09/566, 287,
filed on M3 021018900, provides silicon-based precursor co nd

nmet hods for form ng nanoporous silica dielectric filns by"@ﬁ%gﬁ%g
vapori zing one or nore compounds or polyners present in the precursor
conposition. U S. Patent No. 5,895,263 describes formng a nanoporous
silica di %lrﬁﬁ)bbrcﬁxsfsnicmsoauac@%tb%&mwen?pwys sxﬁnwag;eéursm iREIR4INE RepaRic-
conposi tion conprising deconposabl e F ymer and organi c polysiftica i.e.)

i ncl udi ng sobstiteted sdanss, @gj,;emameﬂmtys meéﬁﬂd@&r}/mni/qrtﬁmthoxgstﬂm conposi tion

. to further,, nse the ilica, and, degonposi bl.e

pol ymer tdé f’gaSr aa'f)f)rred’lﬁgcp& ﬁee%tﬁqn&ly FH%QY e%fg;%ﬁr‘b@g ES?%? %B%Fﬁ%%ﬁ‘on of
precur sor vapoldispudiitdnat € VDRYkifida SROY i ng, pl anarization, and rendering the
. films) hydrophobic are described, for exanple, by co- owned U.S. Ser. Nos,

09/ 392,413, filed on Septenber 9, 1999, 09/054,262, filed on April 3, 1998,
and 09/ | ANB®Porolus Isidida d’irlmﬂhg\zmpre@i@usly e fahﬁmtgiby heumberld methodsonduct or

Manuf act ur Process s Re phobi c Grou s _Undesi.f.abl e erties
Fooul & vih PRI HEY SEErIUN SHAFLF PIEar Sestiipruror EoRBR ot BRRALS

di el ectri gof fdnﬂﬁrgr%bb&%ﬁgsnh&{ Bielbotr I sHNQORRNPHEM dva, BFe d¥séribedUforaces,

i ncl udi ng surfaces he pore structures, that contain silanol groups.

Si | andPs, expmiplehby mfgﬂowmcommwely Sc pateatrpplitationsnBerh Boai 09/GH2Ri ghl v

POl 27" 220y MBS, el 108 U 11500 R bSOl

silanol s aaasmr/m& S €ileall ot Aogust Bﬁtl@@ﬂ,e@/i)@% 831ip FibedadarcR20( 1998, | n one

exane hy D8I Ea ilsddtarnon, 185 wik SYaplinnDes pu SR £ 9B | i v oduced
|nto the pas, yr?%fllthef]elﬁ bi/ P@fﬁﬁn?@% %hganl c, hydrophobi ¢ cappi ng groups,

, trimet groups I ms are produced from precursor

corrposlﬁtl ons conprising starting reagents 30 or precursors that

advant age®@#sidly e prduareortiyi diioforminice g b spia-ahi-glhsscompositibh tivat chiiesibné o t her
processr ng. V10 02/ 01621 PCT/ USOLl/ 19~66 These processes are descri bed,

.g,, by maesneveble solvents; is agplied topsubstratecand thrrr wmﬁﬂm’gaalétsumctﬁigyg

09/140 85 0fL h filed
on Januar §015%Hl%g‘é)ggl rﬁ%@&ﬁ%g@{g@ﬁ%?mo a\/\é?@ﬁq@r%e&l cor glr%g?ré%gmlaféef erence
her ei n. Etvohlsng and Pl asma Renove Hydrophobi ¢ Functional G oups Damage to
nanoprous silica dielectric filns during during sem conductor manuf act uri ng

proce Qes results.fromthe ap ation of aggressive pl as and/ r et chi ng
reagents 0 e CHInEICR SRR S S0 WL PRVFOF HesPP wbgrEe 5/ 5o
used to I LKE AHELEIEE filth cﬁéﬁﬂ?rsgﬁﬁbeﬂg' daiildel HilrCh K1d éﬁmseem;mta%
devr ces (hereinafter referred ener as to intergrated cifcuits or
"I Cs". Thaevapdrds casseipobuneaization/geletdn Q’agmgﬁahmigcaﬂmmel lelatingste  The film
is then cured, e.g., by subjecting the film to one or more higher temperature heating steps

25  to, inter alia, remove any remaining solvent and complete the polymerization process, as

needed. Other curing methods include subjecting the film to radiant energy, e,g.,

ultraviolet, electron beam, microwave energy, and the like.

Co-owned application Ser. Nos. 09/291,510 and 09/291,511, both filed on April 14,
30 1999, incorporated by reference herein, provide silicon-based precursor compositions
and methods for forming nanoporous silica dielectric films by degrading or vaporizing

one or more polymers or oligomers present in the precursor composition. Co-owned



oxygen, fluorine, hydrogen or nitrogen (in the formof free atons, ions
and/or radicals). Dielectric filns which are exposed to these plasnas
during tramgb2omba, etch and/ or photoresist renoval are ea§tJr/¥J561ﬁg)[“aﬁded or
darmaged. Porous dielectric filns have a very 15 high surface area and are
therefore particularly vulnerable to plasmas danmage. In particular, silica
based di e'agﬁﬁédu%nf $drNRo\9/585 ﬁ‘@?/?l&f&ﬁMa‘} 5C000 %Foxﬁ&éé%ﬂnc%ﬁ-ﬂi@éd%c&k%&” ps
bonded to atons) are readi’ly degr aded by ongen | asmas. The organic
group is cmrrmozléldns and megroda fior bnsmganwpqmusssl ca—dlg otmis fiimsdiydegradingtos

dielectric surf.ace where the organic grou or ner resi ded. Por. us silica
T e depSRBORARE fd SBee o AT ol PR B atin e BERLS S Gomnd

hydr ophobitg.s. baes M. 5t895 Tascea@ivd f6rntix %m& K@Spor oL sﬂicﬁld@a&éthsfm%‘ﬁtaant rise
(the low dielectric consfant of such filns is the key desired property of
. such mét ershbgtefe, eygata walfenibyapplyinga eempaesitionecomipsisi mposablepadgmer i on for

The Chen aaf SrafofiPo it rIRANEUER o RO Bl rded IO B v BGE ™

organic grtﬁlélét&n% itfonl tb fartia eddehise trgioly silida) Antbdecompesingttieydepomposabki | i ca
filnms. Again, is damage Wi || cause the filnms to |lose their

hydrophoblp@mlﬁﬂfw\&mbmmﬁolé&ﬁle@cﬁ?ﬁm@ i nclude, for exanple, am des, such as
N net hyl pyzrol i di none, dinethylformam de, dinethyl acetamnm de,; al cohols such

ench A8 T et 1 ABARHan olboBlR R0 & SR 48l S AR g ™ 1S
N, N-di et hybﬁemﬁg eeflnAs) lg&lroﬁ}fobﬂmmﬁéscﬂbsdl faﬁemrqﬂénbbz&baiwnearw SeSer. WO
02/ 01621 PCT/ USOl/ 19~66 nedi anl netetracetic

aci d " EDTAVs, 8Y/33h# 13, idedian Septpmber %é@?%&%(@ﬁﬂ% 11%9%9115& 1$98; and
anmoni um @)y g umﬁgg’g"g“ﬁ?‘ﬁ lgga%qgﬂﬁgto%err met hyl ammoni um acet at e;

i norgani c aci urrce hosphoric acid, hydrofluoric acid;
fluoride salts such as anmoni um fl uoride; and bases such as ammoni um

hydr oxi de and tetranet hyl ammoni um hydr oxi de am ne; conmerci al
f or mullat | SeEicpnductarMannfactusingPragesses B MORAORICAATONRS FKC 505, 528,
43S0, 265, 270, and 630 (EKC Corp Hayvvard CA) and ACT CM and ACT-690
(Ashl and (Urtdnmfdnﬂq priipgrtias d:sul@%hentlm silicaebdsed natdrxaw such-as tvwaneporoast s. 10

Ther e al.so a.need.for a r and effic hod. of en r ng that

T o odilica g alras mouty élef«?rrffe"%m@qwéﬁ%%mﬁmﬁge% ainding

Her et of or § Q&s%i’ﬁif% o@@&iﬂfwa%é 'tha?‘éﬁ"g%iﬁ H?ﬁée s‘?ﬁﬂ&@ Gthé%ﬂe tH&E vapor
ace di report

phase sur cation agént pl asma ase surtface
modi f i2eat itioy cagedssb drdd de aumbh@nlylﬁolawvm‘ﬁ afifel éCkic ﬂ'xellkY,Eaﬂ'ﬂltﬁw will misder to

sol ve the abave nenti goned ens and to provide other inprovenents, the
i nventi onf%r‘gl@li%até'gcﬂ ﬁﬁ‘btcﬂfglffs 'I ica dielectric films with a low dielectric
constant ("k"), ~, typically ranging fromabout 1.5 to about 3.8, as well

as novel Aeun R HaeSordhs AlmdibsARHAINEEE 6F BLBAL bhE whick Bhe o@&@a%me%we

i nvention provides nmethods of |nparting 20 hydrophobi ¢ properties to silica
di el ectri ¢s gnployed. present on a substrate during the process of fabricating

a sem onduct or,,or, | C devic exenplifi.ed herginbel il mijs

oot oo or a8 1o HEEE i oS Bt S SR fibuftariby Badsh e
other art- knoweﬁadxétﬁ?axsﬂamﬁ%d ﬁﬂ%qwaaabxysﬂuﬁ& i9sptrniilE RFGRINEddAhtoRE N ON
glass (SOG, is readi errplo ed 5 Typ| caIIy the damage to the silica

diel ectric fil moresof rstniadydigphpbigicapping grovps ek cimethydsilyhski ng
reagent in suc @l as to substantially danmage or renove previously
existing filmHby rpo'phobi city. Art-known etchants enployed in |IC fabnication

i ncl ude, for exXB)Hiles areppaimiced from ﬁrmnsdrmompdﬂuwmpmnrgBMng heagents

, following types of agent 30 am des su yrr,o ne,
di net RYI f or nam°6|8r°°¥!‘i% tﬁ%*‘é‘(‘!@‘f‘éﬁﬁ‘)&@y ?‘Q@ﬁib’@“’gg gé‘@ f]'rﬁk;l‘?? ¢ 1Sy opanol
al cohol ami nes sygRuAfrfePArReERHgNe: and et hyl enedi am ne;




WO 02/ 01621 PCT/ USQOL/ 19-4GG am nes such as triethylam ne; diam nes such as
N, N di et hyl et hyl enedi am ne, triam nes such as diethylenetriamne, amne -
aci ds suchwas28iddy! enedi am netetracetic acid, organl Cc aci d§,C%wfshl/?gs46gceti C
acid and formc acid; the ammonium salts of organic acids suc

t et ramet hyl anmoni um acetate; inorganic acids such as sulfuric acid,

phosphor i ¢pagipfecebsslididest?ibed, €1 6l cblowRkd BES SRE 0sSUGIY3 S 7@ MM

fluoride; and bases such as amoni'um hydroxi de and tetranmdthyl ammoni um
hydr oxi deAugwst 25yt99&x09/dﬁ0 863, fedroe Augast 2701908, 89/23A,60% end0YRE 186G bothost

etch wet ani F C 525 265 270, nd 630 (,EKC Corp.,
egnara ST AR, PR o BR R as® Bt sk RRRe RS o
conbi nati ons thereof. Ashing agents |ncI ude ~o0 oxygen-derived pl asmas, and

the like. ?g@ﬁllg%timﬁ]aq{e#% % %@ggbﬂpnﬁ %%%Puﬁ thout limtation, the

. Steps of 'ng e C ric filmwith a surface
modi f i cat Damagetymsopronsisiica dielectric irhs dumrgniuang sémicomduciommapefactatingf f ect i ve
to render the sill a dielectr] CJ‘|I droph(iblc @H}j 53 .t 5 renoving
unr eact edPRFPETESHHSdTam e amplic SEETEEVE PlasRasi 30/ T8AZEAH i xt ur es

thereof . Jog 1@HeHe36Rd V%Erftb‘a?éléd&'i‘c ﬁHﬂ‘P‘PﬁsHaQHr 18 %o éhdv@ ﬁ&tofé@?st surface

nodi fi cation agent I.e., a COI'TpOUI’] or char ge derivative t ereo

sui t abl e fibms dmnwﬁahgcmonaaﬁgemmn@qt@siemowﬂxermmdeedsﬁolgegaa!dly 8 ectric

film he « us, si electric film
s sulf ecritiefbtgrtuis 86 G ARk ol AR Bed 3R BRRRY 2aRbbisfiRs MRt e
surface noghidehCiidrine, bydrpge 6ﬁr@@ogdhC(F§dﬁ9foﬁh of &@8 htopideiche BRdundditals).ng a
formula as follows: 25 R3Si NFi Si R3 SiCdy, RxSi (OHy R3Si CSi R3,

