REPAI Rl NG AND RESTORI NG STRENGTH OF ETCH DAMAGED LOW K DI ELECTRI C
MATERI ALS BACKGROUND 5Lowk dielectric ("LICD') filns are used in the
sem conduct or industry for reducing interconnect delay in integrated
circuits (WPCHBEEsus tradition dielectric material s PEHRIZBEHKH4ES
materials used in ICs include inorganic materials such as silicon

di oxide ("Si02"), which has a k-value of about 4.0. Oher dielectric
materials include spin on dielectric filnms and LKD fil ns obtai ned
fromspin coaling, dip 10coating, spray coating, chem cal vapor
deposition ("CVvD"), rolling, dripping, and/or spreading. Cenerally,
LKD materi al s havi ng k-val ues below 3.0 are desirable. Lower
k-values in inorganic materials can be achi eved by addi ng carbon to
reduce pol arizability, thereby reducing the k-value. Utra-Iow
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materials. Such porous LKD 1 a | ecting
I mpurities because the fil m?@%?ﬁi&%&%ﬁ%ﬁ%ﬁ t he pores.
LKD nmateri als can get danmaged during plasma etching, resist ashing,

and/or cleaning operations of the |Cs. rﬁ‘?k@%}‘g@ﬁﬂ ng, ashing, and/or
c

cl eani ng operations, at least a portio ontaining noieties
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of wat er whi clindhade spinkenvditigetrioffilmbeud LKD Zitvsadedinesl from apmicgatidg, dgnt
| ncr ease l16l t ant{%gy%rgye co tlné hc%erlﬁlézgl \q?pto? Eioisl?i)lsition {(*“CVD™), rolling, dripping, and/or
spreading. Generally, LKD materials having k-values below 3.0 are desirable.
Lower k-values in inorganic materials can be achieved by adding carbon to
reduce polarizability, thereby reducing the k-value. Ultra-low k-values (i.e., < 2.4)
can be achieved by adding porosity to the LKD materials. Such porous LKD
15  materials are prone to collecting impurities because the film interior is exposed
through the pores.
LKD materials can get damaged during plasma etching, resist ashing,
" and/or cleaning operations of the ICs. During etching, ashing, and/or cleaning
operations, at least a portion of carbon containing moieties can be removed resulting
20  in LKD materials having reduced hydrophobicity. When the carbon containing
moieties are removed from the LKD materials Si-C bonds are replaced with Si-OH
(“silano]””) bonds or groups and the resulting dielectric layer loses its hydrophobicity
as water molecules from the atmosphere form strong hydrogen-bonding interactions
with the silanol groups. The presence of water which has a k-value of about 70
25  results in a significant increase in the k-value of the LKID material.
Further, porous LKD materials tend to form voids after copper annealing
due 1o high tensile stress which destroys device yields. '
Therefore, there is a need for repairing damaged LKD materials such that
k-values can be restored along with restoring the mechanical integrity of the

30 damaged LKD materials.



Further, porous LKD materials tend to formvoids after copper
anneal i ng due to high tensile stress which destroys device yields.
Therefore, there is a need for repairing damaged LKD materials such
that k-val WORS2492 restored al ong with restoring the HECHRATOIF3S
integrity of the 30 danaged LKD materials. SUMVARY In a
first enbodi ment a process of repairing a plasma etched | owk
dielectric material having surface-bound silanol groups is disclosed.
The process.includes (a) exposing at | east one surface of the
dielectric material to a catalyst so as 5 to form hydrogen bonds

bet ween the catal yst and the surface-bound silanol groups thereby
obtaining a catalytic internediary; and (b) treating the dielectric
material with a silane capping agent such that the silane capping
agent reacts with the catalytic I nt er seMMARYNd forns surface-bound
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15 In the first embodiment, the catalyst in (a) and/or {c) can be (i) present in a

supercritical solvent, and/or (ii) present in a diluent. The diluent can be selected
from the group consisting of (i) inert gases, alkanes, ethers, ketones, tetrahydrofuran,
and mixtures thereof, and/or (ii) nitrogen, argon, pentane, hexane, tetrahydrofuran,
and mixtures thereof. The catalyst in (a) and/or (c) can be a Lewis base amine. The

20  catalyst in {¢) can be an organic acid.

In the first embodiment, (i) the silane capping agent can be a mono-, di-,
and/or tri-functional alkoxysilane, (ii} the catalyst can be ammonia, a secondary
amine, a tertiary amine, and/or combinations thereof, (iii) (a) and/or (b) can occur in
a non-aqueous medium,

25 In the first embodiment, the silane capping agent in (b) can be present in a
supercritical solution. The supercritical solution can include supercritical carbon
dioxide.

In the first embodiment, the water in {(c) can be obtained from (i)
supercritical carbon dioxide, wherein the carbon dioxide has a moisture content of

30  from about 0.01 wt% to about 0.10 wt%, and/or (ii) injecting from about 0.01 wt%

to about 0.10 wit% water into reaction vessel where (c) is occurring.



supercritical solution. The supercritical solution can include
supercritical carbon dioxide. In the first enbodi nent, the water in
(c) can be obtained from (i) supercritical carbon dioxide, wherein
the car bon“@BW Y& Aas a noisture content of 30 from abdhUEHLHEE,
to about 0.10 wt% and/or (ii) injecting fromabout 0.01 w%to about
0.10 % water into reaction vessel where (c) is occurring.

In the first enbodinent, (i) (a) is preceded by plasma etching of the
low-k dielectric material, (ii) (a) is preceded by photoresist ashjng
of the lowk dielectric material, (iii) (a) is preceded by cleaning
of the lowk dielectric material, and/or (iv) (c) is followed by a
barrier |ayer deposition on the lowk dielectric material. 5ln a
second enbodi nent, a process of repairing a plasm etched | owk
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reacts with an adjacent alkoxy group on the silane compounds forming a horizontal
network between adjacent surface-bound silane compounds.

In the second embodiment, (i) the catalyst in (a} and/or (b) can be a Lewis
base amine, and/or (ii) the catalyst in (b) can be an organic acid. The Lewis base

20 amine can be ammonia, a secondary amine, a tertiary amine, and/or combinations
thereof.

In the second embodiment, (i) the silane capping agent can be a mono-, di-,
and/or tri-functional alkoxysilanes, (ii) the silane capping agent can be selected from
the group consisting of n-propyltrimethoxysilane, methyltri-methoxysilane,

25  dimethyldimethoxysilane, trimethylmethoxysilane, n-propy! tricthoxysilane, and
dimethyldiethoxysilane, (iii) the solution can be in a non-aqueous medium, and/or
(iv) the supercritical solvent can be supercritical carbon dioxide.

The second embodiment further includes forming alcohol as a by-product.

The water in the second embodiment can be obtained from (i} supercritical carbon
30 dioxide, wherein the carbon dioxide has a moisture content of from about 0.01 wi%
to about 0.10 wt%, and/or (ii) injecting from about 0.01 wt% to about 0.10 wt%

water into reaction vessel the process is occurring.
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25di net hyl di met hoxysi | ane, trinethyl met hoxysil ane, n-propyl
triethoxysilane, and di net hyl di et hoxysilane, (iii) the solution can

be in a nop- 5. medi um  and/or (iv) the supercritical solvent can
be supercrﬂ’t‘f’@ﬁ‘fag‘é?bon di oxi de. The second e i PREAQ7/014435

further includes form ng al cohol as a by-product. The water in the
second enbodi nent can be obtained from (i) supercritical carbon 30

di oxi de, wherein the carbon dioxide has a noisture content of from
about 0.01 W% to about 0.10 wt% and/or (ii) injecting from about
0.01 wt%to about 0.10 w% water into reaction vessel the process is
occurring. - In the second enbodinent, (i) (&) is preceded by
pl asma etching of the lowk dielectric material, (ii) (a) is preceded
by photoresist ashing of the lowk dielectric material, (iii) (a) is
preceded by cl eani ngndhe sesend embadimient] Griap ispreceded by plasmia dicbmg(af Whe low-
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of the dielectric material to as on conprising a supercritical
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groups 100btahn|qg a catalytic internediary, wherein the catalytic
internediary riegledes (@) exposing akleast nee ufipe phthadiskectimateiahip a solution
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heat to formwater as a byproduct thereby formng a substanti al )
conpl et ed hor isHif @PPiREEBH|aNE s shrfegsbospd slans-cepupatnds; pathid) reacting

conmpounds. alkoxy groups on the surface-bound silane compounds with an organic acid and
water to form silano! groups via hydrolysis.
The process in the third embodiment can further include (c) condensing the
15  silanol groups of (b) via heat to form water as a byproduct thereby forming a
substantially completed horizontal network between the surface-bound silane
compounds. | |
Step (¢) in the third embodiment can be carried out (i) for from about 5
seconﬂs to about 5 minutes at a temperature of from about 100° to about 350° C, or
20  (ii) for from about 30 seconds to about 60 seconds at a temperature of about 175° C
- to about 300° C. Further, step (c¢) in the third embodiment can be carried out on a
hot plate.
In the third embodiment, (i) the catalyst in (a) can be present in a
" supercritical solvent, and/or (ii) the catalyst in (a) can be present in a diluent. The
25  diluent can be selected from the group consisting of (i) inert gases, alkanes, ethers,
ketones, tetrahydrofuran, and mixtures thereof, and/or (ii) nitrogen, argon, pentane,
hexane, tetrahydrofuran, and mixtures thereof.
In the third embodiment (i) the silane capping agent can be a mono-, di-,
and/or tri-functionat alkoxysilane, (ii) the catalyst in (a) can be a Lewis base amine,
30  (iii) the catalyst in (2) can be ammonia, a secondary amine, a tertiary amine, and/or
combinations thereof, (iv) (a) can occur in a non-aqueous medium, and/or (v) the
water in (b) can be obtained from (A) supercritical carbon dioxide, wherein the
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Step (c) in the third enbodi nent can be carried out (i) for from
about 5 seconds to about 5 mnutes at a tenperature of from about 100

to about O (ii) for fromabout 30 seconds to about
seconds ata}g)ﬁggf@é“r‘ ture of about 175 C - to about 300 %Tl?nu—%f’q-’ﬂjéf&’

step (c) in the third enmbodi nent can be carried out on a hot plate.

In the third enbodinent, (i) the catalyst in (a) can be present in a
supercritical solvent, and/or (ii) the catalyst in (a) can be present
in a diluent. The 25 diluent can be selected fromthe group
consisting of (i) inert gases, al kanes, ethers, ketones,
tetrahydrofuran, and m xtures thereof, and/or (ii) nitrogen, argon,
pentane, hexane, tetrahydrofuran, and m xtures thereof. In t he
third enmbodinent (i) the silane cappi ng agent can be a nono-,
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BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows hydrolytic deposition of silanes that is well-known in the art,
FIG. 2 shows in A) a reaction between surface-bound Si-OH groups and n-

20  propyltrimethoxysilane in the presence of a Lewis base amine to form silane
compounds; B) shows the conversion of an alkoxy group into a-n Si-OH group; and
C) shows the formation of a horizontal network between adjacent silane compounds.

