CYCLI C AM NO COVPOUNDS FOR LOW K SI LYLATI ON Background Insulating filnms
with ow dielectric constant (lowk) are critically required for

sem conduwwoaniommmrbact uri ng (see for exanpl e | nternati omralr/USeeinnodsegy
Roadmap for Sem conductors, Interconnect chapter, 2007 edition). Lowk
films are usually created by introducing pores containing air or other
gases, which have a dielectric constant close to 1, into a matrix materi al
with dieiectric constant in the range 2.0 - 3.0. The effective dielectric
constant of the resulting porous filmis typically 2.2 or less. The | owk
matrix material is typically a hydrogenated carbon-doped silicon oxide
(SIiCOH), wherein the free surfaces are termnated with nethyl groups (CH3)
bound to silicon. CMEJIEsAMIYOSCOPP OUNDS FOR LOWS SILYLATHONal nechani cal
polishing, effectively renove the nethyl term nations, |eaving either
dangl i ng bonds or hydroxyl groups (Si-OH). As a result, the film becones
nor e hydrophilic and can readily alByykgronahgture. This in turn leads to an
increase in the dielectric constant, the degree of which depends on the

severity of the dRsHialingfipioviliow diatedide 0@n$téat (low-Q arpertierin etion is its
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repair the filRdPgdRs! RRIcRhAR PRlectric constant close to 1, into a matrix

material with dielectric constant in the range 2.0 — 3.0. The effective

10 dielectric constant of the resuiting porous film is typically 2.2 or less.

The low-k matrix material is typically a hydrogenated carbon-doped
silicon oxide (SiCOH), wherein the free surfaces are terminated with methyl
groups (CH3) bound to silicon. Processing steps, such as etching or
chemical mechanical polishing, effectively remove the methyl terminations,

15 leaving either dangling bonds or hydroxyl groups (Si-OH). As a result, the
film becomes more hydrophilic and can readily absorb moisture. This in
turn leads to an increase in the dielectric constant, the degree of which
depends on the severity of the damaging process.

Another effect of carbon depletion is its impact on critical

20 dimensions. For instance, the etching process used to form a trench
through the low-k film would tend to leave the trench walls depleted of
carbon. In subsequent wet stripping or cleaning processes the trench can
be significantly broadened, a problem that becomes even more critical as
feature size is reduced.

25 One solution to this problem is to repair the film by restoring carbon
atoms with a silylating agent. Several families of compounds have
been used as silylating agents for low-k repair, particularly
alkoxysilanes, chlorosilanes, and aminosilanes. Of these,
alkoxysilanes are the least reactive, but have the advantage that their

30 chemistry is completely compatible with the SICOH film.



atons with a silylating agent Several famlies of conpounds have been used
as silylating agents for lowk repair, particularly al koxysil anes,

chl or osi Iwoesto/@mdam nosi i anes. O these, al koxysil anegcarnms2diom2dsenst
reactive, but have the advantage that their chem stry is conpletely
conpatible with the SiCOH film Chl orosilanes are difficult to handle due to
their high reactivity wth atnospheric noisture, as weli as their tendency
to formhydrochloric acid (HO) as a sidylation reaction byproduct. HO may
be problematic for netallic filns present elsewhere in the circuit. The use
of am nosilanes for lowk repair has been denonstrated in several sources.
In US Pat. No. 6,395,651 to Smth et al. claima nanoporous silica

di el ectric Ohlondsileatsdrbydiffivditopiacdiesdd®to theiahiglorédstivign®itvi th a
surface nodification agent, such as hexanet hyl disilazane (H S{. The
aut hor s denBHeppRbEric MAISHHE, asswek gesthed epdeney tofforxdmnydrachidrid ns to

HVDS resul ted. | hydrophohic filmsurface as ap untreated film
renai ned hyaP%ﬂﬁél)ﬁ%aﬁ'ﬁaﬁ}?mﬁ%%W@d@ﬂ*ﬁ?@{ﬂ% PPIOFNPHENts. In a
further exa@J fiet lﬁ?rhs?re@bnt ElseWher F?ﬁttheglﬂrc fy 029, 826 claima method of
I mparting hydrophobic properties to a danaged silica dielectric film by

contasting the dahegee dfidninekitdnes fatlchakeepaithhis pabh drnagrttatesich as

met hyl tri acet oxysiiane (MIAS). U.S. Pat. No. 7,345,000 clains a nethod of
treating a 8PEELEPWECSH I'!HJ@%- Brabd¥Png, 330l It Imith etralaciaig @ onpound and

et or ot ri el PePTaFE Shibrd e B reAER Y e ereRaier ealte.

the same with a surface modification agent, such as
hexamethyldisilazane (HMDS). The authors demonstrate that

10 various exposure methods of exemplary films to HMDS resulted in a
hydrophobic film surface, whereas an untreated film remained
hydrophilic based on water droplet contact angle experiments. In a
further example, Hacker et al. in U.S. Pat. No. 7,029,826 claim a
method of imparting hydrophobic properties to a damaged silica

15 dielectric film by contacting the damaged film with a surface
modification agent, such as methyitriacetoxysilane (MTAS). U.S. Pat.
No. 7,345,000 claims a method of treating a dielectric film by
exposing the film to a treating compound and an alkyl silane, wherein
the treating compound preferably includes HMDS,

20 chlorotrimethylsilane (TMCS), trichloromethylsilane {TCMS), and
combinations of these.

In US Pat. No. 7,179,758, assigned to IBM (International Business

Machines Corporation), compounds with two functional groups are
considered as preferred over their mono-functional analogs because, in

25 theory, a di-functional molecule could react with two neighboring Si-OH
groups and mono-functional compounds can only react with one Si-OH.
However, it is also suggested that a post-silylation annealing step is used
to “condense” remaining Si-OH groups, allowing new Si-O-Si bonds to



conmbi nations of these. In US Pat. No. 7,1 79,758, assigned to |BM
(I'nternational Business Machi nes Corporation), conpounds wth two

functi onavogoougpss7ar e consi dered as preferred over thei PCHIseo0026S65 onal
anal ogs because, in theory, a di-functional nolecule could react with two
nei ghboring Si-OH groups and nono-functiona! conpounds can only react with
one Si-OH However, it is also suggested that a post-silylation anneaiing
step is used to "condense" remaining Si2OH groups, allow ng new Si-O Si
bonds toform [IBMs exenplary treatnment processes suggest that

bi s(di met hyl am no) di net hyl si | ane (BDMADMS), a di-functional nolecul e,

provi des superior hydrophobic properties conpared to HVDS, a nonofuncti onai
mol ecul e. Chorgi.diBMisexeneplatyoveatmeng peonessesistipgestdbplaratel y or in
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of K MMrtrey in the Journal of Liquid Chronotography, 11( 16), 3375-3384
( 1988), whéurgtionebeiedula.ri met hyl silyl- (TMS) donors were conpared in
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effective for s surface reaction conpare above-nenti oned
conpounds, amen8l-N lasndtatéhe dotiversiienappeantd beuthb rmest effective for

trinmethylsilyldinmethylam ne (TMSDVA). Wiile the granted patents referenced
above i ndeegurface modifications of silica-based films. This concept was
concluded in the work of K. McMurtrey in the Journal of Liquid
10 Chromotography, 11(16), 3375-3384 (1988), wherein several
trimethylsilyl- (TMS) donors were compared in terms of their reactivity
with silanol groups at the surface of silica gel particles. The resuits of
this work suggest that trimethyisilyl-imidazole (TMSI), having a
nitrogen-containing ring functional group, was more effective for this
15 surface reaction compared to all of the above-mentioned compounds,
as well as others known in the art such as trimethylsilyldimethylamine
(TMSDMA). While the granted patents referenced above indeed
claim TMSI as a treating compound for either surface modification or
dielectric repair, the field of nitrogen-containing ring molecules

20 remains unexplored in the art to date.