RxSi (O?)y, MSi (O - 1] g4 - p], RxSi (OCOCH3)y and conbi nati ons thereof,
wherein x i%eq&mc filmew mhmgtmged‘ﬁodmsg plasmes dyringtrench; vigegieh andforgi ng from 1

| ndependePatoregRi ég@gsl e s e BER SL o ool Bheet G Al Ry cac
Mis @ i RigkReMsRréd ariedre eiepsfoRyparilg @lwrﬂﬂst& lasth& damagBd6 WO

02/ 01621 R and M can be the same or different. / US01/ 19. ~66 | n anot her
parti cul apartenersitismbased dieleatvie filras wbubfhiawong@mc@omo%ﬁsumﬂs métkyludes at

I t t f | t S d t I
acet oxys: PNES Sl bo SLARRAERR 1P SeBOTREN hiee T RRREY el i drolb "
phenyl t ri @eRidizedsMoaD®, andi apsiianli ol iSMOFL gmfalrb:ams ofieiidgikleéttie sivgacssitlerde,
dlnethyldlethoxy5|lane trlnethylethoxy ane hyl tri met hoxysi | ane,

di net hyI dﬁ mmw&rpuaﬁ@mer yirgsded, | Basewsorics ilmsélep 9i\quch prganisigsednsane,

di et r i et hyl si | ane,
0 LY 8505 RSN bl T

2-tri rret hd/xlelsecﬂrmmpth isedthe-1dwdaigdectrie Comstame bfydch filmb Jsahe keynilaared
2-(trirret | sil cetic acid, n-(trinethylsilyl mdazole,

trimet hyl OP?%&%! Sl%t@‘ali ri methylsilyl (trimethylsiloxy)acetate,

nonanmet hyl trisil azane, hexamethyl disiloxane, trinethylsilanol,

triethyl syl.appd m%.lrtf PREOMS Fel AU sed b f?%’ér?éhﬁi% HOnLEBY %' b%@é of removin

di phenyl silanediol’, trinethoxysilane, oxysl trichlorosilane, and
conbi Mat i weiduehleftewdr aftdstrenchmplvid ctelmlnge'ﬂm ahlomi aals, usi:& atdnftesuo faggressive

nodi fi catjon ent .is the co ound met ce silape. Advantageously,
The. et notiey s aisk AdaRmPERBABe eadiRsrg i bien delecen igis, aEPBLY T o 11 m
that is ehdrBed sifod RN Al thid 8 gl &6 fi Gity.! ca
di el ect rlel!(): ' orSISleprr%1 ly a nonpo# o%rg@gs?ﬁhl ca %frmfeﬁcltl%fach%m%hg%wluﬂ her
enbodi rrenWet clremisal retchastsninelude, éartéxample, amides, such as N-methylpyrrolidinone,
dimethylformamide, dimethylacetamide,; alcohols such as ethanol and 2-propanol;
30 alcoholamines such as ethanolamine; amines such as triethylamine; diamines such as

ethylenediamine and N,N-diethylethylenediamine; triamines such as diethylenetriamine,



20 conposition optionally includes a solvent. Suitable solvents include,
for exanple, ketones, ethers, esters, hydrocarbons, and conbi nati ons

t her eof . Rp@ osMich@ace nodi fication conposition is contacted w&h&obpgmpanaged
silica dielectric filmas a liquid, vapor or gas, and/or pfasna. In the
formof a plasma, the plasma can 25 be derived froma silane conpound, a

hydr ocar b . _ her 4 « er i.nations thereof.
It is al s@qr(%n %&n%sﬁsg'aégggﬁg{én&ﬂéﬁk@f%%ﬁ@coq% h@?ﬁ‘véﬁ% alc:@% P et hods
of i npart idefic ayidraan fomnie apidofRahirsnili@ salts of brganidiacidesidhi4 fil m present on
a substrate, whether a newy 30 applied filmor one damaged by fabrication
i processesteﬁlamp@wb@ﬂﬂgmuweéﬁ; iraTgatie peidesnchigs sulfenigsacid, phosphosigaeidet i ng t he
silica dig] ' kbR W i Shg.: al. n WO 02/ 01621
pcr) oot/ TFGRAIE A Pl sy BRa R ERIIT LGB sk Bes B0hs Y2 0" or o

. tine periabdmoafunekydregide and esndaletiyl amatdnivia hfttiixiiet aadhydrbxhaming;ophobi c;
and (b) renoving unreacted surface nodification conposition, reaction
product s enfemgicial ferewiatinns deyelopgdpepest elgh waicleapidgsueh 85 BREi 98, #wposi ti on

conpri ses ﬁ)u(fg ik [ S pi )-of €MDVI Ng

si | anol rr%?iéglkgs i‘%ﬁ? e égérrg:é)g}d)ﬂg‘{q}v?%gCﬁ@é%?ﬁﬁéwgﬁhﬁfﬁsgﬁnduct or or
| C devi ce@ shitandfGlemicaddHaywwvard, CAR tabhavie bdes fow bednowh lettiantand reagents are
al so provided. 10 BRI EF DESCRI PTION OF THE FI GURES Figure 1A illustrates a

cross-sectjon,sghematic. of a nanopor silic ielectric f Imon a silicon
nitritfe | By is %n%t%dpfﬁbaa}%gr@edowf%%mem@F@pﬂgﬁanws%ar&w y insul ting
from the O?Q&e‘&%ﬂﬂfa‘?ﬁéé@hﬁéE!r??ﬁx)e-hg:dgqpﬁb&%fts st Wit UBLreRirGiS, & fh@PatioveCt | on

schemati c a nanoporous silica ectric filmon a si i.i:on nitride

| ayer, wialhsuch lawe émptayed figuidenr ivaperphinse siaface erodificagion pgens. fNee 1C
illustrates th ane pattern as f.ar 1B affer .chem nmechani cal

pol i shi ngr.ep?[i'tggpésrﬁaPﬁfﬁﬁﬁ?%oiilﬁéatf%agﬂﬁfagéér &eﬁcﬁé waf er produced by
Exanpl e 10. 20 DETAI LED DESCRI PTI ON OF THE | NVENTI ON Accordi ngly, as noted
in thg Background di scussi oRUNMATEY OFSIHRINVERGEON S and net hods have been

descri bed by co-owned, copending patent applications, for use in enhancing
t he por e Burderde sslyelthephovs mentioned probleosend te providesshed insprovements, ftid s

during or. 2s imediately after.filmformation, It has naw been pect edl y
f ound 't nalpvaiep oy & aneribranitien aiRleeli Hisgurh & loxy BOR oPRE (B U ng 2
new y appggctypically Ringfileefom b 13ftoaBMRNH, A wdR AR E6vel Revialtgirds ef1s silica
dielectric films forne art _of a sem conductor device by subsequent

nmanuf act uPTOAFiRg tipse diﬂectgéé tBroadly, the iveatipn providastmesthedsfif impartiagt he
f : R ‘ gl
Pcopea?! BRI bElue b ANy IAEA T A Gk AED e O

functton group 1’'s speci f/ erm " si
process of fabricating a semiconductor or IC device. As exemplified hereinbelow, the

film is preferably formed from a methylhydridosiloxane precursor, although any other
art-known silicon - based precursor, such as any commercial spin on glass (SOG), is
readily employed.

25
Typically the damage to the silica dielectric film is produced by contact with at least one

etchant or ashing reagent in such a way as to substantially damage or remove previously
existing film hydrophobicity. Art-known etchants employed in IC fabrication include,
for example, compositions that include one or more of the following types of agents:

30  amides such as N-methylpyrrolidinone, dimethylformamide, dimethylacetamide; alcohols

such as ethanol, 2-propanol; alcoholamines such as ethanolamine, and ethylenediamine;



8 WO 02/ 01&1 PCT/ USOL/ 19~& enpl oyed, the term"silica" as used herein,
for exanple, with reference to nanoporous dielectric filns, is intended to
refer to dweleeeigzic fil ns prepared by the inventive net hodg,ctrym,?ﬂ69rgani c
or inorganic glass base material, e.g"., any suitable starting materi al
containing one or nore silicon-based dielectric precursors. It should al so
be unders L0 gl digctiy iR, dHAdfieh Blch!8NTN-BEHHG | yicncBihd Lafies t O be
so lim te%‘,ﬂﬂ-%at, V\%ere gpprlo%)’rcﬁgg?gl, g{cso eﬁco‘}riripglgse ?ﬁe%‘{)ﬁr}a , ~gs
exenpl ar y symhas elsetind endtriamme] ampvet- anidsnsaygh be etipleaedi rathetetraegtiol agidn grganicand
producing a "f Lnmt but it is intended that nutiple filns can be produced
by the dedcs B as aseipAcd skfomiP 261 the Aot LS of Gigapicdeils ductitie. ¢ ar m
“fil it asidiagd inBnilfhd ftefa393h bidh chHsQLRGHE hdid ok ScildS
intended to enc (rpas_smany. oﬁﬁe’r ésjrﬁl&tgg%?le _?lgcrcngso‘r'f shape ,{Hgb\%ﬂl gh%ggth silica
. di el ect ri bydrafleoricicd;ftuworite salts sush ab Apmempin fladridgiddd basesaidhyas t he term

"agi ng" f .to,.t [ 1] I i.zat,i .of t i ned

o1l oo, pugnmopiab by LSk E o Aerfle R iR nydfmidke add FuFOHRRBES 1 | on

i nduced, gofimeMcA foRHARIsUVEIbEEd FoR Boftetch Wt Shniig saas 8 ERCH0$ 5§25, Gel | i ng
recursors selected to form foaned, 1i.

