WO 2009/ 085098PCT/ US2008/ 013471 VAPOR PHASE REPAI R AND PORE SEALI NG
OF LOW Kﬁ%ﬁ Rl C MATERI ALS BACKGROUND 100011 As the dinmensions of
i nt egr at Pe0® devi ces continue to decr ease, the ﬁqTﬁé&&(@fﬁﬁ?q or
t he propagation of a signal between multiple transistors (i.e.,
propagati on del ay) has becone an increasingly inportant paraneter in
determ ni ng device performance. Propagation delay is proportional to
the product of the resistance of a netal interconnect line (R and

t he capacitance of t j j | 60 i terial (O
(also referred to asb%%?gﬁﬁmgﬁ‘”% ﬁ?ﬁgt%%%;pggan on
delay, it is beneficial tdOWEKDPIEBEETRICIMATIERIAIGL naterial with a
| ow dielectric constant material in conbination with a high
conductivity nmetal (or lowresistivity metal). Lowk dielectric (LKD)
materials (k < 3.0); such as organosilicate glass (0SG,
organosilicate glass (0SG, tetraBAGKGROINDI i cate (TECS),

gai ni ng. 151 1BHbofs e helygilo JRber RO ST LER G bR o Bl )

To obtain | ewededy €drabé piopadttiod®F a sighel YekizoiBh@ripRltra@aBofs0@Eai N an
i nt erconnect ed nanoporous structure, which entraps air (k = 1) to
| ower the oRFEPagHIOR dglay) s Secampiarhipeieasipgip imporkanhpaametes hegteepenas
gai ned cons} L nt.er : Jg%q j RIS lepes, as an
alternati vea%eﬁﬁtﬁnngﬁggbgﬁ@g%f%nal a% Blfr??r%fr%ﬂ%%)g I ntS gécéggr%ct nmet al
(R = 3.0 - ssigtap@uiflametp] inlrecamsd ok (RY and| theveapaciémics bf thetigpteslenelle (R <

2 p.C2-cm. ,[00021 Because ,co oes. not readily formvalatile

by- pr oduct sc,il[e%gﬁ\? é’?ﬁ'?ag‘ﬂﬁlm%?mg E@i?‘ 8tr\3§‘75€‘i{°c"f?ia}g%d¥%@h r#RafEretg pgmze

i nadequed e. prbpatsitiodl a6MBH,GERS B A6 tdbipdhtPAORESIEES: MRRTIAPYRBSAWY 1O
form patterned copper 1nterconnect |ines, processes that involve

deposi ti ng- €eleffiE CPRtantaatsriah n eamiipationovidh ¢ highcoefissnity petal Agdow
(e.g., 25treuchias Abwak! ?%)M—k MR i AR GRAG AL BCL8 D) Wcngeessi tates

the etching of previous v
organosilicate glass (OSG), organosilicate glass (OSG), tetraethylorthosilicate

(TEOS), fluorinated silica glass (FSG) and carbon-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 gair;ed 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 pf-cm), because of its lower resistivity value (R < 2 uQ-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
v@, 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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patterned openings in the LKD material. This is performed by

pat t er ni v@o qzenl n s in a mask layer, such as photoresist, on

di el ect r WO P0RY/R85098n t he shape of a trench or vi, foll WWSWSW”M
dry etching. However, the etching, ashing or cleaning of LICD

mat erials can potentially damage the LKD material. SUMMARY 100031 A
met hod of treating a nanoporots lowk dielectric material fornmed on a
sem conduct or substrate is provided. The lowk dielectric materi al

has etched openings with an etch d@mﬁgﬂ/ﬂa g| on containing silanol
groups on exterior surfaces 5of the openi ngs and on interior
surfaces of {ODMIerAmmlenic&’drqanngmaﬂap%sihs ldvh& digleetkc tharkieCformed on a

material is co cted th a vap in

effective tst?ml"‘%?ﬁ? gl eﬁ&ﬁﬁ?g%%e‘ﬁwfmé‘ %&WI%T’“ ﬁs?tg%e%l | anol
groups in tdenRl §Gxtﬂ%ﬁ%ﬂﬁdﬁaﬁﬁ@é@fég&n%maﬂgngas&%?érb!ﬁﬂscod XRIOTBEHERLY -
Second, the Iowk dielectric material is contacted with a vapor phase

al koxysid ar thegtahad apgeings any emintamen prfavees fiaterdonacatesl pasess tFivel, tthe

about 50% t i on,
such that R e RisEie e 0 Racalera ek PRaceA RSB, C
i nt er medi arqffecaMVchbnm hedrogat tondt beteeti ihe cantyst ud the sﬂamhg@apseﬂi th th

a vapor phas | koxysi | an ealln ent in_an apount effective to
prevent di s ErREst regioth 15§ }ET e esmedipgy. pesepd.thplow-k dielectnic

i nt er connechedifNqE EshtactddCith AL ér?»ﬁaé' a'ﬂaf%une@@paﬁ%kmg aR9RRLnd eact s
15with the catal ytic internedi ary I n anot her enbodi nent, a

met hod B tefleativenlg reach anbpbewfd% gwmkredxféhfe&ztanokgrnmsen it etffodamstedn a
sen conduct QbioRteh Bl felfoRLAMEE el e gt o BleCSLENE (MRLRLE A,

has et ched ‘opening région contal ng S

groups on esit@irithor Ioﬁu{ fialzesicahatédia ietanifetdopEini Rgsor phakeikaxpiitang or
surfaces of 20 interconnected pores. First, }éélge | ow-k djelectric

material | SCRYH PR Airmuat SFESEYE iorewenbdidiision ohan gvarkiing Dartien n an
amount ef f gg{dr o iR HREBNNYIELHREs Q%ﬁﬁatbﬁﬁé WRERysiBge &alifg yg%ht fadst he

silanol groups in the etch danaged regi o formng a catalytic
i nt er meldi arwyith Beceiatytictiterniasiark. di el ect r| c material is contacted with

a vapor pha[%@ﬁzﬁt ‘ﬁ%@@%ﬁéx%&%&i%‘? ré}g?%ﬁg& { % gxﬂgaa / ou or&Isl tli Xlgiekt%c

react with ‘abo or nore o in

damaged r eghaax;iawu@ﬂibdtdm seiieonalikox yidistrata és prepiaed. ’a@emv-k eaawcmom th

t he catalytlci_gtl\(;rrredl ;.and/ r th?1| owk dielectric ma,ﬁfmk IS
cont act ed” il#tAN3 hos piahe bisey P BoR BELEABIALORFEHIE FHAIGhSTRHB Nt

effective t@ GkQNeBlrstef Bfkﬁh@f&n@é o@ehx%\f%athe@a%kf%es odyer into the
i nt erconnect ed pores, such hat th OxySI ane pea 1 ng agent reacts

with thHd c an@rqonn@tﬁcdrnog«mé?dxsarﬂge logek dgRcER MESOR IPTITONIETFVRLE SYRKES

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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[0005] FIG | illustrates an exenplary enbodi nent of a damascene
manuf acturing process. [0006] FIG 2 illustrates the hydrolytic
deposi ti YO &H098§P¥nes. 5100071 FIG 3A illustrates a rPEIAR2HY8/0bEIveen
surface-bound Si-OH groups and n- propyl trinmethoxysilane (n-PTMS) in
the presence of a Lewis base amine to formsil ane conpounds.

[0008] FIG 3B illustrates the conversion of an al koxy group into an
Si -OH group. 100091 FIG 3Cillustrates the formation of a horizontal

net wor k bet ween adj acent i | GS. 4A-4D
illustrate the formation %Ekﬂﬁfﬁfigﬂ{ggw&%f& en adj acent

si | ane conpEYosis FIG. i HBuRFRIQNeReAplaR erbddRAEA 0RE i8madd2Rd dhnith&eurind
illustrates a process chanber and chem cal vapor delivery system

for repairibigcshd/ or seal i ng sem conductor substrate with a

nanopor ous @b&%} %bqf%!bs%la{eﬁ[tgglé@mf ice”fiep%%tiiolll %lgirg&’es a chem .Cal.
vapor delivery ‘'systéemtor e vaporrzatron and de I'very of a liquid
agent. 1001@00HI GHG. 8A-ilGstate seadivntgtvedes clirfar-bouad 850bpgro(fEd n-

i mmges characteri.zing the degree of repair algng the sidewall of

et ched trenARY% et Xﬁo%%a? @%‘ﬁwﬁgx P’éﬁéﬁwr&a@aﬁﬁw > bage Spng P cal
C2 repai r eglag@edhsouddd a sanple with no repair. [0014] FIG 7
illustrates the ratio of carbon to silicon as a function of depth

froma secolf8@§ly Flon3Redlusteredhe emeersion(SanBikognatoppiistofanSidN apup-
PP 5P 83, S . EETAL b i LSRR SR °
10 silane compounds.
[0010] FIGS. 4A-4D illustrate the formation of a horizontal network between
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  material.
[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. 1 is 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 bne

opening 130 is shown, which can be one of many vias or trenches. For example,
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10015] FIG | is an exenplary enbodi nrent of a danmascene manufacturing
process. FIG |A illustrates a sem conductor substrate 100 with an
over | yi nd"0 B99H8A%por ous LICD material layer 110. Usi RETHESWSOEIEY
120, openings 130 are formed in nanoporous LICD material 110. For
illustration purposes, only one opening 130 is shown, which can be
one of many vias or trenches. For example, WO

2009/ 085098PCT/ U52008/ 013471 mask | ayer 120 can be an organic

phot or esi st . n the
compl et or IR0 B b SRR B SRR o3 B Rimg B9, 110
(i.e., dry ;ﬁhsnlm dichihg) Hpowitiggemphasedf plasirelchingO0ddk] layer 1E0 Can BB,
barrl er |layer can. be forned over the sidewall bott om

