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< (54) Title: PLASMA CURING PROCESS FOR POROUS LOW-K MATERIALS

&N\ (57) Abstraet: Low dielectric constant porous materials with improved elastic modulus and film hardness. The process of making
such porous materials involves providing a porous dielectric material and plasma curing the porous dielectric material to produce a
plasma cared porous dielectric material. Plasma curing of the porous dielectric material yields a material with improved modulus
and hardness, but with a higher dielectric constant. ‘The improvement in elastic modulus is typically greater than or about 100 %,
. and more typically greater than or about 200 %. The improvement in film hardness is typically greater than or about 50 %. The
porous diclectric material is plasma cured for a time between about 15 and about 120 seconds at 2 iemperature less than about 350
°C. The plasma cured porous dielectric material can optionally be post-plasma treated. The post-plasma treatment of the plasma
cured porous dielectric material reduces the dielectric constant of the material while maintaining an improved elastic modulus and
film hardness as compared to the plasma cured porous dielectric material. The post-plasma treated, plasma cured porous dielectric ~--- -~
material has a dielectric constant between about 1.1 and about 3.5 and an improved elastic modulus and film hardness.
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FOR P@%@gﬂ'@?ﬁicm'ﬂ*gﬂﬁiggeq\t/nf’%?) Abstract: Low dielectric constant porous

maki ng . C such porous materials involves providing a porous dielectric
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dielectric material yiellds a material wth I nproved nodul us and”har dness,
but wi futher redyptionsdn étegratddccirsutt Saature. dimbesibnp r Dheswhatanoe withibei ¢ nodul us
A8t ypio%ls{ deRLARY rnsttaﬁ?ﬁ a?rr(kgpﬁﬂtﬂ%qufo?& porous dielectrics are very

~ promising candidates since they have the potential o provide very low dielectric

constants. Unfortunately, such porous low-k dielectrics typically have the problem of

15  insufficient mechanical strength.
Thin film dielectric coatings on electric devices are known in the art. For
instance, U.S. Patent Nos. 4,749,631 and 4,756,977, to Haluska et al., disclose
silica based coatings produced by applying solutions of silicon alkoxides or hydrogen

silsesquioxane, respectively, to substrates and then heating the coated substrates to
20 atemperature between 200 and 1000°C. The dielectric constant of these coatings is
often too high for certain electronic devices and circuits.

U.S. Patent Nos. 4,847,162 and 4,842,888, to Haluska et al., teach the
formation of nitrided silica coatings by heating hydrogen silsesquioxane resin and

. silicate esters, respectively, to a temperature between 200 and 1000°C in the
25 presence of ammonia.

Glasser et al., Journal of Non-Crystalline Solids, 64 (1984) pp. 209-221,
teaches the formation of céramic coatings by heating tetraethoxysilane in the
presence of ammonia. This reference teaches the use of anhydrous ammonia and
that the resulting silica coatings are nifrided. '

30 U.S. Patent No. 4,636,440, to Jada, discloses a method of reducing the
drying time for a sol-gel coated substrate comprising exposing the substrate {o
~ aqueous quaternary ammonium hydroxide andfor alkanol amine compounds. Jada



and nore typically greater than or about 200 % The inprovenent in film
hardness is typically greater than or about 50 % The pordlykreli2008ctric
material is plasma cured for a tine between about 15 and about 120 seconds

at a te%e]rmédge | ess than about 350 C. The pl asma %grgﬁjg%%ggs us dielectric

mat erial canoptionally be post-plasnma treated. The t r eat ment
of the plasma O cured porous dielectric material reduces the dielectric
constant of the material while maintaining an inproved el astic nodul us and
fil mhardness as conpared to the gP-asma cured porous dielectric material.
The post-plasma treated, plasma cured porous dielectric material has a
dielectric constant between about 1.1 and about 3.5 and an inproved el astic
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The di gdgffigi ¢ constant of these coatings is often too high for certain
el ectronic devices and circuits. U S. Patent Nos. 4,847,162 and 4, 842, 888,
to Hal uska 'é8. Ratent Neat5281163, todallantoet af, teaches aadetbod focforovrg i ngs by

1038 18-OABHRHR0 FootER PB0ReS SbBEARA neftnd AR oG8l cc o anmoni . -
d assesrlse!sqlﬁbxanelleemrtabomferNOtoacsygtcmlnta'mﬁﬂg Setandls coﬁmg(alﬂ&ﬁen pp. 209-221,
t eaches the er mat j, on, of cerapic coath% éhea Sahy tetraet hoxysilane in

t he p?@é‘ﬁ@e‘ geoghipepigian anfgplng afmosp 9eR83%f 'BRhhydr ous

ammoni gsaéht coatings have dielectric constants as low as 2.773. The reference teaches
the removal of solvent before converting the coating to a ceramic.

20 U.S. Patent No. 5,618,878, to Syktich et al., discloses coating compositions
containing hydrogen silsesquioxane resin dissoNed in saturated alkyl hydrocarbons
useful for forming thick ceramic coatings. The alkyl hydrocarbons disclosed are
those up io dedecane. The reference does not teach exposure of the coated
substrates fo basic catalysts before solvent removal.

25 : US Patent No. 6,231,989, to Chung et al., entitled “METHOD OF FORMING

. COATINGS", discloses a method of making porous network coatings with low
dielectric constants. The method comprises depositing a coating on a substrate with
a solution comprising a resin containing at least 2 Si-H groups and a solvent in a
manner in which at least 5 volume % of the solvent remains in the coating after
.. 30 - deposition. The coating is then exposed 1o an environment comprising a basic
catalyst and water. Finally, the solvent is evaporated from the coating to foﬁn a
~ porous network. If desired, the coating can be cured by heating to form a ceramic.




that the resulting silica coatings are nitrided. 30 U S. Patent No.
4,636,440, to Jada, discloses a nethod of reducing the dryMagh309€ for a
‘sol -gel coated substrate conprising exposing the substrate to aqueous
guat er na | um hydr oxi de and/ or al kanol am ne COW da 3 March
2006. WO (@?9‘%%%3 PCTI US02/ 26158 -2 requires that the coa |?\%6182 dried
prior to heating. It is specifically limted to hydrolyzed or partially
hydrol yzed silicon al koxides. U S. Patent Nos. 5,262,201, to Chandra et

al., and‘5, 116,637, to Baney et al .-3- teach the use of basic catalysts to
| ower the tenperature necessary for the 5 conversion of various preceramc
materials, all involving hydrogen sil sesqui oxane, to ceramc coati ngs.
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resin successivel er wet ammon dry anmoni a, and oxygen. The
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wherein the porous dielectric material is not a porous methylsilsesquioxane-based
dielectric material;
plasma curing the porous dielectric material to produce a plasma cured
porous dielectric material having a second dielectric constant which is greater than
or equal fo the first dielectric constant, having a second elastic modulus which is
greater than the first elastic modulus, and having a second film hardness which is
 greater than the first film hardness; and
post-plasma treating the plasma cured porous dieiectn'c malerial to provide a
post-plasma treated, plasma cured porous dieleciric material having a third-dielectric
constant which'is less than or equal to the second dielectric constant, having a third
- elastic modulus which is greater than or equal to the second elastic modulus, and
‘having a third film hardness which is greater than or equal to the second film
hardness, wherein the post-plasma treating is
UV treating by exposing the plasma cured porous dielectric
material to UV radiation, or |
plasma treating by exposing the p!asma cured porous dielectric
‘material to a second plasma condition. TR




manner in which at |east 5 volunme % of the solvent remains in the coating
after 30 deposition. The coating is then exposed to an end 6
conprising a basic catalyst and water. Finally, the solvent is evaporated
fromthe coating to forma porousdametwork. |If desired, the coating can be
cured by heating to forma ceramc. 3 March 2006 WD 03/ 025993

PCT/ US02/ 26158 -3 Filns nade by this process have dielectric constants in
the range of 1.5 to 2.4 with an elastic nodulus between about 2 and about
3 GPa. As was described in U S. Patent Application Serial No. 09/681, 332,
entitled "PLASVMA CURI NG PROCESS FOR POROUS SILICA THIN FILM and

i ncor por at edByenethyisiisesquioxarebased distaskit matariaé wameanadielegirisnd pl asna
treatin . PRrous_net wo oat.i roduced from a resin containing at
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is greater’than or equal to the first el ectric constant, having a second
el ast i Grshdidigtisic cahstant.i Bhe igcrease in elasiic mhdultis isdtypiehlysgrestenthanmars, and

havi ng, d_fi i j ,, than the first film

har dneggqlﬁjﬁg%pgéé hﬁ@@ﬁ?é&%ﬁé@hér %&@%ggé%r ed porous dielectric
nateri a: L OTter glagrde ﬁ%dﬂﬂﬁ@ﬂ?ﬂié&ﬁﬂictmﬁaﬁad:anwpﬂm?]mmlyw;&?it—plalsmas di el ect r: c
mat er i ing a third -dielectric. constant ich-jis less than or equa
‘to thet?%@@gxﬂjp N@ﬁé’cwq’%?@mv%ﬁiﬁ?- n’%ﬁm%&{r&gm@% ‘;}%Iﬁﬁtﬁ'?i"@?‘?ﬁ;ul us which is
~ gr eat epailpa tififd BeakiciBniBft, %ﬁﬁﬁg@ tRird&faktic AREUILESandiVing @Hira9 a-third
filmhardness which i1s greater than or equal to the second film hardness,
wher ei fimirasdngsst Roskplasmarteeatinagt ofdhe plasma cured porous dielectric material

in some cases reduces the dielectric constant of the material while maintaining the




UV treating by exposing the plasma cured porous dielectric material to W
radi ation, or plasma treating by exposing the plasma cured Marai2006
dielectric nmaterial to a second plasma condition. 3 March 2006 -3a By

