VAPOR PHASE REPAI R AND PORE SEALI NG OF LOMK DI ELECTRI C MATERI ALS
BACKGROUND [ 0001] As the dinensions of integrated circuit devices continue
to decr eawe,20t9m8s5098me del ay for the propagati on of a si goalusbeswesm
multiple transistors (i.e., propagation delay) has becone an increasingly

i nportant paraneter in determ ning device performance. Propagation delay is
proportional to the product of the resistance of a netal interconnect |ine
(R) and the capacitance of the interlevel dielectric insulation nmateri al

(C (also referred to as RC delay). Thus, to mnim ze propagation delay, it
is beneficial to i ncOVABOR EHASE RERAIR ANDRORE SIEAMLINMGEOFow di el ectric
constant material in conbi i 1 i fvity metal (or |ow
resistivity nmetal). LowKk &ﬁ%&ﬁ@@@%ﬁfﬁgﬁ&ék < 3.0), such as
organosilicate glass (OSG, organosilicate glass (0SG,
tetraethylorthosilicate (TECS), fluorinated silica glass (FSG and

car bon-doped oxi des, are also gaining. interest as alternatives to silicon

oxide (k = 3.8 - 4.0). To obtain | KGROEND i ¢ val ues, the LKD material
can contai n @1 NLAS e ARG RhsANNRL AR bt UETiMELeonthLE b @EARShEI I (K =
1) to lower the overall k value of The bulk LKD. Likew se, copper (Cu) has

gai ned cbHnsitiderdeldyefor Htegrepdgation af awigahl avwesmmehtpbnmeistdisifes, as an
alternative to tl}e re ongenti onal al um nump&Al%" i nterconn(gegt netal (R =
3.0 - 5.0 MNBAPAIGERI dag Posame SOSrear BEP PV 0! RAKTIRIS R SR TRLR)
[0002] Becadg@cé papsinateesprphgdtRAadiday it pFrdPovadal td Be PYodicPIPdES .,

conventional or subtractive etching techniques are inadequate. Thus,
damascene megsistanse of B mptgioicasonpectaine (Rpewkibhacgpacganesrohthatntenlevst copper

i nt t. lines, . that i it ductive materi al
1 or evi oustipdstiC s RRASTFRRRRL (O el reletafERRAC I TR T B mocone
processing Pﬁ@%ﬁﬁi&ﬁd&@,ﬁtﬂ@b@ﬁ&iﬂm@o ffcofopitt b shsviliak edteed waipenidgs in the

LKD nmateri al . is is performed by patterni ng openings in a nmask |ayer,
such as photfislestiseonsisnt matral Breambingtigpevith a highecondugievinfmetat (sdew or vi a,
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organosilicate glass (OSG), organosilicate glass (OSG), tetraethylorthosilicate
(TEOS), fluorinated silica glass (FSG) and carllaon;doped oxides, are also gaining

15 interest as alternatives to silicon oxide (k = 3.8 - 4.0). To obtain lower dielectric
values, the LKD material can contain an interconnected nanoporous structure, which
entraps air (k = 1) to lower the overall k value of the bulk LKD. Likewise, copper
(Cu) has gained considerable interest as a metal for interconnect lines, as an
alternative to the more conventional aluminum (Al) interconnect metal (R =3.0 - 5.0

20 u2-cm), because of its lower resistivity value (R < 2 pQ2-cm).

[0002] Because copper does not readily form volatile by-products, conventional or
subtractive etching techniques are inadequate. Thus, damascene manufacturing
processes are necessary to form patterned copper interconnect lines, processes that
involve depositing conductive material in previously patterned openings (e.g.,

25  trenches or vias). Thus, damascene processing necessitates the etching of previously
patterned openings in the LKD material. This is performed by patterning openings
in a mask layer, such as photoresist, on a dielectric layer in the shape of a trench or
via, followed by wet or dry etching. However, the etching, ashing or cleaning of

LKD materials can potentially damage the LKD material.
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[ 0003] A nethod of treating a nanoporous |lowk dielectric material formed
on a sem conductor substrate is provided. The lowk dielectric material has
et ched opwoi2ogpa8998h an et ch damaged regi on cont ai ni ng ®Crarseéosgimaps on
exterior surfaces of the etched openings and on interior surfaces of

i nterconnected pores. First, the lowk dielectric material is contacted
with a vapor phase catalyst in an anmount effective to form hydrogen bonds
bet ween the catal yst and the silanol groups in the etch damaged region,
formng a catalytic intermediary. Second, the lowk dielectric material is
contacted with a vapor phase al koxysiUMIMARSbai r agent in an amount

effective t ct Wi ut ..50% or nore .of t la the etch
damaged reg:f%drlﬁ?sucﬁle%}%d ot}‘? eatllé$ ﬁ(r)l)%?/ospolrour?elo‘FVe lecElmen epggfépﬁ & OFF%

catal ytic i Bérﬁfcﬁﬁdho%ﬁ/sub@tﬂdé o pro¥ided OBh&K o- R|d@élédtt16 nifbdréd] had etcBedcont act ed
wi th a vapor phase al koxysilane sealing agent in an anount effective to
prevent di f PRYIBES Bith ape é#angaig?@rqgmwﬁalmagérlamqitgmnﬁmq%feé%%@hﬁg@ﬁed

pores, skch t alytic
ot or modh ar g TEGHORT PeiBR AL A B AR R RQT ol SRR, Rl

nanopor ous laowkidieleetie eiatérial idtatacadd Wik mdp@rp}asseﬁmlqmdmntantomubstrate is
provided. The lowk dielectric material has etched ogenl ngs with an etch

damaged r egPHRCtEGIe £ hydregembrads febirsa thcalalygandthegiangbgroups inthe et ched
openi ngs and QM hALE fe%[onswrixﬁﬁ%E cQ{ahleHI%ﬁﬂéH? %%cm{ e 105- !&%}Cflec&ﬂ“@ | owk

dielectric materiaFP 1 s-cohntacte a vapor ase organic acid catal yst
i n an anountatdriad &t doneacted Wik mvhy@irpthgmlbmx;dﬂathtemmageﬂten amhmloylstt and t he

silanol groups in the etc form a cat

nt er el ar §HIeeE R deact WE B AT of BOFs §Lbratgtl Srouws T Bimeitt demgeth o
vapor phase &liiDxy& ihan@e 2Rl air Jgeﬁ&eaé?ewh tﬁéfc%tywéenkﬁnécﬁﬁ@t Wi th
about 50% or nore of the silanol groups 1n the etch damaged region, such

that the al kokgsihedoe- h(bplacmcaganmalnea@ttsctvd erthtah‘@poaplaﬂsytdil@)(b’ﬁl@pnedl ary;

and/or the lowk dielectric rial . is con hase

2 koxys! | aneAlasrEr BgbAmopr i imeretrm et b Bl brPicr on o
an overlyi nghyBaikd e ih@MhneditPpdBs sutht ﬁfaﬁ%%@dx%llzﬁﬁrs%hngség‘eht tdaads the
al koxysi | ane “seal i ng agent reaclf)s with the catalytic internediary. BRI EF

DESCRI PT} ONwoi the cuiely8e jroemsidigyG. 1 il lustrates an exenpl ary enbodi nent of
a damascene [dlﬁ)ﬂ]‘f ¢ n%'fﬂe? gmbodlment, a method of treating a nanoporous low-k dielectric

material formed on a semiconductor substrate is provided. The low-k dielectric
material has etched openings with an etch damaged region containing silanol groups
on exterior surfaces of the etched openings and on interior surfaces of

20  interconnected pores. First, the low-k dielectric material is contacted with a vapor
phase organic acid catalyst in an amount effective to form hydrogen bonds between
the catalyst and the silanol groups in the etch damaged region, forming a catalytic
intermediary. Second, the low-k dielectric material is contacted with a vapor phase
alkoxysilane repair agent in an amount effective to react with about 50% or more of

25  the silanol groups in the etch damaged region, such that the alkoxysilane repair
agent reacts with the catalytic intermediary; and/or the low-k dielectric material is
contacted with a vapor phase alkoxysilane sealing agent in an amount effective to
prevent diffusion of an overlying barrier layer into the interconnected pores, such
that the alkoxysilane sealing agent reacts with the catalytic intermediary.
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process. [0006] FIG 2 illustrates the hydrolytic deposition of silanes.
[0007] FIG 3Aillustrates a reaction between surface-bound Si-0OH groups
and npropyb 2009088980xysi | ane (n-PTMS) in the presence ofPCa/usewss®idzase ani ne
to formsilane conpounds. [0008] FIG 3B illustrates the conversion of an
al koxy group into an Si-CH group. [0009] FIG 3Cillustrates the formation
of a horizontal network between adjacent silane conpounds. [0010] FIGS.
AA-4D il lustrate the formati on of a horizontal network between adjacent

sil ane compounds in the presence of an organic acid. [0011]] FIG 5A
illustrates a process chanB&IEEIIESREHPTEONGRIGIRESery system for

maori ol (B003] BTG | BRI ERPRARY SHERhRE YA RePRUBR GYRrBh t or

the vapori zgtdcess. and delivery of a liquid agent. [0013] FIGS. 6A-6C are
scanning el ectron m croscope (SEM images characterizing the degree of
repair al on{f006k ﬂﬂe%vallllstr@feséln@néhiolwled@pmgldrmf Sdamﬁpor phase repaired

I h
oot} i IOTF] L7 S kSRR G o G R s PP RIS ROR PP, o

dept h from Bropyr@itskanyxyisdind@SBTHSS eﬁﬂ@g)zsreuce(&d\@warbabe@m&left@rfo@n vapor
phase repaired sanple, ‘a supercritical repaired sanple, a sanple with

no repair aﬁé@n&ﬁoa@ew@dfm ted sanpl e. DETAI LED DESCR!I PTI ON [ 0015] FI G 1is

an exenpl ar . i )
illustrat es m con%c@srtﬁtsegb q}%ggi%ﬁﬁ%#%gu ‘R‘?%g%h% or us LKD
materi al | aWﬂO9]L1(FIGLMJ fidustrasds thafoematl@dOof Dh&iiongs ndRbrRbetvezhradfhcemt

nanopor ous LKD material 110. For illustration purposes, only one opening
130 is ShowdlangsPEROBESS be one of many vias or trenches. For exanpl e, mask

layer 120 cajyibf FMGS! MRS iIRAGLR S totha oo PPRO At A0SR defwdear med by

adjacent silane compounds in.the presence of an organic acid.
[0011] FIG. 5A illustrates a process chamber and chemical vapor delivery system
for repairing and/or sealing semiconductor substrate with a nanoporous LKD
15 matenal
[0012] FIG. 5B illustrates a chemical vapor delivery system for the vaporization
and delivery of a liquid agent.
[0013] FIGS. 6A-6C are scanning electron microscope (SEM) images
characterizing the degree of repair along the sidewall of etched trenches for a vapor
20  phase repaired sample, a supercritical CO; repaired sample and a sample with no
repair.
[0014] FIG. 7 illustrates the ratio of carbon to silicon as a function of depth from a
secondary ion mass spectrometry (SIMS) analysis for a vapor phase repaired
sample, a supercritical CO, repaired sample, a sample with no repair and an as-

25  deposited sample.

