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dielect¥ic material in the form of nanoporous or nanoneter-scale voids or
pore structures, relativel BA ("k") are achieved. WO

02/ 01621 2 g DRGe2004in 1ﬁ@ag§%&ﬂ@ ﬂﬁﬁoaoh 0.25 pm and below, problems with

interconnect RC delay, power consumption and signal cross-talk have become

increasingly difficult to resolve. It is believed that the integration of low dielectric

15 constant materials for interlevel dielectric (ILD) and intermetal dielectric IMD).
applications will help to solve these problems. While there have been previous efforts to
apply low dielectric constant materials to integrated circuits, there remains a longstanding
need in the art for further improvements in processing methods and in the optimization of
both the dielectric and mechanical properties of such materials used in the manufacture of

20  integrated circuits.

Silica Dielectric Films

One material with a low dielectric constant is silica. In particular, silica can be applied as

a foamed dielectric material. For the lowest possible dielectric values, air is introduced
25 into silica dielectric mateirals. Air has a dielectric constant of 1, and when air is

introduced into a silica dielectric material in the form of nanoporous or nanometer-scale

voids or pore structures, relatively low dielectric constants ("k") are achieved.



Nanoporous silica is attractive because it enploys simlar precursors,

i ncl udi ng organi c- substituted silanes, , tetranetboxysilane ("TMXS") and/ or
tetraet hoxysilane ("TEQCS"), as are used for the currently enpl oyed

spi n-on-gl asses ("SOG') and chem cal 5 vapor disposition ("CVD' Y%m:%@g
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ref erence herein, provide silicon-based precursor conpositions and net hods
for form ng'MAYREPEOJGEIRPY TefetenfeBPT8 ¥ ric filns by degrading or vapori zi ng
one or nppre polynmers or oligomers present in the precursor conposition.

Co- owned 2 BroadpEeprB@4or in the form of, e.g., a spin-on-glass composition that includes one or

more removable solvents, is applied to a substrate, and then polymerized and subjected to
solvent removal in such a way as to form a dielectric film comprising nanometer-scale
voids.

20
When forming such nanoporous films, e.g., wherein the precursor is applied to a substrate

by spin-coating, the film coating is typically catalyzed with an acid or base catalyst and
water to cause polymerization/gelation ("aging") during an initial heating step. 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



WO 02101621 PCTIUSO /19466 application Ser. No. 09/566,287, filed on May 5,
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of the por e tht cangtogities to fukthér condensd the polyalil anyr deagrsposBigitbgrddcompesablet he wat er
that 20 they an.gd 8£b fron1tpe air are highly polarizable in an electric
field and tHRLESW IO 4PSEUS iGSCHCIYSEt ric constant of the film To make
nanoporous filnms substantially free of silanols and water, one of two
strategi @s Hrscesweplaoypslical?® dfAyeculsdr pRsub@attpshing oudigyplahaizt@gent , i.e., a
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films wthout further processing. WD 02/0162] 7 3 DEC 2004

15  Semiconductor Manufacturing Processes Remove Hydrophobic Groups

Undesirable properties result when the silica-based materials, such as the nanoporous

silica dielectric films mentioned herein, form nanoporous films with surfaces, including

surfaces of the pore structures, that contain silanol groups. Silanols, and the water that
20  they can adsorb from the air are highly polarizable in an electric field, and thus will raise

the dielectnc constant of the film.

To make nanoporous films substantially free of silanols and water, one of two strategies
is employed.

25 (A). In one method, an organic reagent, 1.¢., a surface modification agent, such as
hexamethyldisilazane or methyltriacetoxysilane, is optionally introduced into the
pores of the film to add organic, hydrophobic capping groups, e.g., trimethylsilyl
groups.

(B) Films are produced from precursor compositions comprising starting reagents

30 or precursors that advantageously produce hydrophobic silica dielectric films

without further processing,.



PCT/ USO / 19466 These processes are described, , by co-owned U S. Ser. Nos.:
09/ 378,705, filed on August 23, 1999, 09/140, 855, filed on August 27,
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di scl osures of whi ch are incorporated by reference herein. ZcmE@QMHnd
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N-net hyl pyrrolidi none, dinmethylformam de, dinet hyI acet am e, , aI cohol s such
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is oxidized into CO; and a silanol or Si-OH group remains on the dielectric surface where

the organic group formerly resided. Porous silica films depend on such organic groups
20 (on pore surfaces) to remain hydrophobic. Loss of the hydrophobicity makes the
dielectric constant rise (the low dielectric constant of such films is the key desired

property of such materials).

Wet chemical treatments are also used in IC production for the purpose of removing

25 residues leftover after trench or via etching. The chemicals used are often so aggressive
they will attack and remove organic groups in silica based dielectric films, especially
porous silica films. Again, this damage will cause the films to lose their hydrophobicity.
Wet chemical etchants include, for example, amides, such as N-methylpyrrolidinone,
dimethylformamide, dimeﬂny]aéetamide,; 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,



WO 02/ 01621 PCT/ USO /19466 di am ne aci ds such as ethyl enedi am netetracetic
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i nvention provides net hqds of imgparting, 20 dr.qphobi c, properties to silica
dielectric fx‘Fl}l?'P(%ls()sheB’t‘@égfﬂywéﬁ QE@L}B§W‘%{"€ aﬁ\giaﬁ- TPHA et°5$%%ess of fabricating
a sem conductor or IC device. As exenplified hereinbelow, the filmis
pref er apl y Theferi®alsd 4 Hed Foraer beg lripy @l ad ddkgndi b xavite dRressuris@that @dwiplough any ot her
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di el ectri c aflishdh thé&hdsQeCEED1BYedGQlidaR Vapth bRasd burfRa slodHitetiontdgemanNo or  ashi ng
reagent in such a way as to_substantjally damage or renove previously

exi sting frenere) alaephabise syiace medificatinRrets granedhgds oyed in I C fabrication
i nclude, for exanple, conpositions that include one or nore of the
followgg types of agents: 3QnaNiAd8sofasit AR&/ENTBNY! pyrrolidinone,

di met hyl f or mam de, di net hyl acetam de; al cohol's such as ethanol, 2-propanol;
al cohol am Hreerdenje bolesthe alivaa oleatirinaéproblants andiy ipeavedgiother imepro®ments, the

invention provides nanoporous silica dielectric films with a low dielectric constant ("k"),

e.g., typically ranging from about 1.5 to about 3.8, as well as novel new methods of
producing these dielectric films. Broadly, the invention provides methods of imparting

20 hydrophobic properties to silica dielectric film(s) present on a substrate during the
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;
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hydr ophobi c,m&Bfuk!) drRide BRR YRR AP £AFS R By o6, B U)drbgiahii® conposition,
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conposi t i oncdmretrisdforanlations sevabensd Sarpostetchrwa ickerriag bush as BRERDS, 525¢. | a

conmpound or,&h i j e {{ ( V-RRoSi | anol
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et chant - dan@gekind EhopicalpHayweirll,i &), eidadoginations themoefi sAsbinpjpgentssacivde wet

cleaning, priQr.to st | n.one enbodi ment, the surface nodification
conposi ??onéxslﬁ% ge evsegﬁ{ag%%gag’%&gﬁgg%onpound having a forrmula as follows: 25
R3SINHSIi R3, RxSidy, RxSi(OHy R3SiOSiR3, RxSi (OR)y, MSi (OH)[4 - p1,

RxSi ( OCOCH3The raetblods @ffifienatentoisintlnde, edthputdingitation, the stepsafi (a) norggpting thkengi ng from
Il to 3, y is_an intege ing.fr g o] such ..y =4- IS an

i nt eger rangalmr‘i‘1 64 s?ltl)cmgcgélf%gg;gh%gﬂégc‘la?fﬁe |ms°d gﬂnc a{:i'%ndceo%goﬁég nt éf)%gféﬁerel{é%ueoa from
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sel ect ed hydrophobi ¢ organi ¢ noi.ety. and .. . .
15 yremogmg unreac?ecpsupflace mo 1Eca¥xon composition, reaction products and mixtures

thereof. The surface modification composition includes at least one surface modification
agent, i.e., a compound or charged derivative thereof, suitable for removing silanol

moieties from the damaged silica dielectric film.

20  Optionally, the etchant-damaged nanoporous silica dielectric film is subjected to wet

cleaning prior to step (a).

In one embodiment, the surface modification composition includes at least one compound
having a formula as follows:

25 R,SiNHSiRs, RxSiCly, RxSi(OH)y RsSiOSiRa, RxSi(OR)y, MpSi(CH)[4 - p],
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 ,
p is an integer ranging from 2 to 3;

30 each Risanindependently selected from hydrogen and a hydrophobic organic moiety;

each M is an independently selected hydrophobic organic moiety; and
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hydrocarbons, and conbi nati ons t hereof . The surface nodification conposition

i s cont act eeidvi-{timethelstaymidaolei timethylsileprapidlate, timpthyisihd (tEmpthysilery)vapor or
gas, and/ Olécd?zlté‘%%ﬁamétféylhﬂllﬁﬂﬁe fh@fa&ﬂe@fglcﬂmﬂk%méﬂ@mm@sﬂ@thgﬁﬂm%ﬁ be derived

froma silane conpoun drocarb . an este an et her,
and/ or conBiRkaRyIg a8l h@r%‘dfmqﬂﬂyhilbﬂ%ll diphasylsilenediohtemethpiersilange et hods of t he

i nvention iNeldtd1aAEHhaHS offant, rgp@&&mmgauohy%&ehom Exeh Wﬁaﬁﬂ?@cme'r&%ei&ua silica
dielectric filmipresent on a substrate, whether a ne applledfllmor

one dartgethebsprfaghmpdification aé@%é@b%?ﬁnmﬂmﬂ wé’éhﬂ@et@h@%t hod includes the
steps o0 (a) contacting the silica dielectric filmwith a plasm conpri sing

at | east O?ﬁvantageously, the methods of the invention are readily épplied to silica dielectric film
that is either a nanoporous silica dielectric film, other foamed silica dielectric, or simply a
nonporous silica dielectric, In a still further embodiment, the surface modification
20 composition optionally includes a solvent, Suitable solvents include, for example,

ketones, ethers, esters, hydrocarbons, and combinations thereof.

The surface modification composition is contacted with the damaged silica dielectric
film as a liquid, vapor or gas, and/or plasma. If in the form of a plasma, the plasma can
25 be derived from a silane compound, a hydrocarbon, an aldehyde, an ester, an ether,

and/or combinations thereof.