" et hyl giolos@ssaesl oxane-based dielectric material” we pRaRsiAiR ectric
material that conprises 100% net hyi sil sesqul oxane resins, and not a m xed
nmet hyl si | sesqui oxanel hydr ogen sil sesqui oxane dielectric naterlal, or any
other nmixed dielectric material which includes |ess than 100%

met hyl si | sesqui oxane resins. The-$porous dielectric material is plasm
cured to produce a plasma cured porous dielectric material having a second
dielectric constant which is conparable to or greater than the first

dihel fecmcis?mnmeaerlastigh?odml@ mchﬁnHdesasaé compai‘ed ; ltiucshhm%}ﬁud sWhgrﬁater t han
the first el ast us n avi con i I m hardness ichis

gr eat €f© E'H'aﬁaf‘ﬂéﬁ?ﬂogfﬁeﬁﬁ Pﬁ%%%%%g&a @‘@HB%H able to" we mean both equal
to and sl 'Mi%b?d’nbﬁ’fsénteﬂ?dbdlrﬁéﬁhcéﬁ p@oé@é‘@ﬁ&o@b%ﬁééﬁb%@t@ﬂﬁ&am which is

0.05 less than the” first dielectric constant. The increase in elastic
nmodul gaving lnwp&%ai plasye sadilug aat materiaihardnasp andanlowdieledtiepi cal |y

gregt % or about 200% The plasma cured porous dielectric material can
optlonarl y be post-plasma treated to provide a post-plasma treated, plasm

cured por oJﬁed)resmuwentimisdm'saﬂ on ltlaey disgoveery thait pladimal oeihg vittualiynst ant
havi n athlrde u nd havipn third fil har dness.
Post - Agalols dletiiamahe w@'ﬁ%n%qﬁséﬁ%@h%ma*u.c&n@&t Balgitkr al  in
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mai ntai ning the 3 March 2006 03/ 025993 PCT/ US02126158 -4 increase in the

el ast irgaiegauvhile maatainingits lovadielesiricoonstenprioperties. The pefassti ¢ nodul us and
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pr operkhieqprogndielsstrisupaterials can have porogen-generated, solvent-based, or
15  molecular engineered pores, which may be distributed random or ordered, such as
vertical pores.
Plasma curing can for some materials generate a notable amount of polar
species in the porous dielectric material, which can be undesirable in some
applications. The present invention is also based on the discovery that applying
20 thermal, UV, or a second plasma treatment can remove these generated polar
species resulting in a material with a low dielectric constant, and of equal or further
improved elastic modulus and film hardness.
The process of the present invention is particularly applicable fo the
~ deposition of coatings on electronic devices or electronic circuits where they can
25 serve as interlevel dielectric layers, doped dielectric layers fo produce transistor-like
devices, pigment loaded binder systems containing silicon to produce capacitor and
capacitor-like devices, multilayer devices, 3-D devices, silicon on insulator devices,
super lattice devices, and the like. However, the choice of substrates and devices to
| be coated by the instant invention is fimited only by the need for thermal and
30 chemical stability of the substrate at the temperature and pressure used in the
present invention. As such, the porous dielectric materials of the present mvent:on
- can be used on substrates such as plastics including, for example, polyimides,




10 dielectric material can include, but is not Iimted to, hydrogen

si |l sesqui oxane (HSQ dielectric materials, mxed HSQ net hyMar¢hs2¥ui oxane
(M5Q dielectric materials, organic dielectric materials, inorganic

di el ecty ials, and conbi nati ons thereof, whi n be produced by
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nol ecul ar engi neered pores, which may be distributed random or ordered,
such as vertical pores. Plasma cuf4i ng can for sone materials generate a
not abl e anount of polar species in the porous dielectric material, which
can be undesirable in sone applications. The present invention is also
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| nvent eAbideshasbd Hb@seR Mol Btk ifraDe bt Bleckiift BBlica gndRbvbliget cal stability
of the substrate at the tenperature and pressure used In the present
i nvent ¢&lis, andoptirehdeviers. por ous diel ectric materials of the present

I nygnt i on : Lr a | asti L,.ncl udi ng, for
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and pol yest , ram ¢s ather, textjiles, nmetals, and the |ike. use
in the'nl\g'f‘lagg?s( W%@@ﬂsﬁ‘gﬂiequ‘z@ @QW@L%IP(LKLEQEF%%@%WW%Q@?% amics such
as anompheiasavdilkl ' | [ C reYatalg S
silica-like aﬂ?%@?ﬂggﬁ’g@grg%dﬁfa% fwwégg’ @P 'gré?g%:ﬁag,r} gérd hydr ogen
but - ardtradenekgossdielgeiic MSQrbased metasials, Tededympirsen prasessing.dor oni ¢

B BRI ol B i e BB 251 b e
based (iNevihddge, GA)cid JBRGerpmrationgTokyat, Japarect r oni ¢ devi ces, photovoltaic
cells, and ﬁ%tpirggtljctigﬁ \6% &%Fé:al porous dielectric materials for use with the present
invention is well known in the art. One method of making such a porous dieleciric
material is the porous network coating disclosed in U.S. Patent No. 6,231,989, which
20  is incorporated herein by reference for its teaching on how to produce porous
dielectric materials having ultra low dielectric constants. The patent describes the
- manufacture of ultra low dielectric constant coatings having a dielectric constant of
between about 1.5 and about 2.4, in which pores are introduced into HSQ-based
films. HSQ-based films produced according to the method taught in U.S. Patent No.
25 6,231,989, which have been cured under thermal conditions, contain about 20 to
about 60% Si-H bonds density. When the dielectric constant of the coating is about
2.0, the coating has an elastic modulus of between about 2 and about 3 GPa.
The following method of producing a porous network coating is provided as
an example of the production of a typical porous dielectric material. It is not the
30 inventors’ intent to limit their invention to only HSQ-based films. The process of the
present invention is applicable to virtually any porous dielectric material.




10 A porous dielectric material is needed as a starting material for the
present invention. Typical HSQ based dielectric material s3Maech@¥6with the
present invention include FOx HSQ based dielectric mat er| al and XLK porous
HSQ bas‘g%ogjpel ectric material available from Dow Com n %or ation

(M dl an % n addition, typical ultra |owKk porSGg '?ZQF Btric

MSQ based materials, nade by spin-on processing, for 15 use with the
present invention are avail able from Chemat Technol ogy, Inc. (Northridge,
CA) and JSR Corporation (Tokyo, Jagpan). The production of typical porous
dielectric materials for use with the present invention is well known in
the art. One nethod of naking such a porous dielectric naterial is the
porous net viRicmedidhiof Brdtiughe ldilbbbed pdiBhe btwiik coytifd bratyinhhi ch 20 1 s
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containing at | east Si - rouE)s and ‘a solvent. The. resins containi ng at
" | east Qresnolﬂft‘@ﬁmnﬁsofath%paw@uiapuml a@djtmmtsﬁal it with theprovisaghatatt he i -

e e
st r uct inrstruttre tchferrp dnedesireeitnedwérk. _(Eemmpbdsqu ,allqbgﬂmupaaser nnethyl Iethyé t he
o I o A LR B, MoBreR och R 1
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_ a Examples of substituted groups include CF3(CF2),CH2CHz, where n = 0-6.
Useful in the present invention are various hydridosiloxane resins, known as
hydrogen silsesquioxane resins, comprising units of the formula HSi{OH),{OR'),O.
20 Inthis formula, each R' is independently selected from the group consisting of alkyl,
alkenyl, or aryl groups, or alkyl, alkenyl, or aryl groups substituted with a hetero atom
such as a halogen, nitrogen, sulfur, oxygen, or silicon. Examples of alkyl groups are
methyl, ethyl, propyl, butyl, and the like, with alkyls of 1-6 carbons being typical.
Examples of alkenyl groups include vinyl, allyl, and hexenyl. Examples of aryls
25 include phenyl. Examples of substituted groups include CF3(CF2),CH2CH,, where n
=0-6. When these R’ groups are bonded to silicon through the oxygen atom, they
form a hydrolyzable substituent. Inthe above formula, x=0t02,y=0t02,z=1t0
3, and x +y +z=3. These resins may be essentially fully condensed (HSiO3),
where n is 8 or greater, or they may be only partially hydrolyzed (i.e., containing
30 some Si—OR’), and/or partially condensed (i.e., containing some Si-OH).
The structure of the resin containing at least 2 Si-H groups is not limited. The

- structure may be what is generally known as laddertype, cage-type, or mixiures




hetero atom such as a hal ogen, nitrogen, sulfur, oxygen, or silicon, and a,
b, ¢, and d are nole fractions of the particular unit and3 Meselr 2006t al i s
1, with the proviso that at |east 2 R groups per nol ecul e are hydrogen and
the material is sufficiently resinous in structure to formthe desired
networ k. Exanples of al kyl groups are nethyl, ethyl, 15 propyl, butyl, and
the like, with alkyls of “1-6 carbons being typlcal "Exanpl es of alkenyl
groups include vinyl, allyl, and hexenyl. Exanples of aryls |nclude ‘phenyl .

‘Exanpl es of substituted groups includgg CF3(CF2) nCH2CH2, where n = 0-6.