DETAILED DESCRIPTION
[0015] FIG. 1is an exemplary embodiment of a damascene manufacturing
process. FIG. 1A illustrates a semiconductor substrate 100 with an overlying
30  nanoporous LKD material layer 110. Using mask layer 120, openings 130 are
formed in nanoporous LKD material 110. For illustration purposes, only one

opening 130 is shown, which can be one of many vias or trenches. For example,
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pl asma etching. Upon the conpletion of plasma etching, mask |ayer 120 can
be renoved by ashing (i.e., dry etching in an oxygen-based plasma). [0016]
In FIG 1B 2b@vass@s | ayer 140 can be formed over the si g#ewaiskooaod4bnt t om
surfaces of opening 130 to protect the nanoporous LKD material 110 adjacent
to the copper interconnects from being poi soned by copper atons diffusing
into the adjacent dielectric material. Exenplary barrier materials include
titanium (Ti), titaniumnitride (TiN), tantalum (Ta), tantalumnitride
(TaN), ruthenium (Ru), ruthenium oxide (RuOx) and alloys thereof. For
exanpl e, t haasiatayeet2Geanchd an orgamctpéo@ms@ancbypgm&ﬂ&caw@q@@me@bzzssu tion

(VD) a1 om | el AERO3lT 0% ARD) R0 LG Ak BRI B0 Bl e 1C

openi ng 130P opper k copper

layer 150 casmbediterarihgie. d@@oadcﬁlhglgl@l@@%dnlbayﬁplaéxﬁi)l ovved by el ectrol ess
copper pl at@{ﬂ As |Ilustrated in FIG ID, the structure is pI anarlzed to

renove t he 8 s IpEIGT B barmieslpyerddBsan be fyraedoyier By sigdeyadl and g

damnscant e aspERE el (RSRLER: i ARRAR bR o %%ff@‘]taamcene

process. Focopgeeidtacbiecny oo dsinggididoaed bpeoprp@afdm&ﬂlffapmg@mohh@r t he
trenchfirst approach can be used. [0019] Prior to the successf

i mpl ement at POACHE diclssdpomatesial. Kdbxrplam l%i’lm?rﬁnéteﬂélﬁé%“é%‘?f’emé{“ﬂlﬂbgn} e, sever al
obstacl es MHghifi nfHRE g@ﬁ@ tafttalith g&) lﬂﬁ%ﬁﬁdegﬂ%?}gﬂ%@g@ jgs 130

(e.g., vias or trenc etc enoval 0 by ashing
can potenti althg,mdarmg& (ﬁ?h@xmamrb@idmemh:erbcb@ Rm.teeamp]e thSdaomat m4tbeallvan be er
material 140 (e, g. TiN, Ta, .Ta can pote netrate
"o i ntr cormekEY My St lesit et Rpo e (b eb et ng ¢ he
| ow di el ect |;k¢ value. Third, due to the pr esence of interconnecting pores
in many nanoporous LKD materials, structures formed from nanoporous LKD

mat eri al ma{,O(lla]: k ImEtBali, cmenisgridAgs flledwithbudecpppat lapfcbbiﬁs slfqrqxgmem

§r§t gr ials, B%&I“ioﬂ%era}ﬂ%erggpgg% E% §95?n686’é’p n‘%ﬁﬁsl gg% ggd (%g?r’ ; Owe Ia_}'ﬁ([:) ing the
mechani cal slet@RedsitopperlpiitinBt £¢ {IRSsFated in FIG. 1D, the structure is planarlzed to

15  remove the excess portion of bulk copper layer 150 by any suitable technique such
as chemical mechanical planarization (CMP).

[0018] The damascene manufacturing process can either be a single or double
damascene process. For the latter process, either the via-first approach or the trench-
first approach can be used.

20  [0019] Prior to the successful implementation of nanoporous LKD material in a
damascene structure, several obstacles must be overcome. First, the process of
forming openings 130 (e.g., vias or trenches) by etching and removal of mask layer
120 by ashing can potentially damage the nanoporous LKD material. Second, the
barrier material 140 (e.g., Ti, TiN, Ta, TaN, Ru or RuOy) can potential penetrate into

25  interconnecting pores of nanoporous LKD material 110, compromising the low
dielectric value. Third, due to the presence of interconnecting pores in many
nanoporous LKD materials, structures formed from nanoporous LKD material may
lack mechanical strength for subsequent processing steps (e.g., CMP). Thus, a need
exists to repair damaged nanoporous LKD materials, sealing the surfaces of opening

30 130, as well as enhancing the mechanical strength of LKD materials.

[0020] During plasma etching and ashing, at least a portion of carbon containing

moieties (i.e., methyl or -CHj groups) can be removed, resulting in nanoporous
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[ 0020] During plasma etching and ashing, at |east a portion of carbon
containing noieties (i.e., nmethyl or -CH3 groups) can be renoved, resulting
i N nanopowoustKBsevat eri al s havi ng reduced hydrophobi ci t pCTse0sSIG7TCar bon
containing noieties are renoved fromthe nanoporous LKD materials, Si-C
bonds are replaced with Si-OH ("silanol") bonds or groups and the resulting
dielectric layer loses its hydrophobicity as water nolecules fromthe

at nrosphere or from subsequent wet cleaning steps form strong

hydr ogen- bondi ng interactions with the silanol groups. The presence of

wat er, whi chKiimaterials/lzdvireg duedsdytdraihobicatyuWisen the sarbioggofifacamg i ncr ease

in the k-val ue of the nanqporous LKD materjal. Far, exaapl e, duri the

ol asma et chHICHSE EpEARGE e8! e nappreows LK PanaiBal: $RCTREI IRSBRIPs LK
material, phags-OBTBIRNEEY bEXdsidhréwhsand et Rs@tingBaudct3O14y8t iodéitd he
sidewal I s of the openings. At a depth of about 5 nminto the plasm danmaged

nanopor ous hx@yophelaeityis watso orole@Bigs dfommthetaymospherger fforaigbsegnentivesit (i . e.
25% of the § -C baopds_.are repl.aced w.th Si-. bonds roups) .. [ 0021] Etch
damged TandlEPBaS PR Mt EPTUPGR et iR et PR n Rl RE SR ebPlgen s.
whi ch react Tat pleskit® oPiwdtkt, wHMNR R, k-0d18e Of MBCH, refultsshAGiglikenysi | ane
agents is that water is required to hydrol yze the al koxy groups prior to
condensat i offogas® i e kstﬁflﬂ%@%ﬂlbé?amp@m@l(ér%%ali A‘oa cxyRPlendHInDONe st ep.

Thus, one o . i i f uGgh as
Al kKoxyer | angSiE s SRERASTOE, s Behchel I e Spftoo FARMADIREHEL F2,
role water plasma damagbeachashdrla deplicdbf 2boubs0 weeintd e salekaly sf thene and t he

Si-OH groups. As illustrated in FIG 2, water is needed to hydrolyze the
al koxy 4P oupBepRgSorAt Hdersinabakont S awn te Hhemesns dmggﬁi@aﬁ%pqrﬂ%%%r ol ysis

step. 10022} 1 chbnedimYeh SR R 980D RO VRSt BT kaGsms oI ven

by at nbspheri ¢ noisture, direct eacti o i Cl ency. t the

use of cat ahwestplacédwith SO dbndssaairowqss).bet ween t he al koxysi | anes and t he

Si - OH group es . the presence of_ sone ter. Furth i nsi st ent
BolsicapP

result is d @nﬁgg%tt%kh%?%i nanPROIPRSL ate e Wﬁﬁegi ’igi'nglhg’éfsfq@%e
mai ntai ned LeoRy SAIH RatOwRR IR §-0HO Yo evkEWne dRAMCRIE U8B g (fcdkysilaRMONI 2,
met hyl am ne, dinmethyl am ne or
15  agents is that water is required to hydrolyze the alkoxy groups prior to condensation
with the surface-bound Si-OH groups in a condensation step. Thus, one of the
challenges associated with the use of compounds such as alkoxysilane agents is the
consistency of repair. This relates to the key role water plays in the chemical
reaction between the alkoxysilane and the Si-OH groups. As illustrated in FIG. 2,
20  water is needed to hydrolyze the alkoxy groups prior to condensation with the S1-OH
groups in a hydrolysis step.
[0022] Differing levels of hydrogen-bonded water on surfaces, driven by
atmospheric moisture, directly affect reaction efficiency. Without the use of
catalysts, the chemical reaction between the alkoxysilanes and the Si-OH groups
25  mandates the presence of some water. Further, if a consistent result is desired,
substantially the same level of hydration has to be maintained from sample to
sample.
[0023] Lewis base amines (e.g., ammonia, methyl amine, dimethyl amine or
trimethyl amine) can be used as catalysts to enhance the rate of condensation
30 between alkoxysilanes and Si-OH groups without the hydrolysis step. As illustrated

in FIG. 3, the Lewis base amines serve as a catalyst by forming a catalytic

intermediary with the Si-OH groups. The catalytic intermediary is formed because a
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trimethyl am ne) can be used as catal ysts to enhance the rate of
condensati on between al koxysilanes and Si-CH groups w thout the hydrolysis
step. As wblzoevosaioed in FIG 3, the Lewi s base am nes secvasa@saidat al yst
by formng a catalytic internmediary with the Si-OH groups. The catal ytic
internediary is fornmed because ahydrogen bond is devel oped between the
Lew s base anmne and the Si-OH group. The formation of this hydrogen bond
drives the reaction forward, allowing the direct reaction of a Si-OH group
with a al koxy group of the al koxysilane agent. The catal ytic internediary
is itself hhydogersbokistdeirtlopedbateant thod ewiis bastheind kukihsiSi-4N2 geqyent . The

reaction prqduces t.he r.r espondi cohal as a byprodu and the amne is
freed to agigﬁ%‘?ﬁr@&%aQﬁﬂBﬁﬁ?ﬁ‘%\Rﬁ‘fIﬁQ‘%ﬂg‘srﬁeéﬁléq feé?tl‘t&f‘/’g‘?’ %rgpglflo“ﬁaaitlﬁ %ﬁ%ﬂtl Y,
the al koxyskdadiién 6PARPOMISroap Wil MREX ¥ SR lolf YheBky¥Bisk @tk 4genf. OTHB

t hr eedi nensi onal horizontal |y netwrked structures, restoring the

nmechani cal sttebhiginemmedidiy indsrdblogblysubdeptibigtie r¢aghion pobthy alkpgeniase aci ds

can al so.be_used cat.al yst.s by, hydrol yzi.n I S| rm Si - OH
roups. i BRoToRREreRih PR et oSt A B LA B BT e o

heat. Addit k@ ik Yieed@o addiniBydraf@tibdrd WitlcadditioRd] GMOIE gasiipds Additidallysed to
catal yze the reacti on between water and substantially nost of the residual

al koxy gr ouphs alkqgsinepogpounds ¢and hasigoriatly setrsked rfoamityrepret wor ked
nanopor ous ?{ﬁ%ﬂgﬁ)tng{ ﬁor@ongalll Ellegvorﬁ'ebﬁ st%@ﬁ@%{CieﬁgﬁH%th%%@J\}%ﬁl% lastxté}ﬂgtrhoclfyt 1
v al al’Koxy groups, I ch

reacti on between water an he resrdu produces Si-CH
groups as skewanbporbisd K#BmaferiaFFl G 4C, Si - OH groups of adjacent sil ane
conmpounds are then condensed to formthe horizontal network. Th‘,za or gani c

acid cah) be MR ol YarEe 26i6s gahales R uadpirReatiysipby By HBbEINSAKhyFe5E & er abl y
up 1o about rém SGHRSLpS WG ARlndiRyiliPs ARRUbodnd SNOEPEGAPL f AE! dS can

i ncl ude aceti c aci trifluoroacetic aci richloroacetic acid, citric
aci d, ot her pfestrcy ofiabaigenblitbchatly, gxatltistedtéd/inHdIGogeomped anskslcande dsgd @nd

various conbinatigns thereof. [0025] Such Lewi s base .am ne and organi c acid
catalysts haYadELHY ERHSRAEMEBIE i siEa Ay B AR EREORA
condensat] OOt ABIRALGAICIGAIES 00 UTLACEDOHTG K g o nout
di scl oséd i matasimholnl KIGa 44, gresadid hicBls datetlpret a iyfsblytiatréastionlbetween water
and the residual alkoxy groups, which produces Si-OH groups as shown in FIG. 4B.
In FIG. 4C, Si-OH groups of adjacent silane compounds are then condensed to form
the horizontal network. The organic acid can be any organic acid having a pK, of up
to about 7, more preferably up to about 4, and most preferably up to about 3. The
20  organic acids can include acetic acid, trifluoroacetic acid, trichloroacetic acid, citric
acid, other fully halogenated or partially halogenated weak acids, and various
combinations thereof.
[0025] Such Lewis base amine and organic acid catalysts have been demonstrated
to kinetically enhance the rate of condensation between alkoxysilanes and surface-
25  bound Si-OH groups without the primary hydrolysis step in a supercritical CO, (or
SCCO,) medium, as disclosed in commonly-assigned U.S. Patent Application No.
11/475,206, which is incorporated by reference in its entirety.
[0026] Described herein is a novel method of repairing and/or sealing etch
damaged nanoporous LKD material using vapor-phase mono-, di- or tri-functional
30  alkoxysilane agents coupled with vapor-phase Lewis base amine or organic acid

catalysts. Repair agents and sealing agents can be generically represented as Si-