FIG. 3 shows in A)-D) the formation of a horizontal network between
adjacent silane compounds in the presence of an organic acid.

25 FIG. 4 shows increased reaction efficiency in 8i-OH capping when using
amine catalysts (data providéd by Gelest® brochure "Silane Coupling Agents:
Connecting Across Boundaries”, page 15).

FIG. 5 shows on the top a Scanning Electron Microscope ("SEM") image
of 250-nm trench with etch back undercutting from hydrofluoric acid ("HF"} etching

30 ofan untreated plasma damaged dielectric, and on the bottom an SEM image of HF

undercut of supercritical carbon dioxide treated or repaired dielectric.



15material. BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 shows hydrol ytic
deposition of silanes that is well-known in the art. FIG 2 shows in

A) a reactjon between surface-bound Si-OH groups and n-
20propy|tr*vﬁ’ezl”9?z(5?§fg?l ane in the presence of a Lewi s basied- WAL/ 35

form sil ane conmpounds; B) shows the conversion of an al koxy group
into an Si-CH group; and C) shows the formation of a horizontal

net wor k bet ween adj acent sil ane conpounds. FIG 3 shows in
A)-D) the formation of 'a horizontal network between adjacent silane
conpounds in the presence of an organic acid. 25FIG 4 shows

I ncreased reaction efficiency in Si-CH cappi ng when using am ne

catal ysts (data provided by Gelest(r) brochure "Silane Coupling
Agents: Connecting Across Boundaries", page 15). FIG 5 shows
on the top a Scanning El ectron WEFAHEDPESCRTIONage of 250-nm

trench wth etch bagk..under bng Wof 5 hydr. WMQL I d (" HE"
etching 30 of an unt Eggﬁe"g’“ﬁﬁ%gé‘?ra&d5‘#&‘5&8@?‘%‘{8&“? iug?ﬁgeﬁg"blﬁ I1't'eliulet to
bot t om an SEMingtedpeanyfantiall weoppends hating a jemara gereadllycdefined by Sokd, de

treated ,(,)r r eRv‘:‘hier&q 'Ri 1‘1?1I i L eéecding B%@llaltglg)ﬁpﬁﬁ%rﬁﬂ;h%n of alkoxy. "diiplsane
conmpound” or "silane corrpoﬁn S',-as used hereln, s meant lf o”inclfude
any and a! 5. c engfoualis] graujmg:ita thoprovisa thge adesst bye 466 rmelkoky g®UA. 4,
e oupo' o SRBREL AT gl D AP
one Ais an alhkéwyargpm Bfpups of about one to about eight carbon atoms or a branched
saturated monovalent hydrocarbon group of about three to about eight carbon atoms.
Examples of alkyl groups include, but are not limited to, groups such as methyl,
10  ethyl, n-propyl, isopropyl, n-butyl, isobutyl, sec-butyl, t-butyl, n-pentyl, and the like.
"Alkoxy", as used herein, is meant to include the alky! groups as defined
above bonded to an oxygen atom.
Processes are disclosed herein which utilize alkoxysilane capping agents to
repair plasma etch or resist ash damaged LKD materials by reacting with surface-
15  bound Si-OH groups.
LKD materials can include but are not limited to NANOGLASS® and
HOSP® (products commercially available from Honeywell Intemationa!l Inc.),
carbon doped oxides such as Black Diamond® (commercially available from
Applied Materials, Inc.), Coral® (commercially available from Novellus), Aurora®
20  (commercially available from ASM), Orion® (commercially available from Trikon),
LKD 5109 (commercially available from JSR), and Nano-Clustered Silica (INCS-
commercially available from Fujitsu.
One of the challenges associated with the use of compounds such as
alkoxysilane capping agents is the consistency of capping and its uniformity of
25  metal-oxide surfaces. This relates to the key role water plays in the chemical
reaction between the alkoxysilane and the surface-bound Si-OH groups. As shown
in FIG. 1, water is needed to hydrolyze the alkoxy groups prior to condensation with
the surface-bound Si-OH groups in a hydrolysis step.
Differing levels of hydrogen-bonded water on surfaces, driven by
30 atmospheric moisture, directly affects reaction efficiency. Without the use of
catalysts, the chemical reaction between the alkoxysilanes and the surface-bound Si-
OH groups mandates the presence of some water. Further, if a consistent result is
6



"Al kyl", as used herein, is meant to include |inear saturated
nonoval ent hydrocarbon groups of about one to about eight carbon

atons or sat urated nonoval ent hydrocarbon group of about
three to Mﬁ&z({agﬁ? carbon atons. Exanples of al kyl gr WP HE R,

but are not limted to, groups such as nethyl, 10ethyl, n-propyl,

| sopropyl, n-butyl, isobutyl, sec-butyl, t-butyl, n-pentyl, and the
like. "Al koxy", as used herein, is neant to include the alkyl
groups .as defined above bonded to an oxygen atom Processes
are disclosed herein which utilize al koxysilane cappi ng agents to
repair plasma etch or resist ash danaged LKD materials by reacting
with surface- 15 bound Si-OH groups. LKD materials can include but
are not limted to NANOGLASS@ and HOSP(r) (products comrercially

avai | abl e fr ordebivese ywhstantialiy the same daval ofl ydration has tede miaiptaéhed)fi e sample
such as Bl ack g%gggkd(r) (comrercially available from Applied
Materials, Inc ral (r) (commercially avail able from Novel | us),
Aurora(r) 20 (conmmrerfdditionallyye dondensatierostepsShpwn @ Fl6h @) (ewimehighal | y.

available fro , G MAl SR
and Nano-C ust%él;r%%%{ap% ?g&%ﬁrcgcg%nﬁr\(e? 212‘1/2?/ ﬁ’%ﬁbé‘?gégnc%}%%é )
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surface-bound Si - OHERURSes 8., ﬁ&%?dx‘o!&yl"ﬂa@s) or L%E%Esés%aﬁ'ﬁ@d@é& ds0
hydrol yze t he al koxt 2rou ps prior to condensation wit
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consistent result is 6
to capping Si-OH groups in SCCO, with the atkoxysilane capping agent.

In another embodiment, an upstream pre-treatment step includes using a

15  diluenthaving a Lewis base amine, which acts as a catalyst, to treat the LKD
materials.

The diluent can be selected from the group consisting of an inert gas such
as nitrogen and/or argon, an organic solvent such as alkanes, ethers, and ketones,
and various combinations thereof. The alkanes can preferably be selected from the

20 group consisting of pentane, hexane, and combinations thereof. In a more preferred
embodiment, the organic solvent can be tetrahydrofuran.

During an upstream pre-treatment with either a neat Lewis base amine or a
Lewis base amine in a diluent, the physical state of the neat Lewis base amine and/or
the Lewis base amine in a diluent can be either liquid or gaseous.

25 In a fluid state, the neat Lewis base amine ¢an be in supercritical form and
the Lewis base amine in a diluent can either be in supercritical form or can be in
liquid form under ambient temperature and pressure conditions.

In a gaseous state, the neat Lewis base amine can be a gas under ambient
temperature and pressure conditions or can be converted into a gas by tuning the

30 temperature and pressure to convert the neat Lewis base amine into a gas. Further,
in a gaseous state, the Lewis base amine in a diluent can be a mixture of gases under

ambient temperature and pressure conditions or can be converted into a mixture of

7



desired, substantially the sane | evel of hydration has to be

mai nt ai ned from sanple to sanple. Additionally the
condensatlo ste 4éshown in FIG 1) requires high tenperature
typically W %0 and 210 C, which can be a chall en%‘f%smﬂml““
particularly in a supercritical CO2 ("SCCO2") environnment where

I ncreased tenperature results in a tradeoff in pressure (lower is
desired) and fluid density (higher is desired for better transport).
Weak- bases (Le., non-hydroxyl bases) or Lewi s bases can be used as
catal ysts to kinetically enhance the rate of condensati on between

al koxysi | anes and 10 surface-bound Si-OH groups w thout the

hydr ol ysi s step. I n one enbodi nent, an upstream pre-treat nent
of the LKD materials includes using neat Lewi s base amine as a

catal yst to tresses bytteningDierfamperabirsanst pressutedocapysirtihe Sewdbage aupe and

SCCO2 with th sagent. I n another embodiment, an
hél kﬂ%@%ﬁﬁé ?Hﬁnﬁf&pﬂ‘}*@g&

upstream pre- {Tea ep I ncl'&des’ usi ng a 15dil uent having a Lewi s
base ami ne, which adihe pastreatvehtyirgesss carobe qagaed eutat AlkBurtable térapegature,

The diluent c S o I as |
such as nit rog’(E,]\'?:nsggrﬁ(ﬁqJ d%}gggﬁ{&g]ﬁﬁ%r Sg&lig sﬁ ﬁ%ﬁt&%%oﬁ QI E‘}S shof
et hers, an8 ke&0Bh€sat mdssvarqfdw @lmmbOﬁdxamﬂi;SQ bees, @od forﬁwnapml:bd :

can preferabl X‘ﬁa%ﬂltg%&q qppg{xfo%glu%rsoup consi sting of pentane,
eo n

hexane, and co nat1 ons t er nore preferred enbodi nent, the
organi ¢ sol vent can'IlbeLteém&lmydmmeuthh by definition iy a1 ¢lecteonm dmpgtomm

pre-treatnent \%IEgbfﬁl'e B lebRWrHnPES (ﬁfpc%ﬁs&{ eﬁ?ﬂgﬁ‘ﬁﬁ%gﬁﬁ&s such

amne in a di uent ?‘I al state o e neat am ne
and/ or the Lew smm@w, fmon@ary AMEned, teriiant arings, l9ad atonmasic anivgsi dMone

gaseous. 2§l np?eféreunydm%k%bﬁs bésbsmfmg ahfidh. 0368 pﬁa}xgglgcal@ 1R%id

supercritical "formahd the Lew s base amne in can eith
be i n super cr pminggicas bg ml@ﬁted:%i@mtﬁl@ graup PWiSﬁHSGfmeﬂh’dlémmmﬁieM amme,

tenperature apshnBhGSahe, GARMY! A8, and ammonia! N @ gaseous state, the
neat Lewi s base anine can_be a gas under ambient tenperature and

pressure conditi ons T8 Lewi '?9@3 eBigRrINhe ysad in anygaitajo malepergentages such
as ranging from about 0.1 to about 100% with SCCO,, and more preferably in mole

15  ratios ranging from about 0.1 to about 10%.