isoptionallyaplledt0158 e.,
nanoporouéﬁii%ﬁ.e%@z pid 630 GKC Lodp. oHayiwand &¢ Al and A6 Te€Miagd ACHE90 Gel | i ng can

ol vont | (hEE ecli, RN AT 4nd BrB P AP AR SRR BT T
af t er 1@el bxyi@n-deyiped plabas)@ndhetltie. appl i cation of heat, although any ot her

art-known formof curing nmay be enployed, e.g by the application of energy
in the formof an el ectron beam wultraviolet radiation, and the |ike. The

terms, "adbpmethods ofthednventing inglydes withpet lissitations thesteps of () sentaghingrieous

with the T QLiet : : ' [Walell d A
NETHODS F@‘%ﬂﬁi@?ﬂ@%ﬁﬁﬁﬁ@&@ ﬁﬁ%@g@&%@??ﬁa‘?‘?{’%@nﬁs&gcfh%ﬁ'@g{’ evel

di gl ectri m})cbfmaa'mnwp' er'il?tleeffmcmwbad' . ndqrdml ﬁ?d(ﬁblbmiprtﬁmmyﬂwmo?ppdﬁde(d) to a .
substrate any art-kno met hod, .i ncl udi ng spi n-.coati ng, p.coating, 30
br ushinhg, T VP‘P&?@P,T%%?CQ%@G Bogifiating composieaen. reagHen P‘Eﬂ’éb%% ﬁ'ﬂ" Bictureh e

precur sor b | £ | L YA - L Sor
B or ot Phéfurlod Aok BhoBliEGH fitfides f Raet bEEHIRRF ERINGRNE =T
desired tygeat, ded aconpoandocshagfeddtietivetive thereof) ahitabde fod remddihy SBNOINL621

PCTI US01/ 19, 166_wherei.n t he, processi ng@teps are selected to be appropriate
for the s@Pktesfom thedpugge & feleetaSifil®y i nal product. Typically,

silicon-based dielectric filnms, including nanoporous silica dielectric

£ : S C ol . 1
g2 o SRR BF bR oyl el A R i Sbfis o
sol vent s ¢leghing podherstepqaponents. Prior to application of the base

materials to formthe dielectric film the substrate surface is optionally
prepared for coating by standard, art-.known cleaning nethods. to After the

precur sory, I §‘Ttéq.ﬁ . : cis b b i
optional | If @g?}ﬁ?&dgg'e%qthtﬁ Iggrfp angélfiggﬁ?l(% nggg %1 ?@l&d&@?ﬁﬁ% ﬁg h% g‘?‘ﬁ?%@da
conpr essi mavitgoformiute asafotlowe
25  RsSiNHSiRs, RxSiCly, RxSi(OH)y R3SiOSiRs, RxSi(OR)y, MpSi(OH)[4 - p],
RxSi{OCOCH3)y and combinations thereof,

wherein x is an integer ranging from 1 to0 3,

\ork
st

y is an integer ranging from 1 to 3 such that y=4-x ,
p is an integer ranging from 2 to 3;
30  eachRis an independently selected from hydrogen and a hydrophobic organic moiety;

each M is an independently selected hydrophobic organic moiety; and



and at a pressure effective to transfer any desired pattern to the
dielectric coating or filmon the substrate surface, as described in detail
i n co- ownegoWloie2ho. 09/ 549,659, filed April 14 2000, incomyagx
reference herein. 15 B. SURFACE MODI FI CATI ON METHODS AND R eagent s
A suitable surface nodification conposition includes one or nore surface
modi f  cat Rofmdadeah e AR @nlebrdefarés:. Si | anol groups fromthe surface of a
silica dielectric filmthat it is 20 desired to render hydrophobic. For
exanple, a surface nodification agent is a conpound having a formul a

R Oy, (el ool oRsdiaiiat i Rosrdep aiodiSationppottsn RRRELRFat P
(7) RSi ((eh&BHRE Yolldwhhg REits r dsmptueld e AeboRAknASy15iaE aRbtoxFdilahler . x is an

integer ranging froml to 3, is an integer ranging from1 to 3 such that
_y=4-X,5p ﬂ@c@tnxmme@alsﬂmgwé'lftmmomlbns;pl@aﬂmmetosysahne,ndependent ly

sel ected I -and I §.C Ok 1.6 ORI ..each Mis an
i ndependeléli{pl(ﬁgcg;ll @é‘ﬁ%@?’%‘@%P%&E%{l%\e@‘%%?g‘g%t&‘ﬁ%%e%?ﬁgﬁwﬂ‘%nd M can be the
same or duihehglethoxydikn medylisethoxpilage, daehyRi@edhbiysilaneependent | y
selected fromthe group of organic nojeties consisting of alkyl, aryl and

conbi nat i BiBethiEedirysilane, mpghybrecorgsilanactimsthyldichloreslanhe al kyl noiety is

substi t ut ' ; i+ : . £155.] of
trai ght STRGRYRRHRahS GBIt i EfhE rlcRPIoiRe HepkBoBRRIBkRY 0
wher eilth s aitdmathyldiloxypent-2-enadigerse, n+{trimetbylsil yljacStantide, 2(dam e tby Bilyl) hectar v

noi ety is sybsti.tuted.or.. unsubstituted.and ranges.in,sjze fro ., { 0. about
Cre. r ot RGOSR iU 8 e S eTgRe e S Dy SRRl 1 or
exanpl e, A8 GHRAmERYRANNG afd) hbx AfetRARIASYine! FRAINYISIdndD erictRASIMBYSI | ane,
di acet o~. ydi net h‘ialﬂs)ll giggl met hyl tri acet oxysi | ane, phenyltriacetoxysil ane,

di pheny! diriphenys dimetlyilsilanel, Hiphpaylsitanediolitiimethpkysilanéioxysi | ane,

trimethyl i ' : ri j 0, dj ARl il ane,
i ot hyl s oo esios, b TEPEIRA b A Breoi AL BB EFLBIGS
trimetdyl ghel airfuce afodifidatbh ubént iome cotdpomidmbdylidaetodysilame! hyl si | ane,
hexanet hyl di si |l azane, 2-trinethyl sil oxypent-2-ene~l -one,
n(trimethylsilyl)acetam de, 2-(trinmethylsilyl) acetic acid,

n- (tri met Agivaitageopsly; the methandstof thedhiantionlayé readity appied fo silica dielectric film
trimethylsilyl (frimethylsiloxy)-acetate, ngnanethyltrisjlazane, , t5
Pexanet y T ST BSATRIOBPToHS S Gelcatiot . oEieE AOAead SR ie D s PR anol
t butyl di pEifaydusisliRaWeledtONRIY Al fupder xﬁ%@iﬁx‘éhﬂﬁk‘kﬁﬂé& thdication o
triethoxysilane, trichlorosilane, and conbinations thereof. As exenplified
her ei #bel exmpasitionpptiopaliwinckhdes a salvensdiStitatde selmentginsludesfor example,

met hyl tri XYR1 it ] : i.frcation agents include
ol 1 unceagid g@ﬁ#‘?éa}’%ési‘gﬁ?}cbtgb%ﬁh géeék%{“gﬁg‘é{@g’lseé{?i bed in detail in
co-owned U.S. serial nunber 09/235,186, incorporated by reference herein,

as descr i Drélsirfaoy enodFuakioidbinpbditicit iseoatacedwiticthe ndadiabed ailicadidgent s can be
applied in either vapor or liquid form ogptionally wth or_ wthout

co- sol venfiln assyligwig) vanes o gasy apf/er plawpa gl in thegorm REe plasma, the plesma Calktet one,

i aoti 2y A0 £ sfhg VRN hy RS AP g, B AT @e S0 P00e

t he di scl aridsreconibindtionktheseafncor porated by reference herein. For exanple,

as described in detail in U'S. serial nunber 09/235,186, as incorporated by

reference above, certain preferred surface nodification agents will have

; N I"Oft s 4168'6drtriarcd tRARRe ARMHOUE B the Mhitehrioh IcARR SRR ihpitih 0N
hydrophobic properties to a silica dielectric film present on a substrate, whether a newly

30  applied film or one damaged by fabrication processes or reagents. The method includes

the steps of: (a) contacting the silica dielectric film with a plasma comprising at least one



30 V1' O 02/ 01&1 PCT/ 0OS01/19.166 m nim zing nmass present outside the
structural framework of the film and include, e.~., suitable silanols such
as Rt Si (OmD)@nkennula Il 5 wherein RL and R2 are i ndepend )50 ﬁ%ﬁgt ed
noi eties, such as H and/or an organic noiety such as an al kyl, "aryl or
derivatives of these. Wien'R or Rx is an alkyl, the alkyl noiety is

opt i onal | yudadesmpdificattbroagenty stib soricendratohn, amdifaraytinheepesiodaeffntiyve by mnddred or

cyclic, a .ef erably ranges in. size fromC,. to about Cl.8 or.greater, and
nore pref 3&%@[‘93 &F@ﬁv‘éf{l{’%ﬁﬁ?ﬁl’(w&?ﬂ ACRPVIHE uwa?tgct‘ sface meqitication "npj ety
pr ef er abl %ofiRBsitieh Sefhiof proditCaniiinihiiPhefeof,] Ng Lhat 1s optionally

r ed, an

substituted unsubsti t , ranges in size fromGCs to about ¢ B, or
great er, awtreinithe surfatemakdificafiom nomposi tioradomypirises at least and surface modjfidaton t he

aryl ety is het eroaryl . . Thus, or, ar e, i.ndependent sel ected
From i byt e Teptiag oot syfies Joat e enBegbip D ERES ANy cof
provided that at |least one of R or R2 is organic. In one enbodi nent, both
Rl and R2 are nethyl, and a trifunctional surface nodification agent

accor di ng Semi¢mdretbaonG deviness mydnufacturedhusing tHeaabove-flescabest methodsisdi nent, a
sui tabl e silane according, tto the invention has the general 20 formnula of

Rl Si (NR2R§$a§eﬁt8%$502'iolvaﬁﬂmei n R~, R2, R3 are independently H, alkyl
and/or aryl. Wien any of R, R2, R3 are alkyl and/or aryl, they are defined
as folOR and R2 of Formula 11, above. In preferred 25 enbodinents, R is
selected fromH, CH3, @@R@BE%@%&%%#@IPF% Thus tri functional
surface nodification age clude, ~.,

tri s(di neffiguratAntiysmmitdsyd abssaseetion schefmdticref hpamuporom} sthiea diebsctrinfitim amal/ or

tris(dimethyl am i . 3Q | n yet di t, it abl i
cor o ne ook R Bh bt R S LS T B st b S
(ON-- CRZR%)clﬁing&frHEEs?(ﬁéﬁthT/ US01/19-46G wherein R, Rz, R3 are

i ndependent |y al'kyl”and/or aryl. Wen any of R, R2, R3 are alkyl and/or
aryl , 18 he¥igure 1BéflustratbsacréssrseftoomachematiG ofxbuaneporons silica giekettricfdoh dn a

T e e Sl 1

Figure 1C illustrates the same pattern as for 1B, after chemical mechanical polishing.

Figure 2 illustrates the top surface of the wafer produced by Example 10.

20 DETAILED DESCRIPTION OF THE INVENTION

Accordingly, as noted in the Background discussion, supra, certain reagents and methods
have been described by co-owned, copending patent applications, for use in enhancing
the pore surface hydrophabicity of nanoporous silica dielectric films during or

25  immediately after film formation. It has now been unexpectedly found that certain
surface modification reagents are useful for solving a newly appreciated problem, that of
reversing damage to nanoporous silica dielectric films formed as part of a semiconductor

device by subsequent manufacturing steps and reagents.