Summary
Disclosed is a silylation compound of the formula R3SiL, wherein
each R is independently selected from the group consisting of H, methyl,
25 and ethyl; L is a nitrogen-containing ring selected from the group consisting
of 1,2,3-triazole, piperidine, 1-methylpiperazine, pyrolidine, and pyrazole;
and one nitrogen in the nitrogen-containing ring is bonded directly to the Si

atom. The silylation compound has a total concentration of metal



claim TMSlI as a treating conpound for either surface nodification or
dielectric repair, the field of nitrogen-containing ring nol ecul es renains
unexpl or estoiznitog97art to date. Summary Di scl osed is a siPcylatolon2eesrpound
of the fornmula RaSiL, wherein each R is independently selected fromthe
group consisting of H, nmethyl, and ethyf; L is a nitrogen-containing ring
selected fromthe group consisting of 142,3-triazole, piperidine,

1- net hyl pi perazi ne, pyrolidine, and pyrazoSe; and one nitrogen in the

ni trogen-containing ring is bonded directly to the Si atom The silylation
conpound has a total concentration of netal contam nants of |ess than 10
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trimet hyl si loHe hetd @ﬁtﬁ@,foﬂdvyiﬁ‘gta@)ﬁbéﬂst yl pyr azole, trinethylsilyl-1,2,3-

triazole, trinethglsilylpiperldlne, and trinmethylsilyl-4- methyl pi perazine;
a total concentrdheeampoungiagy beselaniethiion bf dreue cenaisting ppmv,  a boi | i ng

point of less th | y 200C L B et ween
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chem s ry del i venyatiay| eimetiovmsitylisibogdinecand siracthyaiying an inl et conduit and
an outlet conduit and containing a silylating agent having a formula RaSi L,

wherei n each R i dn¢thydiratadnel y sel ected from the group consisting of H,

methyl , and et pyl 'tgk | DrBe M E PSR RoRMnbh b8 EfHA% bHMW;t he group
consi sting of 1, f 3

ri‘azol e,
¢ a boiling point of less than approximately 200°C; and/or

¢ a boiling point between approximately 100°C and approximately

10 200°C.

Also disclosed is a silylation chemistry delivery device comprising a
canister having an inlet conduit and an outlet conduit and containing a
silylating agent having a formula R3SiL, wherein each R is independently
selected from the group consisting of H, methyl, and ethyi; L is a nitrogen-

15 containing ring selected from the group consisting of 1,2,3-triazole,

piperidine, 1-methylpiperazine, pyrolidine, and pyrazole; and one nitrogen
in the nitrogen-containing ring is bonded directly to the Si atom. The
disclosed device may include one or more of the following aspects:
¢ the silylating agent having a total concentration of metal
20 contaminants of less than 10 ppmw.
¢ the silylating agent being selected from the group consisting of
trimethylsilylpyrrolidine, trimethylsilylpyrazole, trimethyisilyl-1,2,3-
triazole, trimethylsilylpiperidine, and trimethylsilyl-4-
methylpiperazine;

25 ¢ an end of the inlet conduit end located abave a surface of the
silylating agent and an end of the outlet conduit located below the
surface of the silylating agent; and

¢ anend of the inlet conduit end located below a surface of the
silylating agent and an end of the outlet conduit located above the

30 surface of the silylating agent.



pi peridi ne, 1-nethyl piperazine, pyrolidine, and pyrazole; and one nitrogen
In the nitrogen-containing ring is bonded directly to the Si atom The

di sci osedwdeaviocw49my i ncl ude one or nore of the foil ow RGTASP@EONIGS65t he
syl ating agent having a total concentration of nmetal contam nants of |ess
than 10 pprw. the silylating agent being selected fromthe group
consisting of trinethylsilylpyrroiidine; trinmethylsilylpyrazole,
trimethylsilyl-1,2,3- triazole, trinet%ylsilylpiperidine, and
trimethylsilyl-4- nethyl pi perazine; an end of the inlet conduit end

| ocat ed above a surface of the siSylating agent and an end of the outl et

conduit | ocated | ow t he surface of the silylating agent; and an end of
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consisting of 1,2,3- triazole, piperidine pi perazi ne, 'pyrolidine,
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and may include one or more of the following aspects:
10 e heating the dielectric film after introduction into the chamber and
prior to introduction of the repair agent;
¢ allowing the repair agent to react with the dielectric film for a suitable
length of time following the contacting step;
e annealing the dielectric film following the repair agent reaction step;
15 » the repair agent being selected from the group consisting of
trimethylsilylpyrrolidine, trimethylsilylpyrazole, trimethylsilyl-1,2,3-
triazole, trimethylsilylpiperidine, and trimethylsilyl-4-
methylpiperazine; and
* the repair agent having a total concentration of metal contaminants

20 of less than 10 ppmw.

Notation and Nomenclature
Certain abbreviations, symbols, and terms are used throughout the
following description and claims and include: the abbreviation “HMDS”

25 refers to hexamethyldisilazane; the abbreviation “MTAS” refers to
methyltriacetoxysilane; the abbreviation “TMCS” refers to
chiorotrimethylsilane; the abbreviatio‘n “TCMS” refers to
trichloromethylsilane; the abbreviation “BDMADMS” refers to
bis(dimethylamino)dimethylsilane; the abbreviation “TMS” refers to

30 trimethylsilyl [(CH3); — Si - }; the abbreviation “TMS!” refers to



prior to introduction of the repair agent; allowing the repair agent to
react with the dielectric filmfor a suitable length of tinme follow ng the
cont act i nyoxvmpro497anneal ing the dielectric filmfoliow RgTiUseowmpa@ss agent
reaction step; the repair agent being selected fromthe group consisting
of trinmethylsilyipyrroiidine, trinmethylsilyl pyrazole, trimethylsilyl-1
,2,3- triazole, trimethylsilyipiperidine, and trimethylsiiyl-4-

met hyl pi perazine; and the repair agent having a total concentration of
metal contam nants of |ess than 10 ppnw. Notation and Nomencl ature Certain
abbrevi ations, synbols, and terns are used throughout the follow ng

d ription,and, clai s, and, i ncl ude: the j ation "HVDS' refers to
nexaret hy! dtenFiBIU ROl B abBieviom NSOVEY asrs &
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abbreviation “RF” refers to radiofrequency; the abbreviation “BOE” refers to
10 a buffered oxide etch; the abbreviation “ER” refers to etch rate; and the
terms "mono-functional silylating compound”, “repair agent”, “repair
chemical”, “silylating agent”, “silylation compound”, and “silylating
compound” are used interchangeably to refer fo compounds having the
formula R3Sil., where each R is independently selected from the group
15 consisting of H, methyl, and ethyl; L is a nitrogen-containing ring selected
from the group consisting of 1,2,3-triazole, piperidine, 1-methylpiperazine,
pyrolidine, and pyrazole; and one nitrogen in the nitrogen-containing ring is

bonded directly to the Si atom.

20 Brief Description of the Drawings
For a further understanding of the nature and objects of the present
invention, reference should be made to the following detailed description,
taken in conjunction with the accompanying drawings, in which like
elements are given the same or analogous reference numbers and
25 wherein:
FIG 1 is a side view of one embodiment of the silylation chemistry
delivery device disclosed herein; and
FIG 2 is a side view of a second embodiment of the silylation
chemistry delivery device disclosed herein.
30



access nmenory; the abbreviation "CMOS" refers to conpl enentary netaj oxi de-
sem conductor; the abbreviation "UV' refers to ultraviolet; the

abbr evi atworoloRBd97pef ers t o radi of requency; the abbrevi &Crars201BGESS6s ef er s
to a buffered oxide etch; the abbreviation "ER" refers to etch rate; and
the terns "nono-functional silylating compound”, "repair agent", "repair
chemcal", "silyiating agent", "silyiat4on conmpound”, and "silylating
conpound” are used interchangeably to refer to conpounds having the fornul a
R3Si L, where each R is independently selected fromthe group consisting of
H, nmethyl, and ethyl; L is a nitrogen-containing ring selected fromthe
group consisting of 1,2, 3-tri.azole i peri dine et hyl piperazine,
pyroiidine, and pyrazol €] e3RIPHRE qTiF?ngﬂ'éﬁgiEﬁnPﬂé‘rﬂ?? ogen-containing ring
i s bonded direct IDisdiesddBerBin atePrdnfiritely EBetiniéntedf plethbgs, Dr awi ngs For a
further understandi ng of the nature and objects of the present invention,
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di scl osed herein; and FIG 2 is a side view of a _second enbgodi nent of the
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moisture uptake.
Our preliminary studies suggest that mono-functional silylating

10 compounds are similar or better for restoration of the dielectric constant
than their mutiti-functional analogs. Initial tests have been performed using
the following compounds having one, two, and three reactive groups,
respectively:

Trimethylethoxysilane
15 Dimethyldiethoxysilane
Methyltriethoxysilane
The damaged films were repaired by exposing them to each of the three
compounds in the vapor phase in a vacuum tube-furnace system. At least
for these three molecules, the results suggest having a single reactive

20 group provides similar restoration of the dielectric constant as the two- and
three- reactive species.