It is also contemplated that the methods of the invention include methods of imparting
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. (2) contacting the silica dielectric film with a plasma comprising at least one



7 23 DEC 2004 WO 02/01621 PCT/US01119466 surface nodification agent, at a
concentration, and for a tine period, effective to render the silica
dielectric filmhydrophobic; and (b) renoving unreacted surface nodification
conmposi tion, reaction products and m xtures thereof, wherein the suffiddé 2004
nodi fication,gQupRs| tion conprises at |east one surface modification

agent suitable for removing silanol noieties fromthe damddddV¥ii14es
dielectric film Sem conductor or 1C devices nmanufactured using the

above- descr ishdstemeddifixd s omagbnt, heacpandraratore aad 0 a ime\peded) effd@ivBRI lefder

DESCRI PTI ON OF .THE. FI S Figure .| Aillustrates a cross:sectj.on.schematic
of a nanopoml“?ﬁ“ﬂ%"%ﬁﬁg} g’@?‘?ﬂh(?b‘fz'i a\”ﬁ#bﬁ“&“'% PRIERS edrﬁu%??ed%m#@?gf’? with a
phot or esi st pApbStion| te@titon Rodhctshad hdRMleoB¥rengsul ting fromthe etching
process (ri ght?. 15 Figure IBillustrates a cross-section_schengtic of a

nanopor ous srfhereérathawfaéemd'tﬁcfimr&ﬁomoaﬂ%mmﬁﬁ%il%aﬁt@%réswr%ﬁémod Ce¥PNy copper
conduct ofs pakiretil:8RTor RmBRf kitinol bl front 118 iaded siilch UitldelcGiim{ e same
pattern as for IB, after chem cal nmechanical polishing. Figure 2
illustrates the top surface of the wafer produced by Exanple 10. 20 DETAI LED
CESCR! PT! ON o Tl dNYFRT IR LGEAL AL Vein P e N8Rk A heliRE K OUNd

di scussi on, ‘supra, certain reagents and nethods have been described by

co- owned, copeends agalsapeidedppl i cati ons, for use in enhancing the pore
surface hydrophobicity of nanoporous silica dielectric filns during or 25

i mredi atygly after filmformation. It has now been unexpectedly found that
certain surface nodificaty eagent e : solving a newy
appreci ated problem that '51?’}"’"! LI D £52 ffopor ous silica »

di el ectric fFigumslA tlusidesscrpirsketioh sehegtit 60NAHIGH@bUS silid idibechic Hmamequent

manuf acturi ng steps, and reagents. 30 In grder .to better appreciate the scope
of the invef{'foH™ #?@’ﬁbwtg‘%ﬁg’ol?ﬁ?ﬁ@%ﬁtﬁb@efgﬁaé meﬁ?ﬂo%rfsl‘igﬁ‘g%{o@zé’ef uncti onal
group is speghihkerlcky (AEMY.i oned when the term"silica" is 8

15 Figure 1B illustrates a cross-section schematic of a nanoporous silica dielectric film on a

silicon nitride layer, with a copper conductor pattern and Ta barmrier (right).
Figure 1C illustrates the same pattern as for 1B, after chemical mechanical poﬁshing.

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 hydrophobicity 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 “Si02" functional group is specifically mentioned when the term "silica" is



23 DEC 2004 WO 02/01621 PCT/ US01/ 19466 enpl oyed, the term"silica" as used
herein, for exanple, with reference to nanoporous dielectric filns, is
intended to refer to dielectric filnms prepared by the inventive nmethpdHnrgm
an organic or inorganic glass base material, e.g, any suitable starting

mat eri al conyal Rlopgione or nore silicon-based dielectric precursors. It
shoul d al so be understood that the use of singular ternms 5 hEPEPH’4S not
intended to be so |imted, but, where appropriate, also enconpasses the

plural, eg.emplex&iidkaénn BNRECEILE] Wireih For éxamplt] with réfergndeao dampoionedicric
applying to_and producing_a "fi Gm‘, t it I@% I ntended tha ltiple filns
can be prodﬁ@&d‘steer?é tyeederto gig m’ég’i'ﬁf) Piepgr by, thg inventt g BLEEYBanis
desired. Thg ih&GMic %ﬂ‘akd tike AsteHACHg NEIELNIN Sk 8 BRfefall DnfridiAEehedr loRCL i C

materials is_intended to enconpass any other suitable formor, shape in
whi ch such sli¢anchasesi dieletti precyrearar it shasldaleo beundersiopdiat thy ugsefistagaigr terms

Addi tional | ¥, e oA G0 1; r L NG i i of
t he conbisane%erelél |Ot(t:§{ gg(gg,l H%%g(l:lly}ﬁ %g’r&éé%géﬁp ?)g)hhﬂgn %oﬁ%]c@ﬁ%%étg% atiﬁgﬂfa{’jgg ’
deposi t i on, exenglaceprpcasges o the imveptieumeay bodasartted aaaghlying torend prafiucing b d8km" but
catal yst. | 1.i.ng, i tionally applied tQ.1 r C to. form
Foamed. i e HANSHH Su i T e R Br pRgu el P REs S PR Eh b 71
Gel 1'i ng canprbe:sses o dpdited heThduyrmi, Mélndhe ueedhesir wiltegard assilida kel aotyi cauneadkrals is
evapor at i on. of solvent. The term curing: refers,to,the gﬁa eni ng .and

Gy g of UG R Ficlpiss b YRl B hore s Gl s i RIeCET rBR Soa:
al t houglo anyptotdigremaldyeknown form of curing may be enpl oyed, e., by the
application of energy in the formof an electron beam ultraviolet

radi ation, and.the |jke. The terus, "agent" or ."agent.s” rein, shoul d be
consi der ed ?%g%%laggf 7D LA trﬁf[gsfsﬁgtl}e%pﬁ‘g,g or paly m%’@é\&’éﬁ’? ﬁ‘etff’mb?‘gggent s,"
unl Fss ot heicilvﬁasﬁseidr}déo@ﬁbﬁﬁbmp%ﬁﬁbﬁﬁ%&ﬁ%;xﬁs%teﬁ%%ﬁb%@hﬂ;w b Chy| L(I\j/Bf<
Dielectric films, e.qg,, interleve ielectric.coatings, are prepare rom
Sui tabl e prefoEHe St sY/P Ao of batRsSiaRAt CORPEIAGPETRI ARG ot hod,
includi g SPédrseRakiet@d tdkofin EaatedNich., ndRofdFdis i e@tricr ik, dAdior BéHpaydusg and/ or
by chem cal , vapor _depasition. The precursor, can be an organic pol yner
precur sor, deleqms Ugn. e8ig cap e arcemplishsd Py the abansrdea¢nbsa srossliskiag and/an o
coating is dvheRratRnQEesaiechtt 0 achi eve the desired type and consistency of
di el ectric coating,

The term "curing" refers to the 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 FILMS
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,



9 2 3 DEC 2004 WD 02/01621 PCT/USO /19466 wherein the processing steps are
sel ected to be appropriate for the selected precursor and the desired final
product. Typically, silicon-based dielectric filnms, including nano cr[gl{s'wg[][,
silica dielectric filns, are 5 prepared froma swtable S|I|con b
dielectric V%%?/bl]r&]or eg, a spin-on-glass ("S.O G") matgr PJ gnded with
one or nore solvents and/or other conponents. Prior to app |ca ion of the
base materials to formthe dielectric film the substrate surface is
optional l'y \ﬂfe%ﬂ%ggmf:&ﬁmgﬁ@ﬂs'af’é}sei&te&mqg 5:@prid for the MLt RaisBland@iehods. 10
After the precursor is applied to the substrate surface, the coated surface
i s optionaldeyred EgfitPardueld with a pl anari zation object, i.e" in the formof a
conpression tool, for a time and at a pressure effective to transfer any
desi red pargs{cﬁw gllk&ﬁbgk@&%&wc%ﬁ dlmgqrmé,sdrms sﬁﬂaﬁﬂfecﬁétfﬁﬁlﬁaa}@ surf ace,
as descri be detail 1 n co-owned Ser 659, led April 14,
2000, i Acorpoemt Sgmmpysuitalle siinerebised érphctnwresusgm@:mmghlstml ON METHODS
AND REACE [ g{ﬂg S i ncl udes
one or rNg sur%f g@?&nﬁh@ ?%égblﬂgln&ez)p{;ennt 50 ela{ldé rerfcgegrﬁg&ﬁanorhgﬂr}oups from
t he surfaceppjfcaiaorsoflthmsdmteedsm fcmﬁltlierdmlmm ﬁlm lt}g:sulmrawwrfa@dsto render
hydr ophobi c. a surface di f,i catl s a conpound havi ng
P s G P TBh ReenE By SERGHRE LHmRyn Sfenias P ffole (1-8) (1)
R3SINHSI R3, (2) RxSidy, (3) RXSi(OHy , (4) R3S] Sl RS, (5) R'SI(ORy, (6)
MpSi (Ohie 1) Adter A2 preguiporRs ﬁi;ﬂﬁ@ﬂﬁﬂB)@b,str(tS)urﬁX@iﬂWcoﬁﬁd authce dx’dpiﬁnﬁdl@ons t her eof .
Furt her e i from i S_an. angi ng from
lto 3 suchc?‘ﬁ%fge% Vﬂa ‘%anaﬁm?té ‘ﬁ’?"i"ht‘—%gg‘r ?%ﬁ'@loﬁéc?rpgﬁ?sﬁmt gé@ﬁ Ris an

i ndependentdd/atagranirefffdtioato ﬁ’@tﬁfeﬂ@@rﬂe&mﬂ pattérywthphmlncmombga@ar filmi ety; each

Mis an independent|y sel ected . nobi c or Lety: R and M can
be the sant® sﬂl?sfﬁa‘érslé‘%?ce aFrfgS‘i-*?b&%H‘ d" &t BWB%’agetrQ\I‘g&ggé%’gﬁ&??dndependent ly
sel ect ed fpgM 14)e0@), HePrpofatddtyabiefenB®hepéihes consisting of alkyl, aryl and
conbi natl ons t hereof .