30 In order to better appreciate the scope of the invention, it should be understood that

unless the "SiO2" functional group is specifically mentioned when the term "silica" is



met hyl tri s(met hyl et hyl keoxi ne)silane. In yet a further enbodi nent, a
suitabl e silane according to the invention has the general to fornula of
Rl Si O 3 Fommubmoivamherein R~ is H, alkyl or aryl. Wen Rl il? ﬁbg‘{}l andl or
aryl, they are defined as for Formula 11, above. In one pret® /19466
enbodi nent, R~ is CH3. Thus tri-functional surface I5 nodification agents

accor di Ngerhplofed, kY R "iligh 'UgkQised herelf FoDdxhmiple) WithGefethiee to hahoPorRE Bielectric
preferred_enbodiment, the capping_ reagent includes one or nore

or ganoacefilsx, & intended torriefas tondiglectrinfilms prepdred;by; thednuentive maghads floms-3 organic

Si (OCOR2) Y. .F ] a,Vl ref.grahl X sian inte -ranging in value from
Tt adidnatedt et bR R A By Rty Spe S AP Relihe Ghel e
rangi ng f siticorbayed didldcti@petirsdrs. W shonldailfy be dhiefstdodah@ahe 8edfRiosmldr S,

i ncluding multifunctiognal al k){_l acet ne and/or 25 aryl acetoxysil ane

oxysila
. conpoundshereinds peldntesdedioybe Wd@bUé»éwfﬂ appEangialg, else gncampassesitheplural, e.g.,

phenyl tr1 GBI BrodREs ph kAol i ARASLISE S PR G ang i iaRbinga Aim” bur
t hereof . 1% intedded RaDRLRIPIfi I ¢dndsbsprEdudel S hel GestibedDpkdmpliiddiandichemed

surface rmdification,agent or agents are nmXxed with a suitable solvent such
as 2- hept BOSWECSS, apPasited t Bhe eemnZHopss Bisd herein with segardioailica didpstricamatenls is
vapor or {i : é}ﬁ},l ey r

nodi fi cat %noéguéftope?%g%g%B%%‘séﬁr}g t he lIeS?% ant a%lg%gggigl??@%g |er{légc ko
filmto aopionslipperapliopéd.i s derived from any of the above nentioned surface
nodi fi cation reagents. In a typical procedure, the dielectric filmis

| d i .pl ti,ng, nber, h |, . I cal
Vapor Lo AQHBERADoH PR ASInG SR Bh e A8 6F PUpIFIZEHFaCEURGAPPIEAL | on-
eagent - A b AR pNALREr AP ARRHRGh BN ITer RLASRISRBGAL bRg yghanber

b
then an RF energy source Is activated to create a asma; the argon gas is
i ncl uded ¢xpobigk to patemand/ot drcadid pribdse eatalyfst. pGelting is aptenalfyappied 0 conposed of

ionic fragments derived fromthe, surface nodifi.cat.i reagent ; for exanple,
the (Bn riEaRseTe STRaes o (ol Somed S a nrr i £t B GRIERROTOUS Th s
fragnment J&; i fitdnk h 'n%ﬂﬁh QMRS [ oy r?)dn s. Any
of the ab%?gg&n%mngngﬁmsurfagg amodi?IFS?S‘??%?{%gggﬁtgg%g%@@é%e fg{&thi S
pl asma i evapergtionpf asedventeat nent. The nost preferred silane reagent is

met hyl silane. Qther suitable surface nodification reagents for a plasma

| nduced SJ['ﬁJ @55 "gtprgr{é' 'ré e}sI tg r’Ehe. hardening and drying of the film, after gelling, typically

20 by the application of heat, although any other art-known form of curing may be
employed, e.g., by the application of energy in the form of an electron beam, ultraviolet

radiation, and the like.

The terms, "agent" or "agents" herein should be considered to be synonymous with the terms,

25 "reagent" or "reagents," unless otherwise indicated.

A. METHODS FOR PREPARING DIELECTRIC FIL MS

Dielectric films, e.g., interlevel dielectric coatings, are prepared from suitable precursors
applied to a substrate by any art-known method, including spin-coating, dip coating,

30 brushing, rolling, spraying and/or by chemical vapor deposition. The precursor can be an
organic polymer precursor, a silicon-based precursor and/or combinations thereof. The

coating is then processed to achieve the desired type and consistency of dielectric coating,



20 treatnent include C- - C,2 alkyl and aromatic hydrocarbons. The nost
preferred hydrocarbon is nethane. Other reagents for plasma i nduced surface
nodi fi cat ivpg ob/ffsepde al dehydes, esters, acid chlorides, angdcg E{ 166
Sui t abl e al dehydes i ncl ude acetaldehyde and benzal dehyde; SU|ta e esters

i nclude ethyl acetate and net hyl benzoate; suitable acid chlorides include
acetyl ch effth yl 2~
o her  and e o A D b B e U 0t ciy
pl asma sydesined fipalprbduased f or thls process; these systems include so
cal | ed downstream ashers, such as the Gasonics L3510 photoresist usher,

PECVD di electric depositi sIe s_uc asthe i, ferials P5000 or
" reactive i éfﬂ‘c%lhzﬁﬂtd%ﬁﬁ’ésﬁdoél‘ﬁ mf41nc ‘@8’2 ﬁggﬁa/ ‘@W?
Broadl y, E&@a&arﬁuﬂs h@ﬁ%ﬁ@&n&&ﬁb@de@%@e&w a‘»rsa;r E_g\ﬂ"at gvﬂnoﬁ Rsd ol I owi ng

_ ranges: anber tenperature, 20C to 450C; power 000W chamber
pressure, ('8.0%5. i’)anatooalthimdeglvaﬁnmetqrea@mntvenns MOSO@QEW%MSS Pripntat es:;

d f fi fl Q Q0 rt f.l t
(typi cal | gonieang of Bbsfmaftal fomuis dio €3I o G irpBie sfdiseias "t e
i nventi ongh t%rﬁll?@réia@fﬁd%%@éti%@ tyQtRdaRBAkBoWR chadmgMethdqar ting a
hydr ophobic surface to silica dielectric films, porous and/or nonporous,

whet her damaged or not, by application of the above- descri bed pl asma
surf ate tAfet t:hstpmur@em apphidd ¢o the sdbstratesurface, Ith?@cmdﬁuafacwsequw}yg t hese

nmet hods are .als art of the pre nve Thi.ckness and
Refract i v& r}t?‘%%cgwgp aﬁlz?rwgzatf?{x ?tﬂgctfﬁ@f"l 1853‘%%’"3)?2&?%5@65@% |“b°§§%?|ﬂ %as al so
used to deiditnd preghuiderdctive ideamsfandy defifedqiattvm to Iﬂfbediel(ebﬁub)co&fngt&fﬁlmr oduced
film ~s Dielectric Constant of Filnms: |In the foll ow ng_exa

i €l ect 11 B0 B SbHIe fehehas dsserihodiin detallib R @ vRERSeh DCAO ST bihalied
capaci tangﬁnp;‘t "’ZOUthgEorgo}a yalte?ére depdin (MM structure at 20C. The MM

structure drmed puttering alumnumonto the f Im which is coated
on a kpw resistivity S| waf er (0.25 ohms-cm through a circular dot mask.
An appropyia d structure, and the

capaci t anSe-28MAYEMOEREIG AL 3 OO 4RO REAQENLY jred at 1 MHz. The
area (A fea o aI um num dot was rreasured by Ilght m croscope - micronetry.
The t hi ck h) of the filmnear the alum num dot was neasured by

el | i psonenrsyitablbeurdfaceahodifi baxdnfwmpbaiti@uliﬁdlmbsfonammlore%l(rﬁéi hobiffcht @b
wherein - is th rmtt| of free (8. 86* 10’ 14F/.c , EXAMPLE 1
For mat | ongsisehfoBarmeve slancl raups from BacwdRNa R SiFAGicleqin B AT 181 | i ca

Pr eCUSSOT qURZd B FhB&SH G35 ek AR PlePY sifrPic MR t d
09/ 235, 18b, filed gn J‘A? ahr%?;l 2%% 999916| n?:orp():or at eKHB ﬁ#sedr:%bénphogrnel n.

Thus, thehaﬁngawmm ﬁ’éﬂi/thlsgmum@onﬁﬂlqgr(ﬁfonadas \l/a(is~8@repar ed by adding
208 mL of tetraethoxysilane, 94 nL of triethyl eneglycol rnononethyl

et her (Tri GORYEINHIIR:3 (AR FCon(3) BdSrﬁﬁHé,r » (@0RaBiIOSHB, . of IN nitric acid

Vi gor oust 5 R D P D R e R B o he same time) to
about 58 0C and combinations thereof.

Further, x is an integer ranging from 1 to 3, y is an integer ranging from 1 to 3 such that
y=4-x, p is an integer ranging from 2 to 3; each R is an independently selected from
hydrogen and a hydrophobic organic moiety; each M is an independently selected
hydrophobic organic moiety; and R and M can be the same or different. The R and M
30  groups are preferably independently selected from the group of organic moieties

consisting of alkyl, aryl and combinations thereof.

10



5 and refluxed for 1.5 hours, to forma clear solution. The resulting
solution was allowed to cool down to roomtenperature and then it was
di  uted 25&ohgoieight with ethanol, and filtered through a Srpl@g g
Teflon filter. About 2 nL of the nanoporous silica precursor S e{g sited
onto a 4" silicon wafer and then spun at 2500 rpmfor 30 seconds. Then the
filmwas gelled/aged in a vacuum o chanber using the foll ow ng conditions:

1. Th nb A . 250 . 12, 445 ' hyd i de..
neat od_aniRC BT HES, B Aoy tredSe it fad ¥ BET BN e AR SR HHE r s
the pres sws%af%%t RIRYL, bpdnbhécpﬂk?kr, By dlétaBiSyl add chiBinaiicHERRérc¥@ and ShbdeledigM th

_air and the filmwas renoved om t he chanber for 15 surface

t r eat mendallylvmeietyaragesingize fram Cutd ahout Cree sihewnyl/meittyds substipiiedere of t he

fil ' i ng. th Y dirg. . 1 : d
or Tt e SpbheeSid HneBfinl ol sl b BB RS pris@ilbiy e slibce Dot >
met hyl t ri aeet 9%y AcétaxydilandbAFor exdaeled modathéntompdundéudh@07) with 95 grans

of 3 20 pentanone tq forma clear cqglorless solution. 2. The aged fil mwas

put on t ety RnGthylsikanekaceinxysitang, dincaiorydimethylsilancy methybimiaggtowsilante above
MIAS sol ulj.Q0 @ N; | ] t | : iIlmto dry for 20
seconds. UISA#.e%?lhen % zﬁﬁﬁg?ﬁlkgglyi%é‘%ﬁry%ﬂ%’ ?%%&g}(%grﬂg&% second and t hen

t he fil m dimsthybdiethexysiland, tomethyketixysikanensethyhijimethiorgsitane,heat treat ment, as
follows. The fil.m qbtai.ped fro he above process. was then heated at 175
and 3%0C, dmﬂaﬂ*&w Xy %) W%@Hﬁlﬂgﬁmsﬂ%@w&@m W%Q%EBF# vely. Then it
was cur eciiig|dielBRERakt fthGhylohlordandimdihAsivindStimdtylgaRE.  Testing of

filmpropertiés was conducted as descri’bed supra, and the neasured physi cal
propert i esimgethylsilaperhesamethyidisilapane, 2-trimethylsilogypent2-eno@-o®), 041G21