As shown in FIG. 2, the Lewis base amine serves as a catalyst by forming a
catalytic intermediary with the Si-OH groups. The catalytic intermediary is formed
because a hydrogen bond is developed between the Lewis base amine and the Si-OH
group.

20 The formation of this hydrogen bond drives the reaction forward in capping
the Si-OH groups with a silane capping agent. The catalytic intermediary is itself
highly susceptible to reaction with the silane capping agent. The reaction produces
the corresponding alcohol as a byproduct and the amine is freed to again hydrogen
bond with additional Si-OH groups. '

25 The silane capping agent is present in SCCO,, thereby ensuring that the
silane capping agent wets substantially the entire surface of the damaged porous
LKD material as supercritical fluid have zero surface tension. The SCCO; can be at
a pressure of about 10 — 250 bars and at a temperature of about 0 - 250° C. The use
and characteristics of SCCO; is well-known in the art as a tuneable solvent as

30 evidenced by U.S. Pre-Grant Publication 2005/0227183 of Mark Wagner et al,

The silane capping agent can be present in a dense gas solution such as a

liquefied gas solution or a supercritical solution. The dense gas solution can include
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30 tenperature and pressure to convert the neat Lewis base anmne into
a gas. Further, in a gaseous state, the Lewi s base amne in a diluent
can be a m xture of gases under anbient tenperature and pressure
condi ti ons""’(yglr20 ﬂqul'zﬁé converted into a mxture of gasest@GYUFHTAY?E he
tenperature and pressure to convert the Lewis base anmi ne and the
diluent into a m xture of gases. The pre-treatnent process
can be carried out at any suitable tenperature, pressure, and period
of tinme such as at a tenperature of fromabout OC to about 5 200 C,
at a pressure of fromabout 0.5 bars - 150 bars, and for a tine
period of from about 5 seconds to about 30 m nutes. The Lewi s base
am ne, which by definition is an el ectron donor or a nucleophile, is
preferably selected fromthe group consisting of primry am nes such
as ammoni a, sdauitenSCGERI, liquid arenpdremticabsyilfue bexadhudride G'9E:").diqund oes .
More 10 prefer . i ?'{%gé, b j . i

the Lewi s ba‘sesa %Xﬁ%%amgé&g@%&ge g@tsg r05n$ 'P %P%%Bth%%zs?g%i%r?gggﬁaﬁd
triethyl am ner sepestritidal @ntorfes hydrgoarhtony suchras peopade.ndtenpetivaly.isdaneand

anmoni a. : 1 - am } i.t.abl e

nol e percent ad’%‘%ﬂ%&%%ﬁ%‘?ﬁe@?ﬁﬁ‘n a 83’? ﬂ](fb‘%o?%elsakggeg%ﬁggsgﬁ \ifn&] t@ h

SCCCR, andSnorcapprghgsnabinbd presedt i ligvrden syperceitie! serbpn disxédsout 0. 1 to

about 10% A% sSHEUhbbAImEhfS: g SCCS: chf Mcudd e R HghEa RN Sudt?
rnme y h the -OH

a catal yst byform’gg(acata ticinte iary wt roups.
The cat al yti ¢ @k presplantap ghelatingmeapid anséera sysiagtant; drwsedrerss ghielaing agent,

devel oped bet Wag gy ieankEdve bgﬁ&gé%e'a% {%ﬁhﬁ. Badnt 516093'?95@5950%%@%1.

formation of this hyl_drogen bond drives the reaction torward 1m
cappi ng the Si-OH gribage-saivert can praferakly bgsplesigd dganthe gmvp convisgting 9fc

intermedi 4y h§dichablctalBbad)hydrdHEGOBhER! KikPhéRGbIM) phidalle, iiEins] | ane
cappi ng agent. The reacti on produces the correspondi ng al cohol as a

bypr oduct and PEMan% hr¥aRe; Betharss gropane dunethnjerragude. Bbrgthyinysrolidone, and

addi tional Si fdthdeMdPSMofepraferstly, Ao MR BarfBeitected) (RS AR Probg)
SCCO2, thereby ensuring that the silane capplbglg0 agent . wet s

subst ant i al | y consstivgof pestengs isgproppialeahel, ditrethddorpismide apd CD nat eri al
as supercriti gghethyishith:eve zero surface tension. The SCCO2 can be at
a pressure_of about 10- 250 bars and at a tenperature of about 0- 250

C. The usédand char db¢ ghglatingagenjicanprsferably bieselected &im the srovp canpsisting of
t uneabl e sol vegtboRRicHidBY MitE pRAerBdy UhSchdtaid@pRRl cEvbé td&idOfom the

2005/ 0227183 of Mark \agner. et al. .. L .
group consisting of dibasic carboxylic acids such as oxalic acid and amino
carboxylic acids.

The surfactant can preferably be selected from the group consisting of non-

20  ionic compounds such as quaternary ammonium salts and phosphate esters, triblock
copolymers of polyethylene, polypropylene, polyalkyloxide materials, triblock
neutral surfactants, and polyoxyethylene alkyl ethers.

The presence of such a nucleophilic-electrophilic interaction between the
catalytic intermediary and the silane capping agent promotes a reaction between the

25  8i-OH group and the silane capping agent to fonn a silane compound and the
corresponding alcohol.

The alcohol such as methanol formed in the capping reaction is a byproduct
which can be discarded as waste or separated by using any well-known separation
method.

30 The silane compound formed in the capping reaction described above,
effectively "caps" the Si-OH groups on the surface of the LKD materials due to the

covalent bond formed between the oxygen atom from the pre-reacted surface-bound
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The silane capping agent can be present in a dense gas solution such
as a liquefied gas solution or a supercritical solution. The dense
gas SO|Uti§£HC%$ include 8 liquid or SCCO2, liquid or supercritical
sul fur hex 1%4¥3("sF6"), liquid or supercritical FC 0820071012435
hydr of | uor ocar bons ("HFC s"), hydrofluoroethers ("HFE s"), or liquid
or supercritical CI to C4 hydrocarbons such as propane.
Alternatively, silane capping agent can be present in a m xture of

t he above. Preferably, the silane 5cappi ng agent can be present in
liquid or supercritical carbon dioxide. I n some enbodi nents,
the SCCO2 can include one or nore additives such as a co-solvent, a
chel ating agent, and/or a surfactant. Co-solvents, chelating agent,
and surfactants have been described in U S. Patent 6,602,351 to
DeYoung et al . Sit{eHesupsinddhg silieon gipmifeomathie\silane cappingiagentite fym the final

group consi st 's‘i‘ﬂal@§ur§a@@-&69ﬁxﬁf $ildRL 9&:1’&‘15319&85 Du'?i}‘ng kiRk W%Q&fo% thS H fﬁl&n the

hexaf | uori de, propane, tane, pentane, hexa hane, propane,

di met hy! f or marSid, Hﬁgmﬁywbmwdmn@lcowmthdﬁnmﬁw alkaxergrowpsiof the
ferably, t |
preterably *L‘Pko(kg ﬁ%‘lﬁg%#f]ihﬁ@?gﬁg@ r{éﬁﬂfﬂk&&‘?ﬂg hOMPwRA R sifiddhd

of acetone, isopr
di met hyl su I5f oeitere of n@FH@necmnmqm stagmﬂlkwmrwmlreemlabg {n the feymagion gfithe

from the groupjgRSintidung. %es%%nmwﬂp%ue& ﬂ@surmé%ogﬁt?gseﬁlép%% SitOR

chel ati-ng agents can be sel ected fromthe group consisting of "dibasic
car boxyl i ¢ acig#euPs e asusfess-Peunslei d -and ami no carboxylic acids. The

surfactant can pref qrh@:QE]Ypl re%@ﬂ:&?&e%@l‘tl%’d%ﬁb@@@ne%?Hﬁ'e&%f}‘ I%Eziupélhé)f
non- 20 ionic conp ounds suc Ua ernary _anmmonl um sal

phosphat e est eia@ag@drl‘rlspdwe%gby 9W§1ft&‘th?)§l & grorRsiato ﬁs@wa@rawnéﬁélat
p0|ya||CythId@ﬂﬂﬁnfEhﬁﬁgsbtﬂ{gkﬂﬁ¥ neutral surfactants, and

pol yoxyet hyl ene al k%‘hc eﬁ;[mnatlon of the catalytic intermediary is the primary reason the
capping reaction proceeds at a faster rate than the hydrolytic reaction discussed
above (shown in FIG. 1). The capping reaction rate can be at least an order of
magnitude faster when using a Lewis base amine than the hydrolytic reaction

15  discussed abbvc {(shown in FIG. 1).

The formation of the catalytic intermediary is promoted during the pre-
treatment steps described above. Therefore, the capping reaction can be enhanced in
terms of both kinetic rate and uniformity of capping if a pre-treatment step with neat
Lewis base amine and/or Lewis base amine in SCCO; is utilized.

20 While not wishing to be bound by theory, it is believed that the Lewis base
amine acts as a catalyst in the capping reaction of the disclosed embodiments. A
catalyst by definition is a substance that increases the rate of a reaction without
being consumed during the reaction.

Therefore, the Lewis base amine can be recycled during the capping

25  reaction to perform the same catalytic function thereby reducing the costs associated
with capping the Si-OH groups. However, as ammonia is an inexpensive gas, it can
be flushed out after a pre-treatment step.

The silane capping agent is preferably a multi-functional alkoxysilane.
More preferably, the silane capping agent is a mono-, di-, and/or tri-functional

30  alkoxysilanes.

The silane capping agent can preferably be selected from the group
consisting of n-propyltrimethoxysilane ("n-PTMS"), methyltrimethoxysilane

10



The presence of such a nucl eophilic
the catalytic internediary and the

reacti on between the 25 Si-OH group and the sil ane cappi
forma sil 2P WHAnd and the corresponding al cohol .

al cohol such as nethanol fornmed in
byproduct which can be discarded as

-electrophilic interaction between
sil ane cappi ng agent pronotes a

eSS

O3S
the capping reaction is a
wast e or separated by using any

wel | - known separation nethod. 30The silane conpound forned in the

cappi ng reaction descri bed above,
on the surface of the LKD materials
bet ween the oxygen atom fromthe pr
group and the silicon atomfromthe
final stable surface-bound silane c

effectively "caps" the Si-OH groups

due to the coval ent bond forned
e-reacted surface-bound Si-CH
silane capping agent to formthe
onpound. During this capping

reacti on the I('MTMS dimethyldimethbhysijanu(DMPNS"} tiyppthybivethoxysdaieol

with one of t
the Si-0: to

RPN BB el

Pl E RSy BREIBE R fh ) "0

si | ane agent H{UOMDES).oNMosgprkferaplythespancampping ign-PMSer MMt i on of

t he sil ane conpound
cap Si-OH groups tthI§§%%§%

reaction désces bagirgfome abie0ddytoeb
mat eri al s by gggm%r_%{o 05@0@_ -H g
p the S - ar

10 vertically ca oups.