B. SURFACE MODIFICATION METHODS AND REAGENTS

Reagents
A suitable surface modification composition includes one or more surface modification

agents able to remove silanol groups from the surface of a silica dielectric film that it is
20  desired to render hydrophobic. For example, a surface modification agent is a compound
having a formula selected from the group consisting of Formulas I (1-8)
(1) RaSiNHSIRs, (2) RySiCly, (3) R,Si(OH)y , (4) R3SiOSiRs,
(5) R(Si(OR)y, (6) MpSi(OH)j4 - p), (7) RxSi(OCOCHy)y, (8) RiSiHy
25  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



10 23 DEC 2004 WD 02/ 01621 PCT/ USOL/ 19466 The al kyl noiety is substituted or
unsubstituted and is sel ected fromthe group consisting of straight 2al k& 7004
branched al kyl, cyclic al kyl and conbi nati ons thereof, and wherein said

al kyl noiety ranges in size fromCl to about Cl18. The aryl noiety is

substi tut ed \p§ opygisubstituted and ranges in size fromGCs %9&%9985%C18
Preferably the surface nodification agent is an acetoxyS|Iane fo
exanpl e, a nmonomer conpound such as acetoxytrinethyl sil ane, acetoxy5|lane,
diacetoxydinethylsilane nethyltriacetoxysilane phenyl tri acet oxysi | ane,

di phenyl di %B@Y@ HEE&ﬁ 4 drh&h E'tﬂM&F.rld%@@elect&if?&ﬁmé bt dogsisiig! ane,

trimet hyl et oxysl | ane di net hyl di'net hoxysi | ane,
trimethyl meff hmglsldlahéranmdm}k}t Jrayclid zdk}dsnd ami;maﬁ@nw@?WVf didwheseiosdiiane,

trimethylc SII nmet hyl | si |l ane,
hexanet hyl d’illké' Ve réahgeé 1 PPep ’ﬁa(? bd°“§§ g 1;’]‘,%_ fe 'é,s ﬁl%_ﬁ{u@é of
(trinethyl sjnkgbkt)tateéhﬂdnadges 12 size frloﬂiEE:I‘ty hbdult th) Pmmahhcﬁlasimfhce modification

n(trlrrethyIS|l i mda trim th Si ro e,
trinet hyl si®SAt S%l"r"l”r‘f%tf”ﬁﬁf Feq% 8&35‘? eé?:’@? %mo B%Fr@[‘?f&"? cg‘iarsazane, , 15
hexanet hyl dc@blyexaeBylsilane RElYy silbhe Biatetodydingdtiysihd, avetiyltriuatgdysinge,si | anol

t- butyldinethylsilanal, dj.phe JS|Ian diol, trinmethoxysilane,
tri et hoxysiPREREMaceiqy YNy Qﬂ’écm%ﬁﬁ lans B et gf?é‘y?%"r’eof As exenplified

her ei nbel O‘Qliméiﬁ&qu@ﬂx@fcﬁiléﬁédmrﬁéiﬁ)ﬁaﬁ@cyM'efm&ﬁilhﬁﬁbﬂ&ﬁ?ﬂtmb s
met hyl tri acet oxysi | ane. 20 Additional surface rmdl fication agents include

mul ti f ulct idgpethy!dimethaxesiltpa timethy msioxysiain metyltachlorpsilsag i n detail in
co- owned Ud&et&ﬂ&bﬁlbm@ﬂ%{meﬁi rv%ﬁﬁ:réﬁﬁe mefiAiIRAY, aintinyilang, ef erence herein,

as described above. Such multifunctional surface nodification agents can be
appl i ed i nt@nsthdsilapgdisransthyldisiazans, drtamebpsi SHAE-Rer oSy Mni t hout

co-sol vent g mmewsﬁ@mg@mﬁ@aesQl(ﬁﬁxmmgglauafc ack; a(mnieaiygngﬁlmstﬁe as acet one,

di i sol propyl ket dne, "2 25 heptanone ent anone érs, as described in
detail in @Uv@mi@alnaoxsolaseemnaqﬂlylﬁlﬂfmetwﬂpﬂ) oglate, ﬂmawﬂvdhﬂ%lawev, 1998,

the di Sl@' Ogﬁ{aﬁlemarIMOﬁ&e' &ﬂﬁ%ﬁ%ﬂ%’&%@ﬁ%@ anol, & Zg{r_}ﬁﬁntﬂa{ ein. For exanple,

as describ et al seria er "09/ 186, as i ncor porated by
ref erence émlﬁenetbsdmtaaplmdmhefydﬁllaw@mmﬁlexmmet F@étowmliaagents will have

;\rl\g ug; V\,h : cfhwpgsgllarpen QTIAd c%rn%tpa%oﬁlMerregiagg e)w,'n;ﬂflf =y 5&'@]?]86] §\lv| %&eférpé’ac;t i onal

surface modification agent is methyltriacetoxysilane.

20 Additional surface modification agents include multifunctional surface modification
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



30 I'l 23 DEC 2004 WO 02/01621 PCTI US01/19466 m nim zi ng nmass present outsi de
the structural framework of the film and include, , suitable silan D?CJ(Z‘UW
as R1L Si(OR2)3 Formula H5 wherein RI and R2 are independently sel ect ed

noi eties, such as H and/or an organic noiety such as an al kyI aryl or
derivatives W ihgse. Wen R or R2 is an alkyl, the alkyl Eiy
optionally substituted or unsubstituted, and may be strai gP S‘Si‘/ ﬁﬁ(‘ned or
cyclic, and preferably ranges in size fromd to about Cis, or greater, and
nore pref erzaimiryizfﬂgmmss piesérd oadside the GBuctiihfinarktwak ofﬂeiﬁhn,am;ﬂir;clddla,eggryl noi ety
preferably cons Laa |ngleto aromatic ring that is optionally

substi t ut eosuﬁ? Bléts}“f and ranges in size fromC5 to about CG's, or
greater, and nore pr fromC5 togaboyt..Cs. In a further option, the
aryl noiety is not aihglt@ﬁégr Thus, RP™S aEEZ are i ndependently sel ected
fromH nethyl, ethyl, propyl, phenyl and/or 15 derivatives thereof,

provi ded t helterein R aabﬁz a@nmdgpenﬁﬂntkyrselmed moisticrasmch as Hrﬁnd'f@earenruadc rrent bot h

R and R2 are rret S

accordi ng t%oxet?f or rruais an@ncyl %ﬁ% ﬁd‘f"t Pﬁ%%ﬁ@%ses%%gﬁ anotcaﬂé’ | rrent a
sui t abl e sincae 1sammonﬂiymgxb5tautbmer unau‘tfsntumdnaridasaﬁbeesngghebahcheﬂ@r 63@iuxu| a of
Risi ( NR2R3) 3 ‘g%r?r_%}ijbl%rangfzs ‘ﬁf‘ze%ﬁ’m %b agezu‘t Cgﬂ?gra [ gat!ann Gy rﬁ@rg??]etférg%% 1“roaI Kyl

and/ or aryI are and/ o are defined
as for R ando E%?ouotg IWhmR,aorIRz,xs abhye.an)l momtppmfarﬂﬂly Qcﬁxsmstmﬁelsmglnt s, R is

sel ected from tric- functlonal
sur f ace!nodf Cf”i“if‘&ﬂné %‘aégse?ﬂné’mj@c%%“ﬁﬁf{j?r&“ffg’rswfeg afnld Irm\gﬁ%llntﬂfé frog Cs to
tris(dimnmet hyblamlao))r@&tatbylaslu Inin€ prefer db$ flbrine); by Atair Gplrphﬁmmbxsophamehe and/ or
tris(dinmeth I]am no%m I age. 30 .1 n yet another enbodi nent, a suitable silane
accordi ng t LY FAhE SRS t he gener al
Thus, R, or Rz are independently selected from H, methyl, ethyl, propyl, phenyl, and/or
15 denivatives thereof, provided that at least one of R; or R, is organic. In one embodiment,

both R, and R, are methyl, and a tri-functional surface modification agent according to

Formula V is methyltrimethoxysilane,

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

20 formula of

R]Si(NRzR;-;)g} Formula 1

wherein Ry, R,, Rj are independently H, alkyl and/or aryl. When any of Ry, R,, Rj are
alkyl and/or ary], they are defined as for Ry and R, of Formula II, above. In preferred
25 embodiments, R is selected from H, CHs, C¢Hs, and R, and Rj are both CH;. Thus tri-
functional surface modification agents according to Formula 11l include, e.g.,
tris(dimethylamino)methylsilane, tn's(dimethylamino)pheny-lsilane, and/or

tris(dimethylamino)silane.

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

formula of

12



formula of 12 23 DEC 2004 WD 02/11621 PCT/US01/ 19466 R Si (ON=CR2R3) 3
Formula IV wherein RL, R2, R3 are independently H, alkyl and/or aryl. Wen
any of Rl, R2, R3 are alkyl and/or aryl, they are defined as for Fo r@ggqm4
1, above. In one preferred 5 enbodi nent, R, and R2 are both CH3, ahd R3

CH2CH3. Thusyé pimikunctional surface modi fi cati on agents QQﬁﬂkﬂbﬂﬂato
Formula IV include, g., methy | tri s (meth y | ethy | keox ) Si
| ane; In yet a further enbodinent, a suitable silane accordlng to t he

i nvention has the gepesalyn-(®k,RY,Ml a ofp LG3 Formula V wherein R is H,
al kyl or aryl. When gtllsbglkngand/or ar;%%§ they are defined as for

Formula 11, above. In one preferred_enbodi nent, is CH3. Thus

tri-functi owreisBrfBacRs 75 indsprndemil.eHvagrdersirdc (%}F‘iﬂlaﬁlj of Ri. Borfindrea v

| ncl ude, g-qiio MEAA doil 8B) BHeQRIhANE for Forfullll, SoVeCiebiclereioci ment , ¢ he
cappi ng reagent i ncludes” one or nore organoacet oxysilanes which have t he

fol | ow rig g:eﬁi’edlaienfd}nr#mi B; arefRoth Gily, ewbRoir \CHe6 v Thusyri-fonctippdsedasl y, x is an
| nt eger ra’?l%df‘@ca!nen g%én‘ckeacé&&%kéﬁor%ulaamnéu&g y can be the same or

different an nteger “rangi ng from t 2 to about 3, or greater.
Usef ul orgamnhﬂ@m@mwgnHhﬂk&mnnwmhmdlng mul tifunctional ' al kyl acet oxysi | ane
and/ or 25 aryl acet oxysil ane conpounds, include, sinply by way of exanple and
without limtation, methyltriacetoxysilane ("MIAS'), dimethyl di

acet oxysi | ameetDVRADEmMbopiRRAY b kliitablzaiiomeymtdrding tathd inepli@niyds diegpestralxysi | ane
and conRinegééﬂgoghereof. 13 23 DEC 2004 WO 02/111621 PCT/ OSO /19466 Met hods

R;SiCl; Formula V

wherein R, is H, alkyl or aryl. When Ry is alky! and/or aryl, they are defined as for
Formula II, above. In one preferred embodiment, R; is CHs. Thus tri-functional surface

15  modification agents according to Formula V include, e.g., methyltrichlorosilane.