PCTI USO1/ 19~ LE 2 .F tign, af \Non- Por ous, Vet ~fdri.dosi| oxane Film
A precurs m%ﬁ%ﬁ@%ﬁ“%ﬁ“&&?‘@@bﬁ?&@)’ Qécgté%%qﬁﬁé@%%sgyﬂggﬁgﬁe, g |
appl i cat i eiedtf4iBApropiohs, tﬂ%@%ﬂ}gﬁiméthylsiqb@yab&m@,hné}ﬁmem&&snmﬁe, ,

di scl osure of which is |n(_:og£10rate by reference herein. Thus, a one liter

j ackiét echexamethyldisilgeags, s@mashylsilanali triethylsilanel) sipheridsilangk ttondenser and a

mechani cal  Std rrer . har ged. wi t 00 h n ond. hanol , 25nL

wat er an?@d%e%@%gt%ﬁfgﬁg%ﬂeg&g@'ﬁp nggﬁae%‘gﬂ%é%l.ag%’he m xture was
equi | i br atielofcailafe, Pid cahbifatidrsthéroel. Als eRefplifidd Iedniabel 6@, &ied prpferrdd M xt ur e
of trichlorosilane 10 (14.3nlL, 0.142M1) .and nethyltri chi orosi | ane (66. 7m,
0. 568Mb1)sufface madiigation ageat isapethyliriagsioxysilingeri stal ti ¢ punp over a peri od
of 35 m nutes. Upon conpletion of the silane addition, hexane was punped

tnen B OTaORE Bt SRt Rand AR AR GRBCHDRY ShtteThpdiBha g

agents as described in detail in co-owned U.S. serial number 09/235,186, incorporated by

reference herein, as described above. Such multifunctional surface modification agents
can be applied in either vapor or liquid form, optionally with or without co-solvents.
Suitable co-solvents include, e.g., ketones, such as acetone, diisolpropylketone, 2-

25  heptanone, 3-pentanone, and others, as described in detail in co-owned U.S. serial
number 09/111,084, filed on July 7, 1998, the disclosure of which is incorporated by
reference herein. For example, as described in detail in U.S. serial number 09/235,186, as
incorporated by reference above, certain preferred surface modification agents will have
two or more functional groups and react with surface silanol functional groups while

30

11



pl aced in a separatory funnel and the water/ethanol |ayer renoved. The
remai ni ng i s hexane solution was dried over 4A nol ecul ar sieves (170g) for
Sh and t hewofgaloi@ied through a 1 mmfilter. The hexanes vverpy)ﬁa ved using
a rotary evaporator to give a white solid product (23.19), YA The
GPC of this product, referenced to polystyrene standards gave a Mw of

11, 885 wi mhimifieg Md§§11&@§éi1it bivtsidle the SirucBfal Then SRSk &f Befiled, 20d iﬁ@ﬁﬁiey%gg to
forma nangporous dielectric silica filmon a substrate as describéd by U S
pat ent apprieblgsilanplssichals nunber 09/ 227498, filed on January 7, 1999, the
di scl osure of which is incorporated by reference herein. Thus, nethyl
“isobutyl ketone (MBIGiIQBD:s g) was dri Eemsyell 4~ nol ecul ar sieves and
conbined with 14 g of the non-porous nethyl hydri dosil oxane. The sol ution

was ftt : e 1 . agd@ i:nch silicon
waf er Susie‘&g‘gg})(%%\?gnﬁ o%g{a%g%?ﬁ o%atgth!:edr&.EH ﬁgpPgﬁgﬁngfaeﬁ n{a {Hg?r%?é{g pol ynmer
sol uti on mestypduzb aslanalkyh andai derivalivesof thei. SWhemB, deRgaig antatigl whé slkylwas
spun at 2000, r,om f.or nds. The coat.ed t hree

f 0 f baked
S etoasi JBORI BaPEOIA BSERE AT HALESEaR: snd Bagbe ST SERcoraarlid 95 LSl
respecti Va‘?lh){)refyhﬁl)b@h?& i\‘i@fz%_rfrd?@ﬁl w@ubu@@gsgar ?@hﬁg%ﬁh&ﬁ@ﬂr@érﬁﬁ??&% eina

hori zontal furnace sef 3o initially at 30 ol | y a ranp”to 380C at

a rate ofCuto/abpwiftse Whindkeori Rz inarylbe dryi ovoictp preferablysconsibis of 2 simgleased t o

400C at a mnute. .. The furnace t [ re 17 . VWO 02/ 01621
e ubon il (s et AR tbr Rt b iPRaia Mbbanin B BRE T sooc
over a peiboadClf ofgieuter,inl ndrs prefdiably ¥ € tod slsoud Tyl Ine fuethpd epiief, the | m
(before asking treatnent, see exanple 9) were as follows: Thickness R Kk
C- H Abs. asyLmpigfyds npkg Beteroasyl ng 4020 t1 1.362 2.5 0.20 0.05 EXAMPLE 3
Phot oresi st Ashin~ 10 The wafer coated with nanoporous silica in Exanple 1

is place Al 2urne en is
e to 1 T RS teife FRRPERently peci b 17l pihy € b, prelf ot

It errplensa]E L&eg‘ghﬁ\;ezﬂ(éred%hpﬁgchﬂ?bﬁm Reastrone of R 6cR isﬁdrgd\iat Incone@nmbiodiamsns, ? unpt ihon
evel of 500Wfor_a peri of 1 mnute. During this 1 mnute period 15 the
filmis &ofbReand Rz aregn%rgnlamb?w@worzmhsasfwén?dlﬁﬁmncﬁgam LIS during

This pro i il Ltorr. The predicted fil mproperties
p mylasvlisfxﬁéthgrﬂﬁ%eﬁggﬁ%dﬁb P prop

before a ter Is”as eatnent are: Table 2 20 Thickness RI k CH
Abs. Before 7050 ~ 1.165 2.2 0.15 After 6960 1.160 3.8 0.02 25 Fourier

t r ansf ocrin anothesendisbdithlert] Rsyitahdesitane acapding emthierineentibahad the gehdralabsor pt i on
curve isr{j ncrea?ed in anplitude at about 3500 cm~ in filns subjected to
the 28ki f§™4!88f nent, relative to untreated (non-asked) filns. This

confirnms that the asking,ty gt renoves st ﬁ)f he C-H bonds
attributable to the net llm in the orir%‘? a¥tIm It has previously
been confirmed (see, for exanple, co-owned U S. Ser. No. 09/235,186, 30

i ncor por alipfleiRR, | R, ®GeRCRdesdnabRly Hadlkjin@d/o?hafl] vehemlyiof RIRLR,bke O H

absorption peak iIs gredi ctive of the relative k val ues of the resul ting

films), atvl and/aesrypbahesnare defingskdsfgr Board R affformybadl,aova dnipreferred
25 embodiments, R, is selected from H, CHa, CsHs, and R, and Rj are both CHj;. Thus tri-
functional surface modification agents according to Formula III include, e.g.,
tris(dimethylamino)methylsilane, tris(dimethylamino)phenylsilane, and/or

tris(dimethylamino)silane.

30  Inyet another embodiment, a suitable silane according to the invention has the general

formula of
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EXAMPLE 4 Wet C eaning PCT/USO /19~G5 The nanoporous silica coated wafer
processed through the asking treatnent in Exanple 3 is imersed in a wet

cl eani ng spbuyth@p (EKC 630, a proprietary post-etch wet cl séﬂ”?@@ Jution
from EKC Corp, Hayward, CA)) for 20 mnutes at a tenperature o . The
wafer is then imersed in 2-propanol for 30 seconds, and then inmmersed in
wat er for 30 seconds.q: FhdalHnyp he wafe %ﬁ ted on successive hat

pl ates set at 175 g?llglggggUBfRﬁ)Pnute eaié% p %1{]3?. The film properties
before and after this wet cleaning treatnent are to shown below in Table 3.
Tabl e 3 Befaein RISRARare iailepmdd@bH -l kil andf drearyld ABhenrarly of RihRgRaessRI kC- H
Abs. 6960 ~1.1 b03.80.0270151,1727.90,. 0069 . 1S94. 10. 0070351. 1676. 40. 00
The 111 maad aagREbabaue dRap asafgrfwmlﬁafﬁébw- dhan ekt val ue and

hi ghe 1 effiR@irhf, Radd Weare BblCH] Mad8lis CHEeR, NThhil 8RR sdiBe! water /
175C | 320C pr o_(:e’ssl.0 Thezevvgf er vvags’ thgﬁ.he?t;efat 425G 1 n andflar nage

( ni t r ogemedificaivnegeits hovordingnd Fotmada IVhncludeygg..4. 1 one hour after the 425C
treatnment. The.fil m absorbed er during the one day follow ng the 42SC
heat i ng &%byqﬁés('i“ﬁ@i}@glﬁyi%ewgﬁ@aqencr ease of k to 6.4. 25 30 35 EXAMPLE 5
Rest Oxi n~ Hvdronhobi city and Low K using MIAS Sol uti on A nanoporous silica
filmis produced according to Exanple 1, and the same filmis treated with
t he aski Adgypraoleher ehbalionent, e saitabheisitane aceasdingde thel igueritiog hos thoasseraf
Exarr%e Z%Ot(r#u%o%ncl udi ng the 425C furnace treatnent). The wafer coated with
this tilmis itrmersed in a solution conposed of nethyltriacetoxysil ane
(MTAS), 15% wt/w, 2- hept anone, 859 x; the tenperature of the
solution is 20C; tk%%g%l?ati on of inners@i%}%#% V10 m nutes. The wafer is

renoved fromthe MIAS containing solution, and then it is placed on a spin
Boat er. TderamByés Healkyl amaryly WhedRcissllgd dndior eniditbey aEAsfinedas fomf er is

t 3000 i nut e, whij | <h i s. di d.onto th
B oo bbb o) b Bieaf P bR IS HtRERE IR L
of 2-hephpdivication agbmP 2tofdng v FaenlldVsindluld e emefhylirichlBrosarev e I esi dual

2- hept anone, the wafer is heated successively on hot plates at 175C for 1
m nute, and then at 320C for 1 mnute (both in an air atnosphere). The

di ct ti f the fil .Sh bel in Tabl e 4, foll )
Pable 4 ThRERTE Btz tmbaiimeiss BediifE SEeBRg o more 1825 20, 5600
Af ter AsbrganchReddysWaed $hichlhale 9% bloRMY s@erdFAmulf151. 1692.2_ 0. 15

Restoration of thé law dielectric constant is achieved by this MIAS

sol uti on treatnent (R%gj@@mz?yfter t he EsshufdYI Wet cl ean steps. The MIAS
solution treatnent returns net’hyl t5 content into the film as indicaed by

the BEYIR_C-H apsorption, and the filmis hydrophobic as indicated by the
very | owkl @fjsfagb’sd‘r‘ﬁtai“dﬁegefﬁé“&"gé“Yﬁ*‘é%fra’@aﬁy e %.aQSXERAWEbB thesaREA or i ng
Hvdr ophohi &l : - N ilica filmis

br oduced reet A2y iy A tctds ikl iom BRAl> & ARPPP S L cd i th 1 he
ashing process of Exanple 3 and the wet cl eaning process of Exanple 4 (not

i ncl udi ng, t 425C furnace tr.eatnent). .The.wafe oated wth this filmis

pl aced Zgjsleﬁ’if)ﬁ%@flaaﬁ?’ﬁyﬁ'&qeé’dfw Bﬁ‘éﬁﬁ%}f“‘ Gonsy fﬁ?f’ﬁ?ﬁﬁ‘%?gn i nsi de

di amet er ard3ikefiRykiliied®mpounds, include, simply by way of example and without limitation,
methyltriacetoxysilane ("MTAS"), dimethyldiacetoxysilane (DMDAS),

phenyltriacetoxysilane and diphenyldiacetoxysilane and combinations thereof.
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hei ght). The chanber is contained inside a chemcal fune hood. There is a
synt hetic rubber gasket between the top edge of the chanber and the chanber
lid. The cy 1S heated by use of electrical heating ta to the
out er charrbgm?tﬁj?jf aces and to the lid. There are four stai H""f‘ce‘lé)@i’?g*é? (174
inch inside dianmeter) tubes connected to the 30 reaction chanber; and each
tube has gephicisn! ess steel valve. One tube is connected to a vacuum punp;
anot her is connected to the MIAS reservoir; and the third tube serves as a
vent | i neQptitrallyothetsurfacemodifinatent agentoragents asemigedyath ahgtaMeAslvesser voi r
is a stainless.steel, 1 liter volune, cylinder. .The latter contains about
1007g of MRS 2chsatagape aPalifd to B ginopEples sifarhip e fo0n LAV T0C
usi ng heatdn8 IndRBen df&i. chanber is also heated 20 WO 02/01&1

PCT/ USO1/ 19~66 to about 70C. The chanber is evacuated to about 1 ton and

. then tshe valve to the vacuum punp is closed. Next, the valve to the MIAS
reservoir_is ened so.the AS vapor .enters. the.chanber. .After |ive

it os. P8 SHFRATYR SMBRr A S Bp BB ia oAt B ey e U qiadene.
After 1 nadmHped silite dvealeottigifia ke @ plaSme vassitisalegvedRomany of Hedols opened to
let air into the chanber. The waPer is then renmoved and anal yzed, and the

pr edi ct edmprtinned spdacegnodifjgatiqn) reggentse Iy bipicab erasedyre, tire dietectic fitppise 5

T LAk o ik T
G abeor pron. and tho 1L m |5 bydr ophobi ¢ a8, Lndcat og by Lo very | ow
FTI R O H 4068675¢ RBAuEhie plAsER gEnarHn R hPs SRR SOWES 19 A5V EGA .