PR ERTIEHONRA SR OB ALk

6w di % é¢ $CCOpaindIndriaprefamablydibri| CD
roups into silane conpounds that
The formation of the

catal ytic internmedi Xoymulg (Disbopnifomillystratiyg pnrpobes, Sappaness thearcadtion

Bbove (shown PRORFEe A oGs] Rakliss

order of magnigede faster when usin
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g a Lewis base am ne than the

hydrol ytic reaction 15di scussed abowe (shown in FIG 1. The
formation of the catalytic internedjary is onot ed durfing the

pretreat ment steps described above.| Therefore,©the gappi ng reaction

can be enhanced | n terns of [both kipetic rate |land dnifdrmty of

capping if a preftreatne tep with neat REWSS Dlse anileeisdiagk Dnine Catalyst
Lewi s base am ne iﬁ(;‘SSS_CCﬁ'&i uttlized. 20fil d not w shi ng—te—be——m
bound by theory,|it i*6*Belifved thaf the Lew s~hase~anijne acts as a
catal yst in the gapping reagtion of the_&k&ﬁgg§ﬁ phodi nents. A

catal yst by definition is a substantﬁ that increases the rate of a

reacti on wthout being consuned durtng the reaction. THerefore, the
Lewi s base amine can bgrecycl ed during the capping
™~
T /;ma
Q—38i—0 + —OH
/ methanol

10

e

n-propyl-dimethoxysilyloxysilane

(1)

_

The X;3Si-OH shown in formula (i) is not necessarily identical to a surface-

bound Si-OH group as the surface-bound Si-OH group may have the Si boundto a
moiety different from Hs, such as C, N, O, etc. The X' in X38i-OH shown in

15  formula (i) can be hydrogen, an a

lkyl group, etc.

The pre-treatment steps(s) and/or the capping reaction described above can

take place in one treatment chamber or a series of several treatment chambers.

In a preferred embodiment, the silane compounds can be horizontally

networked in the presence of water and optionally a Lewis base amine through

11



25 reaction to performthe sane catal ytic function thereby reducing
the costs associated with capping the Si-OH groups. However, as
anmoni a i s_an inexpensive gas, it can be flushed out after a )
pre-treat mk20 gﬂt’@ﬁp The silane cappi ng agent FG/R24740485 v
a multi-functional al koxysilane. Mre preferably, the silane capping
agent is a nono-, di-, and/or tri-functional 30al koxysil anes.

The sil ane capping agent can preferably be selected fromthe group
consi stiing of n-propyltrinethoxysilane ("n-PTM5"),

met hyl tri net hoxysilane 10 ("MIM5"), dinethyl di net hozysil ane
("DVDVS"), trinethyl methoxysilane ("TMVE"), n-propyltriethoxysilane
("n-PTES"), dinethyldiethoxysilane ("DVDES"). Most preferably the
silane capping is n-PTM5 or MIMS. The sil ane cappi ng agent can be
used in any smdohddrisetioroteactjpms ten bagye betsuseln adjacemt Sia@gi groups. dl'l’hesé)ﬂijicent

0,51 13, 001 S\ SR en 0 BRES AL LYo 50 R e oosin
su rmar i zes t heageatatiat bavedeicome suidaderbeendSSpariO tlye mpplmdammﬁTNB
(i.e., the exemér%t}(/c . h—?erh %Rgf negwg&?n%tc)ah be cre%le)égfn Itl4e pQ'és%inE:eO of the amine
n- pr opyI di met hoxy5| I QJI oxy orran
5. catalyst when a smgle S:-OI-I group of a capped silane reacts with an alkoxy group
on an adjacent capped silane. This horizontal networking between adjacent silane
compounds preferably occurs in a step subsequent to the above described pre-
treatment and capping steps.

The horizontal networking between adjacent silane compounds can be

10 achieved by reacting residual alkoxy groups on the silane compounds with an
effective amount of water to hydrolyze the alkoxides to Si-OH groups followed by
condensation of Si-OH groups producing water as a byproduct. Once again, a Lewis
base amine can act as a catalyst allowing for accelerated reaction between Si-OH
groups and un-hydrolyzed alkoxysilanes. This condensation reaction again produces

15  the corresponding alcohol as a byproduct.

When using a supercritical fluid, water can be introduced into the treatment
chamber in any suitable manner such as by (i) using SCCO, wherein the grade of
carbon dioxide used is a beverage grade carbon dioxide which includes about 0.01
wi% to about 0.10 wt%, and more preferably a moisture content of about 0.07 wt%,

20  and/or (ii) injecting about 0.01 wt% to about 0.10 wt% water, and more preferably
about 0.07 wt% water into reaction vessel where (c) is occurring. Alternatively, the
water can be obtatned from the diclectric material itself either by atmospheric
adsorption or a pre-conditioning step.

Once the water is introduced into the treatment chamber, the water reacts

25  with at least one alkoxy group on the silane compounds converting the alkoxy group
into an Si-OH group while forming alcohol as a by-product.

The Si-OH group forms a catalytic intermediary with the Lewis base amine
in the same manner as described above such that the catalytic intermediary reacts
with an adjacent alkoxy group in a horizontal networking step forming an -8i-0O-Si-

30  bond linking the adjacent silane compounds. This horizontal networking step also

generates alcohol as a by-product.
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.40 10 The X3Si-OH shown in fornula (i) is not necessarily

i dentical to a surface-bound Si-CH group as the surface-bound Si-CH
group may have the Si bound to a moiety different fromH3, such as C,
N, 0, etc.WPrHa/OR2445n X3Si - OH shown in 15fornula (i) caﬁCTlHéSZW(!'ﬂﬂ@%n
an al kyl group, etc. The pre-treatnent steps(s) and/or the
cappi ng reaction descri bed above can take place in one treatnent
chanber or a series of several treatnent chanbers. In a preferred
enbodi nent, the silane conpounds can be horizontally networked in the
presence of water and optionally a Lewi s base am ne through
condensati on reactions that occur between adjacent Si-OH groups.
These adj acent Si-OH groups are rendered from hydrol ysis of residual
al koxy groups on the capping agents that have becone surface bound as
part of the capping Tmaeﬁdtlﬁﬁsch%krteﬁbﬂﬁh'm Wi siland Jsmmbmmdzezmttﬁlsurface of the

net wor ki ng ca crea ed | e c the ne t st

when a singl er}éggﬁ'*?“‘gq Su"tfeé H’a‘ﬁ)‘é@e{gﬁ gaﬂé“?'@a?& d%ﬁc&ké&@
group on an acfbaﬁenhlyﬁamnadaeﬂiahameuthmb,\ss baze hﬁﬂmsaﬂat i}Eﬁlmfdébtﬂglth n-PTMS
bet ween adj ace

ns r ef er abl curs in a step
subsequent t o %‘ rlfé:g (fi%éﬁ?cé’ﬁ?%%{hov hd cappi ng steps. The
hori zont al snet vvor Ki rR) ahéﬂb/@éﬁl(ada' dsseribe tht harfontL) Mprwoikiag dasribed d6bve by
e o S R P Yl BRSBTS o
groups foll ommyumnmmlmmﬁcl&m&ﬂ ledsoorsofihondthioRy gidapeon ik a
R & NIRRT CRE A R CTm—
un- hydr ol yzed paddupingsndthanes as dby-pradinedensat | on reacti on again
produces ]Igt he corr T E?ggi?ﬁg 2%8 QEE‘JH gar%ug'fob Ea cal’.'l:l?ytlc intermediary with the
Lewis base amine in the same manner as described above such that the catalytic
intermediary reacts with an adjacent methoxy group in a horizontal networking step
forming an -Si-O-Si- bond linking the adjacent silane compounds. This horizontal
networking step also generates methanol as a by-product.

15 Therefore, the silane compounds can be horizontally networked to form a
2-dimensional structure. The horizontally networked capped silane compounds
forms a rigid 3-dimensional structure that not only restores the k-value of the LKD
material but aiso restores the mechanical strength of the LKD material.

In another embodiment, a process of repairing a plasma etched low-k

20  dielectric material having surface-bound Si-OH groups is disclosed, wherein this
process includes exposing at least one surface of the dielectric material to a Lewis
base amine, a silane capping agent, and SCCQ,. Hydrogen bonds are formed
between the Lewis base amine and surface-bound Si-OH groups and the silane
capping agent reacts with the hydrogen bonded Si-OH groups to form silane

25  compounds (see A) of FIG. 2). Optionally, horizontally networked silane
compounds can be formed in the presence of water or a Lewis base amine as
described above (see B) and C) of FIG. 2).

In another—embodiment, organic acids can be used to catalyze the reaction
between water and substantially most of the residual alkoxy groups remaining on the

30 capped and/or horizontally networked LKD materials. In this embodiment, organic
acids catalyze a hydrolytic reaction between water and the residual altkoxy groups as
shown in A) of FIG. 3 such that Si-OH groups are produced as shown in B) of FIG.
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When using a supercritical fluid, water can be introduced into the
treatment chanber in any suitable manner such as by (i) using SCCO2
wherein the grade of carbon dioxide used is a beverage grade carbon
di oxi de whPOrPOP8¥P4tdes about 0.01 wt % to about 0.10 wt BCTARONHLESS
preferably a noisture content of about 0.07 wt% 20 and/or (ii)
injecting about 0.01 wt%to about 0.10 wt% water, and nore preferably
about 0.07 wt% water into reaction vessel where (c) is occurring.