11/ 475, 206, which is incorporated by reference in its entirety. [0026]
Descri bed herein is a novel nethod of repairing and/or sealing etch damged
nanopor oWwOLBKD/sai9er i al usi ng vapor-phase nono-, di- or PCTiGSkasoti4onal

al koxysi | ane agents coupl ed with vapor-phase Lewi s base am ne or organic
acid catal ysts. Repair agents and sealing agents can be generically
represented as Si (R x(OR )y, wherey > 1, x +y =4, Ris an alkyl, aryl or
hydroxyl group and R is an alkyl or aryl group, preferably nethyl or

et hyl . [0027}{ Al koxysi | ane repair agents can be characterized by smaller

si zed nol ecéReORApoherap 2t atout 418 %s at dkyle avhoshydroxy! gramepng Rais agan
di ffuse int A& Qrghgroﬁété\%?%gbgggpe?ﬂ q%? e%lﬁ?hmat erials via the

i nt erconnect'ed por ac silanol groups. Upon the
conpl eti on @H027¢ pailkoxysidificepalDhgen®f canhe dhasiktefRtdyY sible¥szedmoleefleSNi shed

with an al kyl group (e.g., ethyl, propyl, butyl groups), preferably about
75% t o aboutbagR0de aéw@ IPStatgmicgnesspeta (MDY @tmaghiefguse[m%ztefb hes of

. . ._ C 1% 3)
G et hows o EaifPelsTHR ERA, &6 RIS 0GR R andhe i)
((CH3) 3- Si - 6l grvups- Pipon Yhe tompletidroxiepaia i® % 6HIofd-2F tBERosBimeftICH3) 3 or n-

PTMS). [0029] Al koxysj !l ane_ sealing agents can be characterized by | arger
si zed nol ec §F¥®s afgIgRIcAEEE Wahan gl isERMP (o sAlvtl, PoBYle PAWABTNESh t he

nanopor ous, iR aBheial 1ARS 3heik o8 b\ B PAlosof SpReiSeg! st on, 0

whi ch the | arger size of the al koxysilane s age as a reactive

col lision wif@l28h dFixafrpies-dfoepar GenGHiagimiypde mathiybrindthoxysdssd ((CHi-8r-ough a
por e opepi ng.o e .nanoporous LKD material i orous network..

P koxy oD anfOde P g B St e HCatr s Chnah i alp et samgpt n of
I ess than a'@@m 3SLOCH, N8} n P&y HAREMo R sidnd EPi o -@ﬁgsi-(éc}@;?or@lm Upon
conpl etion of the sealing process, the sidewall and boftom surfaces of the

opening arePdd®red with a filmwith a thickness of up to about 2 nm This
.he diffusion,of overl bar.r i terials

nto the | nfp8hn B BTAR! teling =inis FBTPasEFERe P Lers dreChaliEVEr. 1 ¢
shoul d be n@bafaddaaloy apsbouphec 2010 PatysehBng 8fthe @Rhopy6ud DKW hbtsal | nt o
t he nanoporous LKD material, due to their smaller nolecular size.
1 operates by the principal of size exclusion, in which the larger size of the
alkoxysilane sealing agent has a reactive collision with a surface-bound Si-OH
group, rather that passing through a pore opening of the nanoporous LKD material
into a porous network. Alkoxysilane sealing agents react with surface silanol groups
at a depth of less than about 3 to 4 nm, preferably at a depth of about 1 to 2 nm.
20  Upon completion of the sealing process, the sidewall and bottom surfaces of the
opening are covered with a film with a thickness of up to about 2 nm. This film is
effective to prevent the diffusion of overlying barrier materials into the
interconnected pores of the nanoporous LKD material, however, it should be noted
that vapor-phased catalysts can continue to diffuse into the nanoporous LKD
25  material, due to their smaller molecular size.
[0030] Examples of sealing agents can include bis(dimethoxymethyl)siloxane,
bis(methyldimethyloxysilylpropyl)-N-methylamine, bis(triethoxysilyl)ethane, 1,2-
bis(trimethoxysilyl)hexane, bis(trimethoxysilylpropyl)amine or bis(3-
triethoxysilyl)propyl)disulfide.
30 [0031] Asillustrated in FIG. 5A, semicond_uctor substrate 100 with a nanoporous

LKD material 110 is placed in process chamber 200 for the treatment of damage

resulting from etching and/or photoresist ashing. Process chamber 200 can be
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[ 0030] Exanpl es of sealing agents can include bis(di methoxynethyl)sil oxane,
bi s( met hyl di met hyl oxysi | yl propyl ) - N net hyl am ne, bis(triethoxysilyl)ethane,
1, 2- bi s(woi2oedssoegsi | yl ) hexane, bis(trinmethoxysilyl propgr)ismoeseizr bi s( 3-
triethoxysilyl)propyl)disulfide. [0031] As illustrated in FIG 5A,

sem conductor substrate 100 with a nanoporous LKD material 110 is placed in
process chanber 200 for the treatnment of danmage resulting from etching
and/ or photoresi st ashing. Process chanber 200 can beoperational at
pressures from about 1 niTorr to about 3750 Torr (i.e., about 5 bars) and at
t enrper at ur e Sperptionnl gbprgssusBoitym [abod2 mlandp ebouts3 70RM omafi e, iakputSllgar)ncl udes

previously et d _openi ngs 13 o~ trenches or vias). Due to previous
et chi ng andf%?gﬁgn %gﬁug ]%()%v&f?@?ﬁb mask | ayer, the exposed surfaces of

dielectric [6082] NopsueLRD grraed] 0 Nchiies previviisly dibhesitaphads 180 FI G 5A,
nanoporous LKD material 110 can overlie an internediate | ayer such as a
barrier | ay&-8afienchesehyas: iRue erprevancephing end/er reayaial of goaaylyB&npl es of

. o _ s S
I B T R
such as BLAGH iDLAMBND BIG, SA)ubispors\sd 10D nAREHAIED0NMAT BREre Sh,intCRRAL§tE)

(manuf actured by NOVELLUS), AURORA(r) (manufactured by ASM, ORI ON(r)
( manuf act ur Byeh§ich@s pgiricr lasr and o copdifetive OF sinaigopduchgriayerng

Nano- G ust eL%?EL?XE@B% o'}"%cgﬁli‘?@&éf %ftgrigycaﬁwél;(ﬁu)out e EhALREIEr I SticC

of many nan materials I's the presence of an I nterconnected pore
structure, WNANOGRASSY mdrHOSPP anendhatereditstHonmyiietintbiridtionnl) asesage por e

ol aced B SUBRERESRHHH PLAG DSBLONEY AmeayIsrroD R0 LR FR | ude an
el ectrostat MAMLéF@@RAE@?xg? LGl ROVEIGHNS), AURORIA®Y Mechani sm and

one or nore heating €elenents heat |1 ng 'sem conductor substrate 100 to a
t enper at ur e(pufzct@EOOF. AMPIBRIGKE (inemi fastapmrbydBlikardy UKEyS1®hs 220A, 2208,

T S RN O SR N e S
200. VacuunrFpynms A4 ©keadhaPRtd#R86 of many nanoporous LKD materials is the presence
15  of an interconnected pore structure, which has a narrow pore size distribution with
an average pore size of about 2 nanometers.
[0034] Semiconductor substrate 100 can be placed on substrate support 210.
Substrate support 210 can include an electrostatic chuck (ESC), mechanical clamp
or other clamping mechanism and one or more heating elements for heating
20 semiconductor substrate 100 to a temperature up to 300°C.
[0035] Chemical vapor delivery systems 220A, 220B, 220C can be used to
sequentially deliver a catalyst, an alkoxysilane repair agent and an alkoxysilane
sealing agent, respectively, to process chamber 200. Vacuum pump 240 can be used
to evacuate gases from process chamber 200 once treatment with the catalyst,
25  alkoxysilane repair agent or alkoxysilane sealing agent has been completed. The
static gas pressure is maintained in process chamber 200 by backpressure regulator
250, which functions to release the vapor into a chemical abatement system when
the gas pressure exceeds a preselected pressure.
[0036] FIG. 5B illustrates an embodiment of chemical vapor delivery system 220
30  for aliquid agent (e.g., catalyst, alkoxysilane repair agent or alkoxysilane sealing
agent). Liquid agent 222 from agent source 224 can be placed in bubbler 226, which

1s heated to an elevated temperature to vaporize the liquid agent 222. An inert gas
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to evacuate gases from process chanber 200 once treatnent with the

catal yst, al koxysilane repair agent or al koxysil ane sealing agent has been
conpl et edWOTh@/85@Bi c gas pressure is nmai ntai ned i n proeesasesamiozrt 200 by
backpressure regul ator 250, which functions to rel ease the vapor into a
chem cal abatenent system when the gas pressure exceeds a presel ected
pressure. [0036] FIG 5B illustrates an enbodi nent of chem cal vapor
delivery system 220 for a liquid agent (e.g., catalyst, al koxysilane repair
agent or al koxysilane sealing agent). Liquid agent 222 from agent source
224 can be [f¢-acutiogen guasBeRrirgn@as siiredh22Ssbubbiasdbirongh she lequad agend 222 to

i ze. | iquid 2 i i
ar gon) 1+ omSpes e B Tibd Sty e B EBhn&i 30 Proyiea BB e %0350 Bl ver

the vapori zed)agebé héRedfoqiesnt eieddnaEnsdién bhthewapordias dgenewiBia-théass | i ne.
230 can be heated to prevent the condensation of the vaporized agent wthin

the gas |inding280. [ 0037] Semi conductor substrate 100 is placed in contact

ith ' ' | i . As
descr i ben ataudn gt didighs Biltid RATHEEER (orf i £l B, ner one T o

Ki neti cal | y cetahiangigorttb @ny adpairaindfrRegiiegirbesds. DAk wessiball lkbaws ihealnesis and

Si -OH groups without the pripmary hydrolysis step in the case of the Lews
base ani ne GatcAWEe or grggnisacibedplyptdinotipnpiikineyeally anhangedhe gafe obt t he
organi ¢ aci do,thea SR Uie . . | ate support
210 can be h%%t egato a?\?i@%nst (t) rsrblgéegt%g?gl ???g%§3§g§@8%e§§%ﬁ%§2750c,
preferably apdolysisidp inchabasgtof 2OLewit bapr enmatcatabrsd end dlyi aooelefatiagy

vapor - phase agents,. the te rature of. t sem conducf or substrate 100 is
preferably R ygfsrfeaﬁf‘a?asao Sﬁtl&?@dhit}gﬁé?mﬁ%ﬁ‘}fq rp&?ﬁﬁ@ﬁ%ﬁl 7 the

vapor - phase 39 ﬁmstrﬁtlérsﬁgl%ﬂb'ggi 0 EiitpERdakdd@o Q_rfﬁgfé‘t%lzltpela@&g%k ab&littdoddlty abdifie

pressure of process ch 200 1's nal ntal ne a vacuum pressure to

facilitate QapEiprefeiably abfout heOCatoabyst 2008Cy . To mboant condenfatian ¢fangbout 10
Torr). Chem cal yapor delijvery syste 20A deli,vers vapar.-phase cat al yst
Lo the proclterAaNoE GOl GHPRERIS She CEReLE SRSy b R0 FopETeraty