5surf aces &Fmﬁgﬁ?%ﬁhi%’ﬁodar%?% *WW@W&%%F%B?S‘E&D material 110
adj acent togbfq CoRNer 1BMNLH&GANRIUE cdd Mogﬁb@gvé?%esﬁmm%d%ﬁ%r
atons diffusing into the adjacent dielectric materi al Exenpl ary
barri er Smatrfaegsof pn@hu@l &3 fotpaptiectrth Tnpporobs LKDmeateriak 1 I@end{arpmyto the

e RSt basr A Bt b e b Abhed ECbERY G RihasilpthASAL UM

g an be 10c Q?iﬁAzfgntbyeléd‘tMﬁ hﬁléﬁnliﬂ/ Mmpiﬁp@&n‘tdr mu(d%mhcluaé ﬁmmxlﬂggyﬁr
eposition or the | Ke, openi n | S

TP oy b it riGide 6FRD wipbielunk G nta Brnmigids (TBN R Psn e Rihyer 150

can be for %&eﬁmnp&neé{ﬁmgmed ol tﬂe@ae%lr Fof Qlahfe thdWarerGfliE2A188S be

copper plating. As 1llustrated D, the structure Is

pl anar i Yed qoetedﬁb’@hmeaiwhmfekp@%tsorr@\m)oﬁouﬁc bytidepopper (Ald)kor 160 by
any sui tablI t echni que such as chem cal mechani cal planarization
(CWP). [001§3 The danmascene manufacturing process can either be a

single or doublle &GS E N ®epingd883s filfed withBulkabpssr 19/e0 ¢ 8E SForeixhiple,
the via-first approach or the trench-first approach can_be used.

20[ 0019]  Priud ook RuerslpOcan be frmchby dRpatiting et faviadeiYey LkD
material i %l&tz@%@ﬁ)ﬁﬁﬁg‘CAéJflﬁxstre?t@é’ﬁh@ib @@%@%&&&uf% bzaasnzed to

overcone. First process of finining openings 130 (e.g., vias or
t r enchées) bymet/@me wgcqmgomemﬁhwk@bpméwet &by a_@osuab}blagd:nhngaus awch
potentially anopor aus.. LI terl al . Second, the barrier
mat eri al ﬁ%?%ggl B amf?ll\ﬁanlagz RuO,) can potenti al

penetrate i[0018] Zammmemma@cmmg@ra%smnwﬁém did sRd@bial

110, conpr oc{"n sing the lo
ascene 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 RuQy) 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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dielectric value. Third, due to the presence of interconnecting pores
in many nanoporous LICD materials, structures fornmed from nanopor ous
LI CD mat &Q 10948498 ack nechani cal strength for subseq@&dtUS3¢08€&EH3T ng
steps (e.g., CW). Thus, a need exists to repair damaged nanoporous
L1CD materials, sealing the surfaces of opening 30130, as well as
enhanci ng the nmechani cal strength of LKD materials. [0020] During

pl asma etching and ashing, at |east a portion of carbon contai ning

noi eties (i ,__het. or - CFl rooups). can _pe renoved, resulting in
nanopor ous L@B 'ﬁﬁﬁ'@’?}‘lgggﬁ@% 58??@65@%8%‘5‘33?1 R BFRORy %‘mﬁaé’%}f’%g
reduced hydmeibedirs irdntcvodledin HeaB SRR 10D tnitdHalg ST WInde SredEflaced
removed fromthe nanoporous LKD materials, Si-C bonds are replaced

with Si-OH YithSi-Gb{“sianebn hendsrorgrenmp gndihe resvdiingedieleetyin dayer losescits i ¢

| I . A h

or 11 om sun B D e e B B e e
i nt er acts ondeanifgstégsdomn baorgd hygragepsdonding ierestions svitf theail@ro] gwiape h

has a k-value of about 70, results in a sjignifjcant increase in the
Covalue of | HePREBpEr Beiet Vs s e dide PiaPou i fruls B ey e

pl asma et chinB@adfin AREAVAUS of BreDanopbk@s IMD Ha@Mah eBor éxﬁm%fb‘?d Ar ous
L1CD material, plasma damage can extend to a depth of about 30 nm

into the siklawed ¢tehipg of prenines dpeniviag ot traches) de gremapepaapsut KB materialt o
t he pl asnma ' 1S, i D% Of I
groups (CI-@E argﬁ%{lﬂgg&g&?mﬁ?g&ﬁ%%q@Rgﬂg% S Sa{%éévarlgg)ﬂa%ed W th
Si - OH bidndsopehings.0Aps depth @0 28dut Etnehinttanie gidma aampgednmmopdbusBKer | al s
can be treated .with al koxysilane agent which react wi.th t Si - OH.
However , on‘@atﬁ’ﬁ\ay\’z\ﬁé’é‘&zgﬁ’ %ﬁ@ﬂ%@ﬁ@@%ﬁ@ 13%&9%{81?53/01‘%&?%{56%%&"& i's
required t o;BYGNRky 48t NC0RIKRIYorPQIRE Prior to condensation with

t he surface-bound Si-OH groups in a condensation step. Thus, one of

t he chal | eni§€3llasEishidamegedwanhparhes LUSP rodteaspanirroiseasadonitiy glkoxysilane

al koxysi | an et Syl I Siye j ' 4.0 the
ey Y0 eoePREThey et DR NS ShBRN O DEPAGIL AT HhSste

al koxysid ansgeands thhewSicr Shleq@rird ps hydkslyizé thestkoxtyetoups phbfto cond@Bamdrer

i s needed to. hydrolyze th | KOX roups prior. to condensati W th
Lhe o on ovuRlE Srepoma Al ol B P ersBeachior fes AT a6epCh!
hydr ogen- b%ﬁﬁ%g&@h&bgi@&d%{fﬁ RE 8 of@bb@ﬁ%ﬁn&%u@ﬁ Q@aﬁ%@sﬁ&nd’@eﬁt& Y Be

directly affect reaction efficiency. thout the use of catalysts,
t he chemi catonsistgaey ofrepar.whkin relafes Wl thoksysioleawietsr piays intke diengrdlgr oups

25 e ok MR Sl SR e S L DR L,
be mai nitai nestef is aredednp hediotyzs singdlleoxy groups prior to condensation with the Si-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

mtermediary with the Si-OH groups. The catalytic intermediary is formed because a
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[0023] Lewi s base amines (e.g., ammonia, nmethyl am ne, dinethyl am ne
or trinmethyl am ne) can be used as catal ysts to enhance the rate of
condensatW@ 0030888 veen al koxysil anes and Si - OH gr oups RUTYHR3008/00 481
hydrol ysis step. As illustrated in FIG 3, the Lewis base am nes
serve as a catalyst by fonning a catalytic internmediary with the

Si -OH groups. The catalytic intermediary is formed because a

hydr ogen bond i s devel oped between the Lew s base am ne and the Si-OH
group. The mation.of thjs drogen bond drives th

forward, al JG{KWFQ‘ bf)ﬁ@iso‘?er”éf@?e$ Eebihe bewis bgse @F”@@Ggﬁ“\@tﬁ{ﬁ%i’koxy
group of thenafdkaxich 4an8 ?%%En bmrmg aie%e&ccaoh B RaPE dleW dglBe ditse! T
hi ghly susceptible to reaction with the al koxysilane Sagent . The
reaction prisatioaiefe- Qfélgf@@p@ﬁdfk alljory grohpbf ths alkolsysilanel agent. bk t he
amne is fr nd_w ddi t i onal S.
Addi ti onal |‘§a?£?"f‘1e a 8(%}] ggegF ounge %}Sﬁ %@Cth%lrw %ﬁ\ ﬁggxga fane

net wor ked t apeho r'rhetrbmien@rmaa the adbrradpondioniladiof anebwnrbied and the
structures, resto qrr%% t he rre&}ioanl cal strer%é}h of . the nanoporous LKD
material . 10706MFe g agin hydiogen bopd withyad qaé%oéfsgre%aﬁf’&e@%g}%

hydrol yzi ngth@'aﬁ@%}’s?l‘aﬁ@&ﬁﬁp&ﬁdé QJI{BesﬁongéhtgﬁfH rﬁ’gﬁ't& '?Dé'gﬂt | Onse Wi th

surface-bound Si-0OH groups in the presence of heat. nally, as
i |1 ustrat eddimenfip@l hmzmgémetwwke@smmemem thomeeltaalopb srene of

reacti on be tantially nost of the residual al koxy
groups rerratlth%l\?‘% OpWﬁ’tu‘[?he rglﬁer d and/or horizontally networked

nanopormus [08P4]150rdagiciaglds chinalkd Ge uk, as QEGBBIs byaGdtTyAdt dkyzBilanes to
hydrol yti c éeactl bet ween water and the_ residual al koxy group s
whi ch pr odul®88 OYPY (TuCTheong RSV surfaes-bamd JirDligegups i ths.