Al ternatively, the water can be obtained fromthe dielectric material
itself either by atnospheric adsorption or a pre-conditioning step.
Once the water is introeduced into the treatnent chanber, the water
reacts 25 with at | east one al koxy group on the silane conpounds
converting the al koxy group into an Si-OCH group while form ng al cohol
as a by- produd .SiXbi ghbupSidf adjacent finesompamida by then coidenseadd foryn the t h
the Lewi s base am in the sa manner .as descri bed 0V, uch that
the catal yti c%"ﬁ?‘é&%&ﬁ?‘ﬁ?% qsgcg”@?g RFERNd 7S g}ﬂ“&b‘é‘n@ a&d@&ﬁééoﬁp ina
hori zontal networ ki Mthesirggnid aviditancteanplidl toChSLKTBMafacinitinlai seKalfashidiein
adj acent sila ounds...Thi s horizontal ne rki tep als

gener at es al cﬁggg}g}eéﬂﬁyglﬁ?oﬁ’%&gd capping step. ﬁ% $8iﬁ8ﬁ%§8l1‘§%€atl’egr
form ng si banevitoihporgadi i, tHed 1SN nisddarial o4n bdEndedBiteS@COpdmm IRaRd (o
shown in A) of, Fl 2. .wherei ug f - bound Si-OH groups form

catal ytic int é‘{'ﬁ%?{"a‘i";’@%‘“sﬁﬁ’?%&ﬁ ﬁ‘éagea%g“%?m nes that in turn react

Wi th n-PTMS to for mTheergnicaacéiscampe usedsn @se suitibonsieiperceathgasah SCER),
and C of FIG escr.ibe the horizontal t wor ki n scri.bed . above
by us) ng. n- PTIEAE HARE Gaiibentof Ry B IREmeRIaRl BifRi
2 the silane domp@OhdslOBact wth water such that at | east one of the
met hoxy grQups on t | il conmp e hydr zed
converted 1|8nt 0 an S%&gg%a?gcﬁagldvﬁf] Ib§g§¥8r S%Iriaggdrsrheat%hnénaog %g%'}é’t%abg&%’
by- product. 1@iore BeferhibliFuGto bdubd, £Bid-nBkit greferpbliy mprte abow dt al yti c

intermediary with t ' ] [ . ..
descri bed above suc Eﬂf h%ﬁh%@%@%%ﬁ#é%‘%%ﬁr@%?ﬁ Q@%@P gﬁﬁaﬁeﬁcgﬁd’
adj acent net haxfjuagearatic aqid dribldoicacaticakidpeitnivozdid, vghes thalfy fabogenatgd an
-Si-0O Si- bond, Linki ' Iyl C ' orizent al
et vor ki ng. ot By e etrafaiRER,, B NG ARINRIRS 1ol B EREE
t he sil ané5 corpbodithent glre drgarioadid ozt bd bspd neaneqicods sadutiam m a

2-di mensi onal struc . i .

conmpounds fornms a r?&g{egséégf %Eﬁgsi%%a tglig%%ﬁ%%her@gﬁt% ﬁ&e%ﬁgﬁ?ﬁﬁ%mﬁn
restores the kawlagekbytheorganickpidtegatment! th Si-QH gwupeesindreawnddénsed forming
mechani cal st rgpgtd). AlxdepEvikigtymaterial . I'n anot her enbodi ment, a
process of repairing a a%l asma et ched | owk 20dielectric mat eri al

havi ng surf ace- boundhsLK&-matepaldysyatly @ 8 ddves evllaygw en @isamidenductor wafer)

20  having the Si-OH groups are placed on a bake or hot plate for about 5 seconds to

oy

about 5 minutes at a temperature of from about 100° to about 350° C, and more
preferably for about 30 seconds to about 60 seconds at a temperature of about 175°
C to about 300° C. The heat treatment condenses any Si-OH groups by removing
water so as to form -8i-O-Si bonds.

25 In another embodiment, the Si-OH groups can be condensed to form -Si-O-
Si- bonds while producing water as a by-product in a dense gas environment, such as
in SCCO,.

The fina! treated LKD material is substantially free of surface-bound Si-OH
groups due to the capping treatment (see A) of FIG. 2), can be horizontally

30 networked to formn -Si-O-Si bonds (see 2) of FIG. 2), and is substantially free of
residual alkoxy groups (see A) and B) of FIG. 3).
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process includes exposing at | east one surface of the dielectric
material to a Lewis base am ne, a silane capping agent, and SCCQ2.
Hydr ogen bonds are fornmed between the Lewis base am ne and

sur f ace- boPRIG VBB gr oups and the sil ane cappi ng agent PGEERPE/URH4H

t he hydrogen bonded Si-OH groups to formsilane 25 conpounds (see A)
of FIG 2). Optionally, horizontally networked silane conmpounds can
be formed in the presence of water or a Lewi s base am ne as described
above (see B) and C) of FIG 2). : I n anot her enbodi nent,
organi c acids can be used to catal yze the reaction between water and
substantially nost of the residual al koxy groups remai ning on the 30
capped and/or horizontally networked LKD materials. In this

enbodi ment, organic acids catalyze a hydrolytic reaction between .
wat er and t he resi dublie agkoxycid treatpenbsandeaamiedoufdn thé sdrhéor stpamateh
that Si-OH grou are, produced. as shown in B) of FIG,.13 3. S -CH
groups of adj at((,ée%i'f'e ticpgrﬂ ergsgﬁ%gﬁﬁagplgg gnc[ %ﬂ%’ﬂ%l}%ﬁggﬁng % r %t he
hori zont al netavndénsdbsrcofl 3i€dH ghape rancvias wateousa bypr&Jucandy By dohe il the
3. The organj.c.acid.can be applied to t LKD . material in a
Serial tashi o PHoasRBtd et PenS; AP bl bk ple SRR 5 S
After the ISKD dmatnbei(s)l is treated 5 with the organic acid, the LKD
material can be rinsgd.w §E§¥ heated to drive e _condensation
of the Si-OH gr oups.ﬁs d:%uts&d%]e d%’r'g]egjr(ﬁbgseg ﬁ‘%’snoélgwdﬁc@‘ygggsﬁs ?{Cié?ﬁ'ﬂ}s et}
sui t abl e nol e kimsticellyt erdescd the SGE0Preactim teeweeandjioxgsifanesmmbaunfac& bouind Ki-
about 5% and r ef | ratj. fr 5 to 1.0% 10The
organic acid c(g\%r% %ﬁé’nai%éﬁggﬁ'} iéfbdg})(lggrﬁg\%?‘)ﬁ(ge e{) yp%?" So(Pq)lf?)c ol ]gﬂ? 7,
nmor e pref er ablGoupjing & galtsEonkectinglAcrosst Bpmdamesdpage U ), vathabothe hydrolyisis
or gani ¢ aglyds - I ed .f rOuR . C | St ng, of et

acid, tri fCl Puorsoe%(r:hé%%?:égglgg‘%e ‘g'rd i%ﬁ%ﬁ%ﬁlggtlf ?% z’asmeg,ggeglh}errlglc? oz;(:vléj}1 ?fr ff(l)lﬁ H%Fhe
ful Iy hal ogenaapping reaptaor, itheir¢by Ifmitiog dreaineahsisteakies visding #roah peorihouddity
conbi nations thergof. In a preferred 15 enbodi nent, the organic acid

can be used as an aqueous sol ution.
In addition to increased capping efficiency (i.e., as at least an order of

magnitude increase), lower temperature requirements for the Lewis base catalyst

15 induced capping reaction results in a higher fluid density and better transport
properties of the SCCO; thereby contributing to the increased reaction rate and
improved repair in nano-porous LKD materials versus vapor or liquid phas;e repair
processes. '

The Lewis base amine catalyst induced capping reaction as described above

20  preferably provides a) more complete and consistent repair of the LKD material, b)
lower temperature repair resulting in lower pressures needed for the treatment
process involving SCCO3, ¢} minimizes the necessity of ' moisture control, and/or d)
a faster repair process compared to the hydrolytic reaction discussed above (shown
in FIG. 1).

25 One of the advantages of using SCCO;, in the above-described
embodiments is that the capping reaction can occur in the presence of SCCO,.
Therefore, both the Lewis base amines and the silane capping agents can be applied
simultaneously to the LKD material in SCCO..

Although SCCOs; is the preferred supercritical solvent in the embodiments

30  described above, any other suitable supercritical solvent can be used to perform the
same functions as the SCCO;. Other supercritical solvents that can be used in the

embodiments described above include any solvent that is in supercritical form and

15



After Si-CH groups are obtained as a result of the hydrolytic
reaction catalyzed by the organic acid treatnent, the Si-OH groups
can be condensed formng -Si-OSi- |inkages via heat. The LKD

material (WORPIYP24S a [ayer or layers on a seni conduct RFT/RPEHI445DH
having the Si-OH groups are placed on a bake or hot plate for about 5
seconds to about 5 mnutes at a tenperature of from about 100 to
about 350 C, and nore preferably for about 30 seconds to about 60
seconds at a tenperature of about 175 C to about 300 C. The heat
treat ment condenses any Si-COH groups by renoving water so as to form
-Si-OSi bonds. 251 n another enbodi nent, the Si-OH groups can be .
condensed to form-Si-0- Si- bonds while producing water as a
by-product in a dense gas environnment, such as in SCCQ2. The
final treated daKPenataty thalpores of LK materials) Prefereblyothe superaritizabsmiveat is

Si - OH groups . apping treatnent (see A) of FIG 2), can be
hori zontal |y %@%@?*BPE‘@%%@TT orm-Si-0OSi bonds (see 2) of FIG 2),
and i s substanti al | ynfoneembbdimesi, thegioiw|of irplegpentapen (Ethe abyveadedcridedof

FIG 3). . ' | d 3 ' '
1 2o or 5 S5EPE IRRSPRANG ARheh IO TR AL SR, o
hor i zont al Snetupstréamngf wmtepbarrifirdeponhcemsht poductionIEICH gr oups

Chanber Jor on o nearHoabI B e dEng b\l SHASK Sibichfill: Jiudle

5chanber (s). process. .As di scussed above, weak-bases (La, non-hydroxyl

bot ween al Koxysi | anere saqPrihfinataBaA0Ean diFpcRE Helitl BEdebtan be any

FIG 4 (data graditiogeldy wd_@aui?mem:fomioghmaéf_zf'p@mﬁeg Solopkian tieAguipment

Connect 0% (OSBRI BB ) 50 PO B s 1

wat er during té1E28ps:Adp. 14k end 64436,.0Mbhetpyn Incaiporated bheeference.

e 0L o oSNl R0 M AT sl s

of magnit ude idiedecsmagmpteripls\haying swizoesound sijanqligtoupeeandefpsrforthed dnsiream

base catal yst o gownstream of various wafer processing steps.