In a more preferred embodiment, the capping reagent includes one or more
organoacetoxysilanes which have the following general formula,

(R1):Si(OCOR2)y, Formula VI

20
Preferably, x is an integer ranging in value from 1 to 2, and x and y can be the same or

different and y is an integer ranging from about 2 to about 3, or greater.

Useful organoacetoxysilanes, including multifunctional alkylacetoxysilane and/or
25  arylacetoxysilane compounds, include, simply by way of example and without limitation,
. methyltriacetoxysilane ("MTAS"), dimethyldiacetoxysilane (DMDAS),

phenyltriacetoxysilane and diphenyldiacetoxysilane and combinations thereof.



Optionally, the surface nodification agent or agents are mxed with a

sui tabl e sol vent such as 2-heptanone, applied to the nanoporous silica
surface in the formof a vapor or liquid, and then dried. 5 In an 73 DEC 2004
alternative enbodi nent, surface nodification is provided by exposing the

et chant - danpged,fhiica dielectric filmto a plasnma which liclsr/lgs%ﬁ/i% d from
any of the above nentioned surface nodification reagents.” Tna tlygl cal

procedure, the dielectric filmis placed in a plasm generating chanber,
such as a pMesimisenhanced chem cal vapor. 10 deposition (PECVD) systen the
vapor of a surface nodificatign reagent and argon vapor .are passed through
the pl asma getRERHY thyswhaspedificatoa REm Omgeéﬁéf"g‘y"%‘gmthéS’i“?bgiéf’ﬁ’\fi%& ed to

create a pl agfms 24BR.Ang pﬂéastgiﬂgefdaaséda&lﬁqﬂk@ IR iPhO PR raREpdroF Mat i on of

pl asma. The plasma 1s conpose ironic fragments derived fromthe surface
nodi i cat i omquid,@agthen dritdr exanpl e, the ion fragment CH3SI' is generated
fromnmethylsilane (CH3SI H3). 15 This fragnent reacts with silanol groups to
form hydrophobic Si-CH3 noities. Any of the above nentioned surface

nodi fi cat i oin anektgmative epshodineent sedact orodiffvrtionpis asavided hy expoding theretchigns-
treatment. The . pr.ef er. i r t, I S| Ot her suitable
surface nodcljaﬂagg??lg%a rlglggté%ﬁgm ?oogrpqgs%bal ‘g}g%ﬂidﬁé%&@ﬁﬁﬁfdgﬁmﬁg‘éﬁ fication 20
treat nent imeltiwded Grface GG fiadtloplreagats.dn @yt dat ployeiiucs thellahesiricitia ispst
preferred h dracarbon is nme

.hane. . Ot her reagents for plas induced surface
o {1 cat i GHEeRdT LAE™ARRBRyABERmES, A1, GETPe R e resRn e g cr s ="
Sui t abl & al dtpbyities(PEQCSD)dgsteractat odpde bydarfatmodificatiah capytilend sport wpbe est er s
i nclude ethyl acetate thyl benzoate; sujtable acid chlorides include
ncetyl ol G RSB ER D PTSTb GP S ST A e O A SOTHE B ety 25
et her and aodicsatee pldmat the avmhigad ¥ intfudsd ftietp pramete the fordtion(elf plawai.er (bat ch)
pl asma syst.e can be used for. this process, these steps i.ncl ude so
cal l ed domstl}eg’iﬁmaé%?‘f’é‘?%o,sedd‘g{igﬂc g[ggne ‘%’ié’%‘ﬁff%’g %@%@%‘%&ﬁ@iﬁ&%‘} st asher,
PECVD di el agigehg fatepasplt)thdlios VoM OCILSi " iagerdchtedRum medlyMine (CHISIHFS000, or
reactive ion. etch ("RIE") .systens. 14 2 3 DEC 2004 5 WO 02/01621 PC T IT
SO1/ | 9¥ee This fragment reacts with'silanol groups to form hydrophobic Si-CHs motties. Any of the

above mentioned surface modification reagents can be used for this plasma induced

surface treatment. The most preferred silane reagent is methylsilane.

Other suitable surface medification reagents for a plasma induced surface modification

20  treatment include Cy — Cyz alky! and aromatic hydrocarbons. The most preferred
hydrocarbon is methane. Other reagents for plasma induced surface modification include
aldehydes, esters, acid chlorides, and ethers. Suitable aldehydes include acetaldehyde and
benzaldehyde; suitable esters include ethylacetate and methyl benzoate; suitable acid
chlorides include acety! 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 PS000, or reactive ion etch (“RIE”) systems.
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Broadly, the conditions for the plasm process are within the foll ow ng
ranges: chanmber tenperature, 20C to 450C, RF power, SOWNto 1000W chanber
pressure, 0.05 to 100 torr; plasma treatnent tinme, 5 seconds to 5 ni ABEELH0)
and surface nodification flowrate, 100 - 2000 sccm inert gas flowrate
(typically a ,400- 2000sccm The artisan will appreciate that the

i nvention isﬂ‘gjl)(ggjq(c%nterrpl ated to enconpass net hods of inb‘aﬂ“%’”h'd”a"

hydr ophobi ¢ surface to silica dielectric filns, porous and/ or nonporous,

whet her danmgged!yQtherofiditiftys fafpt plashd grocas athdthabhv folldesgyrraixed: ghhabara sur f ace

treatmetns. Sem conduct or vi,ces or actured usin e met hods
are also a "“fPeFaE 2@?‘ tPﬁé&&? ggé’ﬁi’"e’i’ ﬁ@@?ﬁ%ﬁl’&ﬂﬂ?&"ﬁg%F%{%@ﬁ%nd
Refractive {gdewns@h «Fdnd®t tinhd) 5 5BRndQb 50MkiNgGs; 8% ABRTRS moBifkAtaarml fape, Was  al so
used to determ ned the thickness and refractive index (RI) of the produced

film 15 Di éPecPiscanpngeraass v rid @picallnanghe), 4 -12804sedn-exanpl es, t he
dielectric constant (k) was determned froma nmeasurement of the
capaci t ance..f et | = . - _jet.al C The M M
ctract ure 40 aRle D st PR S bufenliR so M p g Fpliriedt mffs (02
on a | ow r esfigipaning ¢ h$dropkdber suff@cexb sibasielent ctfiing pglouaaci/arowhporodpt mask.
An appropriate i ased vo]tage.,was applied to the Mstructure, and the
capaci tancewgﬁl’%éz‘mé%ﬁﬁooﬁm{’h%g%qjl\lé\%'boﬁ??@"‘e\ﬁggv?%éﬁn r?ggsaa'F%ﬁ’rgatcel MHz. The
area. (A) of tréedweetal. uSanticonddabr dewixss ord@s uraeafadayrel iugihg thesecnabadspes alsod cronmetry.
The thi ﬁréness &TQQ of f.he Jﬁl | m near the alum num dot was measured by

el i psortet r B FHES REFRHIE® "™ hen cal cul ated from 25 k = (C*Th)/E*A
wherein Eis the permttivity of free space (8.86*10. 14F/ cn). EXAMPLE 1

Formati on of Nanoporous Silica FilmJr Wth MIAS A nanoporous silica
precursor was synthesized as descri -owed U.S. Ser. No.

09/ 235, 186, t];ii | ed on_Jan ar 2, 99_,I in(%or ar at ed P erll?fs%xrne ceaherei n.
Thus, the 1%%’%% TR '8 §FEY" >, Slipsometry was

also used to determined the thickness and refractive index (RI) of the produced film.

15 Dielectric Constant of Films: In the following examples,_the dielectric constant (k) was
determined from a measurement of the capacitance of a metal ~ insulator — metal (MIM)
structure at 20C. The MIM structure is formed by sputtering aluminum onto the film,
which is coated on a low resistivity Si wafer (0.25 ohms-cm) through a circular dot mask.
An appropriately biased voltage was applied to the MIM structure, and the capacitance

20 (C) across the structure was then measured at 1 MHz. The area (A) of the aluminum dot
was measured 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)/e*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



precursor was prepared by adding 208 nL of tetraethoxysilane, 94 nL of
triethyl eneglycol nononethyl ether(Tri EGM ME), 16.8 nL dei oni zed water, and
0.68 i of INnitric acid together in a round bottomflask. The sotgt[jEcgrmM
was allowed to mx vigorously and heated (heating and stirring were begun
at the sane {}gB)3,0 about 80C 5 and refluxed for 1.5 hourg..to f,9fma clear
solution. The resulting solution was allowed to cool down to room
tenperature and then it was diluted 25% by weight with ethanol, and

filtered through; @asopr%'%agécpgypﬂg%?ﬂO@%ﬂ jl)lf!'tgtga_relthomhlﬂe, 24/, & then an oporous

silica precursor was osi'te nto a il1con wafer and then spun at
2500 rpm f orietBPensstyspldgonoTiegiyl ether(TIEGMMES), Heb mbdleigegd wates 2pd868m t o
chanber usi j N aondi f , Ik ted to 250
Forn. 2. TR S S rle A Ry R0t Byl 5o 0 ARG MBI PUEBRED

i nt r oduced vigurouslytdné hedtadthestingeni sirieg serd tegupatelsssame time) 660 outAC or 4

m nutes.. 3. _The ch .. was refilled wth. air.and..he fi ved from
The chariber™d S1oSAERLT LS el hitel iR ERSHERE TR S0

t r eat ment / sptastabwerclangempdratiiR@nd themitwes diiated 284 be wieighs witf ethhsol f ol | ow ng
condi tions: %E Th(? reaﬁent used for ghe surface nodification was prepared by
mxi ng 5 grafilteged thiueRy Wl RISk 4R, " MIAS', (Gelest, Tullytown, PA
19007) with 95 grans of 3- 20 pentanone to forma clear colorless solution.
2. The' agedbhbid 7mnbhas tpuianglorduReilispproikg vek defosasionspad” dlicidbferpmi 3. About