Useful in the present invention-are various hydridosiloxane resins, known
as hydrogen silsesqui oxane resins, conprising units of the formula
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through greeipsxygen atom they forn1a hydr ol yzabl e substituent. In the
above formnul z=11to 3, and x + vy +z = 3.
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Si-OR), d/or partially condensed .
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of Si-C e resins containing
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ar t . 1Fowhistbimiien cantR:tedPwite ptneNbalifBndader?72, to Collins et .al., teaches

Lhe broducts el udnaBll Bk LYY OCEREE T oD Rl sosaLt oxane 10

~hydr ol y#9289.397 tohWeiss st aza.rmd Ul Sa Patemt Bloes 241 0,080,00 Baivd dll! dbse hydr ol ysi s

medi um paltheed by hydrolyzing an alkoxy or acyloxy silane in an acidic, alcoholic hydrolysis

medium, those described in Japanese Kokai Patent Nos. 59-1 78749, 60-086017,
20 and 63-107122, or any other equivalent hydridosiloxanes, will also function herein.
Specific molecular weight fractions of the Si-H containing resins may also be
- used. Such fractions and methods for their preparation are taught in U.S. Patent No.
* 5,063,267, to Hanneman et al., and U.S. Patent No. 5,416,190, to Mine et al. A.
typical fraction comprises material wherein at least 75% of the pol}rheric species
- 25 have a number average molecuia_r weight above about 1200; anda more typical
fraction comprises material wherein at least 75% of the polymeric species have a
number average molecular weight between about 1200 and about 100, 000.
The Si-H containing resins may contam other components as long as fhese
_ components do not interfere with the integrity of the coating. - it should be noted,
30 however, that certain materials may increase the dielectric constant of the coating. - .
Ceramzc oxide precursors may also be used in comblnahon with the Si-H

containing resins. The ceramic oxide precursors useful heretn lnclude compounds |




then washing the resulting resin with water or aqueous sul furic acid.
Simlarly, US. Patent No. 5,010,159, te Bank et al , teagMscla2086t hod
conpri sing hydrolyzing hydridosilanes in an arylsul fonic acid hydrate
~hydrolysis mediumto forma resin 15 which is then contacted with a

neut ral "2 B¢*Bent. Qther hydridosil oxane resins, sufkT48¥%%58e descri bed
in US. Patent No. 4,999,397, to Wiss et al., and U. S. Patent No.
5,210,160, to Saive et al., those produced by hydrol yzi ng an al koxy or
acyloxy silane in an acidic, alcohglic hydrolysis medium those described
i n Japanese Kokai Patent Nos. 59-178749, 60-086017, 20 and 63-107122, or
any ot her equival ent hydridosiloxanes, will also function herein. Specific
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‘resul t stk oXafti®idisiloxane, octamethyldisiloxane, and mixtures thereof, or cyclic :
dimethylpolysiloxanes; or mixtures of any of the above solvents. The solvent is
generally present in an-amount sufficient to dissolve/disperse the resin to the
concentration desired for application.  Typically, the solvent is present in an amount
20 of about 20 to about 99.9 wt%, and rhore typically from about 70 to about 95 wt%,
based on the weight of the resin andi':solvent.
If desired, other materials can be included in the resin dispersion. For
instance, the dispersion can include fillers, colorants, adhesion promoters, and the
like. '
25 - -Specific methods for application of the resin dispersion to the substrate
include, but are not limited to, spin coating, dip coating, spray coating, flow coating,
screen printing, or others. A typical method is spin coating.
At least about 5 volume % of the solvent should remain in the SiH resin
coating until the resin is contacted with the basic catalyst and water. This solvent
.-30 forms the pores of the porous network coating as the Si-H bonds are hydrolyzed and
condensed. In some embodiments, it may be typical that at least about 10 volume
% solvent remains, while in others, it may be typical that at least about 15 volume %




t he substrate. These solvents can include al cohols, such as ethyl alcohol

or isopropyl alcohol; aromatic hydrocarbons, such as benz&iargr2Q08| uene;

branched or |inear al kanes, such as n-heptane, dodecane, or nonane;

branche L.near al kenes, such as n-heptene, dode et radecene;

ketonesgmgﬁghﬁgg met hyl 15 isobutyl ketone; esters; %?&grgﬁ%gﬁch as glyco

ethers; or linear or cyclic siloxanes, such as hexanethyl di sil oxane,

oct anet hyl di si |l oxane, and m xtures thereof, or cyclic

di et hyl pol ysi | oxanes; or m xtures9of any of the above solvents. The )

. solvent is generally present in an anmount sufficient to dissol ve/di sperse
the resin to the concentration desired for application. Typically, the
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vol unme % sol vent remains., e 1 n other t may be typical that at
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part i ctetradegsaneebéxadetank, ete, andapuratesl hyderdaesbngesich # dodgbel®i | i ng poi nt

sol ven{? cgn be utsed @Iﬂone or. as a ﬁ{é-sol va_nt with one of the solvents
descr | UgISEIGe o1 XVIeRPS, Mesityiane. ﬂf _ ptaoel Apepiaser ¢dmenan@per si on as

descri i@ﬁﬁhﬁ@@ﬁﬁuwna%bhapmn@raf%nﬁs,ltz-gaénal ét@?\i&rﬁ Qblvaht, [@paE HEROUL 5%

resi dual sol vent remai ni ng. T¥‘pl cal high boiling solvénts in this

» ﬁrrbooli piglyl exalate amylether, atiahydigbpsind-metiianok |a11ﬁgapid1b7l$}¢eistr?ﬂ :J_dik ng
D 5o PRb6Siedol PRAd:ene iR B8R0 BLE andthdfli el et

i ncl udelysal diatiatl ethenydimethyt-fidfosides A Gkhexanedides, Diutoxyethanol acetate,

diethylene glycol monomethyl ether, 1-octanol, ethylene glycol, isopar L™,
dipropylene glycol monomethyl ether acetate, diethylene glycol monoethy! ether, N-
methylpyrrolidone, ethylene glycoi dibutyl ether, gamma-butyrolactone, 1,3-

20 butanediol, diethylene glycol monomethyl ether acetate, trimethylene glycol,
triethylene glycol dimethyl ether, diethylene glycol monoethyi ether acetate, alpha-
terpineol, n-hexyl ether, kerosene, 2-(2-n-butoxyethoxy)ethanol, dibutyl oxalate,
propylene carbonate, propylene glycol monophenyi ether, diethylene glycol,
catechol, diethylene glycol monobutyl ether acetate, ethylene glycol monopheny!

25 ether, diethylene glycol dibutyl ether, dipheny! ether, ethylene glycol monobenzyl

- ether, hydroquinone, sulfolane, and triethylene glycol. Hydrocarbon solvents are
particularly preferred. '
The above processing (i.e., primarily deposition of the SiH resin coating
solution) can be done in an environment that inhibits solvent evaporation prior to

30 contact with the basic catalyst and water. For example, the spin coating can be

performed in a closed environment such that the subsequent steps (i.e., contact with
"the basic catalyst and water) can occur before the solvent is completely evaporated.




tetradecane, hexadecane, etc., unsaturated hydrocarbons, such as dodecene,
tetradecene, etc., xylenes, nesitylene, 1-heptanol, dipent®Nearchd2d0bnonene,
tetrahydrofurfuryl alcohol, mneral spirits, 2-octanol, stoddard sol vent,

| sopar HT" di et hyl oxalate di anyl ether, tetrahydro ran 2 met hanol ,
Iactlc‘§9lﬁ7§ﬂpyl ester, 15 isooctyl alcohol, propyl & Q% di pr opyl ene
gl ycol nononet hyl ether, diethylene glycol diethyl et her, dlnethyl

sul f oxi de, 2,5-hexanedione, 2- but oxyet hanol acet at e, diethylene gl ycol
nononet hyl ether, 1-octanol, ethylqygne glycol, Isopar LT", dipropylene

gl ycol nononet hyl ether acetate, diethylene glycol nonoethyl ether, N

nmet hyl pyrrol i done, ethyl ene egcoI di butyl ether, gamma-butyrolactone, 1,3
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evgporated. 3 ch 2006, WO 031025993 PCTI US02126158 -10 The SiH resin
coddi n@@%@ﬁm%b%ﬁuqsé'%?d WiHB ethes hygiogatbov.aagiaf dgterp sORtABING cont act ed
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anmoni anmoni um roxi de, as S ani nes jl' e” am nes useful herein
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he sti ut ed hetero atom such as oxygen, nitrogen, sulfur
et ég a%/S'f@SrFBESﬂLM?& eft-whi ch the nitrogen atomis a member of a heterocyclic

: ;nges g?n h n?aﬂﬁbié@bﬂ tA8 antiyds Bhi HhPBe Ukd R¥feirflinBRide IfetRfiginieon. any of the
ethylamine, butylamine, allylamine, cyclohexylamine, aniline, dimethylamine,
diethylamide, dioctylamine, dibutylamine, methylethylamine, saccharin, piperidine,
trimethylamine, triethylamine, pyridine, diethyl toluidene ethylmethylpropylamine,

20 imidazole, choline acetate, triphenyl phosphene analine, trimethylsilylimidazole,
ethylenediamine, diethylhydroxylamine, triethylenediamine, n-methylpyrolidone, eic.
The basic catalyst can generally be used at any concentration sufficient to
catalyze hydrolysis of the Si-H bonds. Generally, concentrations of the basic
catalyst can be from about 1 ppm to about 100 wt% based on the weight of the
25 resin, depending on the basic catalyst.
The water used can be that present in the ambient environment {e.g., > about
25% relative humidity), the ambient environment can be supplemented with
additional water vapor {(e.g., relative humidity up to about 100%), water can be used
as a liquid, or a compound which generates water under the reaction conditions can
30 be used.
Contact of the SiH resin coating with the basic catalyst and water can be
~ accomplished by any means practical or desirable. For instance, the SiH resin