groups of agdiasentsivhl aN&qiG UNGH S fed IH FGCL @gﬁﬁ@&hé&ah% rﬁkécﬁﬁ

hori zontal network. The organi ¢’ acid can be any oFganic acid having a
pKa of up tetapsithe mactmimt\pcwf\eataxtﬁlnﬁ substam&aab opist df, tharadidwelsilkoxy

preferably up to_abou ni,.c ac | ude acet.i
erac et H8ueRee gl el R PR PRy P o RS G P e
fully hel ogesetisid IOFIGaA, Io@%dnl/c fadsngenleachydesiti@fehéiton RAdeenardtaus
conbi nati ons thr eof . 25] Such Lew s base am ne and organi ¢ _acid

catal ysts hEddheEsidug) SRS dWhish ProfeesscHI PN 2aviipa de havien i Be4 By
condensat i op Het Yeed)- @h@m'&faas@@en@&%n%%& 68ids afthBR hiheted Bhlform

groups without the primary hydrolysis step In a supercritical CQ2 (or
SCOR) nedi therhonzoniil setwosiedThaongamneeidyrambe agnengatic Scidpaviegta pK. of up

o rery Bt mble piand Hh featcle & RARR RieFtatly ab B0 SRS ARS 'O

and/ or E)eal ¢rggneh@bs charagede frfio paid oviflubloattRCRY, tridhldisadddc acid, citric
vapor - phase tri-functional 30alkoxy5|lane agents

coupl ed wi t%%ggiﬁf W@%@W%OWIM#@%WW@%% dg, @pgjvarious

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-



catal ysts. Repair agents and seal i ng agents can be generically
represented as Si- (R"(ONy, wherey 1, x + Yy 4, Ris an alkyl,
aryl or MYRIPOY¥YO%r oup and R is an al kyl or aryl gr OGSTW@?@F%ﬁy
met hyl or ethyl. [00271 Al koxysilane repair agents can be
characterized by smaller sized nol ecul es, about 80 to about 125
atom c mass units (AMJ) that can diffuse into the bulk of the 5
nanoporous LICD materials via the interconnected porous network and

react with &ir?lé(%y’ JEQYRS, 1 Upon, 1 he; ¢o ,%Pf% %921 oqfhyﬁfi%g ému;?grﬁ% is g}?r €

of the | ost roups dre epl’eni group
et hyl, pr opmkyidautyllgrcgrpopmfe)rablphm‘ﬂgﬂabbtyxytabout 75% t o about 90% of
re replenished [0028 Exanpl

can | ncl udelt0er iy KOFIHERGRY S et ORS NP T S S s} St RNy

di met hyl si | ﬁﬂﬁt é(ﬁ fdBbér 85 itmgs)s’unff? Mtﬁaﬁ b&@&i@%k@!ﬁk@&@ bulk of the
((CH3) 3-Si - OCH3) or n-propyl trlrrethoxy3| ane (CH3 -(CCH3) 3

or nPTNS). amamus\LK@(mgienaheu@téalmtﬂgoxagemi9orsm nwoelharrcta@@férwiﬁed by
| ar ger sized, nol ecul e mab ut 200 to ut. 40 eal i ng
of the nancgliraL&Stcaman BFaiaf by 3P0 brudg ot M TGS

excl usi on, 'gmuwmebe;ﬂéaﬁsﬂeawg&mfamﬁ gedupt(bg., atHmeij)ﬁ mieyl%ﬁ@ipts))g agent
has a reactivgq%:bgﬁllsmn with a surface- bound Si - OH r r at her

that passi nEfe ghrul 7pdria 2898 S0y Ighe mstvh 8IRYpH IS ?_‘P “materi al
INto a porojy a&x}gple&m?%isé‘ée%&ecaﬁ%lﬁdégnégﬁ%ﬁleﬁﬁﬁ%ﬂaﬂé F@H§Sf-f ace

si | anol grou s at | ess than about 3 to nm preferably at
a dept h1®f Ms}sb,tdunathnm dizgpdsilane (G6THa)F Bir( STHON emetbaxy Wgngshideitass,

i moi h Rt i D6 B SR G B R R e "

prevent thepdMSjusion of overlying barrier materials into the
i nterconnected pores of_ the nanoporous LICD mater howev

|
shoul d be nt02Y t Aloxysifsee seing daentnear Rebaraglsrz it Yerase Swed ¢ HW%‘&%
into the napEROLEMS0biCEbAREBD ANIB! Pofli@afity §M1BE ﬁarﬁ)gawugmmhﬁee%ar

size. [0030] Exanples of sealing agents can include
bi s( di mb} hoswarates byyihy pnngqoalrm? size exclusion, in which the larger size of the

oi S(tri o1 hollperry e F Rl REP B Myt TR AT i e hayp som

bi s(tri met hgeoys,irhthepthapyds3iagtireudh a Pore opening of the nanoporous LKD materiai
triethoxysi|yl)propyl)di sul fjde. 30[0031 As ill ustr%ted in f: %
sem conduct BRC $BHEES BEoR A lkpxYsilanssrabpprgsls react with surface silano grous

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  matenal, 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)disuifide.

30 [0031] Asillustrated in FIG. 5A, semiconductor 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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LKD material 110 is placed in process chanber 200 for the treatnent
of damage resulting frometching and/or photoresist ashing. Process
chanmber 2002003683988 WO 2009/ 085098PCT/ US2008/ 013471 osITAIS2e0840344t
pressures fromabout 1 mlorr to about 3750 Torr (i.e., about 5 bars)
and at tenperatures up to about 300C. [0032] Nanoporous LKD materi al
110 includes previously etched openings 130 (e.g., trenches or vias).
Due to previous etching and/or renoval of an overlying 5mask |ayer,

t he exposed_sur.fac of dielectric |ayer 110 a ch damaged

Al t hough no?pelrzl‘t’loﬁlgfaft tST ?—IPGE’O‘S%,H’ 8’?56?)%}1‘%29{96 ﬁ‘aef’gﬂ%g'étls %39 can
overlie an anit£rdmshrati@s bpyesboatisdpoas a barrier layer and a
conductive or semnm conductive |ayer. [00331 Exanpl es of nanoporous

LI CD nat er i B038anNprrporys L matarial hift includes pravipesly RaReiapssses 1 3Gind

HOSP( r ] nt j I r - . ed
o s s uert e RnEEE b e WO SR LAPR ol P Ryt BifiRS
CORAL(r)5 ( nmaskflagsrythe dximpedNaEackUS) dieladtRORYEr ) 1| arartchalatageid AlthoSH) ,
Ronor 0 et R A B S ML B i EL P S 80
charact eri slajér s0fh AP WarAG10RI 2088 chhddrii@bedchAtohdusivehsydpr esence 150f
an i nterconnected pore structure, which has a narrow pore size

di stri buti d903#]t nExanicscfagaonsseus [{D enas¢riad sauincdadve sstiot Emittd84]
Sem conduct Ml@{%’é a suppor.t, 210.
Substrate slﬁppor éﬁ%ﬁ %léirlllq |8rslgl @Eg’ﬁ’afgét‘(%%gg?' (rﬁc!))snt% g‘??@:fng%rﬁ%tion?%@%'
mechanildal dpadrpxides stches BEAATTH DigMGRSDE Ginam factdred b ARPLIEDe heat i ng

i 1o so0c Vet ERL “(aaidr RO EL U ASRRRSTES, “5500

can be usedniQufequardy Abhy, CRION® (mandadi@ed B TrikBn Rl kaxy $4d ane

repair agent and an alkox55|lane seal ing agent, respectively, to

process chafserfapoed yalSiinanduNignoxdiosieeed HlecamdiCs tmavdeaueébyases
from proc e%ﬁf@ﬂ? e@ng %&@&%ﬁ% ro?ﬁutaH? Hgno\go}orﬁs tLlﬁ) &%Ee?fa)ésig the presence

15 ofan 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 2204, 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 a liquid 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

is heated to an elevated temperature to vaporize the liquid agent 222. An inert gas
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25 al koxysi | ane repair agent or al koxysilane sealing agent has been
conpl eted. The static gas pressure is maintained in process chanber
200 by bAYQ g)9P8%8W e regul at or 250, which functions t #GTEISRH8E1X e
vapor into a chem cal abatenment system when the gas pressure exceeds
a presel ected pressure. [00361 FIG 5B illustrates an enbodi nent
of chem cal vapor delivery system 220 30for a liquid agent (e.g.,
catal yst, al koxysilane.repair agent or al koxysil ane sealing agent).

Li quid 222 f t 22 | i n_hybbl 6,
ahich i o hesiantiegen FREULT IR G Ruben ot Budnbe Renid Pri aed &
agent 222. ddlivengktvagitred Yt @DBY00&3 QREINT 2052008104340 26€. Gas line

nitrogen or_argon) fromgas source 228 bubbl es through the |iquid
agent 222 t BUEnbedicated i vspBY thes@ndgsaiionof thy wpesge %&@ﬁb@ﬁh@gbe gas
through gasj;ld g 230. Gas line 230 can be heated to prevent the

condensation of the vaporized agent within the gas Iine 230. 50037)
Seni conduct B03FubS¢miabmdut® sitlsstyateal®dds placalontcantbctwrittha aapoapbasephase

catal yst prior, to_.any repair and/or sealing process. descri bed
cbove. "t ho. (v PrRER iRt Og SanRE Panch S R0 Biecrabnte Pty
ki neti cal | ybgahantsriohginicdcad OdtalgQTdamoad iodindRhNESthaat k@Y Y&t banes
and Si-OH groups without the primary hydrolysis step in the case of

the Lewi s bgdcnsationbetyeen slkexysteanespyd AcO Epens Whond theyimitysi s i n
t he case of [ L. E};Eeﬁ at ik, r 200
and substr a?}éd?(?ﬁ%%%??k@%g%%nﬁbe éevgitggg{et 0 ag?a?érig{l’ teﬁ%earcg%\%ggg%f
about 60C tlydadlpsis ir2he Casepif €fceorghliy a@thoThe kaPErawe abproice BRAGNb&HAR00
prevent condensation of vapor - se agents, the t erature of
the sem conﬂﬁ&?gﬁﬂ %%’?P?’i%o i@gbei %e%gf?‘é? égﬂﬁltﬁf“%?mfea(?fer‘?ggmaq% gto about
t enper at ur e215°ghgrefer AN aBJUE 1 0ETPRIBbE W0, 15 BroveRVonBBRaCorPERAY

15t hr oughout the entire process. [0038] Initially, the pressure of

process chaYAPerPhase apisdisierprabirap! Be yemigandystas subatiate Woriaprafsrelly e
vapori zat i of,@failddet Q?éxﬁﬁe\‘&hre(l{?%}% Xmgg?élitem etk Bf 1@ v%ﬁa- hadda -léﬁ{‘) -

Chem cal vapor delivery system Ivers a vapor- e catal yst
t o t he Br octhsmigbhrarilbeenti2Ofrocesst r eat seni conduct or substrate 100.