Qur results contrast with those in US Pat. Nos. 7,179,758
(Chakrapani) and 7,029,826 (Hacker), which indicate that multi-functional
silylating agents provide better results than mono-functional agents.

25 Without wishing to be bound by theory, Applicants specuiate that the
substrates investigated in previous studies were very heavily damaged with
abundant silanols in close proximity to one another on the surface, whereas
more realistic surfaces may be less damaged with relatively isolated
silanols, and therefore more effectively repaired by mono-functional repair

30 agents.



sem conductor, photovoltaic, LCD-TFT, or flat panel type devices. In a
silylation process, the use of di-functional conpounds nmay not be

benefi ci avp 2arudioiar9f act may | eave reactive term nati onsPpcm/usb@omrdsas t hat
will either increase the dielectric constant, or |eave a pathway for
significant noisture uptake. Qur prelimnary studies suggest that
mono-functional silylating conmpounds arg simlar or better for restoration
of the dielectric constant than their multi-functional analogs. Initial
tests have been perfornmed using the follow ng conpounds having one, two,
and three reactive groups, respectively: Trinethyl ethoxysilane

D et hyl di et hoxysdi.lane Methyliriethgxysil ane Th a ed filns were
repaired by expoz?thsr m@&-@éc@ Sﬂﬁaﬁfﬂ%c‘?’ﬁ‘rp88”§%ﬂb%ﬁrﬁ%%eﬂﬁbithe vapor phase
in a vacuumdnubacéd shdaeng ¥adsimitied hdveask fbehubiRSiL Lhhee sadrerys es, the
resul ts suggest having amsgt%gl e reactive group provides simlar restoration

of the diel édepandestyea fremehegsour pansipireof Hemethyleargpetivéd. our
| t tL aSh, ' Y S 4 : i d
36, Soc S AT YbA bR Pnd ReRlod Moy 8 ol pBRlsfREBl 2ban ) 20

provi dg bet ttgsazalespibtsdihban-nethpipfpsrstinenayrobdiest snd Witdxold: andsineng to be
bound by theor%éL>e Appli cants specul ate that th(quisu'bSt rates investigated in
previous st GHreeWEy e iFQoe e taNinG HAG EIPANYer aiRettydRttheiSIZHMs i n cl ose

proximty t ¢ afgaBROLIBLsCNG HandH LA metifier eas
Without being bound by theory, Applicants believe that the ring
structure of these mono-functional silylating compounds lowers steric

10 hindrance. The ring constrains the hydrocarbon groups bound to the
nitrocgen from rotating into a position where they might shield the nitrogen
atom from interaction with silanol groups on the surface, thereby rendering
these molecules highly effective as silylation compounds. Preferably, the
nitrogen-containing ring is saturated.

15 However, notwithstanding the theory above, not all nitrogen-
containing ring structures prove effective as the L component. As
demonstrated in Table 2 infra, neither pyrrole nor 1,2,4-triazole provide
suitable repair to damaged films. Applicants have not yet discovered a
suitable theory that explains the lack of effect of these molecules.

20 Exemplary preferred molecules include:
CH3 CH’!
cH, (V1 _ ch H:c . | cH,
Si Si

I I
. o, "

Trimethylsilylpyrrolidine Trimethylsilylpyrazole



nore realistic surfaces may be | ess damaged with relatively isol ated
silanols, and therefore nore effectively repaired by nono-functional repair
agent s. wenomore7buncti onal silylating conpounds that may/uszéobeéseenhanced
siiylating capabilities have the formul a R3S1L, where each R is
i ndependently selected fromthe group consisting of H nethyl, and ethyl; L
is a nitrogen-containing ring selected Jromthe group consisting of 1,2, 3-
triazoie, piperidine, 1-nethylpiperazine, pyrolidine, and pyrazole; and one
nitrogen in the nitrogen-containing ring is bonded directly to the Si atom
Preferably, at least two of the R are nethyl. Wthout being bound by
theory, Applicants believe that the ring structure of these nono-functional
silylating conpounds | ogRfs steric hindrance. The rin&“tonstrains t he
hydr ocar bon groupzheounp tosihe ni t rogen fron1rotd??ngikn?3 a position
where they m ght rebdgthe "nrtrogen atom frominteractiion with silanol
groups on the surface, tjhereby rendering these nol ecu
as silylation conpounds,, Preferably, the nitrogen-cof?
saturated. However, n N standi ng the theory above; P al
ni trogencontaining rijng stjuctures prove effective as the L conponent. As
denonstrated in Tabl el 2 iplra, neither pyrrole nor 1, 2X%-triazole provide
suitable repair to danay€d fil ns. Applicants have not yet discovered a
suitable theory t i : | ack of fi.4. ab£S.
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Tri met hyl si |l yl pyrazol eTri nmet hyl s yi pi peridi ne
Tp'nethylsilyl-4-nethy|piﬁ?ﬁazine Trimethylsilyl-1 ,2, 3-triazoie

HiC , ! _ CH,
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Trimethylsilyl-1,2,3-triazole

Bg highly effective
aDi ng ring is

15
Preferably, the mono-functional silylating compound has a high

volatility in order to facilitate its delivery to a treatment chamber in the vapor
phase for vapor phase treatment. If liquid phase treatment is used,
volatility should be low enough to enable easy delivery as a liquid but high

20 enough to facilitate the removal of any unreacted silylating agent by
evaporation after treatment. For vapor phase delivery, preferably, the
boiling point of the silylating agent is less than approximately 200°C. For
liquid phase delivery, the baoiling point is preferably between approximately
100°C and approximately 200°C. For example, the boiling point of

25 trimethylsilylpiperidine is approximately 166°C, that of
trimethylsilylpyrrolidine is approximately 144°C, and that of
trimethylsilyl1,2,3-triazole is approximately 163°C (all boiling points at

atmospheric pressure), all of which are within the preferred range.

30



Preferably, the nono-functional silylating conpound has a high volatility
in order to facilitate its delivery to a treatnent chanber in the vapor
phase forwoapmriopiase treatnent. If |iquid phase treat mpOT/lUiS010DEH6S
volatility should be | ow enough to enable easy delivery as a liquid but

hi gh enough to facilitate the renoval of any unreacted silylating agent by
evaporation after treatnment. For vapor ,ghase delivery, preferably, the
boiling point of the silylating agent is |ess than approxi mately 200C. For
| i quid phase delivery, the boiling point is preferably between

approxi mately 100C and approxi mateiy 200C. For exanple, the boiling point

of trinethylsi.lylpi.peridine is approximtely 166C, that of

trimet hyl si @i@@ﬁ&#@%&“ 15 g approxi mately 144C, and that of trinmethylsilyh
,2,3-triazol e i s TaRNINbEEY olefSCn=d e SRithb88ed Bl RbsvahtigHdIospheri c
pressure), ali of which are within the prggerred raxge. Met hoﬂgf synt hesi s

The di scl osédetheraciicbsas iy fokowipgtssbemsasd by conventional methods, such as
the follow ng scheme: The above reactions may be carried out under an inert
at mosphere, for exant Buhdler fiowi ng dry ni'ﬂ'r%Bg 1Chhe starti n&qraterials,
1IRNH and 2R3ERNjYR—are-avallabl e I ciedy—r—er-dow tcﬁ&y&i R

contam nation of the_qi ctric filmto be repgicgjed, it is inportant that

t he nono-functional silylating conmpound be free of contam nants, especially
meta! contam nants %mﬂa_r_e known to be particularly undesirable in
dielectric films. A Tont am nant includes elements in group 1A -1l11A DO
r 1 - VIIIB of the periodic table. Prefe the total concentration of
nmetal contami nants in u:»e'Nonpound shoufd be I¥ss than 10 (parts per
mllion by weight), ®re prd{erably, |

N—H N—H N—H
=
/ / \
N—H H,C—N N —H

?R,SiCl = Me3SiCl and Me,HSiCl

5 The above reactions may be carried out under an inert atmosphere, for
example under flowing dry nitrogen. The starting materials, "RNH and
?R3Si-N'R, are available commercially.



ppmw. For exanple, a target netal content specification is illustrated at
130 ppbw (parts per billion by weight) in Table 1. TABLE 1. Exenplary