30 nL of the abov S splytion spun on the filmwthout allow ng the
filmto dr ei"éP”“Z% zg@é%oﬁﬂgj.r Blél.Se ‘ﬁﬁsrlhﬁ’g&ﬁﬁf%“(ﬁéée]ge&)ﬂﬁea&mpf Y3500 rpmfor 10
second 1and chdnelyer tkigg fhie lfoflondse cdimved 25 from the chuck and subjected to
heat treat n’Eh, fgs fol |l ows. Th(ﬁ fe?iﬁlom obtained fromthe above process was
then heat ed- at eLPEM B 128 SHEUAERRA OdPF.  for 60 seconds for each step,
respecti veby.15M@imbhiuas dfidRbyvds Reded andnaci@ibated 409CCTaad intdudtti igb € under
nitrogen. Testing of filmproperties was conducted as described supra, and

the measur ed Ph§Rmbal topasaes e @Eesaretor B 6T B 4™ ESSnpl e 9, bel ow. 30 16

3. The chamber was refilled with air and the film was removed from the chamber for
15 surface treatment/solvent exchange.
The surface treatment/solvent exchange of the film was carried out using the following
conditions:
1. 'l;he reagent used for the surface modification was prepared by mixing 5 grams of
methyltriacetoxysilane, “MTAS”, (Gelest, Tullytown, PA 19007) with 95 grams of 3-
20 pentanone to form a clear colorless solution.
2. The aged film was put on the spinning chuck and spun at 250 rpm.
3. About 30 mL of the above MTAS solution was spun on the film without allowing the
film to dry for 20 seconds.
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 cach 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



2 3 DEC 2004 WD 02/01621 EXAMPLE 2 Formation of Non-Porous

Met hvl hvdri dosi | oxane Fil m PCT/ US01119466 A precursor conposition was
prepared as described by U S patent application serial 5 nunmber 09/9D44f7 9,
filed on March 20, 1998, the disclosure of which is incorporated by
reference heqnwjdiwigkhus, a one liter jacketed reactor equi pped w

nitrogen inlet, dry ice condenser and a nmechanical sti rre&%@”&?‘i‘é‘? ged with

| 000nL hexanes, 80OnlL ethanol, 25nL water and 61.3g Anberjet 4200 catal yst
(Rohn & Haas Co.). The m xture was EXgMRL®2zated for 0.5hr with stirring at

25C (circulating bat h%rmétiml%fNBE—PQFOJsﬂﬁ&h#mweﬁhbﬁlﬁﬁade@i@ 4.3nL, 0.142Mol)
and nethyltrichlorosilane (6 m., .0. 568M> was added to the reactor using
a peristal tA ¢reBUSR BMBbsiGorPRis ﬁépapa‘a 23 Aed¥HiB B5U SUpAsht eppIRh@dH @Ral0f t he
silane addition, hexane was punped through the lines for 10 m nutes. The

react i orf wemsmbet §Y 944 9\30’@18@8" Mﬁﬁhsm 1998nthe dsclopwe of whishirineerningiedrn 9
Filter. Theefeteht&fedn SALUL s WS acRUALRE gﬁmﬁ&p@ftﬁﬁ g F@M’ﬂféﬁldl}and t he

wat er / et hanol layer renovéd. The Temaining hexane sol ution was dried over

4A nol ecul dfe Windpse aoiaw):hmﬁal Sires i@s ?Wdf"r’ifht B0aaL herangti gAML ethanph fi | ter .
The hexane te solid
product - (231G bR P I A PUBLANYTHERELTLAL b, Bpeindre

pol yst yr eneqatibmagd fa. gawathativingat 23°C (818(511amng fvath). pbhymmrxé‘rﬂsalﬂgronﬂamﬁ 5. 20
The above u f o) | ca filmon
a substPat 18 iaéé{s"@?w%%"d‘%ﬁ‘&eﬂtﬁﬁgc acisga”te?gpp’f’ i‘tgﬁ?gg}r@ \é’rﬁ%tdedr\ttsj

09/ 227498, réactoedsxmg]a dmt&‘wqpu?np ovaBQEenddhﬂ 38ins mitess Wipon @bmypleti ahofi the

|ncorporate ence here ketone (M RK) (63.5
0y s i el R EERE oiF R BiaGuB e RSy IR, TR O
non- por ous stmech@or B3y tlurg) desinl fivesadehrodghen Wibhtntangd files Thelﬂlere@okohmomwas rrm The

25, 5ol Ut 000856980 EA 0 hebBl ind OE DB [ SONHBISY BkARuApgOnvEnt | onal

spin coate X1 ma ution was aced on the
waf er . 14f t éexaae Bolstmmomi dridé bagr 4 At zhelemmfrerevw(sl 76g)dior Sitand @A friteradf or 20
seconds. The c at ed fer vvg% baked on gree successi ve hot PI ates for one

m nute eac faltg FRnSE e TPRAYSE UG &P OfaTy SYPROTYARIREINRr er was t hen

cured in awpik g&m%a.&man@%m fel@d TRd GEORE Biis Aﬁrbkld%@(i@”er%ﬁéed%) initially at
300C, foIIOV\ed &at a rate of 40/ nmnute, where it was held
pol ystyrene standar s gave a Mw of 11,885 w1th 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, methyl 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

17



for 10 mnutes, then increased to 400C at a rate of 1C/ m nute. The furnace
tenperature 17 23 DEC 2004 WO 02/ 01621 PCT/USQO /19466 was held at 400C for
one hour and then | owered back to 300C over a period of about 2 ho%y]gg The
properties of the conpleted film (before ashing treatnent, see exarrp

were as fol |l @gszpkhi ckness Rl k CGH Abs. Si-H Abs. 5 Bef ore ?)% 4020 A
1.362 2.5 0.20 0.05 EXAMPLE 3 Photoresist Ashina 10 The wa f%d with
nanoporous silica in Exanple | is placed within the chanber of a TEL 85 DRM

L3510 et chgyas héld a4 00Xy G& bk HohraEle tHed 1dvh e Balk 10°C beer @ Pamidabdf abbutlzess  t han
500 sccm The wafer tenperature is 25C. An RF plasma source is activated at

a power cHAYEMPRS IAPYEYNAI tht cogmtgd fym (gefﬁ@rqs@ag geatment $6€82MMRP) ng this |
m nute per Q¢ 3153 olidig: filmis exposed to a plasma derived from oxygen. The
total pressure duri ng this process is less than 500m Il'itorr. The predicted
filmprope ¢
Thi ckness Refoke @sfhhgﬂxbs Befor4@207é50 A13_L62165 252 @21)5 Afte90S960 1.160 3.8
0.02 25 Fourier transforminfrared ("FTIR') spectroscopy confirms that the
O H absorption curve is increased in anplitude at about 3500 cm in filns
subjected to the ashing treatnent, EXAVMBLEBe to untreated (non-ashed) fil ns.
This confirns that the aching tr @abmeedistiAghimges nost of the G H bonds
attributable to the nethyl groups in the original film It has previously
been conf i Thedafes eRtedvith Exapgbes sﬂnﬂﬂoﬂmmbléﬂ f5.pldsed withia, thxhamBér, 86, 30
;ng:: B?lr g;%g{;gﬁ qug\tli %?&etcher'"ipurra iyggrtl lstrrtla et c?'vEl Ith\{gug%q}?l Ihtarlx'{ger a?{esst he OH

than 500 sccm. The wafer temperature is 25°C. An RF plasma source is activated at a

power consumption level of 500W for a period of 1 minute. During this 1 minute period
15 the film is exposed to a plasma derived from oxygen. The total pressure during this
process is less than 500millitorr. The predicted film properties before and after this

ashing treatment are:

Table 2
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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predictive of the relative k values of the resulting film(s), all other
paraneters being equal. 18 23 DEC 2004 WO 02/01621 EXAMPLE 4 Wet C eani ng
PCT/ USO / 19466 The nanoporous silica coated wafer processed througz tdgﬁz
ashing treatnent in Exanple 3 5 is imersed in a wet cleaning sol tai P%KC
630, a pr opr\i‘,gbggly,z]post-etch wet cleaning solution from EKC CorP, Haywar d,
CA)) for 20 mnUtes at a tenperature of 70C. The wafer i SGHSAIMPersed in
2- propanol for 30 seconds, and then imersed in water for 30 seconds.
Finally, the wafer was heal ed on sEXARPINE hot plates set at 175 and 320C
(1 mnute each plate). The film pnogeatitaigsg bef ore and after this wet
cleaning treatnent are 10 15 shown below in Table 3. Table 3 Thickness RIkC-H
Abs. Bef or g6984RdbobG031:80:dA%d A& h7Rdndd thichfh ¥ HRindirtfmedtdh Exdrhple 3

hr 69301. 1594. 10. 00 After 425C + 1 d70351.1676.40.00 The fil m has absorbed
more wafer 'HEMGRHORE B¢ Paniiees oHitgh €K & 09& 12 pERaIsRThPHEICh Mt leatinge 20

i ndex af t egoihitg: M&h ERICCARIL NG LA Eor20 hifhhtbs MR hperandré 2E76°CBZRALC process.
The wafer was then heated at 425C in"a furnace (nitrogen atnmosphere) for 30
m nutes. Thefekisthen imnarsagiie 2tpoenanelfiert0 seprndg 28¢thep éamaesad in Witer 1o 34n absor bed

wat er duri e Y, i : i t ik cat ed by

the i ncreag%o{jj#}' Eﬂtgl gygﬁzwa%%l/%}g%é gﬁﬁéé? g}r‘%’}ﬁ’g&ﬁ%%ggﬁﬁ(’;@ fr:1d Low K

usi ng MrASm8viteitdchplate) nBredpormosrtsss befose dnidlafter thispred daerenp Eeatoerdiareg t 0

Exanpl Eiﬂl’ ftﬂo%ia t;[ehosv SR filmis treated with the. ashing process of Exanple
the n we ' :

e

3 and e cl'eaning process of
Table 3
Thickness RI k C-H Abs.
Before 6960 A 1.160 3.8 0.02
1S After 7015 1.172 7.9 0.00
After 425°C +1 hr 6930 1.159 4.1 0.00
After 425°C + 1d 7035 1.167 6.4 0.00