Sem conduct ubstrate,20100 is.placed,in c act with the

vapor - phas eﬁ@%@albé’étfa ' nthgﬁreﬁﬁ‘g_ﬁﬁf gré’F?SééPi“%} er%{b PHPETAARed 4t A YA YT, n o
groups in thessetead fataa@edpsegion of fiRlca@kaR! £, abbhien. ¥y apato RPARA 0
catal yst can form a sub-nonol ayer or nonol a]ger of the cat al%;ﬁé on the

exterior sufmBe&deprcad yanr dglivay systere 2204 idalveat # vaner phewesptalys tohe
interior sufbaceshive b ogjin&rr%?] %%g@ﬁ&u%%r R¥Bsite' 100! REmMARARAE OB stk

material 110. In one e
20 100is 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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25 plasma damaged region can extend to depth to about 30 aminto the
sidewal I s of the openings 130. [00391 In one enbodi nent, the catal yst
is delivéY@eEsPHe process chanber 200 to increase stPﬁTﬂéSZQﬂS@é§&¥e
of the vapor-phase catal yst in process chanber 200 to about 20 Ton to
about 1500 Ton- (i.e., about 2 bars), preferably about 100 Ton to
about 30 760 Ton. The volume of process chanber 200 is about 1.1
liters. The contact tinme of the vapor-phase catal yst can be about 10

seconds to bout 6 egonds refera 0Oto out . 30 seconds.
Arror s o PR PR e Yoo P Sl el SROM R el BT RSy
the renmai ni crlgm\bapw&damaﬁley epapdiyy AbwioF ah &IERVEE of bPMdulM RIAS LA until a
chanber 200 elther&’ﬁé’ dynamc flow of an inert gas or by vacuum punp

240, until RIeHPEbEOvOIbED dRrripariicvsd Tinanother swhpdiveal, aidynamist her
enbodi ment , v, gy RATHE mUARH :

vapor - phaseV cgt al yst fnn 0 {#Ho s%\?ﬁérﬁ? Q‘%&lﬂg g%t?llfy%ltqﬂ [}g&e@g}mg
simult anieomambetréamranh@ﬁmaexwm pPRETRHGAT vaadim)purap aa& kngloessacke

regul at or 250. 004\8& E@pl ary Lewis base am nes can include amoni a
(NI-13), rré%fﬁif}‘ “dRFHEI CH3NH2) , di met hyl amine ((CH3) 2NH) or

trinethyl ammq (B RAB3Are)Lewad b6 bim@RR QA0 dR hnffhia (NFES,QARERY NamifE
tertiary ethyl substituted am nes. Exenplary 10organi ¢ acids” can

i ncl ude” ac N&b? élm?thylfq“ﬂé? g5&E61NED 2t trémethy] ankine (EIED) coraci d,

Ci tr| C aci I at

CILTLC 20T CorRb bk LOURARL Sel AL P AL B AGRIT L oteRY
form ? pl(hﬁuegusc swdaanongludeicetic acd, vtaﬁoqmgzcmﬁﬁ aaépemdiom@acamamfuﬁ,hﬁnc
specific Lew e or._organi ciLd, t t erature of the
process chaifbe bg“‘a%péﬁ%aéf‘f%‘ﬂ@f%aﬁggﬁhge Epegﬁé(r%f il8 988y essur e
I's sel ect ectripdph@¥ ot ogaRReRRIANL 8 nked WEh La@wr& meanaéa;ué&s%amﬁbyst
or organic acid, If an organic acid catalyst is used, to nmaxim ze

al koxysi | arféieleBorpeyizedwilienerding vras the sregifi Lavys brssaptne enareasc wigor
phase or gank¢ difefhrs oPfiEfFoall &&%@99@65&4&3&&&&@%&@5 gl on of

al koxysi |l ane repalr and seal 1 ng agents rev reac i ons
bet weenlt hepreasgans mlmdckoemd/eai dondyrsitianef the wahfs baspaningltasbyst or

20[ 00411 After .treat with t e catal yst has been.

conpl et ed, FREHIALs ?8°6$anf°naé’l ?%@@5 ‘éﬁ%ﬂﬁﬂé’?%@e i 05&‘?3885@8“?‘3 a
vacuum pr esgith eurfade-bagid $it@HErMaROEHcEAVapEY Hasd S@adik E&Eyi%ﬂe?eﬁ‘@ol epair
agent (e g., about 0.5 Ton to about 10 Ton). Process cha can

be opti onal qv?ﬁ%gé‘lblequ £ &he iiredrctan phalkexygHane(repair andiensedlierngspisaogon)
bef f
erore ev a PRaltRnl YRR Eﬂe%ga::?&’é% #@ﬁ%ﬂgﬁgl{eﬁ%gﬁeﬁ&% gﬁagg ess

chanber 25200 an% substrate su T st
t enper a?tour d0041] alolter t&@ﬁlm\w}hah& va@%ﬁﬁlasprceﬁa@tsalkﬂsmeabmrhplé@ﬁﬁhb o

bout 200C. t em 2208 del
a1 Soxyst | AREVESLTE RGBT ek Y e A N by ereq Papltate

sen conductvaporsaakish bathe amymﬁam@@ﬁqg@ﬁ&é g S Hbsift 03 Pord Batont P @6LH i n
cont act wnth t he al kox silane repair agent in an anount effective to

restore at Hrecsss chapthen0Geanhe qp@gﬂau@m&ﬁﬂﬁ#w@@ Wiertrgag fe- & RIoLeyt eup
(e.g., ethylsonpboRyd evapl%ﬁﬁ% t85 Q4R 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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preferably about 75%to about 90% of the |ost methyl groups. WO
2009/ 085098PCT/ US2008/ 013471 [0042] In one enbodi ment, a fixed anount
of al koxY¥? PUNEPBWpai r agent is delivered such that tHKETASANBE13471
pressure of repair agent in process chamber 200 is about 20 Ton- to
about 1500 Ton (i.e., about 2 bars), preferably about 100 Ton to
about 760 Tom The total contact tine of sem conductor substrate 100
wi th the 5Svapor-phase al koxysilane repair agent at the first

t enperature conds to a 180. seconds referably

about 20 se@gﬁ sb@o&%%g{tﬁoagb%g’eacfgxne sa.rnoluﬁp(%lr%ﬁ)lf%é@aé‘ﬁﬁ?&?rr%ﬁﬁt,ls a

dynanm c vacdaliverzd sudtethamthataiinpsduye b ropdingzehhiey progees cliphase20@Rai r
chanber 200 duri ngt t he sinul taneous O(Fer ation

t int [
319 “Vacuum pi °?2§<i§$z§_ﬂcamut &> UtRT frresborie hasgupratstblpsrut 160 doudy To
| norease t boleARI otk Ydlordl REn ALK LARBnARRG fubdRRO o b gde

silanol groups in the bulk of the nanoporous LI materi a
cont act i t¥epehphase kikeywdilangieeppic pgint attfe first samperdtirestanbeapartdOur e has

been SO S pIPIEDILENS, WABIDLALTh IR0l Bl BbuPlrocd

t enper at ur eanoifieecinbogiffeat, uidgnahictvaeuindé Srbestainided 2L F1sdng BR vapor-
i ncreased 15fromthe first tenperature to a second tenperawe of
about 80C tRIESHIERRT SEHEINTR PEICETSHIS paimber A00 dyping ths simsliancospeperation of

total cont aRkbulhBER240aMEPHINIL HEHASEIRLP2400 i Lh the

vapor - phase al koxysi'l ane repair agent at second tenperature can
be aboutl 1d084HonbsincreashibatreatBditseitbnakoxysileferpil yeab eiith tROsikecbnds

to about 60 conds., 20100441 Exenpl al ko {lane r ir ents
can' i nol uddBEHDI PR EE MEtyRp i Ry w4t p e Ry T

di met hyl si | Aloexyki{delIgpiSiged QI )tempRENABAs bebmBIiyERH | tBB Banoporous
((CH3) 3-Si -@B) or n-propyl trimethoxysilane ) -
(CH3-Cl - 12- -f*@*%f@é}l@§) 1 Ypterabbiryed IpEpRiadiviE! tp alkoxrwlagy eppk jagent

al koxysi |l a I HY% t apbeke£00
and substr ;h? g Sgdt?gaéﬁﬁ@g%%ménjdﬁglg@ %hg%ﬁtgzggiegg%ﬁ [s-tce){] g?taléggt 0 Sed
pr event15corftun shet lirstiemperahae & kexynd teaperatiepaf aboag 80IC toChUeIVEC) on

of the alk ' o}~ .2gent sur fac f.the. LICD naterial
can be det %ér{r%%’#g{]a °%§g€de§tt9%§°‘%‘ﬁ§8°tﬁ1 rﬁbertﬂ{aé)g?fg?&éﬁeo%%‘?mtoﬁ uctor
al | coxysi | anbstraepBI0 whly eHelvabot-Phas SIk6RIRR epsir hddabat e eddoadi . TO
ensure that the agent is injts v%oor state, the_ nangporou

s

s LIO
material i SOPPHEREF Fa7 REGRPHCHO SRrenis snabayb A80 srepeds. prederably about 20

seconds to about 60 seconds.