Sem conduct @fairfthined hied @mbRFatin® HIEIRE Bchni the ERRYRRthraMitRe VAR r\ARSS aghpse
catalyst in an anount effective to interact with silanol groups in the etch

danmagedl1? egtlupughost thexeatipst rrocesie vapor phase

[0038] Initially, the pressure of process chamber 200 is maintained at a vacuum
pressure to facilitate vaporization of the catalyst (e.g., about 0.5 Torr to about 10
Torr). Chemical vapor delivery system 220A delivers a vapor-phase catalyst to the
process chamber 200 to treat semiconductor substrate 100. Semiconductor substrate
20 100 1s placed in contact with the vapor-phase catalyst in an amount effective to
interact with silanol groups in the etch damaged region. For example, the vapor-
phase catalyst can form a sub-monolayer or monolayer of the catalyst on the exterior
surfaces of opening 130 (i.e., sidewall surfaces) and on interior surfaces of the
interconnected pores in the nanoporous LKD material 110. In one embodiment, a
25  plasma damaged region can extend to depth to about 30 nm into the sidewalls of the
openings 130.
[0039] In one embodiment, the catalyst is delivered to the process chamber 200 to
increase static pressure of the vapor-phase catalyst in process chamber 200 to about
20 Torr to about 1500 Torr (i.e., about 2 bars), preferably about 100 Torr to about
30 760 Torr. The volume of process chamber 200 is about 1.1 liters. The contact time
of the vapor-phase catalyst can be about 10 seconds to about 60 seconds, preferably

about 20 to about 30 seconds. After treatment with the vapor-phase catalyst has
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catal yst can form a sub-nonol ayer or nonol ayer of the catal yst on the
exterior surfaces of opening 130 (i.e., sidewall surfaces) and on interior
sur f aces WO 200985098 er connect ed pores in the nanoporous PRKDUsatsnix71 110. I n
one enbodi nent, a plasma danaged region can extend to depth to about 30 nm
into the sidewalls of the openings 130. [0039] In one enbodi nent, the
catalyst is delivered to the process chanber 200 to increase static
pressure of the vapor-phase catalyst in process chanber 200 to about 20
Torr to about 1500 Torr (i.e., about 2 bars), preferably about 100 Torr to
about 760 Tbeen contdeted, theeenadinipgorpersplidsanitelysid@emsveabioom the processer s. The

contact ti of t vapor.- phase .cat al yst .capn be about 10 secongds to about
50 seconds. e BB FTRG I AGE BoRisth 195 sy e oW aRTiT S HEPL v th
t he vapor - ppassuré of Bély&tabbash E6H i§ HHERUEn abibifer SABYINNBEL, ¥ APREmRhase

catalyst is renoved fromthe process chanber 200 either by dynam c flow of

an inert ga¥agunpsanhecnniayaddy2Aoyingrihé vaperphasesuptadyiintogiresessibgut 5 Torr

i hi d : mhodi d ' b ' ined b
1 oni ng. | nec st BHREEn-CRERYIB0: node D REE I AR AR oo TRk ™

si mul t aneougregfifeé edgutitorafsovacuum punp 240 and/or a back pressure regul ator
250. [0040] Exenplary Lew s base am nes can include anmonia CNH3), nethyl
ani ne ( CH3NIA0] diExeipiary Eaivircbase am@ies pf) insduderdmaeomy (NEh), meetiyd@aMsy 3) , ~ or
correspondi i ; ' erti.ar {tuted am nes.
Exenpl ary O{@;%%ﬂg{f:@% §‘§>§§ﬁﬂ?§@§a§5‘1§ e%ritt%glgkcﬁygfg@lﬁ W@?ﬁbéﬁcoét ic acid,

tri chl or oacedrrespandifig paimary, Ge@giddry, 0f feetiarf ¢tHyy sitatiagehanhaes OrExealplargl | y
hal ogena@ed weak acjds. .ln one enbodi nent, the or(gani ¢ acid can be m xed
with wat®r PeREAcidssaniirdyiesicetss aqid.dnilugriageiiG acids dpehlpmsgetioseyb sy upon
the specifig.ihew 138l j j e e of the
process chan%g’%%gggigag ﬂé??(gét;re& gﬁ%gjol?atlé‘%éfgmgrﬁv&% ls(tagﬁgblhg%gisure i's

sel ect ed t oempbediernt, tlenatgaisaacidicanbe nhieed exnthsvdiaste famh e agadoak gshition,

organic acid,.lf an organic acjd catalyst | sed, to maxi m ze al kaxysil ane
reactions wh E’éﬁl?’?pé’@ég%o ARCTSH P Wy Eﬁ%?“é‘kgé‘é":? %%W“}?rf’o{soég%?béﬂﬁ’c aci d

|5 bref er bl AGHaLed BEbRRs Afinitet DOSHE! Litudk bR YR hangatepai

and/ or sealing agents, to prevent reactions between organi ¢ acid and
al koxysi anprepsure iseeleaisdito preyset condensation of the Lewis base amine catalyst or

organic acid. If an organic acid catalyst is used, to maximize alkoxysilane reactions
with surface-bound Si-OH groups, excess vapor phase organic acid is preferably
evacuated before the introduction of alkoxysilane repair and/or sealing agents, to
prevent reactions between the organic acid and alkoxysilane in the vapor phase.

20 [0041] After treatment with the vapor-phase catalyst has been completed, the
pressure of the process chamber 200 is decreased to a vacuum pressure to facilitate
vaporization of the alkoxysilane repair agent (e.g., about 0.5 Torr to about 10 Torr).
Process chamber 200 can be optionally backfilled with an inert gas (e.g., nitrogen or
argon) before evacuating to a vacuum pressure. The temperature of process chamber

25 200 and substrate support 210 is maintained at the first temperature of about 60°C to
about 275°C, preferably about 100°C to about 200°C. Chemical vapor delivery
system 220B delivers the alkoxysilane repair agent to the process chamber 200 to
treat semiconductor substrate 100. Semiconductor substrate 100 is placed in contact
with the alkoxysilane repair agent in an amount effective to restore at least 50% of

30 the lost methyl groups with an alkyl group (e.g., ethyl, propyl, butyl groups),
preferably about 75% to about 90% of the lost methyl groups.
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[0041] After treatnent wth the vapor-phase catal yst has been conpl et ed,
the pressure of the process chanber 200 is decreased to a vacuum pressure
to faciliweteonwmsposi zati on of the al koxysilane repair a@emus¢@smni347about
0.5 Torr to about 10 Torr). Process chanber 200 can be optionally
backfilled with an inert gas (e.g., nitrogen or argon) before evacuating to
a vacuum pressure. The tenperature of process chanber 200 and substrate
support 210 is maintained at the first tenperature of about 60C to about
2750C, preferably about 100C to about 200C. Chem cal vapor delivery system
220B del i vel@042he Inloke xydiotmmmt,rafreddranagymn of slkoxyselape mpessigetasber 200 to

t t i { trate.100. Sem duct or. bstrate . 100 1 | d i
contact wi ¢ ACPHE-TeRIDRI PG Bisss P RLERE Aeern BHSam erpRLendB oo o

restore at heagt205% tbfaHolﬂﬁl5%Tor¥?ﬁ@¥iboﬁf@ﬁﬂ§),$dréf@ra@[y Ay ogmeHRo(e. 9.,
ethyl, propyl, butyl groups), preferably about 75%to "about 90% of the | ost

met hyl gr oupsoytdea dor. nlfsrtetad wbatdétriome of senficorsluctmeuirstratsf 10 Wik §lsi | ane

repair agent _is delivered.such that the . static pressure of repai, agent in
br bcess. EhayBi-h HIECSHAHE Bobi et DBl CaBbGREE L Bt ARG, o005
bars), pref esoabliytoadpout 190EECoRAY, ptderablliboultttd skRbfids tdhBolid(BdecoRdtt gt ti ne
of sem conductor substrate 100 wth the vapor-phase al koxysil ane repair

agent at t hangthersambadiggentaa dyearsigryapeurs san be mainiaaeh by floy1ahthetvapen

seconds, pr I d ?M’ i r
enbodi nent, b féfsgs aér{ﬁ %té\gg@tﬁ%o?g%%e&%@%ﬁ ai n%lﬂ%&/&g ﬁ%ﬂ?\ag@%@éb\%ﬁ&n p%fase
repai r agenvadunhopyhp 46 andrgr & backopressAOregulatdr@ s0he si nul t aneous operati on
of vacuum pu 40 and/ or a back-pressure regul ator 250. [0043] .To | ncrease

2
the reac?i vI%#3bt Tonecrapiedhy ssactiniy plibairfkozyeime iFra agsat withdbotilagpbups in
the bul k of gto:ﬁglso 0 rQ%ﬂf@&ﬁhéﬁ%@fr&wﬁ&bl&zQerié}fltl@rat?é?%ﬁ&kt With fhd he

al koxysi | an agent at a rst tenperature has been conpleted, the
nanopor ous AKbBxysilhee rephirbhient & aftretftempéragurghaclegtnicompdeted ahe nartdpotdus

al koxysi | an epaij r. t at_.a.second tenperature. The tenperature of the
waf er ys u ppoﬁéjz%ﬁte@éﬂ?ﬁg‘sim%@e@iﬁéﬂlafch fack Y"}té the @E‘b?@fsé}g%‘ EPaY a8 econd
t enper at ur ea0f seabieniifathR. ARUEMANAfare BF BE WA AppHRYh 0 L2P6e IR rBRaYT

2500C. The total contact tinme of sem conductor substirate 100 with the
vapor - phasefrainkibs fisstitemperapaiora sggend teatpetdteresgabnat §08aerahour W0EN be

about 10 Segr%?edrg‘blty%bgl?tol%tw&%g aﬁ&ﬁ%ﬂ% RLE Io glaclcj)ln%c? gr%létof %gmiconductor
substrate 100 with the vapor-phase alkoxysilane repair agent at the second
temperature can be about 10 seconds to about 180 seconds, preferably about 20
seconds to about 60 seconds.

20  [0044] Exemplary alkoxysilane repair agents can include methyl trimethoxysilane
(CH3-Si-(O-CHs)s,), dimethoxy dimethylsilane ((CH3),-Si-(OCHj3);), methoxy
trimethylsilane ((CHj3)3-Si-OCHj3) or n-propyl trimethoxysilane (CH;-CH,-CH,-Si-
(OCHj3);3 or n-PTMS). Depending upon the specific alkoxysilane repair agent, the
temperature of the process chamber 200 and substrate support 210 and static

25  pressure is selected to prevent condensation of the alkoxysilane repair agent.
Condensation of the alkoxysilane repair agent on the surface of the LKD material
can be detrimental, preventing the uniform penetration of the alkoxysilane repair
agent into the nanoporous LKD material. To ensure that the agent is in its vapor
state, the nanoporous LKD material is placed in contact with an agent below its