The film has absorbed more water as indicated by the higher k value and higher refractive
20  index after the wet cleaning treatment / IPA / water / 175°C / 320°C process. The wafer
 was then heated at 425°C in a furnace (nitrogen atmosphere) for 30 minutes. The k was
4.1 one hour after the 425°C treatment. The 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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30 Exanple 4 (not including the 425C furnace treatnent). The wafer coated
wth this film is imersed in a solution conposed of nethyltriacetoxysilane
(MTAS), 15% wt/wt, and 2-heptanone, 85% w/wt.; the tenperature of StE'ECZUfM
solution is 20C, the duration of imersion is 10 m nutes. The wafér” |
removed froWgtBaMAS containing solution, and then it ?ng@?/ﬁ% n a spin
coater. To renove reaction by products and unreacted MIAS, e fer is
spun at 3000 rpmfor | mnute while pure 2-heptanone is dispensed onto the
19 23 DEC @4 obthtQaferVWO 1612l 75024 oPEhepiaibhe IO §Rneadliehe Bfs thRuwaf er. A
total of 30 m_of 2-heptanone is dispensed during this | mnute spin. To
renmove resfrudio rompepesfvhé; he?‘l%éor\ﬁ/a‘lhéiwafeé15}1‘@&@%&”&?&‘!@%’@\?@1 R}atﬁ-‘hathot pl at es
at  175C f 5C1fom DR aﬁ@%eﬁtrﬁ?ﬁ(@tfog?%%g‘ {but}l H‘aﬁ‘hﬁrrﬁﬁt(rrs’melf'e)' Theah air

at nosphere). The predicted operties o | m are shown bel ow in Table
4, as fol | padicted atsipertigs trhtheﬁﬁesemhmb@mbm T@&@wefq&bws& Cl eani ng7085

Al. 1652, 20. 16 After Ash & O eani ng6960 Al. 1599. 10. 00

Afterl\/rrsAS70151 1692.2.0. 15 F{estoratn?nbl fe the ow dielectric constant is

achi eved by this MIAS sol ution treat performed after the ash and wet
cl ean steps. The IVrI'AS sol ut| on trLe trrent lhetur ns rret hyl 1%&0 tent into the
filmas ingf tisiy el 3 ad dr ophobi ¢ as

.al:

|nd|cated 1(5\%/C}Hab9|on ekl once a n22 EXAMPLE 6
20 Rest®rifge 881“& ty and } "E uyt X por A %ﬁ oporous silica
filmis pr@‘@ ccordlngto Example 1 the me fil- treated with
the ashin rocess e.3 and the, wet clea rocess of Exanple 4
(not i ncl att‘t‘?é’fg'fé@”’?]i}}? FhieCopTE i Hashiey ed bIf’htgl %ﬁf‘& UBRILEFHRR this film
is placed ;Q:Efotrﬁléd der theayl imidndteRhn SBENTIRS MTAGS oliktioR bredtinBrt Fet(#3 Methiyl | Nsi de

di amet %r c%(r)lterrtrtr?n{o € tg Iem as indicaed by the FTIR C-H absorption, and the film is hydrophobic

as indicated by the very low O-H absorption. The k is once again 2.2.

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



hei ght). The chanber is contained inside a chemcal fune hood. There is a
synthetic rubber gasket between the top edge of the chanber and the chanber
lid. The chanber is heated by use of electrical heating tape bondgd Bil 10k
outer chanber surfaces and to the I|id. There are four stainless steel (1/4
inch insidehamkar) tubes connected to the 30 reaction ggqmgﬁf)4£nd each
tube has a stainless steel valve. One tube is connected to a vacuum punp;
another is connected to the MIAS reservoir; and the third tube serves as a
vent line; {hgodopid Frh& E'Iba%b%PﬁQ@EéﬁteH@b&oM@FMH@nGW%eMtW&%aE&&?VVO' ris
a stainless steel, 1 liter volune, | i nder. The latter contains about 100
g of MIAS; nulrrea x@glpeqd Netf the walvefo tth ereaiis ppgned isa thedATAY VaRsr 70C usi ng

heat i ng tap E;MP =Y W0Q.02(.01621

PCT/ USOL/ 19" %eés ou %k: w%ﬁr&t n%%‘ll&gc%{/rgﬁguat %Q%Seabggtyl torr and

t hen t he valavxﬂmt ealt/dfue opacdusfterdunipuiesthe vamen. vaNexs ¢lotel @end tiewenttvalve lse MTAS
reserv0|r 0 ers the ch r five

m nut es, thO e’k#i%?e it} fﬁ)%?’evcyr \;Abeerl ﬁl%(]“(’) f%rds g’ercllretnllloved aczggfe ?/dalal\llée%l S opened.
After 1 m rpuddicted preparaesuifnhefiing ere showh beled imfieble e vent valve is 5 opened to
let air into the chanber. The wafer is then renoved and anal yzed, and the
predi cted properties of the filns are shown below in Table S. TABLE 5
Thickness RI k GH Abs. 10 Before ABABRE@E eaning 7025 A 1.167 2.2 0.17
After Ash & C eaning 6990 1.159 7.5 0 00 After 0.0 1.170 2.3
0.17 The A iz ot g —rret iy —eont-£ i P2l m as

i ndi cat@d %Q éSIF‘f‘I 63“1’53 CH abs@?& on, la} d the2filmis Hydrophobic as
i ndi cat ed of heh derlsaningy FTI R OS5 bsorpt1 138, Th%5d| el ect PP® constant is
al so now veHiE MVPRYaR%. EXAMPLE 7#6%Rest or il ﬂé’ Hydr &Bhobi ci t $1& Low k usi ng
Car bon- Based Pl asma 20 A nanoporous silica filmis produced accor ding to
Exanpl e 1, Tha M AR vaperEestmpntreturns methyl content into the film as indicated by the FTIR

15 C-H absorption, and the film is hydrophobic as indicated by the very low FTIR O-H

absorption. The dielectric constant is also now very low again.

EXAMPLE 7
Restoring Hydrophobicity & Low k using Carbon-Based Plasma

20
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 Gasomics L3510 photoresist asher. The asher chamber is evacuated to 200 mtorr
25 and methane (CHs) gas is allowed to flow through the chamber at this pressure. The
methane flow rate is 500 sccm. The asher is maintained at about 20°C. Then the RF
source of the chamber is activated; the power setting is 100W, and the RF frequency is
13.56 MHz. After 2 minutes, the RF source is deactivated, and the methane gas flow is
reduced to zero. The asher chamber is then vented with air, and the wafer is removed for

30 analysis of the film. Table 6, below, shows the predicted properties of the films.
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treated with the ashing process of Exanple 3 and the wet cl eaning process of
Exanple 4 (not including the 425C furnace treatnent). The wafer coated with
this filmis placed inside a Gasonics L3510 photoresist asher. TheZ JE'FUZUM
chanmber is evacuated to 200 ntorr 25 and nethane (CHA) gas is all owe d

flow throughyg hgyeflanber at this pressure. The nethane flaw rate 6165 500
sccm The asher is maintained at about 20C. Then the RF source of’t

chanber is activated; the power setting is 100W and the RF frequency is
13.56 MHz. After 2 mnutes, the RF sopssig¢i S deactivated, and the nethane
gas flowis reduced to zero The asher cﬁanber IS then vented wth air, and
the wafer is reno ana igkngss t Hi m-KTah CHADS, shows t he
predicted piepn er&uhéscmmme fil ms7135A 23DECKG04 5240 V\o 02P31621

PCT/ USQl / 1948 AFhKk SlegniTiai cknessRIWE- H Abst.138ef or d0Ash & CP&8ni ng7135

Al. 1632.520. Affer A-Besed Rilymg Ol eani nifP0451. 1581. 30. 6@ After €2Based

Pl asma70901. 1742. 20. 20 The carbon based pl asma treatnent re-incorporates

or gani ¢ coriflerhrbonbaset plasha treatmsnt redintopatates dngarﬁdnem@atl-imﬂé”ﬂhﬁlabsor ption. The

| ow k proper bi ci ty. ar | s FII R shows a ver
smal | O 1 abubrat Nt CERRIBE essambed: Bt R apea OB PLIDRRIAD BB using.
Si |l ane Basedst&h@,ajwmi sRoNaRORP IO OSH|ab£baptfdn| m i s produced according to

Exanple 1, and the sane filmis treated with the ashing process of Exanple
3 and t¥fe wet cl eani ng process of Exarrpl e 4 (not including the 425C furnace

treatnment). The wafer coated with t Mﬁ) is placed inside a plasm
enhanced chem cal _vapar osi.tion PE ed Materi al s
P5000. Met hyl si | a#&#@ﬂé%%@é—ct L 3t ting a 20

hydr ophobi c, pore surface, Argo S is use r.ono t he reatlon of a
p?/asrrg 15Thed gaﬂoporous snl?ca film is proIJu(,ge% according to xampPel amI &e same mls

treated with the ashing process of Example 3 and the wet cleaning process of Example 4

(not including the 425°C fumace treatment). The wafer coated with this film is placed
inside a plasma enhanced chemical vapor deposition chamber (PECVD), Applied
Materials P5000. Methylsilane (CH3SiH3) 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 sccm
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.
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pl asma source is activated for a period of 20 seconds. The conditions

enpl oyed during this period are detailed in Table 7, as follows. 25 30 35
Table 7 RF power: 700 WCH3SIi H3 flow rate: 500 stem Argon flow rat

sccm Chuck tenperature: 400C Chanber pressure: 10 ton The wafer i S renpved

fromthe chaghegsand then analyzed, and the predicted prog,gg 15%2 Qf the
films are provided by Table 8, below 22 23 DEC 2004 5 WD VAN

PCT/ USOL/ 19466 Table S Thi cknessRI kC-H Abs. Before Ash & C eani ng7010
.1.1602. 10. 13 After Ash & O eani ng69394514886. 90. 00 After Sil ane

Pl asma70901. 1702. 20. 18 After the silane plasma treatnment the filmis
hydrophobi c as indicated by the |pmcloeyal ugr and tihe very |@wA®sH absorption
in the FTI RzgpReAhuncicliggC H absggpty on inidhe FELR 10 shoss that organic
cont ent hasA}Q@,e,(gh@@%gmtng the filg3oEXAMPLE & Restgyy i ng Hydrgaphobi city and
Low K for NegFaropissmsl [ sesqui oxggeg Usi ng; MOAS Salwution 1914 sil sesqui oxane
filmis forned on a wafer as in Exanple 2. This filmcoated wafer is