10. compounds may be substituted with other hydrocarbon and/or hetero
containing groups to form conpounds such as diam nes, ani 3&4&arch2Q06
Finally, it is also contenplated that conmpounds, which are converted to

am nes yafgjbile reactions conditions used, would fypgtion jn an

equi val ent manner. For exanple, a conpound such as an armoni um salt that
yi el ds an am ne upon dissolution would provide the 15 desired catalytic
effect. Exanples of the ami nes that nay be used herein include nethylam ne,
et hyl am ne, butyl am ne, allylam nd1-cycl ohexyl am ne, anili ne,

di met hyl am ne, diethylam de, dioctylam ne, dibutylam ne, nethylethylam ne,
saccharin, piperidine, trinethylamne, triethylamne, pyridine, diethyl

t ol ui deoatingtdanl beneiritydied with vapors bethe B23id catalastaing waiboldpoe acet at e,

tri phenyl 0 ne.analine, trinethylsilylimdazole, ethylenedian ne,
di elto hy%@@%ﬂ@?gﬁ?s 17689 %‘?%R}‘Qé’ﬁg&ﬁ F?é‘tg '&&Wﬁ%%ﬁ'%%@? etc. The
basi ¢ qatetlity e IR SaResaH A Wimeﬁégm@tth@eaatg@nﬁ%Htahﬂﬁérﬁu%suf ficient to

catal yze hydrolysis of the Si-'H bonds.” Generally, concentrations of the
basi ¢ hydre¥de seluiam be from about | ppmto about 100 wt % based on the

~ Ganthe Chat 5 Stbrelreing FA0ERAN MoRted Bk AN Bo P Rie Fo2go r ol i ve

-~ humi di bgsic catalysbaid water nthiervaporestatec aordypivaiip berwminizeshdvvater vastsh t i onal

he o 1 FRORbanGs Yoo sifisdin el Eipyelkuniy be rlassiin 8 caBnoR g B 1 o

. condi t hpRBPAALE endfortRent SRtELALEEN iHRedin dr 2 &tfoanh bt the Pabictatlyshanyd th the basic

catal yst and water can be acconplished by any neans practical or
desi r a¥pier mayrby ditacigrtat the $& msin eaading. 3 March 2006 WD 03/ 025993

- PCHguS02/ 2 ethbd R84 it@@erﬁ‘?tg?ﬁ% ?8&& ﬁgltaﬁ}tghﬁe‘ﬁ(gﬂrgﬁé?%ﬂ&i?on%ea{{t e basic

catal yst and water vapor. rvely, r €sin i'ng can be

- cont acgekraiiy mottsignificant io thapmsysttensbrdiimentt dethodd fuehldschuibblireg tiee, such as

s n B PAghPEeq pr bt B WA oI PE N AR ARLIRNS (e basi o

~ cat al y¢b conteol Ws &molint of d@taraRP6r |Sreadif), HeRtSy hbBbe 2ktalysRER® Wateragd Wat er

vapor. K For instance, the SiH resin coated substrate may be placed in a
cont ai Reatingwaterand ighpdusing thedasie\catalyptens (¢.8: eotmaniaicesi@rerh, or a stream

of fsherafdral faleh. YiBls A contErhBedaltReibBE SHAch findrliE b3kl T esin coating.

catalyst vapors in situ, such as the addition of water to amine salts, or the addition of
water to a silazane, such as hexamethyldisilazane, will also be effective.
The basic catalyst used may be at any concentration desired. For example,
the concentration may be from about 1 ppm up to a saturated atmosphere.
20 ~ The exposure can be at any temperature desired from room temperature up
- to about 300°C. A temperature in the range of from about 20°C to about 200°C is
- typical, with a range of from about 20°C to about 100°C being more typical.
The SiH resin coating should be exposed to the basic catalyst and water
environment for the time necessary to hydrolyze the Si-H groups to form silanols (Si-
25 OH) and for the silanols to at least partially condense to form Si-O-Si bonds.
Generally, exposures of up to about 20 minutes are typical, with exposures of at
least about 1 second up fo about 5 minutes being more typical. If the coatings are to
be used as a dielectric layer, it is generally typical to have a shorter exposure, as
longer exposures tend to increase the dieleciric constant of the coating.
30 When the coating is exposed to the basic catalyst and water in the liquid
state, the exposure is usually conducted by immersing the coated substrate in a
“solution. Other equivalent methods can be used, such as flushing the coating with a




10 The nethod used to generate the basic catal yst and water environnent is
generally not significant in the present enbodi nent. Met hadiMasahc2008s
bubbling the basic catalyst (e.g., amoni a gas) through water or ammoni um
hydr oxi de solutions (to control the anount of water va&orz{%rq)r esent),

heati ngV® BAEYY catal yst and water, or heating wat eFCEY§%H¥Foduci ng t he

basic catal yst gas (e.g., ammonia gas) are all 15 functional herein. It is
al so contenpl ated that nethods, which generate basic catalyst vapors in
situ, such as the addition of watgp-to anmne salts, or the addition of
water to a silazane, such as hexanethyl disilazane, will also be effective.
The basic catal yst used may be at any concentration desired. For exanple,
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The exposure any tenperature desire romroomtenperature up to
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ut,, 20C f o.abo. QC, bei ng nore typical.
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being nore typical. the coatings are to be used as a dielectric |ayer,
it is dhiestisigeperaliywalgr.t o have a shorter exposure, as |onger exposures

tend to in t | el | . ' t he
coating | o ereaaeOfe buCEuEhS SRRHERbo or HivERMH el ST,
. thle excmsjuncmgie&auywhb?ramdwpmgsm deﬂredb .STG?DGMrﬁQﬁbE?mﬁstratﬁ in a
- solytion. Ot her equj e t hods ,can .be used, ,such _as ushi ng the
~ codli npom WD&@UMZ&%%%@%W@@W%M %%@tallﬁt basi ¢ cat al yst
and vwag@idiic? bHE pRIssuted fibélb@e aB@*@é'ékfﬂdsPﬁéﬂiéér@tdll%n_f%’plﬁtbao be used to
i ncrease penetration of the basic cat aL%s and water into the coating. The
basi ¢ lerelt Jwemsbprgctieah stagdeoink itistypicahibetihawposiig oseurat ahayt
concen | | | I um hydroxide is used, a 5
conc'enﬁogi{eeg{bgg%@t)elré%sag%@?%%H(?%p%ge}mgig@%out 28 and about 30%is typical
since the The@sinaoatifg Bxxpsesadiol the basic ebialysheultiioreid.thigleenbodinhente sol utions

R Er R AL A AT MR SR R
and pr@esilaRols esatieskt pAREANE ESMAENSE td foPm SRS bonds. Generally,
‘exposures of up to about 2 hours are typical, with exposures of at least about 1
second up to about 15 minutes being more typical.
Alternatively, the coating may be exposed to both a liquid basic catalyst and
- 20 water environment (e.g., ammonium hydroxide) and a gaseous basic catalyst and
water vapor environment (ammonia gas and water vapor). The exposures may be
either sequential or simultaneous, and are generally under the same conditions as
those described above,
After the resin is exposed to one of the above environments, the solvent is
25 then removed from the coating. This can be accomplished by any desired means,
~including but not iimited to, heating the coating, and by vacuum. When the solvent is
. removed by heating the coating, condensation of the remaining silanols may be
facilitated.
The coating produced by this process can be used as the starting material
- 30 (“porous network coating”) in the present invention. In a typical procedure to
produce a porous network coating, a substrate is coated with the Si-H containing
.- resin and solvent in a manner which ensures that at least about 5 volume % ofthe




10 room tenperature (20-30C) up to about the boiling point of the basic
catal yst solution, and pressures from bel ow to above at nodpfseh 2008re al |
contenpl ated herein. Froma practical standpoint, it is typical that the
exposure occur at about roomtenperature and at about atnospheric
pressure. The resin coating is exposed to the basic catalyst solution in
this enbodinment 15 for the tine necessary to hydrolyze the Si-H groups to
formsilanols (Si-OH) and for the silanols to at |east partially condense
to formSi-OSi bonds. Generally, eyposures of up.to about 2 hours are -
typical, with exposures of at |east ‘about 1 second up to about 15 m nutes
being nore typical. Alternatively, the coating may be exposed to both a

li qui d basent fethSihy i th ; viponnment (¢ , , amoni um hydr oxi dé) :
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ttll&% SANE .conditions as those described above. After

- are generall
t he grgesi n isﬁggg]%gén(f 1o Affaakitid SHEh apetRusdiRiversseatingis te therwellyomte | s 25

nean ' ing. but not.limted to, heating the “coatl vacuum

When 5 héf’é‘@ls\‘}@ﬁf t%P°'P8ﬁb\?éheﬁ93W%téﬁg'SFh§ i Sn Patenb Nders; 443,8800f t he
i ni agd S, 184RE0s irbi | by thi

r enei ni Bg 0s dm)bd@f?whfohférb'ﬁe?ét@%c&Pgrlafé@%ér?iﬁ F;,g;rrg%ggqeft y this

used as. the starting mater o] wor k coating")

process,can, b )
in the BY@?@E@W%M@FW&I@?’H was glisiwed to sootastiwittea tleatkearecsbinggisingdor ous

then r erosiledanie wsint dontaining ilarge alyl §rotds ahE 1S HEATRY Sh3h e%ﬁ%alggﬁi red
g, an

net wor kaboaia 10Gbodt b6 bRMSiNIAGHRANLE By b BRuFl - Sgnbalgi nd, resin and
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Mar ch 28@/8aining hydiosiationreatelystseffecting dorowsionufan Akglhgeaddsiaxdre delpn exposed
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cat t# y AppliedtionSeriahNb 0525500 Did Zifordfetdh KWhiRKdFs ASShY RXBRAG L8 Harein |
- by reference, disclose silicone resins and porous coatings' made from the silicone
resins. The silicone resins are made from a mixture compromising 15.to 70 mol %
of tetraalkoxysilane, 12 1o 60 mol % of an organosilane described by formula R’SiXs,
where R’ is an hydrogen or alkyl group containing 1 to 6 carbon atoms, and 15 to 70
20 mol % of an organotriatkyoxysilane described by formufa R"Si(OR™})s;, where R” is a
hydrocarbon group compromising about 8 to 24 ¢arbon atoms or a substituted
~ hydrocarbon group compromising a hydrocarbon chain having about 8 to 24 carbon
atoms. | ' o
U.S. Patent Application Serial No: 09/951,819 entitled “SILICONE RESINS
25 AND POROUS MATERIALS PRODUCED THEREFROM", to Zhong, filed.
September 12, 2001 and hereby incorporated herein by reference, discloses po‘rous‘
coatings made from silicone resins having the general formula (R’Sioa;z)x(HSipr_)y
vyhere R'is an alkyl group having 8 to 24 carbon atoms. The coatings produced |
therein have a dielectric constant between 1.5 and 2.3. The above-referenced
30  patent application further provides the following description of a porous low-k -
dielectric coating made in two steps from a resin with a formula of
| ___qgfssos,z)x(HSiom}, where R’ is 3,7.11,15-tetramethyl-3-hydroxy-hexadeeyl.