30  saturation point (i.e., vapor pressure at a given temperature is less than 760 Torr).
Under these conditions, no saturation (i.e., formation of liquid agent) can occur on

the nanoporous LKD material.
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seconds to about 60 seconds. [0044] Exenplary al koxysil ane repair agents
can include nethyl trimethoxysilane (CH3-Si-(0O CH3)3), dinethoxy

di met hyl swbhan@/086@@BI3) 2- Si - (OCH3) 2), net hoxy tri net hyl si lPamars2008/013471
((CH3)3-Si -0OCH3) or n-propyl “trinmethoxysilane (CH3-CH2-CH2-Si- (OCH3)3 or

n- PTMS) . Dependi ng upon the specific al koxysilane repair agent, the
tenperature of the process chanber 200 and substrate support 210 and static
pressure is selected to prevent condensation of the al koxysilane repair
agent. Condensation of the al koxysilane repair agent on the surface of the
LKD mat eri all0@4dh dior denevalefiesatess pgeamveand neactiond yuprofleetsrfioensemriatndsatonf t he

al koxysi | ane r if.~agent into the nanoporous LKD mgterjal . Ta ensure that
the agent i gul?sﬁrel?et QOO\,/ ot ¥t ,Vaf:Wémﬁgg‘ab%rrléﬂgcrﬁﬁggﬁ%?@qt&'s ?8“3 aced in
contact W t Rbéut 383etEndaed a¥oitlIS0SaddAHRL ARBrIAALVEY, the plessuréaR@ic dHafiBRHI € at a
given tenperature is |less than 760 Torr). Under these conditions, no

sat uration Cinbe majnsgifed plohstatic leveluind mic Jaw ofesurcrbAusthgasirandpor ous
LKD nat eti a F r val of excess agents and reaction by-products
from semg coha%&gtgf)}?élgﬁ%{sqerrg{lgua?(%?mt he pressure of vacuum chanber is

decreased t po@#sPULIf QestredOthe above @Retibediftosas arRgs fdreoataotihg 20 apecpids .
Alternatively, the pressure in the chanber can be naintained at a static

| evel and ac¥plyshand vapewpbiseatkaxysilanefrpppinaggat withnhgpangperpusd-kldnove t he
i dual : f ' ' f
residua agfrﬂattenagggflﬁé ﬁelggaetgcggbé ﬁ§g&£ﬁ@?8ﬁ’ ﬁleds?lﬁa%rs%}%?%?ﬁﬁ&%ﬁgosﬁat%%o. or

contacting the vapor-p vapor-phase al koxysiTane repair
agent w th ahtheraapocmpéaratufOraniateasathe eaustibry bepealllak ysildheqepdiDagent.i Mes on
t he sane se%i conducitor suhstrate 100 at the second tenperature to increase
the real?i viPyoBMRlf&oRiactRg Bie wner-passicrtabgbad thegikogysitapedepaiptdertt i ng

t he vapor-p i r i t with the

nanopor ous Ii“k%qﬁgﬁgeﬁpgféugan téﬁ'ér{%%%algtgégét%,%tg%dtug)ﬁatt§nn§g.€§[0047] Once

treat mrent wWi@l47{ h®nca peatnpdra sethr thp apporginsd rpas agedrhas bagl ednepletetifthesur f ace

of the LKD nateri al can be seal edq by contacting sem.conductor substrate
100 with an® &%8@&9%%@ @étﬁfl?lngl Oa‘ii‘\gg’l".s)é%gg¥§8?'iaﬁ HYGRACHTs seal i ng
step cover sgiiigagl 19BWRk a@@lﬂo?%ifaﬁ&e%‘%@%g@rﬁ. N delI&EREBOE S sER RN
al koxysilane filmw th a thickness of up to about 2 ran, effective to
pr event 1§ hestdp tbvess the sodeveadl and bottom surfaces of the openings with an alkoxysilane

film with a thickness of up to about 2 nm, effective to prevent the diffusion of an

overlying barrier material into the interconnected pores of the nanoporous LKD

material. The LKD material 110 can be optionally placed in contact with the vapor-

phase catalyst prior to the sealing process.

20  [0048] The process of sealing is identical to the repair process described above,
including treatment with the vapor-phase catalyst. However, an alkoxysilane sealing
agent is used in place of the alkoxysilane repair agent. Exemplary alkoxysilane
sealing agents can include bis(dimethoxymethyl)siloxane,
bis(methyldimethoxysilylpropyl)-N-methylamine, bis(triethoxysilyl)ethane, 1,2-

25  bis(trimethoxysilyl) hexane, bis(trimethoxysilylpropyl)amine or bis(3-
(triethoxysilyl)propyl)disulfide.

[0049] The surface of the LKD material 110 can be sealed by contacting the
surface with an alkoxysilane sealing agent without an initial repair step, if plasma
damage to the sidewalls and bottom of opening 130 is minimal and repair is not

30  desired. In this instance, the semiconductor substrate 100 and LKD material 110

would be placed in contact with the vapor-phase catalyst prior to the sealing process.
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overlying barrier material into the interconnected pores of the nanoporous
LKD material. The LKD material 110 can be optionally placed in contact with
t he vaporwbase/samal yst prior to the sealing process. [@028]S2008®13@rocess of
sealing is identical to the repair process described above, including
treatment with the vapor-phase catal yst. However, an al koxysil ane sealing
agent is used in place of the al koxysil ane repair agent. Exenplary

al koxysi | ane sealing agents can include bis(di methoxymnet hyl) sil oxane,

bi s( et hyl di net hoxysi |l yl propyl)-N-nmethyl am ne, bis(triethoxysilyl)ethane,
1, 2- bi s(tr 10850hoxXidesingd) afies damepaibasd/or seabugiprogsss has beepgenpleiedethgr bi s( 3-
(triethoxysi}yl opyl)disul fide. . [004 The syrface of .the LKD materi al
110 can_be. SbuRlagE Yoo diticht B Rorcm enip i I frtk o riiReBReE | ng

agent wit hOHbritht;il? HdtRbrie@ RAlEtufds SR stotihg AR BEhad RIARG erlpth bi@e Si dewal | s and
bottom of opening 130 is mnimal and repair is not desired hi this

i nst ance, t henoperausdAd maerialyFdisharigon@bnefwarkingstentcan paprefamegdil d be
pl aced ip contact., W vapor - phase catal yst pri.or .t.0 seal | ng
f‘ 0 0%&%@1}&&%&@? Qél%?enaa? Qntrh tﬁﬁ 8rgran1c acu{ (é)l.%j,/aoceh aci@, tri u%roa%gljld

process. ter epai’r or seal'ing process has been

conpl et ed, héig, @ickRxyReliangd cafRaiit)sles@ibebabbey tozatil pdd yhytbMacked to form
t hree-di nensi onal horizontally networked structures, restoring the
nmechani cal EFEemyberwsen vater aaé dpoesidyal akoxpereinsans 1ingirated gy Fg%ﬁ‘t- dna

net wor ki ng R BS f . ' . [ ' he
organi ¢ aci gfe?%g. , Q@é@%@ g{é:i ga e}’ﬁ@ﬁ%ﬁ%ﬁ%@gﬁ%?egg&g@ E{&S%sgyggl@g{i c

aci d, citri20@asidy tibadenid dapdraletivéy sgsteal 220ewizh thedembytatre t@@ef i on

bet ween_water and the residual al kox roups, as _illustrated in FIG 4. In
a pref et? edPERHBETHERRAN tige rapg%%serlﬁﬂg hoyspdhe L&P matenal isRlacsd ipo process

chamber Zooc&ﬁwg’vﬁl{‘?vgﬂsb‘gﬁ%ﬁs%'caYaﬁ‘i?é?'in Q‘?L&E{&Ktkfﬁ:}fﬁ%@@ f o}c’jﬂ'a:iilg nefork

tenperature range, pre range” and tine range descri be ove. The LKD
mat eri al i stheladlcegysilanegopdinatd/oi dehling ¥ggpox:  phase cat al yst i n an anount

offective (RyhS]) S Al acttrk Lhe ol koryel e cpairyanggy seal i
COTEL S, ATk Bl SRS o SuRats s 200 gt ense,
heat i ngl&t e§00°&‘cfo|r abeuttdd seconds to about 360 seconds. This heating step facilitates
' condensation reaction between adjacent alkoxysilane molecules to form three-
dimensional horizontally networked structures, restoring the mechanical strength of
the nanoporous LKD material. This heating step can either occur inside process
chamber 200 or semiconductor substrate 100 can be removed and heated on a hot
20 plate.
[0052] Upon the completion of vapor-phase repair and sealing, semiconductor
substrate 100 can be subjected to subsequent damascene processing steps, including
the deposition of barrier layer 140 in opening 130, formation of bulk metal layer 150
in opening 130 and planarization of the entire structure, as illustrated in FIGs. 1B-
25  1D. The vapor-phase sealing of the sidewall and bottom surfaces of opening 130 in
nanoporous LKD material 110 prevents the materials used in forming barrier layer
140 (e.g., Ti, TiN, Ta, TaN, Ru or RuOy) from penetrating into the interconnected
pores of nanoporous LKD material 110. Vapor-phase repair and sealing of
nanoporous LKD material layer 110 creates a more robust structure that can

30  withstand further mechanical processing steps, including CMP.
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condensati on reaction between adj acent al koxysilane nolecules to form

t hr eedi nensi onal hori zontal |y networked structures, restoring the

mechani cavoessgioh of t he nanoporous LKD nmaterial. Thi #Chaseos@iBmrep can
ei ther occur inside process chanmber 200 or sem conductor substrate 100 can
be renoved and heated on a hot plate. [0052] Upon the conpletion of
vapor - phase repair and seal ing, sem conductor substrate 100 can be

subj ected to subsequent damascene processing steps, including the
deposition of barrier layer 140 in opening 130, formation of bul k netal

| ayer 150 i EXpMHIAG1130 and pl anari zation of the entire structure, as
illustrated g | Gs.. 1 BID. , The vapor-phase sealing.of t si.dewal |, and
bott om sur f éf%(gég l]:m‘%sl 5pé ﬁ?‘ﬁ@laiéﬁf“%%&%@ﬁ%%c&&gt% %ﬁft&t‘? gﬁo Mg‘ Pdnt s the
mat eri al s usieshagéll ddopbidgls DA hikerladY €0 iskéPaifed Bing vipor-phide nl@hylTaN, Ru or
RuOx) from penetrating into the interconnected pores of nanoporous LKD

material 116mehpsysilsfe {er-SpéPrCRnNg asearpaiyagsnt aathvineor dhigse Keshhemiea|

| ayer 110 cr ust structure that can withstand further
nechanicgl S?%%@%g?%%géggggg'including CWVP. EXAMPLE 1 [0053] In an exenplary

enbodi ment , [@IS4] c Geelicdrdictdd bsbistratee] DOtk BtcBldagiagéd BanRdededtdotger ous LKD
material 110 is repaired using vapor-phase nethyl trinethoxysilane

( CH3- Si - (O & Bgcedonssupgtipte suppgshd 1 00fProcase phasmes 208i dhRProcgss ne

CH3) 2N . yst. 4 ' i tch
Garmged | buci i GP08 Y Blacy 00084 pRETLESPRMEAS ot 4B LiALE AR sbidh 301, 2
process chaphepro2€B.chiindep2(cas scatodide firs2 Oénpsatevaciiboad 003Ca Ppicdssur e

bel ow 50 Torr .and the bstrate support 210 and process chapber 200 are
heat ed % o SRIEYAPOE e 4FTSH 40 Brocs mpeHE0 16 A pra?ﬁua%ogi%mirs

del i vered ! oRf @RS ARTIRIIvERALEnPo S R! Thic BEGRSHRIR suBfud 96 sl T Om
chem cal vapor delivery system™22Z0A. The sem conductor substrate 100 is

pl aced i n cphtetin centdet with thi dicthyll anmeaneapoa fwrabbar2edpootds20 seconds. [ 0055]
After the t he vapor is

evacuat ed d‘ﬁﬁgfg %%UﬁgggL@%ﬁﬁgégggﬁﬁgﬁéﬂﬁeggﬁég Ig%? e ths@reh
pressure of et RQated WG8SFachi@ TSI 24P uldr ARYHIMR vERLIM e rd RS thd RefBPDVE
residual amine and to
15  ofthe process chamber 200 to about 5 Torr or less, to remove residual amine and to
facilitate vaporization of the methyl trimethoxysilane, which is a liquid under
ambient conditions.
[0056] Methyl trimethoxysilane vapor (CH3-Si-(O-CHj3);) is flowed into process
chamber 200 from chemical vapor delivery system 220B until a static pressure of
20 400 Torr 1s achieved. Semiconductor substrate 100 is placed in contact with the
vapor-phase methyl trimethoxysilane for about 20 seconds at the first temperature of
about 100°C.
[0057] The temperature of substrate support 210 is increased from the first
temperature of about 100°C to a second temperature of about 150°C and the
25  semiconductor substrate 100 is placed in contact with the vapor-phase methyl
trimethoxysilane for an additional 30 seconds.
[0058] After the methyl trimethoxysilane vapor treatment has been completed, the
vapor is evacuated with vacuum pump 240 under a dynamic vacuum to reduce the

pressure of the process chamber 200 to about 0.5 Torr or less for about 60 seconds,

30  toremove excess methyl trimethoxysilane vapor and reaction by-products.
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facilitate vaporization of the nethyl trinethoxysilane, which is a liquid
under anbient conditions. [0056] Methyl trinethoxysilane vapor

(CH3- Si - (ochiB)yBy098s fl owed i nto process chanber 200 fr ecTaisersoai47vapor

delivery system 220B until a static pressure of 400 Torr is achieved.