After the silane plasma treatment the film is hydrophobic as indicated by the low k value
and the very low O-H absorption in the FTIR spectrum. The C-H absorption in the FTIR

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

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

15
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.
20 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
25  After Ashing 3650 1410 32 010 0.025
After wet cleaning 3650 1.410 32 010 0.025
After 400°C /1 hr 3600 1.390 3.0 0.1 0.025
After MTAS treatment 3690 1.37 26 015 0.025

30  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

35 methyl groups from MTAS have been added to the film; and the film is hydrophobic

again as indicated by the absence of 2 O-H absorption.
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processed through photoresi st ashing and wet cleaning treatnents as in
Exanples 3 and 4. The filmcoated wafer is then exposed to an MIAS sol ution
to restore its hydrophobicity and |low k properties; The procedure leo]; 0 MY 08
solution treatnment of Exanple 5 is used. 20 The properties of the fi

before and aWbespishese treatnents are shown by Table 9, b%ﬁwbsg“ﬁ??é e 9 25
Thi cknessRI kC-H Abs. Si - H Abs Before Ashi ng4020Al1. 3622. 50

Ashi ng36501. 4103. 20. 100. 025 After wet cleani ng36501. 4103. 20. 100. 025 After
400C / | hr36001. 3903 00.10. 025 Af Eé%l\ﬂmﬁ@lﬂr eat rrent 36901 372 60. 150. 025 30
Restorati on of thad pp njo D = : ‘ ‘ biliea MTAS sol uti on
treat nent performed after t he ash and vvet cI ean steps The FTIR spectrum
exhibits aﬁ'ﬂ@ehﬁmdbslbﬁfi@fﬁbweamleqﬂmtqﬁfthﬁslﬁv%ﬂﬁ'(ieﬂE’FeSéI‘%%h"@aP@&Pﬂ‘ent and
reduced (G i r the MIAS
treat rrent ta‘ ﬁﬁggeéteﬁéﬁ@%%%n%@})?ué? ggé] §roﬁ égcac%%ﬁ%?‘%g ue before
ashing; the G H absorption is also higher, V\/m ch indicates that 35 nethyl
groups frofhdPAs fhasdesvabed withl eferencetto\Bigh i 14371 Baand G: He26Q hm Sigvafgrds ophobi ¢

09/ 01621 POTFORELT EokinY ERATES TuRtarfa LoPRO5Ph e P aERPBEIE S, ) L e
Usi ng Nanopmfmu&estdfér?atétre?'hgfedgzia}g?]aeed(IlO)tftl’ﬁé)t\gﬁziﬁdrt;eenﬁmﬁé ISS:[I]?{JICOBI’gf t he

| ncor pdbat FEERT iR Rgter Srrioplieths B o P IORRT el BB SR MG

descri bed wtdohtingefodlieprogedue 1ElEg5mpl]aA(tthnmqbrcﬁessM1rBﬁ)gh anchiGiludivef the | S

st f 2o of Y0RE RATAeR) ThRSYEERT (D OhERC EB R e WY GUAYRISE 10) of “PECVD

silicon ni déiodigad onithe nir@p&rwmwaa la¥e X4 phloreait@batiiy of RAPOM0YS tisdnl | ca (20)

7000A) is coated on t
( ) applied to this stac f (?lal W?ayers 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  isthe 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 methy! 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
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according to the procedure in Exanple 1 (the entire process through and

i ncluding the 400C furnace step). Another |ayer (30) of PECVD silicon
nitride (500A) is then deposited on the nanoporous silica |ayer. A 3 DEC 2004
phot oresi st coating or pattern (40) is then applied to this stack ng

di el ectric hayghgs2;and the photoresist is processed in th?c%%ﬂﬂ&l%y 15
manner to forma pattern of lines and spaces (50). An anisotropic etching
process is then perforned to create the trenches (60), that are 0.13

m crons i n pelishing toTeren Ge etmatuye pEFigelG, showddg the cappsr 4ises 1€V @ERd g chanber, in

whi ch CF4 ' he...nr j.0ary: h gas, and in which there is a sufficient
bi as vol taégndtpémtéjé%gg“g%g%tc?%@i ¢ (downward) etching. The photoresist |ayer

is renoved by oxygen based plasnma treatnment ("aching"” as in Exanple 3) to
creat e t he Astiewof the@opfurfad®df therwhkllegin Bigl Bshdvis that theninlald Gu esitdimgthe St ep t hat

t he nangporous silica_s.chemcally altered; the oxygen plasnmg species
renove °t h&2HEk %Sﬂ“mdf’ 8&%3%& &Bm’?fﬁ‘é’oﬁﬁ‘%e@‘%‘ﬁiﬂf’ gﬁégmwé%ﬁ 'ngﬂoé’g%ﬂp@ag?i ons; the
resul ting pRIRnbsUfufaTasre RRAMVIBarEY duRPrdbead 1Bl (eh Q80 iRk A0BSS | S

al so perforned after the ashing step (as Id)} Eéﬁmfj e 4%. _ﬂN}eext,, a Tantal um
(Ta) barri 8APRInERChiRTPYE Rag spgonhgeshto a s core g iprrd el et (lefls thevdfrils and  over
the top Siphdhayelso i deposition is perforned using the physical vapor

deposition 30 (sputtering) technique. A Cu "seed |ayer", not shown, is
deposited by sputtering Cu onto the Ta layer. Then the trenches are filled

W th eligct el &htPdre‘HtirdidieNGich k3ak 1i34 £8m chbBomiesGLB&wWEsh ARd the Ta
liner on top of the SiN |ayer are renoved by chem cal nechani cal 24 23 DEC

2004 WO 02r@aib 10 POIIARGines SoscheethersiembgThelirfes arp R uatlpRg: There agst Fig. |1 C,
show ng the copper |ines %100,) and the nanoporous silica dielectric (20). A
view of t hé0tkss susacacembifor epligivemdy 7 lingsiage showa pying figwal Thew &%l ai d Cu

contai ns they ;PRI LIPS ixﬂer&xigggmﬂhc@h_&ﬂﬁnﬂiﬁgﬂémﬁs og@pi cted in this

drawi ng are not proportional to the actual structure.” There are two |arge
squar e probee §algetric sagiant €& thomnepareusriilica 1@Blinghepyesn the Gulinesps obe pad i s
connected Lo RiteliO e f,,@% L ' Yo cabdifoiM dt h of each line is

0.13 grln to Ql'uﬁaeet%mgo os %h"tl?dﬁt%}r%%?l&gﬁgc?"cagugﬁ that a line fromone,

conb is in between and A

C=k*e*A/d
C = capacitance

& = permittivity of free space = 8.86 x 107 F/cm
20 A = area of each parallel plate = height x length = 0.7 um x 1000 um =
700 um® =7 x 10 cm?
d = distance between the plates =0.13 pm =13 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 parallel 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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d 2, which are tre

ng a

Ated-with

MTAS sol uti
phot or esi st

owithat MIpAS epiridai Ci

teatmeng and cl eani

t6p x(198& Exanple 5,

&Bpra) after the

g steps- Predicted

val ues for struct

wet

ur es not

treated with MIAS solution are al so shown. Table 10 ProcessPredi cted

Capaci tance (Farads)Cal cul ated k Wth MIAS sol uti on24 x 10-122.5
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 unpatterned 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

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.

20

25

30
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treatment Wthout MIAS solution60 x -126.3 treatnment The data shows that the
predicted interline capacitance and the calculated k are alnmost 3 tines
greater for the structure which does not receive the MIAS sol ution t%gnggmn
to followi ng the ashing and wet clean steps. A structure treated with MIA

is predictedw®ohaye a k value of 2.5 for the nanoporous Etbhga and Si N
dielectric conposite. This k value 1is slightly higher tha NPPAI ue
(2.2) of the unpattened nanoporous filmnade in  Exanple 1. In the present
exanpl e, the neasured capacitance is affected by both the thick nanoporous
silica 7000/HAT 18 @ndnvhe Ishi n 500A silicon nitride film both of which
reside .15 between the Cu lines. The approximate k value for PECVD SiN is

about 7.0. T hﬂ%eﬂ{dd%f1rﬁ|]bﬂr@iﬁgfﬂyd€o;ﬁh@tﬂ§bﬁiﬁém@§ totaNRmageiisdatdtel eitéd @Rt ri ¢ st ack
(nanoporous silica and Si N) sl htIy her than 2.2. 20 25 30 26 2 3

DEC 20045 V\(PYG?PD%’G?Z%‘bWWW ey lpagiic ﬁ@rﬁ@@@f} qapasted itheet JRasi(eg of
i mparting wg{agmcamlﬁg RE gl duBSa Way 3 aiResds) adnpa@e Gf &hﬁﬁ& pfeGiohdy M 5

present on a substrate, wherein said dielectric filmhas been contacted with
at | east oneistiag ByiArhobicitn hsaidieleatyefifm. the a®Rd SOMRRFEs to substantial |y

danmage or renpv a)pre\embwme%ﬁ% mléaxeﬁeﬁ&Mh%wa afrfa%@hfadﬁh'cako%ctr' C

film the method ‘conprising ntacti ng damaged lica dielectric
filmwth acogwmla@xeatmmem@atmr@md f@@rﬂ@nﬁswmpénffmﬂvatttr@n@eémer%hqaon and for a

tinme perod dr nder; the silica 10 dielectric fil m hydr ophobi c;
and (b) ¢eﬁ%§%%§gﬁﬁ¥§%c§gﬁg US@ace nodi fication conposition, reaction

products and miXxt ur esnavirerumofactedhafase moﬂﬂﬁeatmmrct)mpesiﬁmdirffaiCti@ttxbrgducaorrposi tion
conpri ses atdlequt ne §urface nodi fication
mixtares €0

wherein the surface modification compaosition 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 RsSiOSiRs, RxSi(OR)y, MpSi(OH)[4 - p),
RxSi(OCOCH3)y and combinations thereof,
wherein x 18 an integer ranging from 1 to 3,
y is an integer ranging from 1 to 3 such that y=4-x |
25 pisaninteger 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 modification composition comprises at