10 where at | east about 5 percent of the silicon atons are substituted with
at |l east one hydrogen atom and the resulting resin was hithaesh 2006a
tenperature sufficient to effect curing of the resin and thernolysis of

al kyl groups fromthe silicon atons, thereby form ng a nanoporous silicone
resin. U S. Patent Nos. 6,232,424, 6,359,096 and 6, 313,045, and U.S. Patent
15 Application Serial No. 425,901 to Zhong et at., which are hereby

i ncorporated herein by reference, disclose silicone resins and porous _
coatings made fromthe silicone resins. The silicone resins are nade from
a mxture conpronising 15.to 70 nol "M of tetraal koxysilane, 12 to 60 mol %
of an organosil ane described by fornula R Si X3, where R is an hydrogen or

al kyl group containi ng 1 to 6 carbon atons, and 15 to 70 .20 nol % of an
or ganot ri al ky-bRyEpleahAppliwation Sedaldyo.fQYIa1, 30RBieDFRS) BSOMERESIRS i s a

hydr ocarfgn %ﬁé@%gﬁ% Egcghgi;g&ﬁ@%%ﬁRmf%%%g@ear a substituted |

hydr ocar bon group conpr rocar bout 8 to 24
carbon Senpbersber 25 2004 ked herghylinamporatedlesreinl byNefer@R<O BikciBdss povout! ed

" S| LI <ES| 5 A PORQUS LERI ALS PRq:)UCED THEREFROM', to Zhong,A
filed. gg?ﬁe?%o’ﬁ%i%?"ﬁ%@?“ﬁﬁﬁs’ﬂ%yéﬂw MEIesaldPE s er i n by reference,
di sclfos¢R FiQaRuEHSIOR) (S105, WHEESi DL wWhiehd RO ' [ sgener al
f or mul a¢(R'Iz§i mﬁlZlM-IS)l;(IC(?%l?j z [ vvk:ere R isRaﬁ?@Fﬁ%%% %’E\'ﬁ ngI to 24
carbon &8 Cgi%'%@ﬁ’tsl 5 '%?%ah'@eﬁi ongfleeron-witlidrawingigspeea ¢ const ant

bet ween pénﬂiarﬂflibgsi'ﬁoﬁ on the aRPran: et enede éPo.ﬁfh? Bty ‘?’1%9 i vaftld b 42T ther

provi des the | | owm ng description of a porous [owk dielectric coating
nmade i nta %6: 3283 W Farhas 3 edve ol ah taOfopndua v w+z = 1.

(R1Si B12) x( H5i 8<2) Ywhere R is 3,7,11, 15-tetranet hyl - 3- hydr oxy- hexadecyl .
3 March 2006 -14 U.S. Patent Application Serial No. 09/951,899 ‘entitled

SI LMGONE RESINS P 1PERESH seifiiivis SrefiReBlbE RomtiHfig-ROM' , to Zhong, filed

Sept enber 1 0 n e LhcQr.por d herei.n by reference, discloses
porous coat OQ#QESe )’@%@1@0@ ?’@&S?SWFWQW@%%%I forml a
(R Si Oa2) , ( HBhémts GEscAbkd (HHTEHIOT) of b absvdefbrandedt @ paRg: 2l Kyl group

having 8 to 24 carbon atons containing at |east one electron w thdraw ng
group in a a;?@H‘é%ﬂ?P position on the alkyl chain; u has a value of 0.1 to

0.7, v has a val y&) 0450d2 pait®Bf FiecthoxPsiaing+zhasaval ue of 0. 15t 00. 7;
andu+v+w+z= 1. 1? 86% 1. A resin sanple was prepared by combining _
conpdnents (A), (B)Y- 5@)9'9 pajfs of an orggRetrigthoxysilane sRBHBRYs bel ow i n t he

‘where Ris 3,7,11,15-tetframethyl-3-hydroxy-hexadecyl,
{C) 0.30 mole parts of tetraethoxysilane, and
(D) a mixiure of methyl isobutyl ketone (MIBK) and isobutyl
isobutyrate (6:4 weight ratio), enough to make the concentration of the
20 - resulting resin 9%. ‘
| - To this mixiure was added a mixture of (E) water and {F)
_hydrogen chioride in the amounts described in Tabié 1 of the above-
referenced U.S. patent application. The resulting reaction product was
stripped of volatiles under reduced pressure at 60°C until the solid
25 -content became 14 to 21%. Isobuty! isobutyrate was added to rﬁake
-the solid content 14%. The solution was then heated o reflux for 2
~-hours and water produced was removed confinuously. The solvent
was then changed to cyclohexanone by stripping off isobutyl

- isobutyrate and adding cyclohexanone.
30 |




anounts described in Table | of the above-referenced U. S_ patent
application: (A) 0.45 nmole parts of triethoxysilane, 15 (B M#pthi¥be parts
of an organotriethoxysilane, RSI(OR )3 where Ris

3,7,11, 15-t et ranet hyl - 3- hydr oxy- hexadecyl, (C) 0.30 nole parts of

tetraet hoxysilane, and (D).a m xture of nethyl isobutyl ketone (M BK) and

I sobutyl isobutyrate (6:4 weight ratio), enough to make the. concentration
of the 20 resulting resin 9% To this mxture was added a m xture of (E)
wat er and (F) hydrogen chloride in ﬁje anounts described in Table 1 of the
above- referenced U. S. patent applicdation. The resulting reaction product
was stripped. of volatiles under reduced pressure at 60C until the solid

25 content becane g. % % ,Jsobutyl - isobutyrate was added to make the.
solid content 149 GPn% Lige (Rsulingiginsplion e spin-epated pole Sflison2  hours and.

wat er pr oduc egare Sultste Y didledifie E‘,Hﬁ’éiﬁlllt%negﬁﬁerﬁgﬁtg%ﬂﬁ cu ncr];t en changed to
a

cycl ohexanone by strippi ng of f isobut | sobutyrate an

cycl ohexanon8itrogen fowt d0%o b 1-hegr st pdg%lecﬂhmcans@ﬂttwasg r esi n sol ution was
spi n-coat ed gzeyRd! c_constant '
measur enent s andu?grdesgp?n‘m@%%ﬁ??l 32%%P +@N°{tﬁ éig (,Cofeag?ﬂi'"ﬁcm?x The

di el éctric cbaeresieraledwithplasmachdir UV assigted prowsseel y, the curing of the
spin=coated films nmay be accelerated with plasna and/ or UV assi sted
processes. U. S. Patent Application Serial No. 09/915, 899 to Al baugh et aL,
which is hebdbPstend dppbeatioaSdniat aonowms 862 (EABAugH B4l YfHAsh RO OUS
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bra e nDno | ent organic grou avi ng on atons.

E%&?a PL’E&’% PrFhhygIpge algey R’ doa n@cgeczaﬁcoxmmmdd%” ia@.  and
09/ 915 Sibstituedel w@ibstiRtedPlinear, HhAchad Br ng%nb{}&l%f’(? g%b%g;nr&?é ein by

reference, 15 djsclose Por ous coatings ma romresins ormul a
TRTR ing &lq 30 earpaR atom '

U.S. Patent Application Serial Nos. 09/915,902 to Albaugh et al. and
09/915,903 fo Boisvert et al., which are hereby incorporated herein by réference
15 disclose porous coatings made from resins of the formula TRTR’ where R is elther a
methyl or hydrogen group and a R’ is a branched alkoxy group.
Although porous dielectric materials having low dieleciric constants are
desirable, it would be advantageous to have a porous dielectric material with a
higher elastic modulus and film hardness.
20 In order to raise the elastic modulus of the porous dielectric material, it is
- exposed {o a plasma cure. The plasma cure can be done by radio frequency (RF),
inductive coupled, RF capacifive coupled, hefical resinator, microwave downstream,
and microwave electron cyclotron resonance (ECR) plasma. The plasma curing
process improves the mechanical properties of the porous low-k dielectric material,
25 increasing material hardness while maintaining the dielectric pore, structure, density,
and electrical properties.

In a typical plasma curing process, the wafer is quickly heated in a rapid
temperature ramp-up step to the desired temperature, and the wafer is p.lasma
cured.