15 For example, plasma etching of the low-k dielectric material can be
performed in various types of plasma reactors using various types of etch gas
cherhistries. See, for example, commonly assigned U.S. Patent Nos. 6,893,969 titled
"Use of ammonia for etching organic low-k dielectrics", 6,841,483 titled "Unique
process chemistry for etching organic low-k materials”, 6,620,733 titled "Use of

20  hydrocarbon addition for the elimination of micromasking during etching of organic
low-k dielectrics”, and 6,337,277 titled "Clean chemistry low-k organic polymer
etch®. See also U.S. Patent No. 6,909,195 titled "Trench etch process for low k
dielectrics" and U.S. Pre-Grant Patent Publication No. 2005/0026430 titled
"Selective etching of carbon-doped low-k dielectrics” for an exemplary description

25  of the plasma etching process,

Subsequent to the plasma etching of the low-k dielectric material,
photoresist ashing can be performed in various types of plasma chambers using
various photoresist stripping gas chemistries. The photoresist ashing process is
often referred to as a "dry" "cleaning" step. See, for example, commonly assigned

30 U.S. Patent Nos. 6,949,411 titled "Method for post-etch and strip residue removal on
coral ﬁlm_s" and 6,777,344 titled "Post-etch photoresist strip with O, and NH; for
organosilicate glass low-K dielectric etc_:h applications”. See also U.S. Pre-Grant
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15i nduced capping reaction results in a higher fluid density and
better transport properties of the SCCO2 thereby contributing to the
I ncreased reaction rate and inproved repair in nano-porous LKD

mat eri al s VE2RWPROR4Por or 1iquid phase repair processestCHPBUQTAIFSS
base am ne catal yst induced capping reaction as described above 20
preferably provides a) nore conplete and consistent repair of the LKD
material, b) lower tenperature repair resulting in | ower pressures
needed for the treatnent process involving SCCO2, c¢) mnin zes the
necessity of noisture control, and/or d) a faster repair process
conpared to the hydrolytic reaction discussed above (shown in FIG
1). 250ne of the advantages of using SCCOQ2 in the above-descri bed
enbodi ments is that the capping reaction can occur in the presence of
SCC2. Ther ef Maezpt PalivatibeNoe2005/023085 latidede Plaznd prduessing mathodapdi ng

agents can be applied sinmultanequsl h ¢ erial .in .
At hough. ScousPpRabReai U, PRBH NG, gladsried My "EuinK poftvipshieh leaning
enbodi ment s 3C@nedkatfor bddmadzeneproasiy” fira exatplhsideecriptivarotthd phoddresist
sol vent can be used to performthe sanme functions as the SCCO2. O her
supercritical *SYP&BIEESt hat can be used in the enbodi nents descri bed
above incl ade any s® genetal tlrahing prdcssdap ® peifdrnted upboédin anNithe [O@k

penetrate the res of LKD materials. Preferabl the s [ t]gal
Solvent i s SUBSKTSHTT PPy PRRSRSS, SRy for example, Sommelly aeaeneh - Paipt None
poi nt of i npl éRIF2a8itisled tMetHod aalh apperates for cleading dpp Kndjelectoicaas astatan
be down-stream qf dielegtric.etch, ,post-etch ni.ng,,.a ,
5upst ream of NEtal " fg‘fcls ie eed%??oégt Fgcﬁafar‘??{a ﬂ&"@t‘%ﬁfﬂf’t"g%&gﬂ 6?’@%793§I]1e
above- descr i beidepidetnd faaiedningoaicresttcord”’ aad UsS Hanglh dloneps?,407 tikat ch
process. 4

above- descr i be%ebhﬁggogggg}éiﬁg% B’té’pé%??tofoﬁlgg‘? ‘?'i%odjﬁlgﬁjay"%ag%%’% % iR erglary
si ngl e waf er descipten offthe genavziglamsirigheo®@sli pnent :
A barrier layer deposition process can be performed downstream of the
low-k dielectric repair process. See, for example, U.S. Pre-Grant Patent Publication
No. 2006/0102895 titled "Precursor compositions for forming tantalum-containing
15  films, and tantalum-containing barrier films and copper-metallized semiconductor
device structures" and U.S. Patent No. 7,049,226 titled "Integration of ALD
tantalum nitride for copper metallization" for an exemplary description of the barrier
layer deposition process.
Various combinations of the upstream and downstream processes can be
20  performed in addition to the above-described processes for repairing a plasma etched

low-k dielectric material having surface-bound silanol groups.

EXAMPLES
Further to the discussion above, silicon wafers containing patterned

25  dielectric layers composed of porous low-k films are cleaved and a series of wafer
coupons are subjected to various treatment processes. Prior to cleaving .into dies, the
wafers are pattemed using standard Reactive Ion Etch ("RIE") processes which
plasma etch features into the wafers through a pattern of openings in photoresists
coated onto the dielectric layers. After patterning, remaining photoresists are

30 removed using an oxygen containing plasma or by fluid based processes. The RIE
and plasma strip processes chemically change the dielectric layer in close proximity
to the patterned areas causing an undesirable increase in dielectric value. This
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10 can withstand supercritical conditions. See, for exanple, U.S.

Pat ent Nos. 6,561, 220, 6, 736, 149, and 6, 486,078, herein incorporated
by reference. Further, the above-described processes for
repai ri ng WOKWPtEhed | ow k dielectric materials havi Bf¢f/US2007/014435
surface-bound silanol groups can be performed upstream or downstream
of various wafer processing steps. 15For exanple, plasma etching of
the lowk dielectric material can be perfornmed in various types of

pl asma reactors using various types of etch gas chenistries. See, for
exanpl e, commonly assigned U. S. Patent Nos. 6,893,969 titled "Use of
ammoni a for etching organic lowk dielectrics", 6,841,483 titled

"Uni que process chemstry for etching organic lowk material s",
6,620,733 titled "Use of 20 hydrocarbon addition for the elimnation
of m cromaski Qﬁnﬁg aﬁocar?fel?ﬁngfha%ﬂadgb&ti P& fifth ﬁﬁ@ﬁégfa'h@& imPad
6,337,277 titled "Clean chem stry | ow k organi c pol yner etcﬁ See

al so U.S. Pat éHbseupentgnasgdayenss tit| ed "Trench etch process for |ow k
di el ectrics’ and U SheRiseQapbndiabe i PRk bRk bAPISORBGA ity
titled "Sel ective etching of carbon-doped |lowk dielectrics" for an
exenpl ary desdf§yicalda opsanothete pl asma et ching process. Subsequent to
the plasmasetching of the lowk dielectric material, photoresist

ashing can be oerforned in varlous t Des of clasna chanbers u5|ng_
various phot ord8mpte ars lgsma Etch Dama ow=kdielactricwith Supercgtic

process is ofmdtpea;@gg%férq;o m dry" "cleanl ng" step. See, for
exanpl e, commonly assi gned 30 Ej Pat ent Nos 9,411 titled
"Met hod for post-et &uwgﬁacg‘tﬂqnﬂvﬁsé’éﬁcﬂﬁé“?mvﬁﬁe de7iafl tg 2honE 16054y
6,777,344 tit |fﬂiéd"vﬁﬂﬁﬁvo€ﬂlﬁﬂnﬂh@tﬂmﬁ8bﬁﬂet§i mbﬁnauotnbleOQham} Npisfudé gauge,

organosi licate gl ass. | ow e ectr etch ap ons” e als

0 223 o e anand eskotitelialier e foitol A TRpRRIE 964 P EEMSPy aiiged t
pr OIC Ies S id ng rretﬂtmbsed’ldo ap&@f@& gfaboat Wirf;a;s ]:rl?ahmdrahle of ﬁJ&&\BS RSCCOQ Iwad
"Fully ry pos t cl eanin t ho or a.da sce ess”

an - exerpl ary QRHORE T e e B abRe erutnaRionay Earmseius ang pressure for
genfar al cl eanlaB@.lt[ﬂ)Qﬁﬁ&&s Caﬂ)stmlnfpﬂy ﬁmrmtomagtmmd&mugmmd f the
ielectric rep ces See or ex nmo S ned U. S
patent Mo 6. Dot A EETRRiase it ot e Baribh sty udl BabA reskBty
dielectrias anqlrdmlralwawmiaﬁﬂta;aud f Aftesdbouties (H)) MidhdhumPerelangsiiofPat ent
Publ i cati on 5{,0279 "Met h or .cl.ean

m crostructur 8 ub i"ﬁg' ‘f%ureg%tjcéﬂﬁﬁ\g wag cﬂ'gl?l%g;i’g‘ 1“88 Oigg'clgét%&m@\‘md
cl eaning a copp@tb/ep.cesscehwat mdeddu&lentdaamphmcedonbihohmrTbmtrmmmvhmry
description of the ener

doposi i on or 6Res EEATEEaninBRed GRS Hhasnied rovpga CinHalgSimpRY Here
dielectric reﬁwmrplqneda:resst% ﬁaequsﬂﬂ? scﬂumrpﬁoeﬁo kbcBndPrafichrambvRathent

Publ i cati g5 otfﬁ%%@!epel‘%?égd?at&l' einSbh with GEXSRLL FBIR k! Ons for -

formng tanta cont
After drymg, each coupon was cut across its cross-section and analyzed

using an SEM. Trenches about 250-nm in width were measured for undercutting
from the HF acid etch on each coupon. On average, the untreated samples were
measured to have about 50-nm of undercutting. On average, the repaired samples

25  showed an undercut value of about 10-nm. For evaluative purposes this indicates
that the repaired sample was at least about 80% repaired.

FIG. 5 shows on the top an SEM image of about 250-nm trench with etch
back undercutting from HF etching of an untreated plasma damaged dielectric, and
on the bottom an SEM image of repaired dielectric having reduced HF undercut due

30 to the HF etching,
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15films, and tantalumcontaining barrier filns and copper-netallized
sem conduct or device structures" and U S. Patent No. 7,049, 226 titled
"Integration of ALD tantalumnitride for copper netallization"” for an
exenpl ary WOKP8P443n of the barrier |ayer deposition pHIEERe7/014435
Vari ous conbi nati ons of the upstream and downstream processes can be
20 perforned in addition to the above-descri bed processes for
repairing a plasma etched lowk dielectric material having
surface-bound silanol groups. EXAMPLES Further to the discussion
above, silicon wafers containing patterned 25 dielectric |ayers
conposed of porous lowk filnms are cleaved and a series of wafer
coupons are subjected to various treatnent processes. Prior to

cl eaving into dies, the vvafers are patterned usi ng standard Reactive
lon Etch ("Rl ExXampie el diRepaiePrjgefseat ures into the wafers
t hrough a atterno h a

di el eg tri Cpl ayers. ?g@%hgga? tllcQteR Qa%cﬁgédsib%vg nnlti) agrlgpeg 1 thow%vcr g%er
renoved usi ng additionp§ 86C&3 mnaanWS,phasamplc r»vabynl[ylhstldjatbhte;emperature and
B oFeer e | npeih e el 80 ahA bl 96 RA3 SRS 1 1ok B
dielectric layer 1n close prox Her areas causing an
undesi rabl & i Hdftaameingnas dcghbect abowevaﬂhl;elrc SﬁC@z, tuasmgde way eehebwith

af fect mechani e

subsequent mora i g weight abliyp Hr o dRABHES YepbfiRAReatcd coupon.
Exanpl es descrl bed lﬁeﬂammaapeasdlb@amrmaﬂby SE}E mdicateld anaverage anderhrar
S Exanpl e 1. 'o&“ Q%t@b%%r eclnmfégféﬁ%gpdn%‘%‘éb&ﬁﬂﬁﬁ#. Forihd4rbdled
Supercriti caI '3 Process wa coupon was
placed in a prcegmmrledmetswedn dvemtlledpatloo%gut%fz@o Cfitted wuth t wo
fluid inlgys, a fluid outlet, a thermocouple, a heater, a pressure
gauge, 10 and assom at ed vaI ves and control s. A mxture of SCCO2 and
n- PTM5 was addixa se St amered bowtk Dirdedivie witlThe

nmol e ratio of sﬂgflhﬁ:atl?lm % about 0 05. The vessel was hel d at
t he af orenentione enperaturé and pressure for about 60 m nutes.
Substantial |y pure SOFHR: coupen (s plaged B PrRYSYIRGYESTRh and thepressyrg|vesssl was