EXAVPLE TioRRao pligmibitle aRARNS i cifiab i A@%a}tog%éggfﬁgg‘gﬁ%@ﬁ%@ gs@ame 20 A

nanoporous silica filmis produced accordi an e sane
filmis tTheglasmaistdomposcdefiong fragoeatssieoiedEframthe s@favadnadification cl eani ng

f EX le 4 i di +425C f J f
Coat od wilEPESHI T PP ane AR CHESE eRgs A L ED B RORS, CEb S kenen.
The aghenrighaabfent Radty daHali bl #ER))U%QQO FarRY Ky deSpHBet SMﬂrﬂ:é\%it(eMy SBfe ! S

allowed to flow through the charfber at this pressure. met harie flow rate
is 500 scbove Testionddourface madiftcatiorertagentsbauve @ed forthisplasiha indueed our ce of
the chanber.is, activ d; the power.setting..s 100 and the RF frequency
° 1550 WS upiiinent 1HE masharePePHRD SRR P 1§ weR e ed. and ¢ he

nmet hane gas flow is reduced to zero. The ashen chanber is then vented with
air, and bigr YalsBle duffabOHRUTaA Y redBer Al i Snd inbifidd shitiBe nlahfiGutfon Del oW
shows the predicted properties of the filns. 21 WO 02/01621 Table b

PCT/ USOL/tetthéntdncindekne SsRulkyl-ddd Abem@ed kyrdsogashong. Themnstpgefensb

| ~1.1632..20. 17Af t € ‘%%Q eani n 457 . ) ft L Pl asma
70901. 17&%&%@%%% car %o%ﬁ%%@%&ﬁgg)sr iLasi]n rs‘éé&rrcgégts'gg@-eirﬁ%dég%%?g? lgejcslu‘*oer gani c

cont ent ididehytlbs eftetspudd chiogtien uedlethyrst BeitdbldhlddHydeinsidp atadsldehlide ahdw k

roperty and hydrophobicity are also restored; the FTIR shg a very snall
po Hpabsgrwggghm;pﬁng egs include ethylacetate and methyl benzoate; suitable acid Y

chlorides include acetyl chloride and benzyl chloride; and suitable ethers include diethyl

25  ether and anisole. A wide variety of single wafer or multiple wafer (batch) plasma
systems can be used for this process; these systems include so called downstream ashers,
such as the Gasonics L3510 photoresist asher, PECVD dielectric deposition systems such
as the Applied Materials P5000, or reactive ion etch (“RIE”) systems.
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Rest ori ng Hvdrophobicitv and Low k using Silane Based Plasma 15 A
nanoporous silica f Imis produced according to Exanple 1, and the sane
filmis treaegheith the ashing process of Exanple 3 and thg. gmglhg&ni ng
process of Exanple 4 (not including the 42SC furnace treat nen—'\tl}?. "waf er
coated with this filmis placed inside a plasma enhanced chem cal vapor
deposi t i oBredddyTtles cdntiitisaY B thé\plkme proddebedre afithiPHRAG oMk Ryl gk chadber

(CH3SIi H3) is used as _the reagent for_ creating a 2o hydrophobic pare
surface. RMpSREEs20G QPG gFmomt@WleQ&ﬁ¢®mb@fp@sw@§fﬁ§.to1iﬁ@ RF

pl asma so | I r I . i tions
et oyed HibhstaRatBind Sschdlfid PRl IREM oA REERI IRET . o
RF power : 1000 200@s&hi; idert vl avatate (thpidalbcaigohy, Jo0- F000weckat e: 1200 sccm
Chuck tenperature: 400C Chanber pressure: 10 ton 30 The wafer is renoved
.from the chanber and then anal yzed, and the predicted properties of the
films ar eThe enisgewilbgppredinte tigt thecingentiaess 2i3o conremplade) tolegeampash nstt®dBef or e

Ash & Cleaping Afte . Cl eani After: Silane Piasna PCT/ USOL/ 19- Q66
Thi cknes< B 1ear Shydioehcbic L ER%E RN 8Ll Rt eces? R
After thewﬁbdhaxn@anﬁ)dc%@& SR nb, Bﬁh?ﬁf&aﬁbrh@fﬁida&bb@déﬂdb edhgsdfackndi cated by
the low k value and the very |low OH abso‘&ption in the FTIR spectrum The

C- H absor Begtestasn Semicangtuetor deviges w§ [e hmenyagiradusiigripessimethedsieesisaaded to
the fidm %ngre%eﬁql\ﬁ@%ﬁ;ggg Hydr ophobi city and Low K for Non- Porous
A

Si | sesqui bxane I ng ol ution 15 A silsesquioxane frimis forned on a
wafer as in Exanple 2. This filmcoated wafer is processed through

phot or esi st ashi ng and wet cl eani nmgs as in Exanples 3 and 4. The
filmcoated wafer is then exposed t solution to restore its

hydr ophobj ci and, | ow k. propertjes; The procedure fo AS sol ution
tr eat nent LBiekes agtiye Jadex of Films; dn hedpliowingxgmp ﬁgq-lfﬁspmeﬁéﬁ’@rse and
ihn.%Ei %éﬂf%‘ﬂﬁeéﬁéﬁgg(’f%&ﬁ iRfek PR Frodld2li fmessR kG- H

after thege B§e%5
Abs. Si - H Abs. Bef or 6 AShi nga020 AL 3692 50, I3 RELIRD o B

Ashi ng36501. 4103. 20. 100. 025After wet cl eani ng36501. 4103. 20. 100. 025Aft er
400C 15 1 Dickertia Comxtant @f Filmsoinghe fellowingexamplas, tkadigigomic canstars ¢k 18as 025 30

Rest or at i of. t | ow dielectrig,constant is.achieved this

oi ut1 on et fondniial pEpe AR ARhed e s Fuhterr 8 G 0ET
spect r um gxfehdie 6200 TReNBYSEUUIOR f@inicdbyt dattasdl ARslinR ostbefiln, eat nent ,
and reduced C-H and Si-H absorptions; the k is also higher. After the MIAS

t r eat ment Whish ikcepigduen ¢ bovpresistivigy §i whfss €0.2pohme-cmd thypweh 2 cisgulas dobmesle

ashing; t - | | 0, Ni: i j.ndic t hat . met hyl
groups fr%rﬁnagﬁ)ggﬁ%g@;&%%gnwogg%%ﬁﬁ %Pryth%g% tr}ﬁe%h\ggghé}ﬂ}é” ?’?f?’heicg i/t%?cgphobi C
agai ma@s (C)diceat €t sayictuhewadthen aeasired att M The ptdaqA) oP the aldMinGay dbt G21
PCT/ USO1/ 19. t 66 E>§AI\/PL 10, Fabrication of Danascene Trench Structure Usin
Nanonor ou¥assmegsused by light microscope — micrometry. The thickness (Th) of the film near the

aluminum dot was measured by ellipsometry. The k value is then calculated from:
k=(C*Th)y/_*A

wherein _is the permittivity of free space (8.86*10"F/cm). .

25
EXAMPLE 1

Formation of Nanoporous Silica Film Treated With MTAS

A nanoporous silica precursor was synthesized as described by co-owned U.S. Ser. No.

09/235,186, filed on January 22, 1999, incorporated by reference herein. Thus, the
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This exanple illustrates the application of the inventive process to
fabrication of a damascene trench structure incorporating a nanoparous

silica di el@eimicg material. The exanple is described with o]
Figs. IA 1B and C A 200 nmSi wafer is oxidized by art kﬁgm%ﬁgﬁﬁ%%s to

forman Si Oz | ayer (5000A) on the top surface of the wafer. The wafer is
then coa ] - of gl 1 g L ¢N, to (1000A).
Next, a ﬁ)gé}g}r%%p aﬁgteg%%pggia(aéﬂ%Zggﬁggfﬁ?ﬂﬁ%gg)jﬂiaé&ggg?lé on the same waf er
accor di ngridthyeheslyrod amtiomethyh etied THEGMME) hB5. & nili detorpzaloestsr, it 06§ and
including th 00C furnace, step). ot her I . (30). of PECVD silicon
Cnitride (”ﬂ@@ﬁ}ﬁi“@f’ﬁé‘ﬁta%'&%i'{‘édo qﬁ@nh%ﬁﬁ%gﬁbséel@mwaa a\yecft.o X

phot or esi j I - |44 P AaY oof

i ol oot ri By S AL Bl st S B RER Rl QP S BRI 15
~mannes t and csfluxed fartt hoursftolfomes dent selptions ThE&@sulting selutisntvespilawat chi ng

rocess is then performed to creat,e, the trench 0), that.are 0.13
P oy ome ot GORR 1 HObrh eoHer e ean e o O hied 25l g lEw iR EFeRblrner . i n
whi ch CF%n@ﬁltEt%d%%u%ﬂh@ﬁrMic?&F@e figd in which there is a sufficient

bi as vol tage to cause anisotropic (dowward) etching. The photoresist |ayer
is renoved by oxygen based plasma treatnent ("asking” as in Exanple 3) to
creat e tHédost2 odi efrtbe oanqppeusisiicRipgeauesor Bas depasited antoi4s silidon iwpfertasd t hat

t he nanopor.q idd IS 1 ye t : . peci es
renove tﬁgenr?g?rﬁ% iﬁé)?)g‘a%sfoﬁ@?n&t%ﬁgi p%t?gél tgé?lﬂtég&eag%ﬁ@é%%%gé'%%ag{@gcti ons; the
resulip i nghgmber usmgshie folloasndesmmigonsydr ophilic. A wet cleaning process is

al so perforped af@&)er t he aski ng ) eg (as in Exanple 4)) ' Next, a Tantal um
(Ta) bar fi eFhq ¢hamber waseyasuiag ((é{g Q& deposited into the trenches and over

the top S N o 1 A i I : i . i vapor
dopost £ 2 0 pmorh by BRRRE s Hhalch A e BRI 4T 43 MFinRGHEI A Thua 2P
deposi t ed hite shambezno irgrédse thetpedsine td 860 torefor 4Thimnteshe trenches are filled

1 ner oSt oplestaigr wea et i b6 GUR S crBRadorh gk AR T4 v
02/ 01621 P%%%%%%g?@ﬁn%ﬁighgg%éo formthe structure of Fig. 1C, show ng

t he copper 11 nes nahoporous silica dielectric (20). A view of
the top Fhesataedsfeatnnent/soliventexchange @f tiR fdhowss tdrred outaisinglthé tllowingnt ai ns
the pattern.shown in Fig. 1C the dinensions depicted in this drawng are
not propS?Qq‘%‘?f}ﬂ to the actual structure. There are two | arge square probe

pads (11 i 1Q0m B i5 cted to a
D omb of | para T gl 1 sh et w B Re PP nRils SR AREOCT 25 The

two conbs amethyitmicetatiysiianas ‘@dTASIc(Gedl ésatTuwlytowre PiA 100G hwithSiigrams ofi3-bet ween
and Earall el to tvvofof trl1e Iin(ﬁals frﬁﬂlthe other conb. The |lines are 1000
~tm Edng. THFAIAR0LS 10 TPFR 3 qlepr coloplessSoO8y, (for sinplicity only 7 lines are

shown i nat hend dg@H Figh; wakhik 8n Mespififindatirklagl spaPaQiSbepd. in this
interdigitatecLcom-(2*~."101-1) = 200). The dielectric constant (k) for the
nanopor ods Abeutdq mlegfaﬁeaeomﬁmsqlwrmas snyan;the film wighewt allosangthet he

fol |l owi ng %Hﬁoio?{]'ﬁ;rqfo s%ccpr?c{s.al | el plate capacitor: C = k*s*A/d
4. Then the film was spun dry at 2500 rpm for 10 second and then the film was removed

25 from the chuck and subjected to heat treatment, as follows.
The film obtained from the above process was then heated at 175 and 320°C, under air,
for 60 seconds for each step, respectively. Then it was cured in a furnace at 400°C for 30
minute under nitrogen. Testing of film properties was conducted as described supra, and
the measured physical properties are reported in Example 9, below.