30 The exact conditions for the plasma cure depend upon what type of plasma
cure is being used.. Typically, the porous dielectric material is plasma cured at a




met hyl or hydrogen group and a R is a branched al koxy group. Although
porous dielectric materials having | ow dielectric constant3March 2086si r abl e,
it woul d be advant ageous to have a porous dielectric nmaterial with a

hi gher el astic nodulus and filmhardness. 20 In order to raise the elastic
nodul us of the porous dielectric material, it is exposed to a plasnma cure.
The. pl asma cure can be done by radio frequency (RF), inductive coupled, RF
capacitive coupled, helical resinator, mcrowave downstream and m crowave
el ectron cyclotron resonance (ECR) plasma. The plasma curing process

i nproves the mechani cal properties -38-the porous |owk dielectric material,
25 increasing material hardness while maintaining the dielectric pore,
structure, density, and electrical properties. In a typical plasma curing
pr oces smidrbwaveablasma cucucarditiorisdat 200 i and 300 chm waifigre aed siicevii anp- up st ep
to the gﬁsired tenperature, and the wafer is plasma cured. 30 The exact
condi ti B1S% or the plasma cure depend upon what type of plasma cure is
bei ng used.. Typically, the porous dielectric material is plasna cured at a

process preganditiopet ween about | Tor200amaisMsteet 10 Tor 1, 30Fxmwgpdstem of typi cal
3 MaPch 2006Vicragave Flapma Pewetve pl asneb08 M-e308BMHi ti ons f AC0XDO3G¢AMAENd 300 mm

wafers are ﬁye!memggw. Condi ti on2G’ n5§° en800 mm gi‘iﬁp" T ovnave
Pl asma Powe -Tmoo W500 W - - 3‘@‘@ yi &r Tenper gﬁ" T 350C80C -
HEF

350C Processpbhasasse: 1.0 Forr -- 4.0 LA Torr-- 5.Qy asma Cure
Ti mpe< 120 geamsksatet20 seconds: Pl asim-4ges ssemH2/ N21 CF4 tdehn JO2 N2HZ
FIl ow Rat e: > MF8@8tesr - cn> 0 - 10, 000 >3cc4000 &2mFl ow Rat e:>%0 010,004 8626 sccn> 0
=10, 000 sccEFdfaw Ritgw Rate: > 0 - 400 Getfscd - - 1000 scerfi-TH980 sdcmst i ¢

nodul us and_fil m hardness of the plasma cured porous dielectric 15

material s ar@eeiRslie puEaniipuhedness of theplata quierkpers dieledliied por ous
CLoIEC AR oga bty R, S R SISl B Bl 2200 0,
Thi s i noatedale Thg furace cured elastic modulus is between about 0.5 GPa and about
3.5 GPa when the dieleciric constant is between 1.6 and 2.4. This increase in the
elastic modulus is typically greater than or about 100%, and more typically greater
than or about 200%. Typically, the elastic modulus of the plasma cured porous
20 dielectric material is greater than or about 2.5 GPa, and more typically between
about 2.5 GPa and about 10 GPa. The film hardness of the furnace cured porous
films is about 0.1 GPa and the increase in the film hardness is typically greater than
or about 50%. Typically, the film hardness of the plasma cured porous dielectric
material is greater than or about 0.25 GPa, and more typically between about 0.25
25 GPaand 0.8 GPa. | | |
~ The plasma cured porous dielectric materials of the present invention have
‘improved chemical stability and improved dihensional stability. By improved‘
chemical stability, we mean that the porous dielectric materials are more resistant to
chemicals, such as cleaning solutions and chemical polishing sofutions, and plasma
30 damaging during photoresist ashing and dry etching processes.

In addition, as compared to thermal curing, the plasma cure significantly
reduces or eliminates the outgassing of oliomeric polysilica and other substances
from the porous films. Hdwever. plasma cure can for some low-k materials,
generate a notable amount of polar specieé in the film. |

35 The -plasma cured porous dieleclric materials can opﬁonailybe post-plasma
reated using any type of thermal and/or UV and/or plasma exposure fo reduce the




el astic nodulus is typically greater than or about 100% and nore typ| cally
greater than or about 200% Typically, the el astic nodul udMsrck 3H¥6p| asna
cured porous 20 dielectric naterial is greater than or about 2.5 GPa, and
mor e tyRigalbedet ween . about 2.5 GPa and about 10 %3 E i | m hardness
of the furnace cured porous filns is about 0.1 GPa an e I ncrease in the
filmhardness is typically greater than or about 50% Typically, the film
har dness of the plasnma cured porous dielectric naterial is greater than or
about 0.25 GPa, and nore typicallyl’between about 0.25 25 GPa and 0.8 GPa.
The plasma cured porous dielectric materials of the present invention have
| nproved chem cal stability and i nproved di nensional stability. By inproved
chen cdielestripdnstant and/omkaihet inateath thepelasticsmddallie and film haa’daesis;l.lrfs are nore

resi st gnt. to chem c uch as c/l eani utigns .and hem pol i shi ng
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abgut ﬁ@ﬂ@aﬁ&% about 450C for between 5 about 30 and about 60 m nutes. An
alternative process for annealing the materials 1involves annealing the
pl asma cure'Emeal operating cenditions fomthe RAR pracasaaReghiowndrelmal  Pr ocessi ng

(RAP). cha t8rder to red % Fll el ectric constant. The plasma cured
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A third type of post-plasma treatment that can be used involves the exposure
- of the plasma cured porous dielectric materials to UV radiation at eleyated
temperatures. In a typical post-plasma UV process, a UV radiator tool is utilized,
20 which is first purged with nitrogen or argon to allow the UV radiation to enter the
: process chamber with minimal spectral absorption. The process chamber is purged
- .separately and process gases, such as Oy, N, Ha, Ar, He, CyHy, air, and mixtures
.. -thereof, may be utilized for different applications. UV generating bulbs with different
- "speciral distributions may be selected depending on the application. The wafer
.25 temperature may be confrolled ranging from room temperature to 450°C, and the
“process pressure can be less than, greater than, or equal to atmospheric pressure.
Examples of typical post-plasma UV treatment conditions for a 200 mm wafer
are shown below. |

“UV Power: 0 mwW - 320 mwW

30 Wafer Temperature: 100°C - 450°C
‘Process Pressure: <, =, or = {o atmospheric
UV Cure Time: < 300 seconds

Purge Gases: Ho/N2/CHy/O2




Waf er Tenperature: 150 - 450C Annealing Tine: < 120 seconds 15 Process
Pressure: atnospheric A third type of post-plasma treat nerit Maltht2004n be
used invol ves the exposure of the plasma cured porous dielectric naterials
to W radiation at el evated tenperatures. In a typi cal ost | asma UV
processWOPHR*Padi at or tool is utilized, 20. which i $FOPY lﬁgrged with
nitrogen or argon to allowthe UV radiation to enter the process chanber
with mniml spectral absorption. The process chanber is purged separately
and process gases, such as 02, N2jpgH2s Ar, He, CxHy, air, and m xtures
thereof, may be utilized for different applications. UV generating bul bs
with different spectral distributions nay be sel ected depending on the
appl i cati ory L B 6f post BlashfaREARbH o Boh REUSRIhYNdslor andi ng {1 om room
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~ Typi caplagma ttdaﬂn@rht&:eﬁaiticmmZDOh\tmsndiBeDemhnmafemesthn balowl asnma treat ed
process pressure between about 1 Torr and about 10 Tarr. Exanples of

t
tyﬂ cal pI aéorr%msm st ed post - @EEE‘% ;gﬁpt ment corgy hin@PSedhOor 200 mm and
300 mMm wa ower 00 500 W — 3000 W

Wafer Temperature: 80°C - 350°C 80°C - 350°C
Process Pressure: = 1:0 Torr — 3.0 Torr 1.0 Torr—4.0 Tarr
16 - Plasma Treatment Time: - . < 90 seconds <900 seconds
' Plasma Gases: - Ho/No/CF /O /ArHel/CHy Ho/NL/CF /O, /ArfHe/C,Hy
'NaoH; Flow Rate: > 0 ~ 4000 sccm >0 - 10,000 scem
O, Flow Rate: . >0-4000 sccm >0 —10,000 scem
B - CF4Flow Rate: ‘ >0 —400 scem > 0—-1000 scem
20 Ar Fiow Rate: ' > {3 — 4000 scom >0~ 10,000 sccm

He Flow Rate: - =>0-4000 sccm > 0— 10,000 sccm

The dielectric constant of the i)ost-plasma treated, plasma cured porous
dielectric materials is reduced as compared to the plasma cured porous dielectric
- 256 materials. The dielectric constant of the post—plasma treated, plasma cured porous .
- dielectric materials is typically: between about 1.1 and about 3.5, and more typically
between about 1.8 and about 2.4. _
“For some applications it is desirable to utilize the plasma for a partial
conversion of the porous low-k films. The partial conversion process allows to
30 . control the material properties of the porous low-k films, such as Young's modulus,
~fitm hardness, hydrophobicity, and dielectric constant, as well as the Si-H, SI-OH,
- andfor Si-CHs contents of the porous low-k film. Different partial conversion
conditions are achieved by utilizing different plasma cure cenditions, such as time,
- pressure, temperature, and plasma gas composition. For HSQ-based porous low-k
'35  films, typical partial plasma conversion processes result in films that have a Si-H
content of between more than 0% and less than or about 70%, and more typical
-.between about 1% and about 30%. . .