\3@ In IS teaﬁ 't mul t apeRbSiYaboRIP 1Y A hHk@lrd m&édazeaﬁa%tﬁy] AHOB Wal3lidéd to the

pressure vessel and the pressure was adjusted to about 175 bars. The mole fraction
of the triethyl amine to SCCQ; was about 0.03. After holding the vessel at the
aforementioned pressure and temperature for about 2 minutes, the vessel was
flushed with pure SCCO; to remove the triethyl amine while maintaining the
pressure at about 175 bars. After sufficient fluid turn-over to ensure free amine

20  removal, n-PTMS was added to the pressure vessel at a mole ratio of about 0.05 to
SCCO;. The vessel was maintained at the aforementioned temperature and pressure
for about 10 minutes after which it was again rinsed with ptlre SCCO; while
maintaining pressure at about 175 bars. The treated wafer coupon was removed
from the vented pressure vessel.

25 The treated coupon and an identical untreated coupon were etched in about
a 1% by weight aqueous HF solution for about 60 seconds. After drying, the
samples were analyzed by SEM. The untreated coupon had an average undercut
value of 50-nm and the treated coupon had an average undercut value of 27-nm. For
evaluative purposes this indicated a repair of at least about 50%.

30
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15 pressure was maintai ned. After about ten (10) fluid vol une
exchanges of substantially pure SCCO2 fluid was conpl ete, the
addition of SCCO2 was stopped and the vessel was allowed to vent to
at nospher i ¥O&3M02H8ns. The treated wafer coupon (repai HEAUSZAMIIENSS
and an identical untreated coupon (untreated sanple) were then placed
in a 1% aqueous HF solution for 60 seconds. After renoval, the 20
coupons were immedi ately rinsed with de-ionized ("D ") water.

After drying, each coupon was cut across its cross-section and

anal yzed using an SEM Trenches about 250-nmin wi dth were neasured
for undercutting fromthe HF acid etch on each coupon. On average,
the untreated sanples were neasured to have about 50-nm of
undercutting. On average, the repaired sanples 25 showed an under cut
val ue of aboutExdinpiet: Baid-Busk Ceadlyxed Repair@f Bschiafiaded diovak Brieledirit withe

repaired sanplg was. at, I;Ie abaut 80% repai red. FIG 5 shows
on the top an i%%e—%@é%%’é%—%o nmtrench with etch back
undercutting from Hﬁamwmgpﬁwmplmﬁrmapmismh&mal d&mtgepbn was pre-
dielectric, e oman 0 ectric
havi ng reduce&"ﬁ%’ Jéi%f"&e 3{Té"33’5§5§q ﬁa'g’i‘e-tﬁ‘—a L? ie"ﬁj' Y 8 pse yithy

Dependence 50f fhee8CCORr okfashe pre-treatmehit andifioge St@s tbe eaipad vas treated with

descri bed above dition o

e o AP0 VELS, o b3 Ve R RY b RE e R, B,
about 160 C argupdrowhs theéb troated with St dowalining hlssut albmall addunt oflat 5846 b
After rinsing as (desc Qve h . Was

St ched wth SniaetSREbld SPidindh Al i ind Frer, Y TR AR o the
separate untr eaﬁakdcahu;smcoz was about (X nThratoupon svasltromed with Mcicbmb&ﬁim
i ndi cat ed t for t nt d
coupon an abou'tegb}%?%%n?&%ﬁ]owgb Hg{' g%ng%ﬁg Héslqﬁ F’F\eg&g%tjbv‘érﬁ ki
repair of abouteaRd%ougdn Ea(sampioeechrorBahevdB@ctcbmyssanb \Rewm the wéatést cxhxpon and
paraged Low k D BlREklinfrobloh BourBHRERE LR LR b th B QuG83 aihoys e

A waf er coupon was ressure vess
vessel was heapblciomﬁorabouttﬁolmr@s Afer sitying: theftre8@0@Rd anttedted edupphs were

; dd t

e i G i
to SCC2 Wis ablygtof @b@g 50AM end the trdatad coupeni\had se hvexege trglercut valuc ot‘ about
af orement i oneqoQleSpyr eﬁraﬂu’%ﬂv& @.@%&:@Hﬁ Salfeadentis . &M%Utl[a%%ut §d3%8

vessel was flushed wt to renove t am ne whil e
mai nt ai ni ng t he Tt was ctermmed that the above descnbed treated coupon reached a repair

~ level of at least about 80% in about one-third the time required for the at least about
80% repair using the method described above in Example 1.
20
Example 5: Rapid Repair of Etch Damaged I ow-k Dielectric with Catalyzed

Supereritical Carbon Dioxide.
A silicon wafer containing a patterned dielectric layer composed of a

porous low-k film was placed in a pressure vessel designed for processing the wafer

25  in supercritical fluid. The wafer was exposed to a series of supercritical fluid
mixtures for a period of about 1 minute each for each fluid mixture. Each exposure
was followed by a rinse with substantially pure SCCO; at static pressure for about 1
minute. The first fluid mixture was triethyl amine in SCCO, followed by n-PTMS
in SCCO;, and then trifluoroacetic acid in SCCO,. After the final rinse with SCCO,

30  the vessel was vented and the wafer was removed and placed on a hotplate at about
275° C for about 2 minutes.

20



pressure at about 175 bars. After sufficient fluid turn-over to
ensure free amne 20 renoval, n-PTM5 was added to the pressure vessel
at a nole ratio of about 0.05 to SCCO2. The vessel was naintai ned at
the af or em® 3 W&E 4B enperat ure and pressure for about RFHYRA7EL4435
after which it was again rinsed with pure SCCO2 whil e mai ntaini ng
pressure at about 175 bars. The treated wafer coupon was renoved from
the vented pressure vessel. 25The treated coupon and an identi cal
untreated coupon were etched in about a 1% by wei ght aqueous HF
solution for about 60 seconds. After drying, the sanples were

anal yzed by SEM The untreated coupon had an average undercut val ue
of 50-nm and the treated coupon had an average undercut val ue of
27-nm For evaluative purposes this indicated a repair of at |east
about 50% 30 Exanyite répaidivkfBiass tﬁ?athhyaqﬂoaemland@ivalﬁ‘atehuaagaged

Low-k Dielectric w ercritical, Fluid Prqoc
waf er coupon v%es‘:trb‘fajigaé néj Poge %Ssththr'Wé'gg@f%efﬁé %‘gﬁﬁﬁlﬂe%@e repa‘red
pretreated W tfilm wassdomplarabie toethé ﬂleﬁéﬂa&aflmrofaheu-tet&edf Mviita@d nbablydveer

by a rinse wit nd_.rinse
steps, the cod %hthglgée?"tcﬁéaY%%ﬂ ‘%tat%mﬂartlg"r c‘fsﬁe F‘?E’B{-ﬁ,t 5
m nutes folsl oned by All ofnhsebwetrherﬁﬁﬁﬁ&retﬂ'rhﬂcesatqdmnexmot—ﬁmmed by edferdnce

with SCCO2 containin sal | Ty

of 1111 uor ot At ey ® e Byhd Brrenaltbn o at et DU e ik ©
weak acid to sﬁﬂ:ﬁmhmﬂmlb’bndltated &ﬂ_be iﬁb@pmtqddnramby tefaahedin\iistehtitehe
acid mxture 10 for fol Lowe

substantially pure @%‘Zﬁ'c ‘fegr htc‘r:%g 6 g%%%“%ﬁquﬁgg&rtg r&eﬁeqrom
t he vent ed pr esdodanents g to ummdbmemﬂehhtwauthS amﬂrrmdnﬁodemﬂ ro@t be

unt reat ed ,gou e et % igh gueous HE

sol ution fgr a Sggmg&bass“é@%eaagpar,&?tttgl{ho ?%ﬁﬁ?ﬁtﬁgaﬁrggﬁv TS and
unt reat ed coupwkficatioes @n b Y echsiiecbdrveitisn theghuoyieBahll sddpe odl‘ tieriaedngidn as
coupon had an I of about 50-nm and t he
treated coupoﬁgﬁﬁﬂﬁthgggﬁg%%;peﬁé&%u val ue of about 10-nm For
eval uative purposes this indicated a repair of at |east about 80%
It was determ ned that the above described treated coupon reached a
repair |evel of at |east about -80%in about one-third the tine

required for the at |east about 80% repair using the nethod described
above in Exanple 1. 20

21



Exanpl e 5: Rapid Repair of Etch Danmaged Lowk Dielectric with
Cat al yzed Supercritical Carbon Di oxi de. A silicon wafer
containing a patterned dielectric |ayer conposed of a porous |owKk
filmwas placed in a pressure vessel designed for processing the

waf er 25in supercritical fluid. The wafer was exposed to a series of
supercritical fluid mxtures for a period of about 1 mnute each for
each fluid m xture. Each exposure was followed by a rinse with
substantially pure SCCO2 at static pressure for about | mnute. The
first fluidWHAMISCCRWABMEDiISt hyl amine in SCC2 followed by n-PTMS in
SCC2 and then trifluoroacetic acid in SCCO2. After the final rinse
with SCCO2 30 the vessel was vented and the wafer was renoved and

pl aced on a hot pllat e Atpredessudf RpairiGp faoplasataoetthed lowrkutiekctric material having
The repaired urt her ﬁ#ocessed and eval uat ed using

el ectri cal f@éceﬁamﬁﬁﬁéﬁ)ﬁFEB&an@@? nmine that the dielectric val ue

of the repaired {a)kzposiag aclemoa&@ﬁh@cddf tlﬁd’tﬁcléﬁtlfﬁd ﬁ@t’éflﬁl(lo ¥ 3hthlgst@b adito form
vaI e of

non-etched fil m an t r than th e r| a
o Par et e ot Bdiden, B Frdd tnt e SufthE e sHhq Sordips hereby
above- ment i ebRhingef AfaBAiceRelediaRgr ei n |ncorporated by reference in

i i ref erence was

their entirety tapthe,sage tent as tﬁach i ndi vi dual

speci fical ly and® Hafined %ﬂ]ei}c‘irﬁdiwé%ﬁaéﬂ“ 3 Sjans Fepirp deat eeFhrbatdha silgge
reference i Rajpify efdnt r@dcks- with the cataMhit | iRtetrRRidr WBD LA Bﬁ%c@-ﬁ%d silane
described with reference to preferred enbodi nents, it is

under st ood ©CPEPOUWAES: 284 | ons and nodi ficati ons nmay be 10resorted to as

wi |1 be apparent ch Qathdse ealioht 8oty erbil} natﬁ surfab& Bouvid sl CQB otﬁa'ag?f (b)

nodi fications are to be considered wthin € purview an pe o
t he inventi ghthaeteds fqii@dﬂ ianql psovpy ahwnaﬁpéwa@uquérlefommed bmqenl aSatalyst

CLAI MED 1S ahg Ands# }cﬁfg foeBﬁt'a | 0ot i A Bm i egncl Qa‘/ife%% bl CRhIVE
mat eri al havi ng sur und SI ano roups, coO
intermediary reacts with an adjacent alkoxy group on the surface-bound silane compounds

of (b) forming a horizontal network between adjacent surface-bound silane compounds.