Sem conductor substrate 100 is placed in contact with the vapor-phase

nmet hyl trimet hoxysilane for about 20 seconds at the first tenperature of

about 100C. [0057] The tenperature of substrate support 210 is increased

fromthe first tenperature of about 100C to a second tenperature of about
150C and t h&XAaMPMdhduct or substrate 100 is placed in contact with the

vapor - phase yl, trimet ho ilane for an addjt.ion 30,seconds. [0058]
Ater Cne miiot” epeheBRE ARkl SepBpodRuditbi R 0o Bler et Pints " he
vapor is evaghpoeshs\KD aetMM1pUSRealisihipor Hé@éﬂiﬁég- vacuum to reduce
the pressure of the process chanmber 200 to abouF 0.5 Torr or |less for about

60 seconds, mehyldimakoxasiddspropsd-Al methyilareing ex ¢ sealmgegeaipwith apeprridase i on

by- produgt s, - IL.n anpot her enbodi nent, sem conductor substrate
§ HE%?W% {gdelg%g% as 3 A1 SIE

100 with"an e nanoporou KD material 110 is seal ed using

vapor - phase [6068{ 3-Seftdndueiofreitzaxiesidow itpa0peh Haltaped loyl-REAidIetAs 1ayeseal i ng
agent with vapor-phase nethyl am ne (CH3NH2) as a catalé§t. [ 0060]
Seni conduct &#0 utagedansubsimtesunpost? IS fprepesngrambes ROR. dhePersers ¢ | ayer 110

I s placed O'E!ha'iﬂlpe?tz"()@ti?exghém% to %é&:s&fre B%l%%ﬁ?gﬁﬁ%ﬁ?gﬁ%sﬁ%%ss%g&@ﬁ@%ﬁ&S

chanber 200 1s evacuated to a pressure bel ow ubstrate support
210 and pr oprgsssathamber 2ADircdeateld eah Gast tamperhtursof dbanpesEiCUrdethfyl about
150C. Methyl am ne vapor. i s delivered into process chanber 28%@60 a static

pr essur &V of 2ME50V2PeF 15 deliypred HaiRipeegess digiben PP (s ytally sressiro 96 ASUOfarr
S et ‘ ! | Ty _
sem conduc %n?&i%%&ﬁ%g«éﬁ&lﬂfz%%géﬁ&ﬁfzidkcﬁlg@ ?&ﬁlc%&&t&r@ﬁbﬁ%@ﬂbo fgnine

vapor for about 60 seco ter t nmet h am ne vapor treatnent
has been copjatet mdontdre withghe miethyd umineatapdr furtahowtailuseeopdsop 240 under a
dynami ¢ vacy o fedyce the pressure of the process chamer, 200 1o about
evacuated with vacuum pump 240 under a dynamic vacuum to reduce the pressure
15  of the process chamber 200 to about 300 Torr or less.
[0062] Flowing bis(3-methyldimethoxysilyl-propyl)-N-methylamine is introduced
into process chamber 200 from chemical vapor delivery system 220C with dry
nitrogen as a carrier gas at approximately 3000 sccm. The pressure is maintained to
400 Torr by the simultaneous operation of vacuum pump 240. Semiconductor
20  substrate 100 is placed in contact with flowing bis(3-methyldimethoxysilyl-propyl)-
N-methylamine for about 180 seconds at about 150°C.
[0063] After the bis(3-methyldimethoxysilyl-propyl)-N-methylamine vapor
treatment has been completed, the vapor is evacuated with vacuum pump 240 under

a dynamic vacuum to reduce the pressure of the process chamber 200 to about 2

25  Torr or less for about 60 seconds.

EXAMPLE 3

[0064] Silicon substrate samples with an overlying nanoporous LKD material

(JSR LKD-5109, manufactured by JSR Corporation) were prepared. The samples
30  were coated with photoresist, patterned and subjected to reactive ion etching (RIE)

to form trenches, followed by oxygen ashing to remove the photoresist. The RIE
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[ 0062] Fl ow ng bi s(3-nethyl di net hoxysilyl-propyl)-Nnmethylamne is

i ntroduced into process chanber 200 from chem cal vapor delivery system
220C wi t hworzgoaisseoegen as a carrier gas at approxi mat el pC3ABR0sAEIIT1 The
pressure is maintained to 400 Torr by the sinultaneous operation of vacuum
punp 240. Sem conductor substrate 100 is placed in contact with flow ng

bi s( 3- met hyl di net hoxysi |l yl -propyl)- N-nethylam ne for about 180 seconds at
about 150C. [0063] After the

bi s( 3- met hyl di met hoxysi | yl - propyl ) - N-net hyl am ne vapor treatnent has been
conpl et ed, eikphaipigsisi rmoyakieatleth aplasme demagadregion34goumdiag the dghredni c
vacuumto reduce thglzeo agtssure of the process chanber 200 to about 2 Torr or
|l ess for abSRY™&0 '8elofis™ )@&WLE 3 [0064] Silicon substrate sanples with

an overlyi nghossN0ROfiRYSark{B Wit £pliadha ddRReddSFOLLDRS 1 (e racisusigestday ISR
Cor poration) were Eb;par ed. The sanples were coated w th photoresist,

patterned afentagipyitica wapor @ha@éeﬂuo@acm astcbeftalySt (RICE YO eantacs pyith # ¥andes,
fol | oweds bygﬁ%}é%e a&g*}h&%tﬁo&géﬁf‘% r*%‘)%u?ra S Se-(lz_{)lﬁ %&ggvdﬁlhomres' st

removal Tes lI"asma Teqgl BT feunidi n openi ngs

in the pattphsaddanegst JJRFODRD-50S layat waowrgake with an a- HDTMSrfa paas@gednd SR
LKD- 5109 | ayer, was placed in contact with a vapor %gase tri fI uor oacetic

acid cat aI y3tirigppreacatiy %%@%éb’smlftsﬁlvéd\ﬂawméyél RO (BB G021t rArY’é‘f‘hoxym | ane

(n- PTVB) 9&% le m@gtcRan‘ols %ﬁﬁ%luﬁréga er ?lagllng%r;mlt g&ﬂa%’g I oace B> 5109

| ayer was treated wt repair "agen |caC|d
cat al yst d| hyel. v dourth s csranbtmaaboxﬁm séﬁﬁl@@ﬁﬂth an As-tépasited IRILKIVAs a
control wi t h,an unrepaired plasma danaged JSR LKDS 109 | ayer. A
fourth LO% layer{be-naet S&&?ﬁeéltogfﬂ%wa@t%nw mpdes e antlegrdinRr VKD 5109
| ayer (I e Rt S1tRIrBH koo QBT ©lchblDA) LitdBhy ard by
scanni ng el Er(’acéltroﬁ m crr oscop?y p%] Ij(?)ot%c arag%t (Za?'?%e [gﬁa% (}gﬁgﬁle of “repair

al ong t he ssidewals of thé etthed eexmﬂlesjandmaoﬂlrhfw amdmsscpadanyetio(SIvEHgo

s EL W L A TN RIS 1 T T
first sanpl gy&qataadeptmatblggt Pspsie etch damaged JSR LKD-5 109 was
15 [0066] The first sample containing the plasma etch damaged JSR LKD-5109 was
placed on substrate support 210 of pfocess chamber 200. The process chamber 200
was evacuated to a pressure below 50 Torr and the substrate support 210 and process
chamber 200 are heated to a first temperature of about 135°C. A 3:1 mixture of
trifluoroacetic acid to water was vaporized and introduced into process chamber 200
20  to a pressure of 900 Torr from chemical vapor delivery system 220A. The first
sample was placed in contact with the trifluoroacetic acid vapor for about 120
seconds before process chamber 200 was backfilled with nitrogen and evacuated.
Vapor-phase n-PTMS repair agent was delivered into process chamber 200 by
chemical vapor delivery system 220B to treat the second sample for about 5 minutes
25  at a static pressure of about 1000 Torr. The process chamber 200 was backfilled
with nitrogen gas and the first sample was maintained at a temperature of 135°C for
about 2 minutes. The first sample was then removed from the process chamber and
heated on a hotplate from about 120 seconds at about 250°C.
[0067] The second sample was placed in a heated pressure vessel (i.e., about
30  140°C) which was subsequently sealed and pressurized to about 97,500 Torr (about
130 bar) with supercritical carbon dioxide (SCCO;). A 3:1 mixture of trifluoroacetic

acid to water was added using a high-pressure injection loop by pumping additional
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pl aced on substrate support 210 of process chanber 200. The process chanber
200 was evacuated to a pressure below 50 Torr and the substrate support 210
and proces® 200vash®s 200 are heated to a first tenperatureTafS2aiBowm47135C. A
3:1 mxture of trifluoroacetic acid to water was vapori zed and introduced
into process chanber 200 to a pressure of 900 Torr from chem cal vapor
delivery system 220A. The first sanple was placed in contact with the
trifluoroacetic acid vapor for about 120 seconds before process chanber 200
was backfilled with nitrogen and evacuat ed. Vapor-phase n-PTMS repair agent
was del i ver 8GO intopthe yesssl @mhfﬂrltﬁélmgzwlw ingh élng wselvé[@@rwd@qmtr\a@myog%t em

220B to treat econd f about t statl ressure of
about 1000 %tlaiys CBW%@ %’%8?%6"9\56%“5&8& A’% (YO\%H’% r%ogen gas
and the fi rsésu&a@qir@ss\aaaswmmanmdw’ro@ (zﬁtﬁﬁ'ﬁf)%@bw)@t wouﬁwc OAftarb@Ut 2

m nutes. The first sanple was then renoved fromthe process chanber and

heat ed on aPRaedhPEabout PO KeDdsttha SOCE: solutisn gentaiming ad oxtalypowss7flusheé
second sgmplﬁ%ny\ﬁl% Cﬂ%fﬁggﬂbja?de@“%ﬁ%tﬁqﬁ REeLSY* e‘ffﬁ%ﬁ%l u%g%f%igbabout 14000

whi ch was subsequen pressuri‘zed to a 0 Torr (about

130 bar) wi approxpedtelyia flgidltumarde (i« thx aseuntKEHRY for apediod dfitixieur e of
trifluoroaceti¢c acid to water was added using a high-pressure injection

| oop by punﬁ%&%&ﬂ?%%ﬁﬁlmofﬂﬁd’eﬁﬁg QY@%%@P“%GW‘?%HWH@“@& Attt i nto
the vessel. Pgﬁ%ﬁ %glﬁ% Pﬂleqies%b%ﬁg?etdﬁké’cftto AbLEs7 SOTRLEL Lt 980 @Qxﬁ' tion

was appr oxi mate vol une an e resulting préssure wa about 50, 000
Torr (about a24ddduba4(°Cabhy eenautal &ﬂSEI:O/N tAarn propgkﬂrm@btbdxﬁﬂm&(nmmsaonds, t he
SCCo2 SibUtl on, cont ai ni n acid catal yst was flushed fromthe chanpber by

addi ti on" of '{PaHEsSEcHs th ‘F'hé dad e ﬁlil%besﬁeéélé!nﬁé‘&“glh PEISENGURERRN OB B ui d
turnovers (i B?ﬁfnn teﬂ@ltﬁmﬁ}]@@C@; llﬁtb% {fé%gela TREk bf?&nﬁfatl&l‘l BEtHeGaMHif &tnf O equal

the vol une vessel ) over a period of about m nutes. After flushing,
t he pressur&as apmr‘nmnwzéslsze?l%h@szohm&m@dhe iinalhnastsuﬁﬁmﬁbé)vérssclrWQMt 130 bar)

epai 1 agent WAL TRERAGHAR0 B0 oh b L ARG rip Lo B e leesd At i on

| oop by pumuﬂ&daﬂmgﬁ@rmc@moﬂeﬂb@aﬁm é’ﬁ&&@‘hte td ABowADES MulAt i on of the
repair agent was approxi mately 2% by volunme and the final pressure in the

vessel Whas mer&wrmnvdronf abad Guninkgs. he pressurtd0re ysissadrwas rpéydedd of 5

mnutes, t h?o b1t an\gatﬁe second sample was removed.