20 [0044] Exemplary alkoxysilane repair agents can include methyl trimethoxysilane
(CH;-Si-(0O-CHs),), dimetﬁoxy dimethylsilane ((CH;);-Si-(OCH3),), methoxy
trimethylsilane ((CH3)3-Si-OCH3) or n-propyl trimethoxysilane (CH;-CH,-CH,-Si-
(OCH;); 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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30 saturation point (i.e., vapor pressure at a given tenperature is

| ess than 760 Togg. Under these conditions, no saturation (i.e.,

for mat i oNVQOIPPHMBd agent) can occur on the nanopor oud CE{USEORRIAF] al .
WO 2009/ 085098PCT/ US2008/ 013471 [ 0045] For renoval of excess agents
and reaction by-products from sem conductor substrate 100, the
pressure of vacuum chanber is decreased to about 0.5 Torr for about
30 seconds to about 180 seconds. Alternatively, the pressure in the

chanber can LNt ain t statjc l.evel. and ic fl.ow of an

Mot 11 uen VR8s ChY BlBE] BB Bl B i BB ANt s BN o

desired, thabaibaye0tekesichat: gacess cBingis i @craassditaebontd. 3 Terr for
vapor - phase al | wxysilane repair agent with

vapor - phase cat@ st and I
t he nano_por‘gl‘y?élt %Fﬂﬁfséi; REPULASR seronde palisragt whe thsPrEsHE 1P ithredaphes he
sane sem coRAuRtRlinGHHRE b flstsﬁclgoe;aahdfafagap&ﬁfc% Bﬁmﬁé@hﬂérﬁ%%s%n be

increase the reactivity of the al koxysi'lane repair agent. For
exanpl e,5 cosedéa fempve e iesigesl-agédse cat al yst and t he al koxysi | ane

repair agen it h.t.he napoporous LKD .materi al n be r.epeated up to
Lot oo 108y e AR PR st TR s B et es PR, ool
has been cosmdigst ead vigee-phbdelafies ysifant Repalrl gbhd Wit @€ inahopbidhisqHD be

seal ed by contacting sem conductor substrate 100 with an al koxysi |l ane

seal i ng ageMelenaleap 8 Evncaied oap BLBOTa PSS WLhP Fie Sesdesiueiey ayhsirplrd 00
ot dewal | ang dRoleb O SHLARRS dholdR RERALIIE, hda RO ARSI ARG

filmw th a thickness up to about ective to-prevent the
di f f usi Bh oforemampler ¢onitasgin drervapor-please catallysti ant ghe dkkoxystiareoepmergeatd
por es of the.tgglno DOL OUS m%t erli al b The tL CD, rrtat §ri al 110 can be
optional Iy BIACEFTPELH et TR CAL Y R TCOHR SR B Py st prior to
the seal i nglopaTIC eOfice 2N STithIthe vRRPRask repaisfitht @ beén télRpikicdahe t O
the repair process described above, including treatnment with the

vapor - phaseSUEisarithe LKhmatesial 1 Hrag brsealed byusrntacing segicap@iftori s used

Seal i ng agemre AN L AR TR Lo et OB BRI ccane
bi s( neti¥y| ditepetdversysd sigéwalbadihotiimmeir fagésarfitieopenings with an alkoxysilane
bi S(Lr1 ot hogyeltybaLIBNG, (AP AR SLLLARLDO R A e 2886 of an
(tri et hoxysdeylyingbagidr hikit&tdl it ehe ihQREAAhecldiEpdey dfakendiopbivas LKCD
material 110 can be seal ed by contacting the surface w

al koxysi | arf@2i&eal iThg Loge matatial hbu¢andis qoHpedill placsddn o Bf‘,’iginfbe BRI
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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damage to the sidewalls and bottom of opening 130 is nininmal and

repair is not 30desired. In this instance, the sem conduct or
substrat &YAHYBHE*SL1CD naterial 110 woul d be pl aced i RCIGHRYSLI3HL h
t he vapor-phase catal yst prior to the sealing process. 100501 |If
desired, after the repair ancUor sealing process has been conpleted,
t he al koxysi | ane conpounds can be horizontally networked to form

t hree-di nensi onal horizontal |y networked structures, restoring the

networ ki ng P8 citeffed M BRSRRE Borme e 0GR M e ke Blel 88 T

the organi callamiydildre. ogmpoaiGIBtclaﬁ babbizontallyfetiadRer ®t form dgedldimensional
trichl oroaceti C{lt%ﬁ}!, citric acid) described above to catalyze a

hydrol ytic hozize ngfweplked Sigiess, rgﬁgn{xg@ep@@p%% stened of §Foups, as
[ d
i I'l'ustrat edyinBpdrha LﬁD xh&e@alp Frf s n‘glg%é%g 88 vel gﬁ&'n‘fedw

vapor can be delivered process c g t he chem cal
vapor déli mngmwmml b&hthttheongempemdt(mgeac@ngaegd &mzpmsstur e

range and t abo aced in

contact wit CE% t{ilcgﬁlogrga{%ﬁggéeldta%‘é’l ! %esﬁ gﬁd é‘??h%r‘i? c% P’(fg ‘%

28{) |5 i (im,ta\ ?I Iryadmh\bem#eeh h@t@lak@mea‘eh $iamng an@ﬁﬁgigugﬁldsé@muﬁ&%g HNBI@YCTh S.
ter : t he gQrgani ¢ acid vapor has been

conpl et eg tl% rﬁg @ﬁ%&%{é{éﬁgé Ori%:éc %Céﬁérf@tiﬁem%ﬁidgf@géﬁ? af@eﬁgé)améerb t

i ncrease ‘”515’(9 o abou

360 secondsﬂ) Th?lg&ﬁeatl r%gaqst ep fg%%? ?&% egﬁ?:o gfrll%a% oﬁa?%gactgg

bet weenl tadjraesshte rangecag §lmmgmdﬁsenbﬁd%ov@ ThﬁrInKDhnamdumamdonal

of "t he. nancBPBURTE f e i & it AedF el Batibf PRl

i nsi de pr oaﬁsslkcmmreaﬁaaxaf/ozs@mncg)xgémi or substrate 100 can be
renoved angg on a hot 20plate. 100521 Upon the corrpl etion of
vapor - phasd® gﬁal ﬁ%{ﬁﬁ’ag’éeé!twh’&m%@?ﬁaﬁ‘ﬁﬁﬁ&&aﬁ?r@é%@‘%%@ gfed than be

subj ected tigmBHheRAGIRAL sQﬁB&%ﬁx@f&? sBBGRID0 QQm%xteﬁ%?e%lrto 'aQ&Jt%b“tgtot Jb%ut

deposition of barrier |ayer i n opening mat 1 on of bul
met al |18y er30050 formbopicafi Sﬁgmm@o alproiit ﬁﬁ&mpmtsat'mmlh&ahng kiep davilitates

structure, tr The, vapo seal i ng
of the st ashRitsai R B8 el FsetTpn R ieng PO RR G BB BB e LI
mat eri al 1kﬁmpnmnhmztohanmbemmé§sma@lesl fesfoPingitgmbetahicar stleay@rof 140
(e.g., Ti, TiN Ta, or 1)zfrompenetratlnglntothe

i nt er connedPeRAIBPIRYS g%%ﬁk?ﬁélr otjus Dgagipe step 677 gifher pecur \agHisIpIfss e
repair and cheabbimook OARBAAIAH bR TRIh b ke 8Rrand H0aiCd 62h 651 2

nore robust structure that can 30 withstand furt nmechani cal
procesAdng pdateps, incl udi ng CVP.

[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 RuQy) 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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WO 2009/ 085098PCT1US20081013471 EXAVPLE 1 [0053] In an exenplary

enbodi ment , semnmi conductor substrate 100 with an etch damaged
nanopor o4O B4ORM$8Ber i al 110 is repaired using vapor- pl?&gégmﬁﬁ47l
trimethoxysilane (Cl-13-Si 40-043)3) as a repair agent and vapor-phase

di et hyl amne 5((CH3)2NH) as a catal yst. [0054] Sem conduct or
substrate 100 with an etch damaged | owk dielectric layer 110 is

pl aced on substrate support 210 of process chanber 200. The process
chanber ZOOEB(‘XN??EgLPt ed to a pressure below 50 Tort and the
substrat e suppor 10 and process chanber 200 are heated to a first
t enper at ur ej{0863jabbidn ek8MGlarPebbdiment] Seraitbiducioapaisia® 10€vivedreelc 0

process chanber 200 to a ic pressure of 700 Ton from chem cal
vapor del i v%@émomiﬁﬁ&t%k%ﬁdW%ﬂ “§‘B§§?‘?‘%§’tp§asfd@e ¥ pl aced
I n contact M&nﬂéﬁx&x@ﬁiﬁﬂe?tmj&wmﬁ%’)aa@@rreﬂa@{r agﬁ&%ﬁ v%Qor%ﬁﬁQ@&'i%thﬁzg famel

After the diethyl "am ne vapor treat'nent 'has "been conpleted, t vapor
i s evacuat edChiseNH) ag g ostalysiap 240 under a dynami ¢ vacuumto reduce

t he pressur folh Qces h r..200 t bout Tort .or .less, to
omove rest DORR aNEoRRERE ST SRR RO T Grbith PSSt TR ol B
tri met hoxysi10eis@lacedbg bubistata shpppti 21 OUsTPesceaydhagiber 200N diHei ppdcess [ 0056]
Met hyl tri n&%g&)xy%@l ane va%or (Cl1-13-Si -(0-CH3)3) is flowed into
process cha DU 1 CERUEENP & Rrestp Brlotelt TsF e sehratsorPRATt 10 a
static presaiinfoks A0AM: 700 hreltRad N £1RYIeniRAGARALESRT 05EDSHIA?

100 is placed’in contact wth the vapor-phase nethyl trinethoxysilane

for abolt 2@onwewepnids daliveted to iprasess ahambendfrte asfatialpoassure¢ 06700 TOO57]

The tenper . substrat.e su rt 0 i.s increased fromthe. . first
Cenper at ur o BBioar BRBCA R SRRt A7 e Pl RO 2B sang
the 25sem cglachddh osntsethatt @t diclld atiSndV ap6£tbr bbot Q0kehd t h t he
vapor - phase_net hyl trimethoxysilane for an additional 30 seconds,

[0058] Aft ek00phe” AEEHPE dictiamirpyappT teptmenidgs besnsompisied, i vapeets

conpl et ed, &RBuA@PRIth hRuBHAGHAS 880 Whdeh a MORAMEVRAUTR &ARGHHRARE pRssure
dynam ¢ vacuum to reduce the pressure of "the process chanber 200 to

about 0% TefrthomréassschiembenB¥lto BoustTTamdslesg 0t prrerpwidueksoss agthy |
trinet hoxysfa!:ﬁi%t‘e Va%%%&atﬁ;@)dofrtﬁea&te{hgfpm%éﬁ%xoygﬁ'%e,s which is a liquid under

ambient conditions.