Condi ti on200 mm syst enB800 mm system M crowave Pl asma Power: 500 W- 3000
W00 W - 3000 W Wafer Tenperature: 80C - 350C80C - 350C ProZdbscli®ésure: 10
Torr - 3.0 Torrl.0 Torr - 4.0 Torr Plasma Treatnment Tine:< 90 seconds90
seconds Gases: H2/ N2/ CFd02/ Ar 1HelC, , HyH2/ N2/ CF4 A /I C, Hy N2H2

Fl ow Rat d‘%%@” 4000 sccne 0 - 10, 000 sccm 02 Fl ow R&ﬁ 654%4000 sccne 0
- 10,000 sccmCF4 Flow Rate:> 0 - 400 sccnr0-1000 sccm Ar Flow Rate: > 0 -
4000 sccnk O - 10,000 sccm He Flow Rate: > 0 - 4000 sccnk O - 10,000 sccm
The dielectric constant of the pe$®-plasma treated, plasma cured porous
dielectric materials is . reduced as conpared to the plasma cured porous
dielectric 25 materials. The dielectric constant of the post-plasna

treated, plrﬁﬁr@rmarﬁ% ROERIOH mal Bé RIS réadrr%ﬁcrér@tbédl @fdrgidecial | y bet ween
about 1.1 and about 3.5, and nore typicall et ween about 1.8 and about

2. 4. Poadsiontbe fgllomingaexagmles, whigh @resmteawbymﬂﬂametq ihednyangiop na for a
parti he porous lowk filnms. The partial conversion
procezr{so’cgﬁﬂglsv{\eg&fsdy%gt}&iegﬁt rol the material properties of the porous |owk
films, such as Young's nodulus, filmhardness, hydrophobicity, and

diele gérrc cgnstant as well as the Si-H, Si-O—l, and/ or Si-CH3 contents of
theYp wk film Different partial conversion conditions are '

- -achi eved bw pirblid wmdréle‘ctrﬁmarenai@mcsmpssrm@hépprmmamu,cﬁ%as tine, .
pressure tenperat ure, and plasma gas conposition. For based porous | ow
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Torr, microwave powers of 500 to 3000 W, and temperatures ranging from 150 to
300°C. '
The rapid anneal process (RAP) step was performed at temperatures ranging
15 from 400 to 450°C in a nitrogen environment for up to 120 seconds. Successful
‘plasma curing results have been obtained from (i) blanket porous low-k thin films
with thickness ranging.from 4000 to 15000 A, and (ii) patterned porous low-k
structures.
Typical material properties of the porous low-k dielectric constant films that

.20 have been plasma cured are shown in Table 1 below.

Table 1. 5% MSQ/ 95% HSQ Porous Low-K Material Plasma Process Conditions and
Material Characteristics

Time Temp | Pressure | Power | FG CF4
MIN 285 p X 2000 CF4
g0 | 285 p 1800 | 2000 CF4
b | - THICKNESS DATA Reflective Index
Process | p CF4 |Before| After | A |Before | After| A |E(GPa)| Contact
Cond. ‘ RAP | RAP RAP | RAP Angle (°)
1 |35} 100 4312f. 3809 403 1.193] 1.195| 0.002 8.2 97
2 4.1 100 4237]  3936|-301| 1.193! 1.198] 0.005 7.1 109
3 1.3 10- 4311 3649{-662{ 1.190] 1.241| 0.051 12.5 69




MBQ resin and 95% HSQ resin from Dow Corni ng Corporation (Mdland, M) has
been plasma cured. An Axcelis Fusion (ES) downstream pl asnaMasthe200@as
utilized, but is not Iimting to the plasna curing applicability of this

i nventign. j.cal process 10 conditions for the pla ure in the 200 mMm
wafer p t“f”g%lsgést ool range fromformng gas flows of %gg@gﬂzfzgls%oo sccm CF4

flows of O to 100 sccm pressures of 1.0 to 4.0 Torr, mcrowave powers of
500 to 3000 W and tenperatures ranging from 150 to 300C The rapid anneal
process (RAP) step was perforned-20- tenperatures ranging 15 from 400 to
450C in a nitrogen environnent for up to 120 seconds. Successful plasm
- curing results have been obtained from (i) blanket porous lowk thin filns

W th t@%&lﬁﬂggs rangi ng from 4000 to 15000 A, and (ii) patterned porous
| ow-k ~Structures. Typical material properties of the porous |owk

di el ect ri c Acperausiow-k dielasticyagterigbwiitniperaasicoigpaisHybad FRsinsfFaM shown i n
Tabl e 0 Ir‘J)S% p | asna
Proc es%o@?r?ﬁ{yw (()-E‘ralg:! oz%l?jun @&?%‘E ?alw;'ﬁ%@ér' a r.@(r?él st c@ﬂﬁhéﬁg&r‘% Iglrngétg ﬁérjePower FGCF4
M N2 8 Gméite0@iasnsagep 1 200RaetCFYsidm(EXNE8S shadnRdasreg ashar wasdex Process
Bef Af Al f AE . RAPRAP RARPANQ|
D oo b el BoiRG Hid o6 s D LB TR WISRRAT TR A
2410045383 %mdRidds 2 8o pASHaRRRYINEA& 200 mm wafer platform tool range from
33104311, 3649-6621. 1901. 2410. 05112. 569 25 3 March 2006 WO 03/ 025993
PCT/ udoumipg pgs flows of 2000 io 3000 scecm, CF;4 flows of 0 to 100 scem, pressures o
1.0 to 4.0 Torr, microwave powers of 500 to 3000 W, and temperatures ranging from
150 to 350°C.
10 Successful plasma curing results have been obtained from blanket porous
low-k thin films with thickness of approximately 12,000 A. Typical material
-propetties of the porous low dielectric constant films that have been plasma cured

are shown in Table 2 below.
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Exanple 2 A porous lowk dielectric material w th inorganic-organic hybrid
resins from Dow Corning Corporation (Mdland, M) that is3Marchedzed with
t he porogen nethod has been plasma cured. An Axcelis Fusion (ES)
downst r 4 asher was 5 utilized, but is not Iim'éji@zgzﬂto t he pl asna
curing appricability of this invention. Typical prol&ddS¥HH®: i ons for the
pl asma cure in the 200 mmwafer platformtool range from formng gas flows
of 2000 to 3000 sccm CF4 flows of O to 100 sccm pressures of 1.0 to 4.0
Torr, mcrowave powers of 500 to-3000 W and tenperatures ranging from 150
to 350C. 10 Successful plasma curing results have been obtained from
bl anket porous lowk thin films with thickness of approximtely 12,000 A
Typi cFhble@t Rordinic-QFgamid Hyle Rl PdrohbreGpasrated HopvusOiadb-EMdtegal PRasiaant il ms
t hat Ppotesdeendifibas Bhd Materid! Charactefistivs. i N Tabl e 2 bel ow. 15 3 March 2006 WO
03/ 02598idePOTT ol 261 pfessue TablPewdr | hor ge@i c- Or g@P4c Hybri d Porogen
Generlat @finPof oustLowi K Mageri al Pl gsma | Pr@oess (ondigi orjs and Materi al
Char act egg st) cs. T Ti ngTenpp Pressur edgower FGCR4odVI NTX30910 [60T1800300010
THI CKNESS DATARefT ect1ve T'ndex Process T Before Aiter Before After KE

(3 ala

Cont act—Cond-—Plasmabl 1210
11953104241, 2231 2182, 0 Yo e Ar .%2’21.50\, Cgt?t%ét‘: 1 3 1180 .
k renk g - er e
118781%?&? Pl 153'L'P asgn‘n?‘)nglasnia Plasma | Plasma {(GPa) { Angle (°)
' o1 1 1 .210 11953 10424 1.223 1.218 |2.041 20 72
2 3 [ 210 11905 9783 1.223 1209 235, 25 61
3 1 180 11878 10760 | 1.224 1.193 [1.85] 2.0 59
4 3 jj 180 11902, 9991 1.225 1.207 12.35] 2.3 54
control ' : 1.85] 0.9 39

5 Example 3
Subsequent annealing of the films may further increase the elastic modulus

and film hardness. Different anneal conditions, including (i) Rapid Anneal
Processing (RAP) at 450°C for 2 minutes, (ii} furnace anneal at 200°C for 30
minutes, and (jii) furnace anneal at 400°C for 30 minutes have been tested. Typical

10 material properties of the porous low dielectric constant films that have been plasma
cured and annealed are shown in Table 3 below.

. Table 3. _
' Pre-RAP Post-RAP
Piece| Treatment | Thick- | R.IL {Modulus| Hardness | Thick- R.I |Modulus | Hardness k
ness : ness

130 minutes 9331| 1.248 -2 7028 10176{1.2012 2.6 0.32] 2436
at 200°C

2(30 minutes 0445| 1.240 257 030 8365(1.2771 3.1 0.34]| 1.951
at 400°C e

3|2 minutes at 9516| 1.239 241 029 8853j1.2418 3.2 0.33} 1.990
450°C '
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4 3180 1190299911. 2251. 2072. 352. 354 control 1. 950. 989 5 Exa

| e 3 Subsequent
annealing of the filnms may further increase the elastic nmodMagh?2

film

hardness. Di fferent anneal conditions, including (i) Rapid Anneal

Process{pg, at 450C for 2m nutes, (ii) furnace I 200C for 30
m nut es, an& fl i) furnace anneal at 400C for 30 m n%{é&gﬁ%% ®heen test ed.
Typical 10 material properties of the porous |low dielectric constant filns

t hat have been plasnma cured and anneal ed are shown in Table 3 bel ow. Table

3. Pre- RAPPost - RAP ~22-

Pi eceTreat ment Thi ck- R | . Modul usHar dnessThi ck- R | . Modul usHar dnessk HessHess
130 m nutes93311. 2482. 40. 26101761. 20122. 60. 322. 436 at 200C 230

m nut eERAAPIE.42402. 50. 3083651. 27713. 10. 341. 951 at 400C 32 mi nutes

at 95161. 2392. 40. 2988531..24183. 20. 331, 990 450C | March 2006 WO

03/ 025993 PEPPIgys3Ie1esin-basedeurkdiglegtris frsm Qe@mng&qrﬁm@ag@d | ow k

- di-el ecg l\ﬂlﬂ% H Wﬁ‘lﬁ%‘%e@ﬁ g’h\éﬁ‘iﬁ Sﬁ}é@%tﬁtdlﬁ?entwrﬁyl 20verdiba c&%ﬁmﬂﬁe rE' asma

cured erent p conversion conditions. usi on (ES)
.downstAmrs@uadeséH@wnstwmpiasmwhelb\uas uhhzadxbutuarmtullngtmg)tOtthe 5 pl asna

01 Sap@Rfta' iRy ahbiaBiy s VAR Bimicd BltBhs BORIEFS 16088 1 1o s at "t 1 e
%rfoomamﬁ?@m B B g G e OO0 s o 190
Lo S0l SRR, c AR aP i BB sy rpnsttese L BTG RUGOWAVE emoer ntur oo
r angi ngowd@ o 50018800 W, éﬁ@%mgﬁbrﬁui’éérfaﬁamg Y I SOREIFCT of Up to 120

seconds. Successful partial conversion asma curing.results have been
. obt ai ned f roe repi anngakroceasH(BAE) stepwas perfofnedla%ﬁemperatweﬁ Wogwds r angi ng

fr 98" 4998 40d t&i@@% l%' a ﬁlﬂggéﬁ b?m%?l}ﬁe%"i ﬂ)‘?%p to 120 seconds. Successful
partial conversion plasma curing results have been obtained from (i) blanket porous
Jow-k thin films with thickness ranging from 4000 to 15000 A, and (ii) patterned
porous low-k structures.
- Typical material properties of the porous low dielectric constant films that
15 have been plasma cured are shown in Tabie 4 below.