Tar get Mawel2o@ontwnt The target nmetal content nmay gener alPCy/useoiaobiseved by
di stillation using known nethods. Metal conponents in the construction of
the distillation systemshould be m nimzed, and | eaks nust be carefully
excluded. A new distillation systemw Lk generally require conditioning by
operation at 100% refl ux before conmencing collection of distilled product.
Silylation chem stry delivery device The nono-functional silylating
conpounds may be delivered to a sem conductor processing tool by the

di scl osed si ation chemstry delivery devices. FIGS 1 and 2 show two
enbodi mnts—é&%@@%l osed silylation chem stry device 1. FIGI| is a side

view of one embodg g tofavbliecarithiviritioarniahe Midiéciic dehity ebYeggvéger 1. I'n
FIG 1, the disclosed nono-functional sij l'él ating conpounds 10 are contai ned
within a cor EppEarEdhadbe miercbirednaal silylatias qomraunsoiiiee 80 and an

outl et conduyj X e ' [0 [ P o PR O TS [ nt., Wil l
recogni ze t#gbta?ﬂtga%hfe g@%@éﬂé@?}wrﬁ%ﬁé&é%ﬁ %ﬁ \pﬁgg,&g%@%%ttﬁeﬁa condui t 40
are manuf actpargdisnty prdagnbld haliekcapdilok. thmagalseoismimam rfdwkis onal
silylating conpound 10, even at e]ev d_tenperature and pressure. The
cont ai ner f iSREEHISIE TSR t“g&o?“’h T ﬁﬁ&ﬁé{g@“ ‘Cifﬁﬂesg’ﬁg@{ﬁéﬂé‘ﬁr
processi ng o b B M : ik : i Rar , inlet
Condur 30, "5 S R AR R T A P A EPB TR R 16L°Ep
or 304 st ai nhasdOgtpesl (paitseeeniionby efeigittimarsyprekerably, fess than 1

ppmw. For example, a target metal content specification is Hlustrated at

10 130 ppbw (parts per billion by weight} in Table 1:

Emman’ SRECIICION IpphY R

At (slumbean 1 1 poba

8 jAvsenin ; 4 nob

8¢ (Ser ki pobw

&4 ol i QT

§ [Boaon 8 ke
Hy  (Bawm 1 NS

e (Bondlium il pobiv

B | Hismuth 1 oot

T firalciim 1 gl

Lo {Cohalt 1 e

SRy iohremium 1 ke

Cofw {Cupuey ] pubw

Fo h‘mﬁs 1 pobw

Ba iaium 1 Qs

# Pulassium 1 pulTe

Ei  Lithium i pubi

Mg sghesium 7 LoD

Mir  [Manganass 1 ok

Ma  [Sodium 1 pui

M Nicke! 1 Uk

B Phasphoans T4 _ ppbu

Bh iLead i sob
Sk antimad 1 sobw

Sn m o 1 pukew
S¢ Shoadium 1 S

CH THenium 3 P

& |Sheanium 1 goab

TABLE 1: Exemplary Target Metal Content



the art will recognize that other non-reactive materials may al so be used
in the teachings herein and that corrosive nono-functional silylating
conmpoundswOQora497@qui re t he use of nore corrosion-resi raniS20maesscal s,
such as Hastelloy or Inconel. In FIG1, the end 3 1 of inlet conduit 30 is
| ocat ed above the surface 11 of the nono-functional silylating conpound 10,
whereas the end 41 of the outlet conduitt 40 is | ocated below the surface 11
of the nono-functional siiyiating conmpound 10. in this enbodi nent, the
nmono-functionai silylating compound 10 is preferably in liquid form An
inert gas, including but not limted to nitrogen, argon, helium and

m xt ures thereof; J ot i ; U it i nert gas
pressuri zes the gg@é{ ernH%ér g%‘l{t%ﬁgc[rfa&?%nr%?%m%g ﬁ%&;}f%_@%ggﬁs&ﬂgﬁogi |l yl ati ng
conpound 10 usihg ioraved niginedsy hMiehsd comipoetentoindhietcosBtraciibrt of thenponents i n

t he sem conduct.or processin ol (not shown).  The seni condyctor processin
ool oy T naieiglieR SuieR SRR iRl SRR SRR GRS, unct s orar

silylating coapEERd ARewtiSilR¥ARYSterudi Sertly Rilirel d¥hditRshirg b carrier
gas such as helium argon, nitrogén or mxtures thereof, 1n order to

del i ver t he opapation at 00 aathier befoes comnmafoing calldstion @b distided ipsodwntat ed and
treatnment occurs in the vapor phase. Alternatively, the liquid
nono-functional silylating conpound 10 may be delivered directly to the
waf er surf agRyasioa drimistry aeliws9ldevickG 2 is a side view of a second

enbodi nent of the siTylation chemsiry delivery device 1. In FIG2 , the
end 31 of inlet daedupnodonctionabsiiraiindbervnounes gwyfkecdelivered ta ae

Conaui 190 eNisRqd S pBEeSARRR] B ifls ARSIty gy o
silylaging cyisesndiGS 1ahG 2shels@o embodiments of the disclosed silylation
chemistry device 1.

FIG 1 is a side view of one embodiment of the silylation chemistry
delivery device 1. In FIG 1, the disclosed mono-functional silylating
compounds 10 are contained within a container 20 having two conduits, an

15 inlet conduit 30 and an outlet conduit 40. One of ordinary skill in the
precursor art will recognize that the container 20, inlet conduit 30, and
outlet conduit 40 are manufactured to prevent the escape of the gaseous
mono-functional silylating compound 10, even at elevated temperature and
pressure.

20 The container fluidly connects to other components of the
semiconductor processing tool via valves 35 and 45. Preferably, the
container 20, inlet conduit 30, valve 35, outlet conduit 40, and valve 45 are
made of 316L. EP or 304 stainless steel. However, one of ordinary skill in
the art will recognize that other non-reactive materials may also be used in

25 the teachings herein and that corrosive mono-functional silylating
compounds 10 may require the use of more corrosion-resistant materials,
such as Hastelloy or Inconel.

in FIG 1, the end 31 of inlet conduit 30 is located above the surface
11 of the mono-functional silylating compound 10, whereas the end 41 of

30 the outlet conduit 40 is located below the surface 11 of the mono-functional



i ncl udes an optional heating el enment 25, which may increase the tenperature
of the nono-functionai silylating conmpound 10. In this enbodi nent, the
nono- f uncwoanel10$970yl at i ng conpound 10 may be in solid ecThisquiod2d86s m An
inert gas, including but not limted to nitrogen, argon, helium and

m xtures thereof, is introduced into the inlet conduit. The inert gas
bubbl es t hrough the nono-functional silygl ating conpound 10 and carries a
m xture of the inert gas and vaporized nono-functionai siiylating conpound
10 to the outlet conduit 40 and on to the conponents in the sem conduct or
processing tool. Both FIGS 1 and 2 include vaives 35 and 45. One of
ordinary ski P P=Yolo) t

pl aced in anéligzaltlﬂgtgrB éjtgg\(qud oigltﬁ%o(%ﬂ?é&gﬁtm th}éﬁh%ﬁﬁﬁrot%ﬂg rﬁ(w S 30 and
40, respect |ooeh;i}0lE1d1ﬂars m‘eéerablyandstf formn Arl iG8rtlgaw, uﬂ;luobng bushopl er

a aratushwn a s |l e conduit, term natin ove .t he surf of an
Sor T or 1§ QU pRadAge rﬁQo%é"?]% A s Bt b G0 st T
conpound 10 ih® ¢ 7\@ iINIBPEONAES, ”Tr‘?é ;r!e ?égéﬂe%béﬁi sV%Qforﬁé:ﬁéﬁﬁﬁ%o'tﬁatpthése”t

above the solid/l'iquid phase. case nono-functional siiylating
conpouhd 10 Elqglcumqnwa‘uednonaledudamng ommnpohn@dghs fdreed dmdugh tB@outiemo si nply
by openi ng the v e 3 G 1 or in F respectiv The

oparat us 1 Gy U A anthic foranchn n fé dfmicorufitier BRBRSS Y ta¥tmPhe

sufficient V@Wn)lo"ﬁh‘ésé@rﬁlcf)ﬂcﬂuétbﬁpr@é@gélhg%d)l%% irfdliod abvhperigapgeRd 10 to
be delivered in vapor form for exanple he use of an optional heating

el enent 25. wansfenm s linuthomopoduseliawas Stivl@tlmgmmundsﬂodﬂ a h¥apetyl ati on
chem=tr) (ol BE MRS naf e Rle el BE0Y f Keblml Ao Rkdoaloh, ve
| ocat egl abowgix@ires thereof, in order to deliver the vapor to a chamber where a wafer
to be repaired is located and treatment occurs in the vapor phase.
Alternatively, the liquid mono-functional silylating compound 10 may be
delivered directly to the wafer surface as a jet or aerosol.
FIG 2 is a side view of a second embodiment of the silylation
15 chemistry delivery device 1. In FIG 2, the end 31 of inlet conduit 30 is
located below the surface 11 of the mono-functional silylating compound
10, whereas the end 41 of the outlet conduit 40 is located above the
surface 11 of the mono-functional silylating compound 10. FIG 2, also
includes an optional heating element 25, which may increase the
20 temperature of the mono-functional silylating compound 10. In this
embodiment, the mono-functional silylating compound 10 may be in solid or
liquid form. An inert gas, including but not limited to nitrogen, argon,
helium, and mixtures thereof, is introduced into the inlet conduit. The inert
gas bubbles through the mono-functional silylating compound 10 and
25 carries a mixture of the inert gas and vaporized mono-functional silylating
compound 10 to the outlet conduit 40 and on to the components in the
semiconductor processing tool.
Both FIGS 1 and 2 include valves 35 and 45. One of ordinary skill in
the art will recognize that valves 35 and 45 may be placed in an open or