[0068] The first sample (i.e., n-PTMS vapor-phase repaired), second sample (i.€.,
n-PTMS SCCO,; repaired) and third sample (i.e., no repair) were characterized by
SEM. Each sample was etched in a 1% HF solution for about 60 seconds and rinsed

20  in deionized water. Because the 1% HF solution preferentially etches Si-OH groups
from the nanoporous LKD material, the degree of repair can be quantified by the
depth of the undercutting along the sidewall of the trench. FIG. 6A illustrates an
SEM image of the first sample (i.e., n-PTMS vapor phase repaired) in which
undercutting was measured at a depth of about 11 nm into the sidewall of the trench.

25  FIG. 6B illustrates an SEM image of the second sample (i.e., n-PTMS SCCO,
repaired) in which undercutting was measured at a depth of about 11 nm into the
sidewall of the trench. FIG. 6C illustrates an SEM image of the third sample (i.e.,
no repair), in which undercutting was measured at a depth of about 43 nm into the
sidewall of the trench. Thus, FIGS. 6B-6C illustrate that the vapor phase repair 1s as

30 effective as SCCO; in repairing etch damaged nanoporous LKD materials.

[0069] The first sample (i.e., n-PTMS vapor-phase repaired), second sample (i.€.,
n-PTMS SCCO; repaired), third sample (i.e., no repair) and fourth sample (i.e., as
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flushed with pure SCCO2 for a period and at a flowrate to allow for 8
fluid turnovers over a period of about 2 mnutes. The pressure in the
vessel waworedvuss®st o anbi ent and the second sanpl e was Pcemse@d/01340068] The
first sanple (i.e., n-PTM5 vapor-phase repaired), second sanple (i.e.,

n- PTM5 SCCO2 repaired) and third sanple (i.e., no repair) were
characterized by SEM Each sanple was etched in a 1% HF sol ution for about
60 seconds and rinsed in deionized water. Because the 1% HF sol ution
preferentially etches Si-OH groups fromthe nanoporous LKD material, the
degree of r dpposited ABRBKIYtHdAP) Wb@cbhbgactehﬁeedbpSWSftOtdh@nnh@éh@cﬁt'tOi ofg al ong

the sidewall of e,.trench l.ustrates an. SEM i e of the first
e 1o o LR ekiGh of Qe B ayHie G Rt sl R Sl g o
measur ed at sﬁutd&éﬂ ﬂldodcec@lli&i‘ﬁ' ichk fbtHied dﬁrﬁlgftﬂﬁ sﬁhl‘i’éﬂi@ \lver@fanﬁ gﬁed waReh. FIG
6B illustrates an SEM i mge of the second sanple TMS SCCO2

repai red) i maghpraetrom@tarcutti ng was neasured at a depth of about 11 nminto

t he sidewal | th ren F |IIustratesa of tthe third
sample (7. [Od);oc]) 5 12”? (iedHll\LA]/r?f %tfo&}? tsihr%ﬁnv\%lo %sur atmpe{pdept h of
about 43 nnKﬁlﬂ'échcfuB@s% gEwar)| asoae;idaﬂed JSRERD-F00s wdslabSut B85 .60 theust rat e

that the vapor phase repair 1s as effective as SCCO2 in repairing etch
damaged nandptst sl (Apepagearpainst1G. Goedier Fishingithe trergepped photaresish. PTMVG

vapor- phaseré&&%‘l ngﬂ)een)c%%?r}ggtfaatﬂ?ﬁgrbgh 16 smfé‘h fa _T%’%e?%%sﬁt%ggﬁ (‘é%)f_ third

sanple (i.e., ho repair D5109)
wer e char actbsut0e55. ovetWdp, fod tittedeesnd Mﬁléle)pl’eﬁfcir@le@in BHG.bonthk @adhiohiteon as a
function of depth,. in which the surface of each sanple was sputterﬁg and

secondaty | é’r’i’§°$ Ftiednergasedrig abeintd-§ fatout P-Sgakpvedhararbon siliFqmragio
spectronete feB1aSkd josen ratio
of the four Itﬁhe né?glte?? ﬁiﬁgﬁgiﬂlgﬁ%@%sz%é@a& g%ggﬁ BRI kD 5100,
was about Onkbhyl FgroupsheCHb) with pasmpil grc(upp(e{@qu)Jalmssncmasﬁmgihek)arboaﬁtber
etching the trenches and hotoreS|st had o] Iet e carbon
to silicon P P‘braﬂ’é’df]g% 15dap%ans- 01'L Qfgg? gt&éﬁ%l’l}gd?g%& gr t he
second sanmphi:d RRER ﬁ&ﬁlt%?cré:ﬁe Fih Bie chtbont tD&i1BHRAL bLuPid db%ﬁf‘l ﬁ@t T®is

i ncreased to about 0.6 to about 0.8, above the carbon to silicon ratio of

t he as- Hepos awswmndm@umﬂm th‘éh\ra@or phise cenasramoteccffaspu¢ly denobess- r epl aces

| ost PTMS and/or sealing of the porous surface.

[0071] While the invention has been described in detail with reference to specific
embodiments thereof, it will be apparent to those skilled in the art that various
changes and modifications can be made, and equivalents employed, without

20  departing from the scope of the appended claims.
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met hyl groups (-CH3) with propyl groups (-C3H7), thus increasing the carbon
to silicon ratio in the danaged regions. For the first sanple (filled
circles IWORDES/083)98 there is a significant increase in POE/US20080M47D
silicon ratio of up to about 1.45. This is a possible indication that the
vapor - phase repair nore effectively densities n- PTMS and/or sealing of the
porous surface. [0071] Wile the invention has been described in detail
with reference to specific enbodinents thereof, it will be apparent to
those skilled in the art that various changes and nodifications can be
made, and ed¥BAN ESCLAIMEBASY, Wit hout departing fromthe scope of the

appended cl ai ns. T 1S I IS 1. A nethad qf ,treating a nhanoporous
| ow-k dielectri c\{\?gt er‘l} a%grl\(/)%@ a@'ﬁg %ngré%oﬁ%%gﬁ‘gf ?legeﬁﬁéctrpg&eg?l f;% HEQC?OW- Kk
di el ectric gakeemddondastbNgibelretic 0PEIN dibiSctyic infatéral laCih cGadRESPerhigsd ONn

contai ning silanol groups on exterior surfaces of the etched openi ngs and
on i nt eri or "lranpidsdaspaged regien forienins plonelsgroepnyt eeeney: sutfayescefribact i ng

the | owk di Mo ri ' 'y st in. .anount
A S e e S I e IR U e
groups in the et¢d) daragectingetic dow-K dieletinig ntaterddlaviyt 4 @aportphasedhitAyst in

foll owed by: (b) contacting the |lowk dielectric material with_a vapor
phase al kox$#3PMeHR §iEssHYS tofoERthydrpgsn bapdibrtwess B catabyst and bgsilanglt h about

50% or nore gfbfu Eﬁiethéiekc@l’lﬁkna%%@%’%ﬁ%i,?%&pﬁgﬁtcﬁﬂl Qqﬁgﬁge&iﬁgjﬁ%@ioﬁ .that the

al koxysi |l ané repalr agent r catalytic i1nter Iary; "and/ or
(c) contacting tf® | owektactired theliow-k dreleetric mhatevidllwith ¥ agmor phhses e

al koxysj | ane_seal.ing agent in an anount_effective to prevent diffusion of
an over ’@i nglkBxYYiag rquyélgel?tdflantaﬁ@upmfé%laﬁ Fféﬁeta%fdw%ﬁé%l}t 30k fF PRERO he

| k il i 1 ] i i i . 2. Th
al koxysi anﬁle%ﬁaiialrgg%@;gthéaia@a%ﬁxgéd%glpﬁ, &ﬁh%ﬁ%&ammﬁmﬁ@f@r‘w e

nmet hod of Caimi1l, erein: (1) e catalyst 1s a Lewm s base amne or an

or gani c aci dgenf rdayptssyigptheaptadyin isteepedibly; and/or epeated up to ten tines prior
to step (c); (iii) the sealin ent .forns an al kaxysilane . filmup to 2 nm
in thickness on f‘*_)r)e eﬁ?‘étfi?atlﬂg @E?&é’é‘edéelgftnfﬁ%atﬁ%I’f‘@ﬁy‘i‘)ﬁ%‘?ﬂrrﬁ’ags;e and/ or the
al koxysi | anglkbepdlahc SAEAE aB@f iRBn aQiIhEHetiVed preleidiflsi®Pot &1 about 125
and the al koxysi | ane sealing agent

15  overlying barrier layer into the interconnected pores, such that the alkoxysilane

sealing agent reacts with the catalytic intermediary.

2. .The method of Claim 1, wherein: (i) the catalyst is a Lewis base
amine or an organic acid; (ii) step () and step (b) are repeated up to ten times prior
20  to step (c); (1ii) the sealing agent forms an alkoxysilane film up to 2 nm in thickness
on the exterior surfaces of the etched openings; and/or the alkoxysilane repair agent
has an atom mass unit of about 80 to about 125 and the alkoxysilane sealing agent

has an atomic mass unit of about 200 to about 400.

25 3. The method of Claim 1, further comprising repeating step (a) prior to
step (c).

4, The method of Claim 2, wherein the Lewis base amine is ammonia
(NH3), methyl amine (CH3;NH,), dimethyl amine (CH3),NH) or trimethyl amine
30  (N(CHa;)s); or the organic acid is an aqueous solution of acetic acid, trifluoroacetic

acid, trichloroacetic acid or citric acid.
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has an atom c mass unit of about 200 to about 400. 3. The nethod of Claim
1, further conprising repeating step (a) prior to step (c). 4. The nethod
of C ai MmO 20494188098 t he Lewi s base am ne is amoni a ( NHBLT/Useaosyli34am ne
(CH3NH2), dinmethyl amine (CH3)2NH) or trinmethyl amne (N(CH3)3); or the
organic acid is an aqueous solution of acetic acid, trifluoroacetic acid,
trichloroacetic acid or citric acid.5. The nethod of Caim?2, further
conprising after step (a) and before step (b) renoving the organic acid
vapor phase catalyst fromthe lowk dielectric material to prevent vapor
phase reactions Betwedde ni¢thod héchllga}\fmlwcpdnpapog afibhastep Grataatl psforand (ii)

al koxysi | ane and/ or kox ane n ent 6, The net hod
of G arm o SeRapLeoPHE e RSy i kbR BT o TG aiecl

t ri met hoxysimadl (Chidvait-~a @%)saieacdemelﬂwaﬁ R dYghisit laaiae ap b5pike- Si -
(OCH3) 2), net hoxty ﬁ)?rret hy% ane ((CH3)3-Si -O@B) org n- pr opy?

trimet hoxysPPtah’é dHs) pHEnsiregag@gsyAnd/ o mkaxiyal lanelsesdygd a4ggnk seal i ng
agent iscbis(dinet hoxynet hyI ) si | oxane,

bi s(met hyl di met hoxysi | yl propyl ) - N-net hyl am ne, bis(triethoxysilyl)ethane,
1, 2-bi s(trimethowysi | wh)eh\@eta@teofmaaﬁtsr iwietehDthy il kokly il Dieyttp A gt &

b| s(3-(triet hox3{5| lyl)pro ryl)disulfide. 7. The nethod of Caim1, wherein
(a) cont act PG HemEdRK¥siane (GHsSi-€Orfellas) dimethany dimethpdsilsne paEa:-Sht al yst

conpri ses: }ﬁ%]ﬁ ) er and
evacuating t g 6?%(%%@? C égﬁﬂ%&% gﬁ%{the ggrﬁéﬂ%ﬁ %ffeﬁg)u%g?ﬁgte to a
first terrpe(@HuCélzeﬁH@cSG((DCBEB) tandab@alkoﬂy%ﬂﬁae seatingdgentiig t he catal yst into

t he chanper at.,a pressure of about. 20 Taorr to ab ut 150Torr rra time of
about 1 Eb“‘kfh%le X¥msthy) 660@@6%33 ethyldimsihoxyat Ylﬁgopty {@fmn% The

met hod of  Chajkdh gl &hleszasréﬁnétﬁ fiAbitxGné,S about 1000t0 about
200C, the pressurgxyés?@?i) ou{1 0]0] To rr to%oﬂ? %(60 Torr and the tine is

about 20 sebmﬁdmdt@wb@dpro@@l)amwuﬂus@ -(triethoxysilyl)propyl)disulfide.