30
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C = capacitance E = permttivity of free space = 8.86 x 10''4 F/cm20 A =
area of each parallel plate = height x length = 0.7 ~mx 1000 pm = 700 p, n2
= 7 x 10- 6won®/ad6éxnn di stance between the plates = 0.13 ~tm :P(,lrﬁ({h%% 5 cm
To calculate k froma neasured capacitance val ue, the above erﬂ U181 s
rearranged to: 2s k = (¢ 200)*d / (E*A) Gven the very |large area of the
parallel lines, the effects the supgXAMPLEPd t he probe pads on the

measur ed capaci t ancgoghatibA 3P NoA-P kol RSB N HRIdoSihxAhe il NE Capaci t ance
i's divided by 200 because Léko i DT Ate Capaci tors in the

[ di gi d .Th | . ' ' he.conb
o measora Bt R i WhEoradligg bR RRPRPL S Wabnl oG oRE, " o ©
t hen applaunit@gr 89/004 7ag efilad b ddartin 20, WO pihd lisclaablecof 2¢hich MEhELpSIaRed by

PCT/ USOL/ 19~G6 10, . bel ow, shows predicted results of capacitance
reasur endREERICEResin. | R, doneinacke e rgactonqquippgd yvith gikReen letrdtit ed wi th

MI'AS sol HI:% Shdbfler QH@%H{%ER%&JJ HrrbSRss égg%eg! WitP10 rﬂéxagag %b{,ﬁh&h%‘i,

phot or esi st asking an eani ng steps. icted values for structurés not
treated iSul MiwkSamsdb L g dmberjet 4260caiips(Robn ZalHhas Od). Frloecmssite edisct edCa

acitance aradsCal cul ated kWth MIAS sol ution2 10' t 2. 5treat nent Wt hout
MTAS sol mp@hmﬁe&fcq@t%xr withesirTinnEt 2006 (eulat )t Haitpge qfﬁ%&ﬁ%rp@éﬁne

i nterlin Cipt 3 I ' ter for
the S0nt & f B AR LR R RRANGRIEE (i AL, QTR i ARR B

f ol | owi ngetdhar g ageretadii pemp beern parsmdof 3A minpiest Upen cempletidn of the MTAS i s
predicted..to have a,k value of 2.5 for, [he. napo O QM siljyca and Si N

G o ect 1 e o ot AR gRinee BoroEn [ndFinBF SRR The FrBfip 01 e
{2.2) of stired fioreatioars) ecknfireedtheoiszhfd WinatRae#d filtdrx amiplfidteted. solutioheaspr esent

exanpl e, the neasured capacitance is affected by bot e thi.ck nanoporous
Silica 7GUSAGHD § APAFIOMHENRS) AR ometer s m?wefrqwegi IITPWTW'W“Sf whi ch

resi 1 : - Ly ' SiNis
abouﬁ g?. gx_e?%?;@?w:toh rewa G| ﬂ‘hee g torQI ?’(S:4Ac %F%ﬂ@fsg?emﬁéz%?? :éﬁ gft%nefﬁgc ric stack
(nanopar qu®ugh hilfiin Ger. STHehdxanésl W tréntovddalaig 4 totaty 2vaboralOr {0%ivda 26

white solid product (23.1g), 52% yield. The GPC of this product, referenced to

polystyrene standards gave a Mw of 11,885 with a polydispersity of 6.5.

20 The above precursor was used to form a nanoporous dielectric silica film on a substrate
as described by U.S patent application serial number 09/227498, filed on January 7,
1999, the disclosure of which is incorporated by reference herein. Thus, methy! isobutyl
ketone (MIBK) (63.5 g) was dried over 4A molecular sieves and combined with 14 g of
the non-porous methylhydridosiloxane. The solution was filtered to 0.2 mm. The

25  solution was coated on a bare 4 inch silicon wafer using a conventional spin coater.
Approximately 3 ml of the polymer solution was placed on the wafer. Aftera 3 second
delay, the wafer was spun at 2000 rpm for 20 seconds. The coated wafer was baked on
three successive hot plates for one minute each at 150°C, 200°C, and 350°C, respectively.
The baked wafer was then cured in a nitrogen atmosphere in a horizontal furnace set

30 initially at 300°C, followed by a ramp to 380°C at a rate of 4°C/minute, where it was held

for 10 minutes, then increased to 400°C at a rate of 1°C/minute. The furnace temperature
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to wet cleaning prior to step (a). 3. The nethod of claim1l wherein the
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RxSi (O Tjy R3S OSiR3, RxSi (OR)Y, r IE p], RxSi (OCOCH3)y and
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i nteger rEheghafgr ¢qatad with namporass slicatn Hxample 1 igplaged within the chamher ofagi ng

from2 t ; [ iLhdependent | y I rogen and a
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a conpourRPWSEPersuption devel Al QAW der psriadatilgingie. Duglag thiy d minwemgried f ane,
27 (@] ~06: J 1 j | sil ane,
met hyln/r itg%gﬁ%gszy%x P F’%Qﬁ%ﬁ% {b?llvgg gﬁo@%g%egh%;e tgfagggﬁ%%?g@@%si | ane,
met hyl t r ipeodessisd eds diman, 5GhinnHitory| Theeprediciedifilmnprppdrtiesteftrglaad firythisl ane,

met hyl tri rrﬁt hoxgsi | ane, di met hyl di met hoxysi |l ane, tri nmethyl net hoxysil ane,

met hy! t r i*8HPS MGEMeRha™. i met hyl di chl orosi | ane, 5 trimet hyl chl orsil ane,
met hyl si | ane, di methylsilane, trinetlypgid ane, hexanet hyl di sil azane,
20 Thickness RI k C-H Abs.
Before 7050 A 1.165 2.2 0.15
After 6960 1.160 3.8 0.02

25  Fourier transform infrared ("FTIR") spectroscopy confirms that the O-H absorption curve
is increased in amplitude at about 3500 cm™ in films subjected to the ashing treatment,
relative to untreated (non-ashed) films. This confirms that the ashing treatment removes
most of the C-H bonds attributable to the methyl groups in the original film. It has
previously been confirmed (see, for example, co-owned U.S. Ser. No. 09/235,186,

30  incorporated by reference, supra)that the relative amplitude of the O-H absorption peak is
predictive of the relative k values of the resulting film(s), all other parameters being

equal.
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Sot et b5l £ SRR AR bR B S et

hydr agi denddxedfien trRivist clcRTpitdabhentd TRX i/ Seter I A5 K/ 321!?0@@0@931 TheWafgrat i ons
t hereof, provided that the copbinations are of a ts that d

neut r al | Zsdhen hastndre 425> Spimayfurnace (WEPE%E‘WSB}IG& g3 Q/\H’éﬁ“ﬁ%%‘ﬁg V&§r f ace
modi fi caty PPnERIRIRES @25 FRRthRAL &8le film absorbed water during the one day

following the 425°C heating step as indicated by the increase of k to 6.4.

25 EXAMPLE 5§
Restoring Hydrophobicity and Low K using MTAS Solution

A nanoporous silica film is produced according to Example 1, and the same film is
treated with the ashing process of Example 3 and the then wet cleaning process of

30 Example 4 (not including the 425°C furnace treatment). The wafer coated with this film
is immersed in a solution composed of methyltriacetoxysilane (MTAS), 15% wt/wt, and
2-heptanone, 85% wt/wt.; the temperature of the solution is 20°C; the duration of
immersion is 10 minutes. The wafer is removed from the MTAS containing solution, and
then it is placed on a spin coater. To remove reaction by products and unreacted MTAS,

35  the wafer is spun at 3000 rpm for 1 minute while pure 2-heptanone is dispensed onto the
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consisting of liquid, vapor or gas, and plasma. 15. The nethod of claim 14
wher ei n a ploarmasxderi ved froma silane conmpound is used as P%Ef/@%‘?nﬂ&?f ace
nodi fication conmposition. | 6. The nethod of claim 14 wherein e surface
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1

silicld dicontsat mte theifflm asigdisesihy e FTFRLsHabsprpgianeandithafilm ischydrorbsbicng
said sili ' | ' ' : claim1; wherein
st eps (a)a%gxrll(gbfugﬁ%wﬁ:@!ﬁ?{:%ﬁ%ﬁd@ﬁgﬁg}%gﬁ?Igg%%%%xg%z'(c) i s conducted
after step 25 (b), and wherein step (c) is repeated after each step (b).

EXAMPLE 6
20 Restoring Hydrophobicity and Low k using MTAS Vapor

A nanoporous silica film is produced according to Example 1, and the same film is
treated with the ashing process of Example 3 and the wet cleaning process of Example 4
(not including the 425°C furnace treatment). The wafer coated with this film is placed

25  inside a cylindrical chamber made of aluminum (225 mm inside diameter, 30 mm inside
height). The chamber is contained inside a chemical fume hood. There is a synthetic
rubber gasket between the top edge of the chamber and the chamber lid. The chamber is
heated by use of electrical heating tape bonded to the outer chamber surfaces and to the
lid. There are four stainless steel (1/4 inch inside diameter) tubes connected to the

30 reaction chamber; and each tube has a stainless steel valve. One tube is connected to a
vacuum pump; another is connected to the MTAS reservoir; and the third tube serves as a
vent line; the fourth tube connects to a vacuum gauge. The MTAS reservoir is a stainless
steel, 1 liter volume, cylinder. The latter contains about 100 g of MTAS:; the outer surface
of the MTAS reservoir is heated to 70°C using heating tape. The chamber is also heated

20
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5  After C-Based Plasma 7090 1.174 2.2 0.20

The carbon based plasma treatment re-incorporates organic content into the film as
indicated by the C-H FTIR absorption. The low k property and hydrophobicity are also
restored; the FTIR shows a very small O-H absorption.