30 closed position to allow flow through conduits 30 and 40, respectively.



bel ow t he surface 11 of the nono-functional siiylating conmpound 10 w thout
departing fromthe disclosure herein. Furthernore, inlet conduit 30 may be
a fillingvpanto/1ioF7al |y, one of ordinary skill in the arCTWiskéionessesni ze
that the disclosed nono-functional siiylating conpounds nmay be delivered to
sem conduct or processing tools using other delivery devices, such as the
anpoul es di scl osed in WO 2006/ 0591 87 t4@ Jurcik et al., w thout departing
fromthe teachings herein. Method of repair In the disclosed nethods of
repair, the disclosed nolecules are contacted with a dielectric filmto
restore carbon atons to the film Those skilled in the art will appreciate

that the net ; silhcC ' rihed in this
docunent is é&@%rmem%‘g%%ggi'ig[e%igﬂi ‘It):'l %e@b%gﬁg%%ﬁj?‘éﬁ%ﬁggolﬁ "%&el y defined
har dwar e. A skigimicbhgaitteruamatancable thaniriicexiasyrselic andytidansesesuch as

[ ure, and fiowate, could be applied to the

t enper at ur e, tlge, preftst'ﬁ ) A . ,ﬂg |

di scl osed ndMR¢AE&sedit hernonRpationg! siviatingronagrund 19is inn@per &mbsed

met hod of tr e ' i ; anple to the
i el osed el qcaentldiRFtssdos, BRRBHREHSS FRSAIMEBR AR oo

met hods The thissalbesthe mendddnaionaé sihilatimpcendowhdeddiis delfvdrea dovmserses t he

! oste : oren o >
ernt r CagentoRatihnSeidé fafuil 3T RE pisirfanedesing e i nasyert | y
sel ected fromasha FIGResESVEl. MEhOhpbhRIY nmay?hd nflifinedat s 2

ni trogen-containing ring sel ected fromthe group consisting of
1, 2, 3-t ri azéudableitpapetiktues tol pravisiehsufficipet wapaieressurelfordthaemonmd pyr azol e;

A e M ORGP shi SRBSIRE 908 R d¥hvelelfin' EoBPRSIRE (& ooty Lo the
10 example by the use of an optional heating element 25.

While FIGS 1 and 2 disclose two embodiments of the silylation
chemistry delivery device 1, one of ordinary skill in the art will recognize
that the inlet conduit 30 and outlet conduit 40 may both be located above or
below the surface 11 of the mono-functional silylating compound 10 without

15 departing from the disclosure herein. Furthermore, inlet conduit 30 may be
a filling port. Finally, one of ordinary skill in the art will recognize that the
disclosed mono-functional silylating compounds may be delivered to
semiconductor processing tools using other delivery devices, such as the
ampoules disclosed in WO 2006/059187 to Jurcik et al., without departing

20 from the teachings herein.

Method of repair

In the disclosed methods of repair, the disclosed molecules are
contacted with a dielectric film to restore carbon atoms to the film. Those
25 skilled in the art will appreciate that the method of treatment for a silica-
based film described in this document is not limited by a specific set of
conditions or closely defined hardware. A significant variance of sample
exposure conditions, such as temperature, time, pressure, and flowrate,
could be applied to the disclosed molecules without departing from the

30 spirit of the disclosed method of treatment. Likewise, the apparatus used



contacts the damaged dieiectric fiim The chanber is used to control the
sanpl e exposure environnent. The substrate and dielectric film may

opti onal lwyoheilohwad7ed to a tenperature by way of an exteroalUusenengssssource,
such as a conductive or radiative supply. The repair agent may be

I ntroduced into the chanber in either the liquid or vapor phase. The repair
agent reacts wth the dielectric film#fgr a suitable Iength of tinme, such
that the filmproperties are conpletely or partially restored. Optionally,
the substrate and dielectric fiimmay be annealed follow ng the repair
agent reaction step, by way of an external energy source, such as a

conducti ve Lat. i i, | | [.J oLl | d on a

substrate. %8&@{%&?&%5’%&@8?{%% ‘?r%gsﬁgé gj]ooﬁr%%%%%r%%)) %bﬁggs‘?ﬁ%?& C, O and H,

and may havelepbiting fedbrarteratdiclossishiethoeint s | ncor porated. The substrate may
addition to the diel Exenpl ary, but

i ncl ud th I i . ectric | -
non- 1 mi L1 ng r ef SREUEIPREY MstiRehBEiapPEIng A Sielagtts fim Sempsbasihe U. &, Pat .
Nos. 6, 312, 5 1040 7 , ol : , 427,
7 282, 458, 7 FEe A5oeder i picbyech B g diefoi it ang 4 8
2007/ B05723%gest hadog proe fireolid B;8iln where ehieh &isdnd &pendandysletsctéd S, Pat .

. Pub. . 2007/ 0057235. di scl t f f A | _of
e5F bon- doped X5 NG UBCHS DR " St endStafl bt o MiSash-pianis
6,312, 793, Gind Sidctd® frobn ﬁ@ﬁ r%%éco?xs%ﬂ?4)@3;2,5—-t94§3£é,25iperidine, 1-

7,282,458,7, 288,292, and 7,312,524 disclose the piasnma enhanced cheni cal
vapor deposinétbyilpiferazisenpyrabdinenand ppragols; sodoneanitogeriretheed to as the

hyorocar bon RS a AL SR GHAo (BT L8057 Bt ese

10 contacts the damaged dielectric film.

The chamber is used to control the sample exposure environment.
The substrate and dielectric film may optionally be heated to a temperature
by way of an external energy source, such as a conductive or radiative
supply. The repair agent may be introduced into the chamber in either the

15 liquid or vapor phase. The repair agent reacts with the dielectric film for a
suitable length of time, such that the film properties are completely or
partially restored. Optionally, the substrate and dielectric film may be
annealed following the repair agent reaction step, by way of an external
energy source, such as a conductive or radiative supply.

20 The dielectric film is disposed on a substrate. The dielectric film
may be composed of at least Si, C, O, and H, and may have other
elemental constituents incorporated. The substrate may include other
layers in addition to the dielectric layer. Exemplary, but non-limiting
reference to the deposition processes disclosed in U.S. Pat. Nos.

25 6,312,793, 6,479,110, 6,756,323, 6,953,984, 7,030,468, 7,049,427,
7,282,458, 7,288,292, and 7,312,524 and U.S. Pat. App. Pub. No.
2007/0057235 is incorporated herein by reference. For example, U.S. Pat.
App. Pub. No. 2007/0057235 discloses a method of forming a layer of
carbon-doped silicon oxide on a substrate. Similarly, U.S. Pat. Nos.