2. The process of Claim 1, wherein the catalyst in {a) and/or (c) is (i) present in

a supercritical solvent, and/or (ii) present in a diluent.

3. The process of Claim 2, wherein the diluent is selected from the group
consisting of (i) inert gases, alkanes, ethers, ketones, tetrahydrofuran, and mixtures thereof,

and/or (ii) nitrogen, argon, pentane, hexane, tetrahydrofuran, and mixtures thereof.

4, The process of Claim 1, wherein (i) the catalyst in (a) and/or (c) is a Lewis

base amine, and/or (ii) the catalyst in (c) is an organic acid.

5. The process of Claim 1, wherein (i) the silane capping agent is a mono-, di-,
and/or tri-functional alkoxysilane, (i) the catalyst is ammonia, a secondary amine, a
tertiary amine, and/or combinations thereof, (iii) (a) and/or (b) occur in a non-agqueous

medium.
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(a) exposing at |east one surface of the dielectric material to a
catal yst so as to form hydrogen bonds between the catal yst and the
surface-bound silanol groups thereby obtaining a catalytic
i nternedi ary; (b) treating the dielectric material with a
si |l ane cappi ng agent such that the silane capping agent reacts with
the catalytic internediary and forns surface-bound sil ane conpounds;
and (c) reacting at |east one al koxy group on the surface-bound
sil ane compounds of (b) with water to forma silanol group, wherein a
hydrogen bond i ¢ f or ifedpigessnet@laim ¢awhergis the sifahe chpping dgamch (Yrippresenbin
obtain a Caﬁ&fpé%ht?cai Qﬁxﬁ Jdediary, and wherein the catalytic
internediary reacts Wlt an adj acent al koxy group on the
surface-bound silane conpounds of (b) form ng a horizontal network
bet ween adj acent, sur e- bound ocess
of Claiml, whe?el n {rﬁge PEatHl f%la' ?a)wq‘n%{ﬁ’/ﬁ? ueFreridey] S)"‘“EPES%HP“F%
a supercri twperbnml aaehuin, diddidd/ or (| |) present in a diluent.
The process of Caim2, wherein the diluent is selected fromthe
group consisting of a) inert gases, al kanes, ethers, ketones,
t et r ahydr of ur an 3. andTm YtdeeRSoft olarneqf, WHRFGH e Whtkr) lm(d)r.@gﬁmnearw (l)
pent ane, hexane, [e r ah %r of ur mxtg{les t her eof .
process of EPYFHHcs! cm% PYI9%:i EH’é actaéhoi? oXide hasya mpigies cqnignt P%fr%lm
Lewi s base @gut001 vide{oibohti 0. )0 w198 aﬁ%@duy&ljechﬁ% {r6oh abéut 31D 1 A YABIa6o\R 0110
5. The pr ocess of Claim1l, wherein % the silane capping agent is a
mono-, di -, MEhupiEr intora reacine vesse ayhessl (Rox etride, (H) the catal yst is
ammoni a a secondary amine, a tertiary amne, and/or conbinations
thereof, (iii) (a) and/or (b) occur in a non-aqueous medi um
6. The process &f C ahtwrecesppieflainnl.twieredi (Dhakis omspied dy apsre eiching bf thee s
present in 13, SURBE&HiL Has‘eﬂhn %.9' (f is ceded by phbtorcbRE adHACHSE Bfw e8P
wherein the supercritical $ol ut|o ri'ses supercritica on
di oxi de.  materiag (iilfK® ip preesdsd bbﬁle@nlag the loghk digientricmeatesl, @nd/‘pn(l()dy)iis‘-s
obtained fr ) i r [, QX ks n the carbon
di oxi de hasfgg&((r#glb%’t%%gkggaj %ljeni% @f@gﬁ% lgh/gﬁ(%lggctﬁmg{eg/élto about 0.10
wt% and/or (ii) injecting fromabout 0.01 wt%to about O. 10 wt %
water into a reagtio I (c
process of O ai ?nﬁl M‘E&%Eo \P%b% '%f lasriaegtg%edlogquleleémrrﬁ BEC e EiInmgamB
the | owk méhced‘.tound:sﬁml)l@wlais co(‘nprl);mg &) expz)sqnget:balﬂdneb;urfab@bhheéue&ttnc
2lsgif£|gngf OlE h%ei?]rla?}{\c%\a}v_sdlut onefor%qusmg arr%u[pgrﬂl%ﬁag soév%:} &gaﬁ % pr g)a ﬁl!gne ca¥>pmg
f ol | owed byagantlxarasnerfomyﬁfrogbapmadst baweanthi Iaaallynwfnu thie SUreeé-bowhd silanol
mat eri al . I.QCcess r tched |l o
el ectri c SRPe oy e S cref s FREUHEATE heffor e P neamtE reags
(a) exposi ngittathe bieMs tappity puifitfane €oris stiliRe-do@ldatibid donipaluels] &ld (bPredcting
a catalyst, and a sjlane

sol ution conprisi ng a supercri t| cal

cappi ng agéh nﬁeaét 2 (E50U4R o Hie Y eg’GHBCES'H@f\R%'@HO‘WH%W&Qt%tVStP fogpya
the surfac %115»%@@!»{@9@& aly@y bohhlasrfebﬁ/edcvatvwemh Q8tastGAl ﬂ{eysmhﬁbl group
i ntermedi ary, erein the catalytic internediary reacts with t

si | ane cappP fgtatige Atalig fm%mﬁ@a@fuﬁwdawéer@whﬂ Caéi‘lb’t&-‘n@tf‘d@ﬁ‘bérdrfdé‘“s a’ﬁhi an
(b) reacting _{&@éntlag&fi& 25 %hk@éysu%&%uﬁm shie M&@E&-R@Mﬂ% $1oARRial
conpounds Wi ter'to forma silanol group, wherein a hydrogen bond
is formed Betvsebetacadiacg suriserbewnd sipmeLaBPOYdBUp to obtain a
catalytic internediary, and wherein the catalytic internmediary reacts
wi th an adjacent al koxy group on the surface-bound silane conpounds
formng a horizontal network between adjacent surface-bound sil ane
conmpounds. 11. The process of Caim 10, wherein (i) the
catalyst in (a) and/or (b) is a Lewis base amne, and/or (ii) the
catalyst in (b) is an organic acid.
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12. The process of Claim1l, wherein the Lewis base am ne is ammoni a,
a secondary amne, a tertiary am ne, and/or conbinations thereof.

13. The process of Caim110, wherein (i) the silane capping agent is
a nono-, di- , and/or tri-functional al koxysilane, (ii) the silane
capping agent is selected fromthe group

consi sti ngof n-propyl tri net hoxysi | ane, net hyl tri - nmet hoxysi | ane,

di met hyl di net hoxysi | ane, tri nethyl net hoxysil ane, n-propyl
triethoxysilane, and di nethyl di et hoxysilane, (iii) the solution is in
a non-aqueous nedi-um Thepdgcess of iGlaimt Iifewhargia (i¢ thetcaolbykt i8 ¢dhaadfor (b3 is a Lewis
supercritic - ho [.0Xy . i nrocess of daim 10,
further con%%ﬁeglﬁ’{l{%’ é‘héj?d %R?ﬁgtqgfaé%%%fn (ggéém R}?“‘gr‘“ (g uct . 15. The
process of Claim 10, wherein the water is obtained from (i)

supercritical carbon .di oxide rein the carbagn di pxide .has a .
noi sture cont ent Ho?f fr 8&’8??6%?»@?362 Q/t %hfr&ma{%f]‘[ewés. Eﬁemfge ¥nyrgena 2
(11) 1 nject isetgndaroamiabaLiertitryQinindg, %hd/ar cambinhtidhs iHeraof.% water into a
reaction vessel where the process is occurring. 16. The process
of Claim 10, wherein (i) (a) is preceded by plasm etching of the

| ow-k di el ectriciirat ertegkacedsiof Cidia)l 0] whepdie (PME 6ildp¥ cipdizQipeftiiss masd] dig
of the lowk djelectric na@eriql, &5”2 (@) 1s preceded by cleanjing of
the |ow k dp BIHTcHERad Akarysilafigliiy the(silgye qapying agenbisiseigded fgm dhe group
barrier |ayesns@posi tionfon the,popiifinttkiRkethid, C Mt ehétyltri-methoxysilane,

dimethyldimethoxysilane, trimethylmethoxysilane, n-propyl triethoxysilane, and
dimethyldiethoxysilane, (iii) the solution is in a non-aqueous medium, and/or (iv} the

supercritical solvent is supercritical carbon dioxide.

14, The process of Claim 10, further comprising forming alcohol as a by-

product.

15. The process of Claim 10, wherein the water is obtained from (i) supercritical
carbon dioxide, wherein the carbon dioxide has a moisture content of from about 0.01 wt%
to about 0.10 wt%, and/or (ii) injecting from about 0.01 wt% to about 0.10 wt% water into

a reaction vessel where the process is occurring.

16.  The process of Claim 10, wherein (i) (a) is preceded by plasma etching of
the low-k dielectric material, (ii) (a) is preceded by photoresist ashing of the low-k
dielectric material, (iii) (a) is preceded by cleaning of the low-k dielectric material, and/or

(iv) (b) is followed by a barrier layer deposition on the low-k dielectric material.
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