7. The method of Claim 1, wherein (a) contacting the low-k dielectric
15  material with the vapor phase catalyst comprises:
placing the semiconductor substrate in a processing chamber and evacuating
the processing chamber;
heating the semiconductor substrate to a first temperature of about 60°C to
about 275°C;
20 introducing the catalyst into the chamber at a pressure of about 20 Torr to
about 1500 Torr for a time of about 10 seconds to about 60 seconds; and

evacuating the chamber.

8. The method of Claim 7, wherein the first temperature is about 100°C
25  to about 200°C, the pressure is about 100 Torr to about 760 Torr and the time is

about 20 seconds to about 30 seconds. |

9. The method of Claim 7, wherein (b) contacting the low-k dielectric
material with the vapor phase repair agent and/or (c) contacting the low-k dielectric
30  material with the vapor phase sealing agent comprises:
heating the semiconductor substrate to a first temperature of about 60°C to

about 275°C;
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9. The nethod of Caim?7, wherein (b) contacting the lowk dielectric
material with the vapor phase repair agent and/or (c) contacting the | owk
di el ectriworzntenss@8 wi th t he vapor phase sealing agent eomrprse@ssi13dneat i ng
t he sem conductor substrate to a first tenperature of about 60C to about
275 C introducing the al koxysil ane repair agent or al koxysilane sealing
agent into the chanber at a pressure of about 20 Torr to about 1500 Torr
for a tinme of about 10 seconds to about 180 seconds; and evacuating the
chanber. 10. The nethod of Claim9, wherein the first tenperature is about
100C to about 200wrodunmgghesikaxysilage mpeutaga@®r Rthoxysitanglsealingz@entliote  and

the time is_,about .20 seconds to.ab 60 .seco . Jhe et of aim
o “wher ei n_ Uy BREORA HE SO SRR L ATER 48 APE 1300 PP R Drrzogbiy
phase repai gecag@iio oMl PR0 {edndoBh@cting the lowk dielectric material with
t he vapor phase sealing agent further conprises: heating the sem conductor

substrate to a seévisnatingthsehambee of about 80C to about 300C for an
additional tinme of about 10 seconds to about 180 seconds before evacuating
t he chanber; and naintaining the sem conductor substrate at the second

tenperature for about The ns@EENESClatm 3 alitrelBe SestaB@peafirels Moacu@°g t he
chanber. 12. The nethod of Claim1ll, wherein the second tenperature is

about 150C {ababR0°65 tre Riesuris ahewfi k00T torabent Y60 Bpwend Hie W@edhds to
about 60 segﬁggﬁgs&%mgggfmﬂgﬁgggaghdg!ain17, further conprising: (d)
W- |

contacting t ectric material with an organic acid vapor phase
catalyst in an anount effective to horizontally network the al koxysil ane

repair d/or sealing_agents; and (e) heating the lowk dielectric materi al
to a teﬂcgeratureléffeg?‘lc\?éeﬂi“@ fasp s %(PFS‘F%&’Q\RBWCQ%thSIkP(% Flestiié r epai r

and/ or seal {ig. AYEIh She Hbor PASTELNPTAE a3 @) Lontather BE k- Daigeatiact i ng

the lowk dielectric
material with the vapor phase sealing agent further comprises:

heating the semiconductor substrate to a second temperature of about 80°C

to about 300°C for an additional time of about 10 seconds to about 180 seconds
15  before evacuating the chamber; and maintaining the semiconductor substrate at the
second temperature for about 10 seconds to about 180 seconds after evacuating the

chamber.

12. The method of Claim 11, wherein the second temperature is about
20  150°C to about 250°C and the additional time is about 20 seconds to about 60

seconds.

13. The method of Claim 7, further comprising:
(d) contacting the low-k dielectric material with an organic acid vapor
25  phase catalyst in an amount effective to horizontally network the alkoxysilane repair
and/or sealing agents; and
(e) heating the low-k dielectric material to a temperature effective to

horizontally network the alkoxysilane repair and/or sealing agents.

30 14. The method of Claim 13, wherein (d) contacting the low-k dielectric
material with an organic acid vapor phase catalyst in an amount effective to

horizontally network the alkoxysilane repair and/or sealing agents comprises:
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material with an organic acid vapor phase catalyst in an anount effective
to horizontally network the al koxysilane repair and/or sealing agents
conpr i seswbeatvosgoshe sem conductor substrate to a firsPcrasp@satisne of
about 60C to about 275C; introducing the organic acid vapor phase catal yst
into the chanber at a pressure of about 20 Torr to about 1500 Torr for a
time of about 10 seconds to about 60 seconds; and evacuating the chanber.
15. The method of Caim 13, wherein (e) heating the lowk dielectric
material to a tenperature effective to horizontally network the

al koxysi | ane r epdicatizgnidie semywatngior sugsinate taa fpst tgeperatiesf shgut HE°C to

seniconduct% o géate to a tenperature of about 200C to about 300C for
about 60 seconds toabout 180 seconds in the chanber; or renoving the

sem conduct or substddichgfth@BidahR LNBTERE pRALE cRlaliit Do tHecHARPeE anluct or
substrate on a hotplate and heating the sem conductor substrate to a

t enper at ur e PEFSSEB O eba 36 Tasr tehibent BYH droforgione obabawd Brseepnds tapewt 180
seconds. :16..,A od ;of treating a nanoporous lowk dielectric materi al
f or med o% aﬁggﬁgggg&%gtor substrate, the lowk dielectric material having

et ched openi ngs wwiduating giecdhagidenged regi on contai ni ng silanol groups on
exterior surfaces of the etched openings and on interior surfaces of
i nt erconnected pores, conprising: (a) contacting the lowk dielectric

material with a yapor i€ [ ' 1 fective to
f orm hydr ogen boggé bQﬁggéﬁhgﬁ§?§%@%ﬁ§s9h§%§9¢%E&g?géﬁgF%gﬁgﬁ%gaﬁg the etch
damaged r egioaterial ar artengpesatost effegtivetd iromatly aeywork ahd siwexlydiiyne (dphir
contactipng the lowk dielectric material with a vapor phase al koxysil ane
repair é@en?n A SHRIRSAYAHS SAMREISve to react with about 50% or nore of the

silanol groups | Redifis (L slnaimaRt L6dHA010 PGt dfifod JPMEshLBoR
repair agent reacts th the catalytic Internmediary; and/or (c) contacting
the | ow k dB@d¥cforiaboutdiOssetaidswb abowt 188 serongdh astheghluokys ot ane sembving agent
'nan amu n%heesfe}cn?ccotnld\égto% gugggrgt\clzefpc;[m %{ef ghlflirsnlb%p ar?c{ plgcrzlmg the semiconductor

substrate on a hotplate and heating the semiconductor substrate to a temperature of

15  about 200°C to about 300°C for about 60 seconds to about 180 seconds.

16. A method of treating a nanoporous low-k dielectric material formed
on a semiconductor substrate, the low-k dielectric material having etched openings
with an etch damaged region containing silanol groups on exterior surfaces of the

20  etched openings and on interior surfaces of interconnected pores, comprising:

(a) contacting the low-k dielectric material with a vapor phase organic
acid catalyst in an amount effective to form hydrogen bonds between the catalyst
and the silanol groups in the etch damaged region, forming a catalytic intermediary,
followed by:

25 (b) contacting the low-k dielectric material with a vapor phase
alkoxysilane repair agent in an amount effective to react with about 50% or more of
the silanol groups in the etch damaged region, such that the alkoxysilane repair
agent reacts with the catalytic intermediary; and/or

() contacting the low-k dielectric material with a vapor phase

30  alkoxysilane sealing agent in an amount effective to prevent diffusion of an
overlying barrier layer into the interconnected pores, such that the alkoxysilane

sealing agent reacts with the catalytic intermediary.
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overlying barrier layer into the interconnected pores, such that the

al koxysil ane sealing agent reacts with the catalytic internediary.17. The
met hod ofwQl2809m83®8 wherein the organic acid i s an agque®a3/usedodtizm of
acetic acid, trifluoroacetic acid, trichloroacetic acid or citric acid. 18.
The met hod of C aim 16, wherein the al koxysilane repair agent is nethyl
trimethoxysilane (CH3-Si-(O CHs) ), dinethoxy dinethylsilane ((CH3)2-Si-
(OCH3) 2), nmethoxy trinmethylsilane ((CH3)3-Si-0CH3) or n-propyl

trimet hoxysilane (CH3-CH2-CH2-Si-(OCH3)3); and the al koxysil ane seal i ng
agent is bis(dinmethoxynethyl)sil oxane,

bi t hyl di net h i Lyl : | ani bis(trieth i Lyl)ethane,
5 b s(rri ot hoxge: | i RESTBHLST Glel o Y WERkBpe BTl 48y Pyinaetsy = "
bi s(3- (tri esd1anasbt 3etip beiRYirifRiosatctlidigsid, kB chlbhRcoms 498 opéitrid &lidn 16, wherein

(a) contacting the lowk dielectric material wth a vapor phase organic
acid catal yst conprises: placing the sem conductor substrate in a

processi hg chanb an i he .p SSi| X ti t he

Cerm condet or - sugt r at oL R 40T eRbREERRL QUETRTRRE refes ¥ 76
i ntroduci ngniefig/] arpethopyilate (CIPABI-(0-ATH ;) cihddiinsdy dimethyldiian€e (@HpLSat a
pressure of about 20 Torr to about 1500 Torr for a tinme of about 10 seconds

to about 60(Qetokl&methaxy tamethdsilang (((Hds)rhaREdh) opp-pramd trsehedyshRne) aj m
16, further TP ShiOq: i : -d] ric material with
an organic g@&%?g@yé%@gghg%@g?tgﬁ%l%é‘?lg&éﬁﬂ%%ﬁ?ﬁ%%e&%%sl ve to horizontally
net wor k t heba({dimethek ranhyl)spaiane sris(hath déial et yaidd piopyl)akdndteylatmé@t, | ng t he
low-k dielectric materjial to a %,eﬂp_er ture effective to horizontally

net wor k19 hePa{tRERg¥EYYIxhetharp i 3-DisHamsthayalyigXagfent s.
bis(trimethoxysilylpropyl)amine or bis(3-(triethoxysilyl)propyl)disulfide.

19. The method of Claim 16, wherein (a) contacting the low-k dielectric
material with a vapor phase organic acid catalyst comprises:
15 placing the semiconductor substrate in a processing chamber and evacuating
the processing chamber;
heating the semiconductor substrate to a first temperature of about 60°C to
about 275°C;
introducing the vapor phase organic acid catalyst into the chamber at a
20  pressure of about 20 Torr to about 1500 Torr for a time of about 10 seconds to about
60 seconds; and

evacuating the chamber.

20. The method of Claim 16, further comprising:

25 (d) contacting the low-k dielectric material with an organic acid vapor
phase catalyst in an amount effective to horizontally network the alkoxysilane repair
and/or sealing agents; and

(e) heating the low-k dielectric material to a temperature effective to

horizontally network the alkoxysilane repair and/or sealing agents.
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