30 6,312,793, 6,479,110, 6,756,323, 7,030,468, 7,049,427, 7,282,458,



The substrate may be placed in the reaction chanber of a deposition tool.
The precursor(s) used to formthe dielectric filmnmay be delivered directly
as a gas wowtwonwact or, delivered as a |iquid vapori zeacuaiuseemlogeses t hi n
the reactor, or transported by an inert carrier gas including, but not
limted to, heliumor argon. For exanple, the precursors) nmay be vapori zed
at a tenperature between about 70C and¢gbout 110C in the presence of a
carrier gas prior to introduction into the reaction chanber. Alternatively,
the precursors) may be deposited in liquid formon the substrate, for
exanple via a spin-on process. The type of substrate upon which the

dielectric fi I | .t ' var e ' .he final use

i nt ended | n%séoérrg;éﬁ\%érfbo@% %ﬁ?@tlt(ﬁgc@%%&er @Pé”'%ﬁwgggd%%gﬁﬁgd’a@wundoped
silicon opt ld@pahxhunmatmwmaﬁmraospﬂebomm@é@réf@M@U toia@ tagdi tion to oxides
whi ch are used as d| electric materials in eRam t echnol ogi es or

gate di el ectwfieasarhp qvé%%@r@@n@smewle&kaﬁ?@r@mmw%@sﬁw thgpe Hf 2
based naterlp% SSEE%W@EH%@EE ell;rOZ based naterials, rare earth

oxi de based naterral's, ternary oxide based materials, etc.), and netals
that @& e used as T(hemithxstrategrrmﬂ:mrplabsd mt?mu@hcmmnbhmbeonfsa deposbitias for

I t tit t an hen r c r. in other
Z)rigggl (rarent g ngqﬁ ?Wé??%bﬁ%?e‘? if&hfﬂbth@ ieler rﬁcﬁl@r@éﬁg’ggﬁ‘é'vﬁw i nsul ati ng
regi ons, sugfledfly §§‘%tds“5€§'to|tﬁ@*rga&BF ‘%fe'll%red%% é‘ﬂﬁ@i’d'\)ép%?i%é@@hr\é’bmﬁ@ a Sea' I ng

| ayer such as SIO or her exanpl es of strates upon lch t
i nsul ati ng Mithin theyreaetaroart sahspoctedday a:bmerhcwnaogas |znnlmcbdgttmt el i d

?‘rgt)zltrghleél ﬁﬁthdé}scﬁ'ali@% o?%:bgsc;[nr.aﬁgrsegn%le rTé)rchrsor(’s) maiybI Ti, Co, Pt and

10 vaporized at a temperature between about 70°C and about 110°C in the
presence of a carrier gas prior to introduction into the reaction chamber.
Altémativeiy, the precursor(s) may be deposited in liquid form on the
substrate, for example via a spin-on process.

The type of substrate upon which the dielectric film wiil be deposited

15 will vary depending on the final use intended. In some embodiments, the
substrate may include doped or undoped silicon optionally coated with a
silicon oxide layer, in addition to oxides which are used as dielectric
materiais in MIM, DRAM, FeRam technologies or gate dielectrics in CMOS
technologies (for example, SiO,, SiON, or HfO, based materials, TiO;

20 based materials, ZrO, based materials, rare earth oxide based materials,
ternary oxide based materials, etc.), and metals that are used as
conducting materials in such applications, such as for example, tungsten,
titanium, tantalum, ruthenium, or copper. In other embodiments, the
substrate may include copper interconnects and insulating regions, such as

25 another low-k material, optionally coated with a sealing layer such as SiO»
or SiN. Other examples of substrates upon which the insulating film may
be coated include, but are not limited to, solid substrates such as metal
substrates (for example, Ru, Al, Ni, Ti, Co, Pt and metal silicides, such as
TiSiz, CoSip, and NiSiz); metal nitride containing substrates (for example,

30 TaN, TiN, WN, TaCN, TiCN, TaSiN, and TiSiN); semiconductor materials



TiSi2, CoSi2, and N Si2); netal nitride containing substrates (for exanple,
TaN, TiN, WN, TaCN, TiCN, TaSiN, and Ti SiN); sem conductor nmaterial s(for
exanpl e, ¥80D,2000/1@2979GaAs, i nP, dianond, GaN and Si C); i nearaiseris/0tdses
exanple, Si2, Si3N4, H 2, Ta O, zZr2, Ti 2, A 203, and barium strontium
titanate); or other substrates that include any nunber of conbinations of
these materials. The actual substrate ytilized will also depend upon the
dielectric filmutilized. The precursors) used to formthe filmare

i ntroduced into the fil mdeposition chanber and contacted with the
substrate to forman insulating | ayer on at |east one surface of the

Govi co i whRE A BRI SiC e Rt anE spiamingh Sl SIS Histilons Gotny ot pon.
a parall el @&Qﬁrﬁﬂé mgg S@NEQH&‘O@T%Q@QV@UZ, ime AlLRAC LAY, ba@iuﬁpﬁ rdRtldm t ype

reactor, a single-wafér reactor, a tiwafer reactor, or er such types
of depositi &tanajel @mth%ubstfawg;stbat lnnludﬁramydmraber ¢fmctrhfanammr por at ed

or ocesel ng Uil THE RHATFl bY R L RRE LF o RE BiRoiRRg oy er . such

processi ng igiléstdesimhigtizég not limted to, annealing, UV |light, or
el ectron beam Based on the disclosure herein and in the references

i ncorporated by rléeareadEoriEhesed tofamiieyilaiareiintredydss iata thedimd be abl e
;0 easily sgf ﬁSEltBHF&rh?ﬁ{ae?%]l%d"c%'n‘t‘s?&?& %ﬁthtthgﬁﬂﬁgﬁgl%sto\lfgfrh%l iHSuGAn X@”" | ed
uring dep05| Ion of e Tilnms, Inclrudi ng pOWer-, “precur sor ure and

flow rate, pesou et leastraracsufaceasfcthe shbbiratice Trefilar aépostion bleambbst rate
and filmstructure my remain in t osition chanmbers descri bed above

during the [eY BeRENEICHSUIHEN %ff‘ﬁp’ﬁ'fﬂ gewigs In which deposition methods

10 take place, such as, without limitation, a parallel plate-type reactor, a cold-
wall type reactor, a hot-wall type reactor, a single-wafer reactor, a multi-
wafer reactor, or other such types of deposition systems.

As discussed in more detail in the incorporated prior art, the film may
subsequently be rendered porous by additional processing to reduce the

15 dielectric constant of the insulating layer. Such processing includes, but is
not limited to, annealing, UV light, or electron beam.

Based on the disclosure herein and in the references incorporated
by reference, one of ordinary skill in the art would be able to easily select
appropriate values for the process variables controlled during deposition of

20 the films, including RF power, precursor mixture and flow rate, pressure in
reactor, and substrate temperature.

The substrate and film structure may remain in the deposition
chambers described above during the performance of the remaining steps
of the disclosed methods. Alternatively, the substrate and film structure

25 may be introduced into another apparatus that is used to control the
sample exposure environment, such as the evaluation system described
below.

The substrate and film may optionally be heated to an elevated
temperature by way of an external energy source, such as a conductive or

30 radiative supply. Depending upon the mono-functional silylating compound



of the disclosed nethods. Alternatively, the substrate and filmstructure
may be introduced into another apparatus that is used to control the sanple
exposur e woweproorment , such as the eval uati on system desecirhsdolekees The
substrate and filmmay optionally be heated to an elevated tenperature by
way of an external energy source, such as a conductive or radiative supply.
Dependi ng upon the nono-functional sil %ating conmpoundutilized, heat may
assist with the silylation reaction. For exanple tenperatures ranging from
approxi mately 100C to approximately 400C, preferably approxinmately 200C to
approxi mately 300C, may prove beneficial in certain circunstances. However,

i -functional silylati d
oconpose at e Tt RS oiFeds SiblRtopaarehebon or per ati on, 101
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conpletely or partially restore The si ation conpound may be delivered
directly asl@mgasatues: ped sppartamperatdes ppenadidn afor axaimple dpprapionatesd

directly w thkb [ o QI tran rted by.an inert carrier gas
i ncl udi %g, Tgt@teﬁégﬁf)@n&)@g%wgo % T%X?@%%?%gﬁey#"ﬂ?ldﬁ'ﬂ?o%rre%‘diﬂﬂg nati ons
t hereof . Pretditisbbyhedtihgy.siiyl ati on conpound is vaporized at a tenperature

t appr oxi ely 20C to approximately 150C, nore
between app marﬁwe s¥iylation comp%%nd may be i%troduced into the chamber and

10 transported to the substrate and film structure in either the liquid or vapor
phase, such that the silylation compound is in contact with the film, allowing
the compound to react with the film for a suitable length of time, such that
the film properties are completely or partially restored. The silylation
compound may be delivered directly as a gas to the apparatus, delivered

15 as a liquid vaporized directly within the apparatus, or transported by an
inert carrier gas including, but not limited to, nitrogen, helium, argon, or
combinations thereof. Preferably, the silylation compound is vaporized at a
temperature between approximately 20°C to approximately 150°C, more
preferably between approximately 70°C and approximately 110°C, in the

20 presence of a carrier gas prior to introduction into the apparatus.