[0056] Methyl trimethoxysilane vapor (CH;-Si-(O-CHj;),) is flowed into process

chamber 200 from chemical vapor delivery system 220B until a static pressure of
20 400 Torr is 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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EXAMPLE 2 [00591 In anot her enbodi nent, sem conductor substrate 100
with an etch darrag%ed nanopor ous LKD material 110 is seal ed usi ng
vapor - pha$2WPAEBEB et hyl di met hoxysi |yl - propy1) - N- met RETARHE/ES TR
seal ing agent with vapor-phase 5 nmethyl am ne (CH3NH2) as a catal yst.
100601 Sem conduct or substrate 100 with an etch damaged | ow k
dielectric layer 110 is placed on substrate support 210 of process
chanber 200. The process chanber 200 is evacuated to a pressure bel ow
50 Torr an ? support 210 and process chanber 200 are heated
to a first tenperature of about 150C. Methyl 10 am ne vapor is

del i vered i[lﬁﬂwlprhm&eﬁhan&ﬁme&oﬁbnh@orﬁiu&baﬁdkﬁtr%686 wigh DfetchBihaled
from chem cal gor | i ver%/IH igst em 220A. The sem conductor substrate

100 is pl ac‘@(‘}"?‘ﬁ dpatg HESSAEE RinS AARHePhgefoFt or  about 60
seconds.  AOQGEIm&hS S szi&i*%?roﬁ%% N he@MaRfne/ APeakid n%?éeﬂg&&% 325’0 2;%9&

conpl eted, the” vapor i's evacuated w vacuum pu
dynami c%adﬁﬁm&&ﬁnnéﬂﬂﬁé‘fﬁﬁ@sgﬁe@bﬂve 150f the process chamber 200 to

about 300 T

bi s( 3- et hﬁgﬁ‘ﬁet%g‘ié%’% ey f)“ E}tf%ﬁg’r‘r@taﬁﬁ@nqaﬁéagﬁ lqwrk disderdisiey st o
process chairtbes plae& cfnrmmmahem@ah 218 pOprodedsich@hbersBt aife pefdessvi th dry
nltrogen as ﬁ@o,{l er gas at approximately 3000 seem The pressure is

mai nt ai ned PBMAHFOPIH CTAFURIRE 13 PROFSUERIRESRIK >BJerrAtdsHbBrats spnem? PU AR

240. Sem c o oW n
b1 S{ 3ot oy ardiop S b Befted Eh Fis RBERRt Br g6k 3567Cl TBpi O 1O

secondstOat axbpuvapps @Glehﬁ/@@é Bito pfacess chhmber 200 toa static pressure of 1800 Torr

bi s( 3- et hy, am ne t pent has
been conpl e og%gﬁet'ﬁgé@ ly Aeh g\%%%'g%%% 39‘3{?88 gsﬂfg‘a ﬁ@o‘ér a
dynami ¢ vammuimcdma@mtm@mpm@saurne v@;ﬁortfbﬁaﬁéh@%%oﬁcibanber 200 to
about 2 ZSTQW ss. for about 60 seconds. EXAMPLE g@%00641 Silicon

substrate d rithe msthylapng ivaRer ieABSE Bessbeen comptetess thelvaparsr
LIM 5109, r@putheQtwmieethc-BYmbapdAonaaatd APhmiEl & uRFeBERLe b RS aP! €s

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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30were coated with photoresist, patterned and subjected to reactive
ion etchiqg(ﬁng% to formtrenches, followed by oxygen ashia% to
remove tRKE ﬁ HHPsi st. The RE  and phot or esi st r emov ICTAEYPO1AL 5
pl asma danaged regi on surrounding the etched openings in the
patterned areas. 100651 A first sanple with a plasm damaged JSR
LI CD-5109 | ayer was placed in contact with a vapor phase
trifluoroacetic acid catalyst prior to contact wwth a vapor- 5phase

B TR [ IRl Rl M o 2 A98 o 0K PRIRL R 11

repai r agenipeaings an the pétkannrdomest i ¢ aci d catal yst di ssolved in

iti A third | | le with
an”unr epai 063 A R aamAls e Selei EgiBatsg 5B &5 300 Buoe ReSalfesa s
anot her cordohelt wARR hepdH ghisetti flasrod it skidedtaly3Rohidio 2GRt AV&or-

(i.e., not subjected to plasnma etchi 3? . Sanpl es were anal yzed by
scanni ng elRigsq BRIy EsREpysiiarp-PIMDepaicagsnl. 4 sedead guypleevidra
repair alo i.de g es a i
moe spect Hanm iR TR0 LGS e VR SRR e b
silicon over tiifhercsueficadd odtalykteliskSRetl ifCGpbibificdlay@s (SCTC ). daphind of

about 150 rim ,h 15[ 0066] The first sanple containing the_pl ch
damaged JSHAPER &SR gsaﬁ?iﬁ%g&%@ﬁ %‘f‘?dg? asndy, dg‘iglg%g%tlﬁéess
chamber 20QayeFh@ PGAE SSHple hodReer a&grd@@aingga«ﬁg%e&-de%ﬁtemsmw.

bel ow 50 Ton and the substrate support 210 and process chanber 200

are healtfed 18%4er gt nobsyhigciadp plasmaglsbing)-188wlenwsreranglyredipe of

Crifl i ; ) . ) ;
L btese. onathlrin Bt RL S BENABIRAES B AN LOLLOOHERE, LOhE me
del i very syssdesvuli2 30the efiched frenchies siahgzkendagsioplnece dpdctroment &8MMSYitbh t he
trifluoroacetic aci vat r aboyt 120 seconds b

f
chanmber 2006 R{EECHETRETT P‘gélfW Q‘?tﬂis’lcf‘r"%;@}‘?ré}?ﬁfué get é’gﬁR@‘;@g‘Sﬁ%ase

n- PTMS repghyer a98BéptM@Basirt 1 y&h@d i nto process chamber 200 by
chem cal vapor delivery system 220B to treat the second sanple for

about 5t3mi 0@ JHwtfirsl semple eonniniag theeplopmaatichdamiaped ISR AKIE0PPEE eSS
chamber 20(})13@3 oR26thate! s%gport 210 of process 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 apressure 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  ata 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 2 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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with nitrogen gas and the first sanple was naintained at a
tenperature of 135C for about 2 mnutes. The first sanple was then
renoved MWOHVHEr ocess chanber and heated on a hot pP&T&SPY8H34ABout
120 seconds at about 250C. 100671 The second sanple was placed in a
heat ed pressure vessel (i.e., about 30140C) which was subsequently
seal ed and pressurized to about 97,500 Ton (about 130 bar) with
supercritical carbon dioxide (SCCO2). A 3:1 mixture of

| nj cotton 1 5asob R ael R RHARG 5 B Bt SRR a7

SCCC2 into dattyst efaedonmietiohlofatid:fign oat apprstimandypl %ty wodssebknd thee
concentration _of the catal g/

f | f additi
appr oxi mat ESPIHBE BFSSUE WAd bz’;}ﬂ ?ﬁs@r‘}r i aﬁ’g‘}‘flg?%grbg@sag P‘é‘l"{ﬂgg&gﬂoﬁ@er a
150, 000 Torﬂenﬁél%?hﬁou@ @0 s&%‘hhs e SBOYY sitn cdﬁ%atn:r;ig ch@%ﬁt’a%t »9{15 %ﬁéﬁ

60 seconds, solution containing acid al yst was flushed

5from t Re cﬁ‘@mﬂ@mhbylbaﬂw addittorosf mlm 8CE0EPhe fhashird Il?stﬂtedgnr esulted in
appr oxi nmat € t he . appunt of fl a
period of tAI m%r;e’!“giy?ke%ytd Q‘Qmé"es"f tehet\hé %Pour?é gﬁo‘f\'t{%r e'sré‘:%l fhglgler a

period of a’eqxutedZO Bl tiessvoldhé ef thi vassbl) Bger atmoaroesswe rhitufebe Atessel
was reduced_t ab%ut 97,500 Ton (about 130 ba at about 140C ?gbar)

removal of BRTGISHE dhihe VF?SFHHFWQWF% ﬁ@‘{‘ 07 PMBPriabrah 4

agent was t §55Et on
| oop by puﬁ%?ﬁ%égggﬁ?gﬁéﬁgém |(r?%j %éﬁ vévsls %@%%éﬂ%ﬁen@gl’ﬁggkl on

of the Wepakpainggsnt wokiicnpideaditd thet ehbsel Q%g)y highlprassurenjecthen foopay

pressure in e v t ,150, 000 Torr

a0 aft ertingd FER e SOCRRRL e oty TSkt B oL 2R 18hr
scce for ava:swppaﬁhramdlyaz% dy bhime dtiehd fnalpkedvirt af th8 vbésel dtas about

15t ur novers m@gé@ period of about 2 m nutes. The pressure in the

vessel was P8 % (oo 08 her) #h I fre Aftes 3maried A arinrEs. sy Was

100681 The fijshad wif eeS(f@O?for a@)eﬁ&&‘@q %Q%m@ﬂ@éﬁ ARRAIF 8 Fuid second
sample (i.e., n-PT CCO2 repaired) and third sanple (i.e., no

r epai r)lwerternokens amr@rpqe:d dﬁbeEM miath Thoplesswem the vessel was raduced HF

solution far secon Oi n dei oni zed water.
Because thg[ f&%ﬁlﬁs thﬁsi‘s‘%%’ng enztsr%{fl?y%etches Si - OH groups