10

EXAMPLE 8
Restoring Hydrophobicity and Low k using Silane Based Plasma

15 A nanoporous silica film is produced according to Example 1, and the same film is
treated with the ashing process of Example 3 and the wet cleaning process of Example 4
(not including the 425°C furnace treatment). The wafer coated with this film is placed
inside a plasma enhanced chemical vapor deposition chamber (PECVD), Applied
Materials P5000. Methylsilane (CH;3SiH;) is used as the reagent for creating a

20  hydrophobic pore surface. Argon gas is used to promote the creation of a plasma. The RF
plasma source is activated for a period of 20 seconds. The conditions employed during

this period are detailed in Table 7, as follows.

Table 7
25 RF power: 700 W
CH3SiH3 flow rate: 500 sccm
Argon flow rate: 1200 scem
Chuck temperature: 400°C
Chamber pressure: 10 torr
30
The wafer is removed from the chamber and then analyzed, and the predicted properties

of the films are provided by Table 8, below.

35
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shows that organic content has been added to the film.

EXAMPLE 9
Restoring Hydrophobicity and Low K for
Non-Porous Silsesquioxane Using MTAS Solution

A silsesquioxane film is formed on a wafer as in Example 2. This film coated wafer is

processed through photoresist ashing and wet cleaning treatments as in Examples 3 and 4.

The film coated wafer is then exposed to an MTAS solution to restore its hydrophobicity
and low k properties; The procedure for MTAS solution treatment of Example 5 is used.
The properties of the film before and after these treatments are shown by Table 9, below.

Table 9
Thickness RI k C-H Abs. Si-H Abs,
Before Ashing 4020 A 1.362 25 020 0.05
After Ashing 3650 1.410 32 0.10 0.025
After wet cleaning 3650 1.410 32 0.10 0.025
After 400°C /1 hr 3600 1.390 3.0 0.1 0.025
After MTAS treatment 3690 1.37 2.6 0.15 0.025

Restoration of the low dielectric constant is achieved by this MTAS solution treatment
performed after the ash and wet clean steps. The FTIR spectrum exhibits an O-H
absorption after the ash and wet clean treatment, and reduced C-H and Si-H absorptions;
the k is also higher. After the MTAS treatment the k value is 2.6, very close to the
original value before ashing; the C-H absorption is also higher, which indicates that
methyl groups from MTAS have been added to the film; and the film is hydrophobic

again as indicated by the absence of a O-H absorption.
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wafer. The wafer is then coated with a layer (10) of PECVD silicon nitride, SiN,

10 (1000A). Next, a layer of nanoporous silica (20) (70004) is coated on the same wafer

according to the procedure in Example 1 (the entire process through and including the
400°C furnace step). Another layer (30) of PECVD silicon nitride (500A) is then
deposited on the nanoporous silica layer. A photoresist coating or pattern (40) is then
applied to this stack of dielectric layers, and the photoresist is processed in the customary

15 manner to form a pattern of lines and spaces (50).

An anisotropic etching process is then performed to create the trenches (60), that are 0.13
microns in width. The etching is performed in a plasma etching chamber, in which CF,

20  is the primary etch gas, and in which there is a sufficient bias voltage to cause anisotropic
(downward) etching. The photoresist layer is removed by oxygen based plasma treatment
(“ashing” as in Example 3) to create the structure of (70) in Figure 1B. It is in this ashing
step that the nanoporous silica is chemically altered; the oxygen plasma species remove
the methyl groups from the pore surfaces by oxidation reactions; the resulting pore

25  surfaces become hydrophilic. A wet cleaning process is also performed after the ashing

step (as in Example 4).

Next, a Tantalum (Ta) barrier liner film (250A) (80) is deposited into the trenches and

over the top SiN layer; this deposition is performed using the physical vapor deposition
30  (sputtering) technique. A Cu “seed layer”, not shown, is deposited by sputtering Cu onto

the Ta layer. Then the trenches are filled with electroplated Cu (90). In the final step, the

excess Cu and the Ta liner on top of the SiN layer are removed by chemical mechanical

24



100?PPPPQQIE7/ 10!, "y! 109Z& ()-y! 109%Z& ()-109%&& ()-, 10%Z& ()- @

1092& ()-M 1092Z& ()- QRVRRRR@IME7/ 10!, ", & 109Z& () -

+109Z& () -WOB0BE. () -z' Z10%Z& () - 294092& () - $#109@& () - @ T @
101, 1 10%& ()- " 10% ()-Y 10% ()- 10Z 10Z 10Z: 109Z& ( -I@EHBH”}S’V%&
109%& () - } WAKXYeYYdE~_ @ 10!, 9mLO%&:’ () - 109%& ()- M 10%& () 109%¢& () -

Y109&' () -pbisiing efmm?n[s@cxﬁfe @Fig! 1C sbewing)the¢ adpper ines (100) and the

% 10%& () - &$! 10%& ow«&éb-- 109%& ()-[A\\O]1]]1]dYNC 10!, 10 10

101 4109%&' rtayomre%ﬂ@a dig --110%& ()-@!' 109 ()-111: AR dEYNC 10!,
11098 ()-L!109%&' ()- 109%& ()-! 10%&' ()-y"109%&' ()-YL10%& ()- o ' AaaabaBYNC

10167175 Uy AL A e IS0 p i s
109%&' (5) - 8pﬁ%ﬁ:ﬂf’xﬂao¢vh—1h 5#@/[110?/&16( dlfdeﬂélﬁﬁﬁ?de(p)ete&di\tﬂddﬁd@drgﬂﬁdt@ropotﬁoﬂdv to

. 10S: 10%& () -4 109& ()- 1098 ()-/ 10%& ():3. 10%& ( | eeedEYNC 10! ,
L4" 109& (e ac@d%ﬁﬂ%‘}lfe 7““1%?% §quareprobgpads (11%9@?1 %éWKf“f’H QUEYNC
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each line is 0.13 pm.

10  The two combs are “interdigitated” such that a line from one comb is in between and

parallel to two of the lines from the other comb. The lines are 1000 pum long. There are

101 lines in each comb (for simplicity only 7 lines are shown in the figure); There are

200 parallel capacitors in this interdigitated comb structure (2*%(101-1) = 200).

The dielectric constant (k) for the nanoporous silica residing between the Cu lines is

15 calculated by the following equation for a parallel plate capacitor:

C=k*e*A/d
C = capacitance
€ = permittivity of free space = 8.86 x 10" F/cm
20 A = area of each parallel plate = height x length = 0.7 tm x 1000 pm =
700 pm? =7 x 10 cm?
d = distance between the plates =0.13 tm = 1.3 x 10° cm

To calculate k from a measured capacitance value, the above equation is rearranged to:

25 k = (C/200)*d/ (e*A)
Given the very large area of the paralle] lines, the effects the substrate and the probe pads
on the measured capacitance are ignored in the calculation of k. The capacitance is
divided by 200 because there are 200 parallel plate capacitors in the interdigitated comb
structure. The total capacitance in the comb structure is measured by connecting the

30  probe pads toa capacitance meter and then applying a voltage across the two pads. Table
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Process Predicted

Capacitance (Farads) Calculated k
With MTAS solution 24x 10" 2.5
treatment
Without MTAS solution | 60 x 107 6.3
treatment

The data shows that the predicted interline capacitance and the calculated k are almost 3
times greater for the structure which does not receive the MTAS solution treatment

10 following the ashing and wet clean steps. A structure treated with MTAS is predicted to
have a k value of 2.5 for the nanoporous silica and SiN dielectric composite. This k value
is slightly higher than the k value (2.2) of the unpattered nanoporous film made in
Example 1. In the present example, the measured capacitance is affected by both the thick
nanoporous silica 7000A film and the thin 500A silicon nitride film, both of which reside

15 between the Cu lines. The approximate k value for PECVD SiN is about 7.0. Thus, the
dilectric constant of the composite dielectric stack (nanoporous silica and SiN) is slightly
higher than 2.2.
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composition at a concentration and for a time period effective to render the silica
10 dielectric film hydrophobic; and
(b)  removing unreacted surface modification composition, reaction products
and mixtures thereof,
wherein the surface modification composition comprises at least one surface modification

agent suitable for removing silanol moieties from the damaged silica dielectric film.

2. The method of claim 1 wherein the etchant-damaged nanoporous silica dielectric film

is subjected to wet cleaning prior to step (a).

3. The method of claim 1 wherein the surface modification composition comprises at
20  least one compound having a formula selected from the group consisting of :
R3SiNHSiRs, RxSiCly, RxSi(OH)y RaSiOSiRs, RxSi(OR)y, MpSi(OH)(4 - pl,
RxSi(OCOCH3)y and combinations thereof,
wherein x is an integer ranging from 1 to 3,
y is an integer ranging from 1 to 3 such that y=4-x |
25  pis an integer ranging from 2 to 3;
each R is an independently selected from hydrogen and a hydrophobic organic moiety;
each M is an independently selected hydrophobic organic moiety; and

R and M can be the same or different.

30 4. The method of claim 1 wherein the surface madification composition comprises at

least a compound selected from the group consisting of, acetoxytrimethylsilane,
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3! 109%6& (9) -Thé4ndBo@aBba&in ) -whirelB the silica dielectric film is either nanoporous or non-

porous.

15 6. The method of claim 1 wherein the silica dielectric film is a methylhydridosiloxane
film.

7. The method of claim 4 wherein the surface modification composition comprises
methyltriacetoxysilane. ~

20
8. The method of claim 1 wherein the surface modification composition comprises a
solvent selected from the group consisting of ketones, ethers, esters, hydrocarbons, and

combinations thereof,
25 9. The method of claim 1 wherein the etchant is a plasma comprising atoms, ions and/or

radicals selected from the group consisting of oxygen, fluorine, hydrogen, nitrogen and

combinations thereof.
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5 11. The method of claim 10 wherein the amide is selected from the group consisting of
N-methylpyrrolidinone, dimethylformamide, dimethylacetamide and combinations

thereof.

12. The method of claim 10 wherein the alcohol is selected from the group consisting of

10  ethanol, 2-propanol and combinations thereof.

13. The method of claim 10 wherein the etchant comprises at least one agent selected
from the group consisting of ethanolamine, ethylenediamine, triethylamine, N,N-
diethylethylenediamine, diethylenetriamine, amine. ethylenediaminetetracetic acid;

15  organic, acetic acid, formic acid, tetramethylammonium acetate, sulfuric acid, phosphoric
acid, hydrofluoric acid; ammonium fluoride, ammonium hydroxide, tetramethyl
ammonium hydroxide, hydroxl amine and combinations thereof, provided that thé

combinations are of agents that do not neutralize one another.

20 14. The method of claim 1 wherein the surface modification composition is contacted
with the damaged silica dielectric film in a state selected from the group consisting of

liquid, vapor or gas, and plasma.

15. The method of claim 14 wherein a plasma derived from a silane compound is used as

25  the surface modification composition.

16. The method of claim 14 wherein the surface modification composition is a plasma
derived from a compound selected from the group consisting of a hydrocarbon, an
aldehyde, an ester, an ether, and combinations thereof.
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15  derived from a compound selected from the group consisting of a hydrocarbon, an

aldehyde, an ester, an ether, and combinations thereof.

20. A semiconductor device produced by a process comprising at least one of each of
the following steps:
20 (a) forming a hydrophobic silica dielectric film on a substrate that is patterned
to be suitable for the manufacture of a semiconductor device,
(b)  contacting said silica dielectric film and other features with an etchant;
() treating said silica dielectric film according to the method of claim 1;
wherein steps (a) and (b) are conducted in any order, and step (c) is conducted after step

25  (b), and wherein step (c) is repeated after each step (b).

21. The semiconductor device of claim 20 produced by a process wherein a wet cleaning

step is conducted after each step (b) and before each step (c).
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