Alternatively, the silylation compound may be in contact with the film
in a liquid phase. This may be achieved via a liquid bath into which the
substrate and film are placed for a suitable length of time, such that the film
properties are completely or partially restored. Another alternative may be

25 to introduce the liquid silylation compound into the treatment chamber and
deliver it to the film by a jet, stream, or spray, optionally in a spin-on
process.

The silylation compound reacts with the film for a suitable length of
time between approximately 5 seconds and approximately 3 hours, more

30 preferably between approximately one minutes and approximately one



preferably between approximately 70C and approxi mately 110C, in the
presence of a carrier gas prior to introduction into the apparatus.

Al t er nat iwel2g1o/to9si | yl ati on conpound nay be in contactcCriuskomiesshs | min a
i quid phase. This may be achieved via a liquid bath into which the
substrate and filmare placed for a suitable length of tinme, such that the
filmproperties are conpletely or part”glly restored. Another alternative
may be to introduce the liquid silylation conpound into the treatnent
chanmber and deliver it to the filmby a jet, stream or spray, optionally
in a spin-on process. The silylation conpound reacts with the filmfor a
suitable length of, tinme between approximately 5 seconds and approximately 3

hours, nore BHEFRILENEN BOrGRECEARNY BRIWRRNARPraNaatel ANesMiniie @pgr oxi mat el y
onehour, an 7 i erabl v ?@cﬁ{ ' ), nut e and
appr oxi mat e%ﬁﬁrﬁggﬁlgﬂ?%gﬁlﬁ%%? érAﬁtéH%gm a |§ﬁ&§§%§%ﬁ%%a§§v?&qgew th the
film the fifilrmpedpurpropsrieseare aopipételyompartiaifyt testdredr es irafiested 25

i ndi cated by_inpraove of, the depth and etch rate paraneters described in
further det %P@&%ﬂ%@h@ Qﬁ%gwﬁétcgﬁapefwmt% {RcEbad N Bpthesnal |y be
annealsed foldbew helofyne silyl ati on conpound reaction step by way of an

external energy source, such as a conductive or radiative supply. Annealing
may hel p renove ré@geiubistigteuand il stiusiureamalysoptidomtly be arinkatéte conmpound

e oo | TR R R BBl SRR oS BB o, L Lo
place in thensayesanper fldisas Hedatitiviedsty rabidtvalsudblyo Msyeigl may
help remove remaining unreacted sitanols. However, if the compound
10 utilized is capable of removing a large portion of the unreacted silanols, an
annealing step may not be necessary. The annealing process may take
place in the same apparatus.

Description of evaluation system

15 The apparatus used to evaluate of the effectiveness of the disclosed
silylation compounds comprises a stainless steel vacuum tube furnace,
fitted internally with a heat susceptor upon which the substrates to be
treated are placed. Upstream of the tube furnace is the chemical delivery
system, comprising a sealed bubbler containing the repair chemical and a

20 purified nitrogen gas delivery system.

Prior to delivery of the repair chemical, the vacuum system is
pumped to a base pressure, followed by a 5 minute continuous purge flow
of nitrogen. Once the system reaches a steady temperature, the repair
chemical is delivered to the substrate in the gas phase, either by a flow of

25 nitrogen carrier gas under controlled flow rate and pressure conditions, or
by filling the vacuum tube to a static pressure of the pure chemical vapor
without nitrogen dilution.

Following the exposure of the substrate to the repair chemical, the
system is purged for 5 minutes under steady flow of nitrogen, and filled to

30 atmospheric pressure with nitrogen for removal of the substrates.



The apparatus used to evaluate of the effectiveness of the disclosed
silylation compounds conprises a stainless steel vacuumtube furnace,
fitted i nvorznelioy?i th a heat susceptor upon which the sobatSeabesssd be
treated are placed. Upstreamof the tube furnace is the chem cal delivery
system conprising a seal ed bubbler containing the repair chemcal and a
purified nitrogen gas delivery system Erlor to delivery of the repair
chem cal, the vacuum systemis punped £ a base pressure, followed by a 5
m nute continuous purge flow of nitrogen. Once the systemreaches a steady
tenperature, the repair chemcal is delivered to the substrate in the gas

phase, either a flow of nitrogen carrier gas under controlled flowrate
and pressur&—‘@%&ﬁﬂ%ﬁ%‘?_@br by filling the vacuumtube to a _statlﬁ pressure
of the pure chemggg) | L tr LW hatt 1 on, Fol | ow ng_the
exposure of them'szg S%V@Bgétﬂcl)gaﬁﬁgmrVgpn)gitar&gﬁ'gﬁ%éﬁlﬂ%n ?‘ﬁ@pgvgq’eﬁﬁ\ﬁe al!ourged f or
5 minutes urefeir sareatitefd wereohenbtirogamichame dgdctst tooctadigespheric pressure
wi th nitrogen f.or substrat es. Eval uati on of repair Foll ow ng
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the damaged filmstate as a result rocess. Il ticular,
two par amet eglategdrte thefiimeesistance o wedietcning nithat €001 duffeeed bkiderssh St ance

Lo et o LS b bS5 BB Ber et SBe o e
and i s not hhebdsARGGaiFRUSHAE: rﬁtﬁt%é%n%g%céét?ﬁrgg Rgbéegg RRERbdd fAghkon. The
Depth' paraneter indicates the percentage o ahage

specification. The ‘Depth’ parameter indicates the percentage of damaged

10 film that is repaired by the given compound. By definition, an undamaged
film is Depth = 100%, while the damaged film is Depth = 0%. Thus if a
damaged film is wet etched to a depth of 50 nm after 1 hour of exposure to
the etch solution and a repaired film is wet etched to a depth of 25nm after
the same exposure, Depth = 50% for the repaired film.

15 The wet etch rate parameter, or ER, is measured between 12 and
24 minutes of wet etching in the 600:1 BOE solution, reported in A/sec. ltis
believed that this portion of the film is representative of a steady-state bulk
film etch rate. Both of these parameters, ER and depth, are related to the
efficacy of the silylation process, and are considered indicative of a

20 restorative process towards the original film properties.

Table 1 gives a summary of the parameters described above for

unpatterned blanket films. The treatments are applied for each silylation
compound at a static pressure of 10 Torr at 300°C, for a time period of 1
hour. For the Disclosed molecules 1-3, the depth of repair is about 40% or

25 greater, while the best Comparative molecule (1) repairs only to 26%.
Similarly, the Disclosed molecules reduce the builk ER value by more than
40% over the damaged film. The best Comparative molecule reduces the
bulk ER by about 256% over the damaged film. Sample treatments using
Comparative molecules 4 and 5 do not show effective repair following the

30 treatment.



filmthat is repaired by the given conpound. By definition, an undamaged
filmis Depth = 100% while the damaged filmis Depth 0% Thus if a damaged
filmis w0 2eticioertot o a depth of 50 nmafter 1 hour of expaseeie/oLees he etch
solution and a repaired filmis wet etched to a depth of 25nm after the
sanme exposure, Depth = 50% for the repaired film The wet etch rate
paraneter, or ER, is neasured between ]2 and 24 mnutes of wet etching in
the 600:1 BCE solution, reported in Alsec. It is believed that this portion
of the filmis representative of a steady-state bulk filmetch rate. Both
of these paraneters, ER and depth, are related to the efficacy of the
siiylation process—and—are—considered-i-ndicatiye-of a restorative process
towards the origihal film properties. CoappuARdy Depth | s ERarly of the
paraneters describadnpfdljgve for unpatterned bl ankei%ii I rTgA/SThe treatments
are applied for each_silylation conpound at a statiC pressurle of 10 Torr at
300'C, for a tine|perdepdsiéd 1 hour. i For tHe D scl o$@dl | nol edul es 1-3, the
dept h of repair ifs—about—40%or—great-er—whi-l-e-t-he—best_Conparative

mol ecul e ( 1) reppPPSTRAIMAged60, Sinilarly, the Di%¢l 8HE ol ecul es
reduce the bul k ER varue by nore tng FrMé%U/o over [nhe dameged fjilm The best
Conparative nol ecul e reduces the bulk by about 25% over tjhe damaged
film Sanpl e treal bisdasedsinolpcCGlanpar ayrrobidinel ecll es4@ | add3® do not show
effective repair reH-owngthetreatgept—TFable-R—Sumyary—ef] repair
paranmeters neasured follow ng stati (:Wt%m' cal treatnment of damaged | ow k

films it wili be] n id 1 onal changes d4a t he detail s,
BRI sR0RolcRale FB }Sg?é%%'lé 2NYes J33

materials, steps, and arrangenent of parts, which have been fherein

TMS
Disclosed moiecule 3 | piperidine 39| 0.045
Comp. molecuie 1 HMDS 26 | 0.059
Comp. molecule 2 TMSDMA 23| 0.073
Comp. molecule 3 BOMADMS 5| 0.058
™S 1,2,4-
Comp. molecule 4 triazole 0| 0.073
Comp. molecule 5 TMS pyrrole 0| 0.060