[0068] The first sample (i.e., n-PTMS vapor-phase repaired), second sample (i.e.,
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 indeionized 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 is 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.e.,
n-PTMS SCCO, repaired), third sample (i.e., no repair) and fourth sample (i.e., as
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fromthe nanoporous LKD material, the degree of repair can be
gquantified by the depth of the undercutting along the sidewall of the
trench. PYQLUEENY ystrates an SEMimage of the first PEAMRSRUSQ13421

n- PTMS vapor phase repaired) in which undercutting was neasured at a
depth of about 11 nminto the sidewall of the trench. 25 FIG 6B
illustrates an SEM inmage of the second sanple (i.e., n-PTM5S SCCQ,
repaired) in which undercutting was neasured at a depth of about 11
nrn into th ki I _ l. 6 Gl S 2S M4 mage
o the.  hi r PPRsre 3k 11€D-$108) heRAacleifta SN PR Ry
measur ed at cabatetptsiicofi asb durictidd ofideptintio whivh the sleft bf edchtshaplervench.
Thus, FIGS. 6B-6C illustrate that the vapor phase repair_ is, as 30
effective a?ugﬁfégé“‘% FePR Ym%gm@eeéﬁiuai&&&aééﬁuﬁﬁaﬁ%wsmlyefsbwh 2
materials. [@QGREctbARLdI rst sanple (i.e., n-PTM5 vapor-phase
repaired), second sanple éi .€., n-PTM5 SCCQ2 repaired), third sanple
(i.e., r B820]r ) AaHbpstraad ithFl€afpthe cgiboe tg siieon rdtip 0§ thedourdsRmple

L0, 510%) v SARRRTH B PR 8, RSB PRI OEBle "

sanpl e was tapdsiaple dopradgsaeoOMIEIGY 7), afer dteHin@thediehting ahdbBotsRkist €r i ng
were anal yzed w 3‘% g nass spegt oneter. 5[00701 As illustrated in
FIG 7, the RArHIMIOeessamRisiidythe Faben tormliconsefia decswnps to appwt §-4ryto
squares in dsb 0.93.. HaweHePRs tetdcohaRak Oft hQ- r
the third sanple (openes 5%?% i FIFgG b%%,ggéar?%ecrl&gtﬁgﬁt?gé’tth%gg?)rogﬁcghes
and photlor estiicon rateqporepseddd abew . Clombbet &8}, abbhethe gatbon ta glisin iatonf

rati o decr 5 out ,0.55.  However, for the second

o e (opal i dhbgBACHR Lcos i, AR pRiciRe iRl Hrpeceplatfe B

i ncreased tmetapogtoups GCHa) @hhptofd] SroupdCTEH ) NBuE kchasing thedationas

rati o of the.as-dep,osi'lt ed JSR LI.CD-5109. This is because the repair

process r ep‘i‘%“@_@sfatﬁb@tt_ HEARZACIgPEiORs Hor dirstaampleddisy cirgles il G- 7).

(- G3H7), t hHgeidCLBABEM ifdPeasE 3 Qx@@mﬁﬁn% Li?ig&{‘xaﬁ@t&%n b ﬁotl?h%.”@ﬂ&d

regions. For the frrst sanple (filled circles in Fl 73, there 1s a

si gni f il@antis p pesséde mdication that thelboportphasé tepeio maratffectivtlyujensibesibout

1.45. This i i hndi i.on that the vapor-phase repair

nor e effect%??g%{gﬁ%%l?%?%?%B%%és‘érg%f/ebr seal ing of the porous

surface. [qOFa] WihiletHeligvdntive hbs Boenldascribee m descwithedfetenceitspedifind t h

reference to SOBeCi fié;1 enPodi nts thereof, it. wll be apparent to

t hose ski | IGPOEItherept. dhatl Reanpatsat orhergekilisd dn thsarirthalaeriens can

be made, ang N ot : j f he scope
Y ORIk R AN et £ R G, SR

of the appended cl ai ns. iIs clal reating a

nanoporZ8us depatiRg &pel the sedps ofthecappadeldaiams on a

-18 -



sem conductor substrate, the lowk dielectric material having etched
openings with an etch danmaged regi on contai ning silanol groups on
exterior surfaces of the etched openings and on interior surfaces of
i nt erconnect ed pores, conpri sing: (a) contacting the | owk

di el ect rivhafRiBlih@l iM t h a vapor phase catal yst in an anount
effective to Tormhydrogen bonds between the catal yst and the sil anol
groups in the etch damaged region, formng a catalytic internediary,
fol | owed, by: ethoébbf qpéﬁ{iﬁ'%te{ NnbtolsCU6 W kil &Ehd 116 t?%lefdrﬁlled%r{ h,
a vapor phase aTnkoxyS| ane repair agent in an anount effective to
react w femiainduttoSQstoate,nbe dovok didlectse haroial havdngpsiched ¢heeingt ehith an etch

damaged regi on, such that the al koxysilane repair ent. reacts wt
e oat ol HHEEE [oetoEh et S aRCaerbs on exterog BGR: ofFff Rghedh@ehiw id on
di el ect IinferidRéBfacd ofMhtbRofnelRAPorBRSHridinkoXysi | ane seal i ng agent in
an amount effective to prevent diffusion of an overlying barrier
| ayer into tH® i ntcer@efiite theddwpe didectriqaqterighvithhe vapRoxipss [catalyst in an

Spal i NG AARNL ofTEAGE S; WrhnldRfuch B Ak cd L ABIL AR 2oiTE! BLACH Rl

Claima1l, el n: e cata 1S a Lews se am ne or

or gani ¢ ech dgmaged yegsing for(ran)g aenthl gticeiptefoidiayefotlepedbed up to ten tines

o050, 1B €) bl LR RSB TR LSRR M

openi Ngsigediid/a@amblis: eilck@weyisirtRNith @P&it 50BIL Miors 35tha BilaloD Floipsia théldtth
of about 80 to about 125 and the al koxysil ane sealing agent has an .
at oni ¢ nef¥RgEhi fegion, adelut thoodhe liyatilangorepaly. Fgat msedidvdvish bF afatplytic
further ﬁ%\%\%%ngldr/&peati ng step (a) prior to step (c). 4. The nethod
of Claim 2, erein the Lewis base amine is ammoni a (NH3), methyl

am ne (CH3NH2F) dicoetabyig drei vev-k GHSR@NE) maeridlr witetahyhpoaanphaee alkoxysilane
(N(CH3) 3);,.or the organic idis an a us spolutiqn of acetic .aci
e 1 oor Said peenCarh SRPF AR Pyl 8PP RO RRS SCinhefagbyerlyb BELAe
met hod otekdoaheotell pbiest Aeh GaimHel sikowgystideckealih@ pgbt) readiel voed eHee cahlgfic
(b) renoving the organic acid vapor phase catalyst fromthe | owk

di el ect rife®edidvi al to prevent vapor phase reactions between: (i) the
organi ¢ aci d vapor phase catalyst and (ii) al koxysilane repair agent
and/ or al koxysilane sealing agent. 6. The nethod of Caimb5, wherein
t he al kokysi | Hieemetbpdof Clage ht wheseine(ihythe eatalpstihokgwis bageegamine or an organic

( CH3- Si - (0;.Ck 3‘% di met h di et hyl sil ane..( (CH3) 7- Si - ( ) .
et hoxy 1AL Hop 41 afl e <Pt 39 sy 0T sy Py o SEI RO ptine
( CH3- CH2ageh fobink Qa3 cX)ysilame dilivhep & R oy $i kldciemesead ithgeag®itsuifaces of the
bi s(di net hoxynet hyl ) si | oxane, ) . .
bi s( et h?}FIEﬁdrPé’FW%Wé)PF @e&ﬁ%wiljaﬁmrmwm%% EnEHUR MaseENHRY 89 Y &
hane, 1, 23,0ut 125 and the alkoxysilane sealing agent has an atomic mass unit of about 200 to about
bi s(trinmet hoxysilyl)hexane, bi s(trinethoxysilyl propyeam neor bi s( 3-
(t het hox4¥) | yppropyl )disulfide. 7. The nethod of Caim1, wherein
(a) contacting the lowk dielectric material wth the vapor phase
catal yst conpri ses:

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 (CH3NH,), dimethyl amine (CH3),NH) or trimethyl amine (N(CHj3)s); or the organic
acid is an aqueous solution of acetic acid, trifluoroacetic acid, trichloroacetic acid or citric

acid.
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pl aci ng the sem conductor substrate in a processi ng chanber and
evacuating the processi ng chanber; heating the sem conductor
substrate to a first tenperature of about 60C to about 275C;
introducing the catalyst into the chanber at a pressure of about 20

Ton- to aboutTrk3R0ndPsy d18in 2 & c@&pﬁ%ﬁ@%ﬁ%@te@f{%‘é%eﬁo@e it m{l{} r&Roving

seconds; and evacuating the chanber. . met hod of d ai

wher ei n thherganiosacid eaparnsg eatplystafontthe dockt belativemPOeE to phevent vapor
pressurei 0 . Ton- ey t 2
Ceconds TS Ba s B sTE T Ao GRRk heid Nap R T AT Epb RN P
cont act i apgnit dnd/or alikokysilaed @alitid agemat eri al with the vapor phase

al koxysi |l ane repair agent and/or (c) contacting the lowk dielectric
material with the vapor phase al koxysil ane sealing agent conpri ses:

heating ghe SgY GRARKICIAT CRRSH aliRerb@ ahd 1dliddkyliRAPErRhivr Socf @DRItNyI
60C to about 275C i ntroduci ng the vapor phase al koxysil ane

repai r ag@wthosysitene (@HeRI-(PE38)al kdimpdioxsnainethylsitaneadéft:)p-at-O¢He2),
chamber t .2 n-. t - I g thes:
of about PR EERIALAL (AR SOCH koML R Rriley:
10. The nExCtdoh)pf akd aithm alkwhail@ien tdabing i ragéntt aspdisédicethok gmethpl)diloxQGC
t o about, .200C the essure i ou 00 Ton ta about 7 on and e
R kT R A B T R TR
9, wher %iﬂtﬁrﬁéth&;@@ﬂﬁ?ﬁe’xﬁhﬂa,t he | ow(kinfdiRkoGtIgrépIRhekd al W &h the pis3-
vapor phase al koxysi | ane repair agent and/or (c) contacting the | owk
di el ect rtdethertysilylzpropgiDdisuifife. vapor phase al koxysi | ane seal i ng agent
further conprises:
7. The method of Claim 1, wherein (a) contacting the low-k dielectric 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;
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 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.