least a compound selected from the group consisting of, acetoxytrimethylsilane,
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agent suitable for renoving silanol noieties fromthe danaged silica
dielectric film 15 2. The nethod of claiml wherein the etchant-damaged
nanoporous silica dielectric film is subjected to wet cleaning prioyzQ&EZm4
step (a). 3. The nethod of claim|l wherein the surface nodification
conposi tion Gemhicses at 20 | east one conpound having a f fnﬂék?%éeCtEd
fromthe group consisting of : RaSIiNHSI R3, RxSi vy, RxSi(Cfgyl IS R3,
RxSIi (OR)y, MSi (OH)[4 - p], RxSi(OCOCH3)y and conbi nations thereof, wherein
Xi s an i nt egetoxysinge NipctiopydiintthyBilane, methgiriscetbegdane; phegyhgacttorysiliiep 3 such
that y=4-x, .. 25 p.is an.integer r. ing fram X ch Ris an
independentﬁvgﬁgﬁi%?%%y??3ﬁ1 ng@ M@ﬁﬂwaaﬁvgwggﬁggpgﬁgﬁganic noi ety; each
w iShan ind&mﬁﬂgﬂ??®yﬂﬁﬂheﬁﬂﬁﬂuhyﬁh@®hmﬁhmhﬁ?gﬁﬁkmﬁMnyﬁﬁy@ and E and Plcan

e the sane or di rent. 30 4. The nethod. o alml. wherein the surface
modi fi cat i o ESHIBEPENS a”@o?i‘ﬁ‘ihiylé‘é@?"é?s‘la?ee g?et%ﬁ@g‘:#ﬁ%*mesa ected fromthe
group consi findity M orsiRG€ treti15i1a0B i etBy15iRNE, trid étheRilddeChexBRéth /M6l (24861 621

PCT/ USOL/ 19466 acet oxysil ane, di acet oxydi net hyl sil ane, . . .

met hyl t ri acEtBRSRY pikpapengRens e dreimgyeistwiiecamie drdrpedy sdy) 85e)si | ane,
nethyl tri EtMMS(HxﬁQﬁ:lsiﬁﬂgﬁFﬁidﬁi’dlg't% Yxﬁ)l;&r_@fi%}ate, o RGN @I slokAne,

met hyl t ri met hoxysi | ane, “di met hyl'di met oXysilane, tri'methyl met’hoxysi | ane,
net hyl t ri chicstatss honemsthy Hiiseeingl bixenk®ydisipane, timethy lsiach el 8lageli ane,

met hyl si | angn g, IRy i ﬁveth&fsilﬁ?&,?yr%hfﬁﬁ%}ﬁgﬁfdiﬁem&ﬂiﬁhéi | azane, 2-trim

et hyl si on?pﬂkt-z-ene- -one, "n-( Tyl'jacet ani de,

2- (tri mi hytngthpyysilanee Bxchlorosganedandeopbirahienstiyeredfl yl )i mi dazol e,
trimethylsilylpropiolate, trimethylsilyl(trinmethylsiloxy)- acetate,
nonanet iyl tri si |l azane, hexamnet hyl di sil oxane, trimethylsilanol,

tri et hyl si | anbie methed qfivtany | 1sivieagin the silich dieldcticfdmhy tithef manoporous or non- ,

di phenyl si | iol, trimethoxysilane, 10 triethoxysilane, trichlorosilane,
and conbi nations thereof. 5. The nmethod of claim 1l wherein the silica
dielectric filmis either nanoporous ornon

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
methyltnacetoxysilane. ~

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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porous. 15 6. The nethod of claim1l wherein the silica dielectric filmis a
nmet hyl hydri dosi | oxane film 7. The nethod of claim4 wherein the surface

nodi fication conposition conprises nethyl triacetoxysilane. 20 8. Th@ UECZ%4
met hod of claim 1 wherein the surface nodification conposition conprlses

sol vent sel eglgd.4dx9m t he group consisting of ketones, ethers, ester

hydr ocar bons, and  conbi nations thereof. 25 9. The net hod JFT@$$VH¢? wher ei n

the etchant is a plasna conprising atons, ions and/or radicals selected

fromthe grQopTEOMSHhEd bNGaif 1 AXMEQMhe didhdarik Bovet Hylﬁhrnﬂgeﬂhorﬂphﬁd’s@gkéﬂstand

conbi nati ons t her eof 23 DEC 2004 \WO 02/ 01621 10. Them
ethod of cl amﬁaenm@ﬁtéiigm Be giopp Sefsisiieg %f %?m@Fcﬂﬁ‘%OH h%na s at

least one ageRineselgmiRdad 4N bRR AN CHRLIRML Blekdd@ of . an ami de, an
al cohol, an alcoholamne, an’ amne, a triamne, an acid, a base and

conblnatlons thereof. 5 11. The nmethod of claim 10 mhereln the amde is
select eds 11 QM HeGhON SRRy Bl anbiTELNGRYE i le Srdlinsiding BEL Y TN M

am de, dinethylacetam de an I nat | ons ereo nmet od of claim
10 wherein Nheabﬂpwhdmuuges@mabﬂﬁumhmawlmhwﬂghmapmubﬁsdsmnMgmmms 10 et hanol,
2- pr opanol onbi nati ons thereof. 13. The nethod of claim 10 wherein the
et chant cong?lg is at | east one agent selected fromthe group consisting of
et hanol am ne, ethylenedlanlne trlethylanlne N, N- di et hyl et hyl enedi am ne,
di ethylene et.h iannetetr cetjcaci id: 15.o0rganic,
acetic aci dH Ererﬁrl %E%ijc(?af a“fle]to r a{’ﬁéf'ht;%/ r?%oﬁhﬁ#eﬁtc?g? gf“e ©SorY u?"sgn%&a
phosphoné c mhmuﬂz;hywmoﬁ&mgmnmummmﬂtmmmﬁbniunlfluorlde amoni um hydr oxi de,
tetramet hyl ammoni um hydr oxi de, hydroxl am ne and conbi nati ons thereof,
provi ded that the conbinations are of agents that do not neutralize one
anot her . 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
A acid, hydrofluoric acid; ammonium fluoride, ammonium hydroxide, tetramethy!
ammonium hydroxide, hydrox! amine and combinations thereof, provided that the

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 cther, and combinations thereof.
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20 14. The method of claim1l wherein the surface nodification conposition is
contacted wth the danmaged silica dielectric filmin a state selected from

the group consisting of [Iiquid, vapor or gas, and plasma. 15. The ma}zhﬁfl z{
claim14 wherein a plasna derived froma silane conpound is used as 5 G] 04

surface nodi f\;vgea%,'bl%gl conposition. 16. The nethod of claim 14 wherein the
surface nodi fication conposition is a plasma derived from®&T4 bliffd
selected fromthe group consisting of a hydrocarbon, an al dehyde, an ester,

an et her, ang; comihatd - : il At
BT USoL) 16408 R e e CnaRt . pr s Tas o™ sili ca

di el ectric fiubnatrawe, seemethehcamprisilsst rat e, the net hod conprising (a)

contacting the silica dielectsdg:fil A I R ast one
surface nodifi cat(lajon acg}e)%@%a%é %]l%aodﬁégéec\r{l\ﬂf%@tn?\gﬁl{‘ ggﬁ%n?(girm@sf ig%gleggetro}lgd,

ef fective t osurgpampdifi§atidnegeit] 4t @ @outieafrationy dnd fén 4 timdgedioddffebiice; to agnder b)

renmovi ng unrgact.ed .sur.f. i ficati conposition, reaction products and
m Xt ures heﬁgts)’#',ca %feé?tg?%??ﬁg}%}?cg’é%é‘ﬁodi fication conposition conprises at

| east one surfacdbyodirémeatg omreacegeaniface m ddifidatorf aimpogition; ireagtien pratalts Noi et i es
fromthe darrggjed Si Iiga oIljeI ectric film to 18. The nethod of claim17
wherein a pl Y&R*HEFiNEE  rom a silane conpound is used as the surface

mogi ]1: i cat i onwEQ@Hap@sd dutHese macaﬁca"u‘lh@ cdsmpmramgt)mpmg m} 1426t tRasughde rﬁqhiéﬁé‘gd?ﬁ ac ed
nodi fication conpositjion is.a plasma, 15 derjv rom. a ou sel.ect ed.
fromthe gro%sﬁmésﬁ%’v%ﬁﬁwwgé%ﬁw%%ﬁﬁﬁ{n% 2128 %ﬁfﬁ% -, an et her,
and conbiggati ons thereof. 20. A sem conductor device produced by a process
conprising at | east one of each.of the fo]low ng steps: 20 ) formng a
hydr ophobi ¢ & ITheanegiad b ctatm d 7 pibpasingrp %?“?diﬁﬂ%ﬂaf{f]‘é“f‘ﬁ‘ @.cgma%@é%%éas

the surface modification composition.

19. The method of claim 17 wherein the surface modification composition is a plasma
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 pattemed
to be suitable for the manufacture of a semiconductor device,
®) contacting said silica dielectric film and other features with an etchant;
(c) treating said silica dielectric film according to the ﬁethod 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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to be suitable for the manufacture of a sem conductor device, (b) (c)
contacting said silica dielectric filmand other features with an etchant;
treating said silica dielectric filmaccording to the nethod of cl ai ?ﬂBECZUG
wherein steps (a) and (b) are conducted in any order, and step (c) i¢" 4
conduct ed af&gr 21EpP 25 (b), and wherein step (c) is repeated after each
step (b). 21" °TRE“Stni conduct or device of claim 20 produc RS IYsocess
wherein a wet cleaning step is conducted after each step (b) and before
each step (2).. A3mZdnBitord0Nide NOIRRA B3 8 Di0cRELoMDPRbihd A464t @k of RadiTi conduct or
devi ce produced by a process conprising at | east one of each of the

fol | owi ng stefdlowngstehsnt acting the silica dielectric filmwith a plasna
conprising at | t S, Lk catd Qny a L ek thation, and
for = tims peri o efPoaeyadaraTRaLsi el o 29k PR RENP

hydr ophobi csurfageom pdhjicateonpgéntet a npreantrasicn sand fercetimepliniod ceffective togensesi t i on,
reaction, prtﬂQHﬁEz?diel%&ﬂc?Iﬁxﬁ%gﬁrgﬁh&bﬁeﬁr%of , Wherein the surface nodification
conposition conprises at | east”one’surface nodification agent suitable for
renmovi ng si | anol(bhoi e¢mesnd yweacted sudermyedficsii ¢ri @ampdsiebmataction priobwats 10 31

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.
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