Table 2: Summary of repair parameters measured following static chemical

treatment of damaged low-k films

5 it will be understood that many additional changes in the details,
materials, steps, and arrangement of parts, which have been herein
described and illustrated in order to explain the nature of the invention, may
be made by those skilled in the art within the principle and scope of the
invention as expressed in the appended claims. Thus, the present

10 invention is not intended to be limited to the specific embodiments in the

examples given above and/or the attached drawings.



described and illustrated in order to explain the nature of the invention,
may be made by those skilled in the art within the principle and scope of

t he i nverwoanaw42pr essed i n the appended cl ai ns. Thus PCrhis2@oasesns
invention is not intended to be limted to the specific enbodinents in the
exanpl es gi ven above and/or the attached drawings.Clains 1. A silyiation
conpound of the formula R3SiL, whereinzgach Ris independently sel ected
fromthe group consisting of H nethyl, and ethyl; L is a
nitrogen-containing ring selected fromthe group consisting of 1,2, 3-
triazole, piperidine, 1-methylpirerazine, pyrolidine, and pyrazole; and one
nitrogen in the nitrogen-containing rd ? ks bonded directly to the Si atom
and a total concentration of metal contamnants in the conpound is |ess
than 10 ppnw. 2. The silylation conpound of claim1, wherein the conpound

is selected fromgth consi of t yI I | di ne,
trimet hyl sillyl pylpaﬁ*&;%m"t GREEYR 9 hglfc"'lmu i 5 %”' Bch

trimethyl si |u’:/deFﬂéP\%lbhﬂ¥ @ébec?éﬂjfréﬁw'tﬂétdﬂdué bbuélsﬁwef RY HRHRRT A4 B 3. The
silylation conpound of claim2, wherein the total concentration of met al

cont arfi nant 48 Ritregan- cmtalmngapmvseiﬁctem&om thgigroup rossistinmnt1 @3l ai m 1,
et oD% Be b PRy sl hE b e B BBl B, - T
appr oxi mat elnjtrdfHGnand ripRferceambriing ARYT bénded SirdothabitRa S@'é\ﬁfmst ry
del i very device conprisin a cani ster having an inlet conduit and an
outl et cond@nd afsdal concentration of metal contaminants in the compound is less
than 10 ppmw.
10
2. The silylation compound of claim 1, wherein the compound is
selected from the group consisting of trimethylsilylpyrrolidine,
trimethyisilylpyrazole, trimethylsilyl-1,2,3-triazole, trimethylsilylpiperidine,
and trimethylsilyl-4-methylpiperazine.
15
3. The silylation compound of claim 2, wherein the total concentration

of metal contaminants is less than 1 ppmw.

4, The silylation compound of claim 1, further comprising a boiling point
20 of less than approximately 200°C.

5, The silylation compound of claim 4, wherein the boiling point is
between approximately 100°C and approximately 200°C.

25 6. A silylation chemistry delivery device comprising:
a canister having an inlet conduit and an outlet conduit and
containing a silylating agent having a formula R;SiL., wherein each R is
independently selected from the group consisting of H, methyl, and ethyi; L.

is a nitrogen-containing ring selected from the group consisting of 1,2,3-



containing a siiylating agent having a fornmula R3Si L, wherein each Ris
i ndependently sel ected fromthe group consisting of Hnethyl, and ethyl; L
is a nitrwgenticiom7ai ning ring selected fromthe group ceasisReNg2665
1,2,3-triazole, piperidine, 1-nethylpiperazine, pyrolidine, and pyrazole;
and one nitrogen in the nitrogen-containing ring is bonded directly to the
Si atom 7. The silylation chem stry dﬁllvery device of claim®6, wherein
the silylating agent has a total conce fration of nmetal contaninants of

| ess than 10 ppmw. 8. The siiylation chem stry delivery device of claim?7,
wherein the silylating agent is selected fromthe group consisting of
trimethylsilylp rrolldlne trinmethyjsilyipyrazole, trinethylsilyl-

.2, 3-t ri azo["Zai9.inkeendingi 1-nethyeiicsaziee, pelidine, and pyrazole; and one

chrainrrgteh)cl):‘ Si::ngl rﬂ%gnﬁmﬁéépgr an engm"?g "’Jhg 5\‘%@%&%5%%% gﬁkﬁ éyqngg;lt \égrabove

a surface of the silylating agent and an end of the outlet conduit is
| ocat ed bel qw th surf e of the silylating agent. . The siiylation

chenmi stry détiver 8e°\W ogcheMistiy deivpne Aerige &4 Cbﬁ*m Q)fW?tEH@ffi theet condui t
d | f th
outl et conaty oS Ao 1R 4 181 Bindehfafibn bf e Ak ARGRIntR o Ples S8l 11°

met hod of rdpdipnig a dielectric film the nmethod conprising the steps of:

introducing the dielectric filminto a chanber; Introducing into the
chanber a repair agent having a fornula RsSi L, wherein each Ris

i ndependent By selragtsaigiatib®Enbhfsttf QR FPREBEIRGIRH Hwherein the
silylating agent is selected from the group consisting of
10 trimethylsilylpyrrolidine, trimethylsilylpyrazole, trimethylsilyl-1,2,3-triazole,
trimethylsilylpiperidine, and trimethylsilyl-4-methylpiperazine.

9. The silylation chemistry deliver device of claim 6, wherein an end of
the inlet conduit end is located above a surface of the silylating agent and

15 an end of the outlet conduit is located below the surface of the silylating
agent.

10.  The silylation chemistry deliver device of claim 6, wherein an end of
the inlet conduit end is located below a surface of the silylating agent and
20 an end of the outlet conduit is located above the surface of the silylating

agent.

11. A method of repairing a dielectric film, the method comprising the
steps of:
25 Introducing the dielectric film into a chamber;
Introducing into the chamber a repair agent having a formula R3Sil.,
wherein each R is independently selected from the group consisting of H,
methyl, and ethyl; L is a nitrogen-containing ring selected from the group

consisting of 1,2,3-triazole, piperidine, 1-methylpiperazine, pyrolidine, and



methyl, and ethyl; L is a nitrogen-containing ring selected fromthe group
consisting of 1,2,3-triazole, piperidine, 1-nethylpiperazine, pyroiidine,
andpyr azove;2oem49Ine ni trogen in the nitrogen-contai ni n@CTiusgoinm2dsehded
directly to the Si atom and Contacting the repair agent and the dielectric
film 12. The method of claim 11, further conprising heating the dielectric
filmafter introduction into the chanb§{ and prior to introduction of the
repair agent. 13. The nethod of claim 11, further conprising allow ng the
repair agent to react with the dielectric filmfor a suitable | ength of
time follow ng the contacting step. 14 The met hod of claim 13, further

conpri sing annealin he di.el ectri.c followi ng the repajr, agent
reaction st &yra4Ue; o%m@@egfméh%pm%fn W@?‘Ef’% "t”?fé'srté‘%’&lqd (ﬁgeéﬁ’v i's
sel ected fr%ntﬁ@g, gpiParensi sting of trinethylsilylpyrrolidine,
trimethylsilylpyrazole, trimethylsilyl-1,2 3-triazole,

trimethylsilylpi pfé@ntacm tf@n’&pamagsnh@h@il‘héyﬂlemctmflhyl pi perazine. 16. The
nmet hod of claim 15, wherein the repair agent has a total concentration of
metal contam nants of |ess than 10 ppnmw.

5 12.  The method of claim 11, further comprising heating the dielectric film
after introduction into the chamber and prior to introduction of the repair

agent.

13.  The method of claim 11, further comprising allowing the repair agent
10 to react with the dielectric film for a suitable length of time following the

contacting step.

14.  The method of claim 13, further comprising annealing the dielectric
film following the repair agent reaction step.

15
15.  The method of claim 11, wherein the repair agent is selected from
the group consisting of trimethylsilylpyrrolidine, trimethylsilylpyrazole,
trimethylsilyl-1,2,3-triazole, trimethylsilylpiperidine, and trimethylsilyl-4-
methylpiperazine.

20

16.  The method of claim 15, wherein the repair agent has a total

concentration of metal contaminants of less than 10 ppmw.