0. The method of Claim 7, wherein (b) contacting the low-k dielectric material with the
vapor phase alkoxysilane repair agent and/or (c) contacting the low-k dielectric material with
the vapor phase alkoxysilane sealing agent comprises:

heating the semiconductor substrate to a first temperature of about 60°C to about

275°C;
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heati ng the sem conductor substrate to a second tenperature of about
80C to about 300C for an additional tinme of about 10 seconds to about
180 seconds before evacuating the chanber; and nmaintaining the

sem conductor substrate at the second tenperature for about 10
seconds to abgfqudBQ 1ReEPOHSHAL LIRExRUAURDdiNEbehNG tﬁé"@d’ﬂé@f)haséalkg 1lane
met hod of Claim 11, wherein the second tenperature is about

about 256gingrigenttiatogbiishambrnit airersuiesf aboii20 Z@Hste@b@tdéS@(bTatméma te‘oe Cof
seconds. abS 3 ]}'@hsgf(;ﬁglﬂg%ogfléa s%wﬁdz ndurt her conpri si ng: (d)
contacting the Tow el ectTi ¢ naterial with an organi ¢ aci d vapor
phase cat al ysaduatigntharbamiieref f ective to horizontally network the
vapor phase al koxysil ane repair agent and/or vapor phase al koxysil ane
seal i ng agent; and (e) heating the lowk dielectric material to

a tenpet@t ur eriRfh@8dd sreCThgh BONhFORIR fiét REYRALKe IshBoMaPOrC N8t 200°C,
al koxysi | ane repair agent and/ or the vapor phase al koxysi | ane seallng

agent . 1Ithe misesureisabentd 0 doaitmabaut 74P d peiand (i) tirsoistahewtiZ9geednds faorhot 60
diel ectrd ? terial with an organic acid vapor phase catalyst in an
amount effective to hori zontal ly network the vapor phase al koxysil ane
repair agent and/or the vapor phase al koxysilane sealing agent

conpris in m onduct or. substrate to.a,first t r e
of P bouttsoc i ekt StoBm S ONRAER L R IO Bl s b the
phase caty g&y asé ak&;tshﬁ)eq%ﬁdﬂoﬁgenﬁgnda)rmé)%ﬁmwlgme ahpuldidQ u1OhateAal with
about 150 orr for a tinme of about 10 seconds to about 60 seconds;

and evachavanegphase aEﬂ%Yﬁé)]éﬁe S%Bﬂgﬁﬁnh@ﬁh@fcpoﬁﬁmﬁsal m 13, wherein (e)
heating the |}&%%%%L1ﬁ&%£&&tﬁhﬁs@a@ tol se@oﬁcﬁ{éﬂﬁéﬁ%‘é 6t BIL8hIY R %Q)ut

hori zontal |y net e vapor ase al oxyS| e repalr agent and/or
t he vapa00p@ ﬁetemaddldmwysh tinanel @eaﬂ Ihgcagent algombp80 seends before hemtating the

the sem uct straetoa f abo t 200 0
300C 1 or TABAt: “BmSROUHEE Mo iU TR s R TR o Rt 10
r emovi Ngsebdifls €00 NBUKEOds SubSdvhalng BReehbfBerchanber and pl acing the
sem conductor substrate on a hotplate and heating the sem conduct or

substrate to a tenpenture of about 200C to about 300C for about 60

seconds {0 abp! 40 SPEOnFS: 1 WcifRI Qo Rl iRANLES HARRN9Y RiShou

|l ow-k dielectric materi al on a sem conductor substrate, the

| ow k di Z408Ctanil thermdtligiona |tinkeaiy et 80 s¢tveddsopehout@d seianfs.an et ch danaged
regi on containing silanol groups on exterior surfaces of the etched
openings and on interior surfaces of interconnected pores,

conpri siTg: The methéd oﬂmainalztfhftgertcbﬁlphg‘ﬂgk dielectric material with a
vapor phase organic acid cataly in an anount effective to form
hydr ogen bond¢ bet%@ﬁ“‘tgﬁg‘eclé?t"’ak )f]éftlecérr‘fd nafggiak (Wit gt oggaBisp¥cld yap@ebhase

et ch danaggad: i#9h ARouhOSHERE B KRB RetWdHEHTBADE Phasd Qb RMREh LY pair

agent and/or vapor phase alkoxysilane sealing agent; and
(e) heating the low-k dielectric material to a temperature effective to horizontally
network the vapor phase alkoxysilane repair agent and/or the vapor phase alkoxysilane

sealing agent.

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 vapor
phase alkoxysilane repair agent and/or the vapor phase alkoxysilane sealing agent comprises:

heating the semiconductor substrate to a first temperature of about 60°C to about

275°C;
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(b) contacting the lowk dielectric material with a vapor phase

al koxysi |l ane repair agent in an anount effective to react with about
50% or nore of the silanol groups in the etch damaged regi on, such
that the al koxysilane repair agent reacts with the catalytic

i nter medi ary;in@EHcR the organ&@cl&%@‘lﬁhé&%aﬁa@t RYte SHaglb8Ehtd Bressure of
material with a vapor phase al koxysilane sealing agent in an anount

ef f ect i vabori2(pFay rabodi ¥500 diosrfont tlmq o glequit ¥ P aepobpdirtpiabeut|68pegoniisitapd t he
i nt erconnecte hat the al koxysil ane sealing agent reacts
with the cat§1 gﬁggﬂ?zgﬁg%&ary 17. The nethod of Cl aim 16, wherein

t he organic aC|d is an aqueous solution of acetic acid,

trifluoroacetic acid, tr chloroa eti.c acjd .or citri cid“ 18. . The
ot hod o o st Bethoda o She St (rhGult oIt SRlstig gmitpia Jarg
i's met hykm Féx'aﬁ?é Rergyskel t@nﬁ)r{zghﬁﬂ@rre(v&b'rg'ﬂﬁé &hpoxdbﬁﬁ@é héxﬂ«%é))(?/silane repair agent
di met hyl silane ((CH3)2-Si-(0OCH3)2), nethoxy trinethylsilane

( (CHB) 3- asdlouim)ap@rrph@swwsﬂamSﬁétnlg@gwwp@n@ses _ _
(CH3- CH2- CH2- éﬁ?@k%xcoﬁﬂﬂto&%ﬁbs‘fﬁ%qg PBARG K OB FRCTE bR S00°C
I o] | 'oxane,

t b

g?i? et gk Idi?éretGmslemn;is id yqu 0By tcohdsniat thy kharitbne, & isubving tthosopsicdryleebh
1, 2-

bi s t 11 rBPHEYS Srory G eseaher grd R (o xTRICPIBIE SYPSHIG ARy Brigless: and

(triethoxysnd YIRPsaRyRduast fiigate 3% tefdperai®t REALOE: 1d0ac b HBoutvdRre| for
(a) contact%&g the lowk dielectric material with a vapor phase

or gani ¢ BEPPOCweendsde akaykhd) speends. pl aci ng the seni conduct or
substrate in a processi ng chanber and evacuating the processing
chanber; heating the sem conductor substrate to a first tenperature
of about1660C Aomathodt oRAf@ling a | mnpEEtogs rlgw{lmelielam'rr pitesd trgadi cn a
acid catal er.a res of. abo 20 Ton

About _ 150B A i RE foakclie St ERREL i BRh e ol et

and evacdaidgbd rdgh‘tﬂx ohanhes sﬂanapgroﬂ_ﬁ'ﬁ)rf@(&émﬁ s@ffaced af tht t@hed ofchl¥@E and on
conpr|S|n9, éﬁg contacting the lowk dielectric material with
t he vaponicpnasuiaspRfintercapnagicd ROEISYMANSINgh anount ef fective to

hori zontal | y net : | r d
t he vapor phégg gq%§?53| gﬁgﬁﬁéghﬁﬁgxgggﬁ%&%%hﬁﬂﬁ 4 GRR% TpHAYE e AR RS

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:

(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 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.

17.  The method of Claim 16, wherein the organic acid is an aqueous solution of acetic

acid, trifluoroacetic acid, trichloroacetic acid or citric acid.

-22 -



(e) heating the lowk dielectric material to a tenperature effective

to horizontally network the vapor phase al koxysilane repair agent

and/ or the vapor phase al koxysil ane sealing agent.
18.  The method of Claim 16, wherein the vapor phase alkoxysilane repair agent is methyl
trimethoxysilane (CH3-Si-(O-CHzj);), dimethoxy dimethylsilane ((CHj),-Si-(OCHjs)y),
methoxy trimethylsilane ((CHj3);-Si-OCHj3;) or n-propyl trimethoxysilane (CH;-CH,-CH,-Si-
(OCHs)s); and the vapor phase alkoxysilane sealing agent is bis(dimetnoxymethyl)siloxane,
bis(methyldimethyloxysilylpropyl)-N-methylamine, bis(triethoxysilyl)ethane, 1,2-
bis(trimethoxysilyl)hexane, 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:

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 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:

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

(e) heating the low-k dielectric material to a temperature effective to horizontally
network the vapor phase alkoxysilane repair agent and/or the vapor phase alkoxysilane

sealing agent.
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