Table 4. HSQ Porous Low-K Material Plasma Partial Conversion Process Conditions
and Material Characteristics

Time Temp Pressure | Power; 3%H2/N2 | CF4 | Post-Plasma Process
MIN T 4.5 - X 5000 250 | RTP; 450°C, 2min, N2
time T 4.5 #1500 5000 250 purge DCC system
Time Temp Modulus k after k after SiH

RUN (s) (°C) | (GPa) plasma anneal (%)
A 40 190 34 2.6 2.52 13
B 50 190 4.2 2,36 2.25 5.5
C - 60 190 - 4.8 247 2.29 0.93
D 40 210 . 4.1 247 247 12.5
E ) 210 4.7 2.36 2.46 6.4
F 60 210 5.4 2.36 2.32 ~1.25
e 40 230 - 4.9 248 2.52 11.4
H 50 230 2.53 2.54 6.39

| © 60 230 6.5 244 2.41 1.81

20



porous | owk structures. Typical material properties of the porous |ow
dielectric constant filns that 15 have been plasna cured aMarehdWe i n
Tabl e 4 bel ow. Table 4. HSQ Porous Low K Material Plasma Partial Conversion
Processﬂépﬁ iLlons and Material Characteristics

Ti meTenp ressuﬁéPowerS%HZlN20F4Post-PIasna Process MIKTHSEEE80250RTP:

450C, 2mn, N2 tineT4.515005000250purge DCC system Ti neTenpMdul usk afterk
after SIH RUN(s) C( GPa) pl asnaanneal (% A401903. 42. 62. 5213
B501904. 22. 362. 255. 5 C601904. 62. 423~ 290. 93 D402104. 12. 472. 4712.5
E502104. 72. 362. 466. 4 F602105. 42. 362. 321. 25 (402304. 92. 482.5211. 4
H5023062. 532. 546. 39 |1 602306. 52. 442. 411.81 20 3 March 2006 WD 03/ 025993

PCT/ US02/ 264k cettinVapreseptitivaiombodim&ie eh@ tktetls Aaodbaeshcwfd detail s
have been shown for  purposes, of |IIustrat|ni?the invention, it will be

appar ePHIPPees ¢dlistrafing thednyentipRdt wikbe apparentap thoss skilah geibeiant ke
COMPOSYANRBThAAGES TRt EomPoSHdraifd MehBlis dRBYsEEhERitFmaybb iie departing

fromthe scop f the I nvention, whi Ined in the appended 5 cl ai is.
3 Nar cwithagdeepading fom ths stoperoithe dvestiom whictkisdgfineg irdbawppendst nat eri al
conBri@%#ﬁg providing a porous dielectric material having a first

di elFec “constant, having a -first elastic nodulus, and having a first
fil mhardness, wherein the porous dielectric nmaterial is not a porous

met hyl si | sesqui oxane-based di el ectric materi a,




pl asma curing the porous dielectric material to produce a plasnma cured
porous dielectric material having a second dielectric cons$Marchilh is
greater than or equal to the first dielectric constant, having a second
el astic nodul us which is 10 greater than the first elastic nodul us, and
havi ng. a second filmhardness which is greater than the first film

har dness; and post-plasnma treating the plasma cured porous dielectric
material to provide a post-plasma treated, plasnma cured porous dielectric
material having a third dielectric I:]é:ﬁ?nstant_ which -is |less than or equal
to the second dielectric constant, jing a third 15 el astic nodul us which
I's greater than or equal to the second el astic nodulus, and having a-third
filmhardness which is greater than_or _equal to the second film hardness,
wherein the post plasma treating i SCkfM3eating by exposing the plasm

cured porous dielectric material to W radiation, or 20 plasma treating by-

exposi ngi.t he mﬁ&&%w&%ﬂir@%ﬂ%m@(ﬁ}ﬁﬁ{aiﬁw Eﬁﬁ'sﬁél . to a second pl asma
condition. 2. The process of claiml wherein the porous dielectric material
i s sel ected PFOHINGA noFreqsrdielealie eateraidavinges firal diclentricronstant, hadngl ectri ¢
mat erg aly f,9f elfstie D! i ther , %e rocess of clai . Wherein

t he por Sus q? g?tect r?tfr:laénﬁaét?@r}}agﬁgi S pf@hua%gng > “g'eged'i' ﬂled??r‘ﬁﬁ'%@@%}r@r a

chem calmatefilis telzoperois methysilsesquiGtant-badee digloctss maddrial ai m | wherein the

por ous di el eg.Li ' s selected fro a porogen- generat ed porous
diel ectric ng%éap%aﬁqﬁhgwéeg\l’?f&ﬁ E?L%Cﬁ%(ﬂmﬁiﬁrﬂ% QTP&I’% plasme queth 2006 - 25
mat er i approusniiilectit evatertay hadag adepon® dildbitd SsHskdr whRhas Pﬁelater%aﬁ

€_porous

conbi nat | hereof. .5 The process of claim1 wherein . po
di el ect Hg&r%ioe&‘fajfﬁidéaﬁ?tﬁg ﬁﬁ'l')%%'?te avigg grsegord plgatiamadus whichinan 350C. 6.
The 10r ogremterdfiarcihaiinstleladtie neodulls) 8nB PaOME £4&0AE finh ﬁ?mﬁé \'Ngﬂcg'ié plasma
cured . at i a ro'ﬁe%?!ﬂ ressure between | Torr and 10 Tarr. 1 . The process
of cl ai Hief %ﬂ%‘b R Imbapdnesgiandect ric material is plasm cured for a
time bet weerpobbpRRfhaltrhiting G SI8smS culk - Lkl h pPAGESLD the
plasma is sel ec{)ed from I-g pl lgsmat ggs%@pﬁgggﬁﬁencgécg@ge"g‘tﬁ@(?‘ﬂ%‘?8ont ai ni ng
pl asma REE-Plasmarenind esma eured pemdusdiclentic riftetididweniy a third dielectric
' constant which'is less than or equal to the second dieleciric constant, having a third
15  elastic modulus which is greater than or equal to the second elastic modulus,Aand
having a third film hardness which is greater than or equal to the second film
hardness, wherein the post-plasma treating is
' UV treating by exposing the plasma cured porous dielectric
material to UV radiation, or |
20 plasma treaﬁng by exposing the plasma cured porous dielectric
' material {0 a second plasma condition.

2. The process of claim 1 wherein the porous dielectric material is selected from

an organic dielectric material, an inorganic dielectric material, or a combination
- 25 thereof.

3. The process of claim 1 wherein the porous dielectric materiai is produced by
& spin-on process or a chemical vapor deposition process.

30 4. The process of claim 1 wherein the porous dielectric material is selected from

a porogen-generated porous dielectric material, a solvent-formed porous dielectric




9. The process of claiml|l wherein the increase in elastic nodul us between
the first elastic nodulus of the porous dielectric materidMagiti2de second

el astic nodulus of the plasma cured porous dielectric Material is greater
than 100% 20 10. The process of claim 1l wherein the second el astic nodul us
of the plasma cured porous dielectric material"is greater than 2.5 GPa.

11. The process of claim1 wherein the increase in filmhardness between
the first 25 filmhardness of the porous dielectric material and the
second fil m hardness of the plasm ed porous dielectric material .

greater than 50% 12. The process of claim| wherein the second fil m

har dness of the plasma cured porous dielectric material is greater than
he third djelectric

conat ant? o%g?%é m%g?emgrfé)nfggrf%,o B%’t"é'aq’l%?% el (?rﬁd%oﬂlﬁnq}ﬁoél ectric

const ant
mat er i althereohet ween 1.1 and 3. 5.

5. The prdcess of claim 1 wherein the porous dielectric material is plasma cured

5 atatemperature less than 350°C.

6. The process of clalm 1 wherein the porous dielectric matenal is plasma cured

at a process pressure between 1 Torr and 10 Torr.

10 7. The process of claim 1 wherein the porous dielectric material is plasma cured

for a time between 15 and 120 seconds.

8. The process of claim 1 wherein the plasma is selected from H; plasma gas,
N: plasma gas, fluorine-containing plasma gas O, plasma gas, or combinations

- 15 thereof

9. The process of claim 1 wherein the increase in elastic modulus between the
first elastic modulus of the porous dielectric material and the second elastic modulus

- of the plasma cured porous dielectric thaterial is greater than 100%.

20 :
10. - The process of claim 1 wherein the second elastic modulus of the plasma

cured porous dielectric materialis greater than 2.5 GPa.

_ 11. . The process of claim 1 wherein the increase in film hardness befween the first
25 film hardness of the porous dielectric material and the second film hardness of the
plasma cured porous dielectric material is greater than 50%.

12.  The process of claim 1 wherein the second film hardness of the plasma cured
porous dielectric material is greater than 0.25 GPa.-
30 ’ ' |
~ 13.  The process of claim 1 wherein the third dielectric constant of the post-

plasma treated, plasma cured porous dielectric material is between 1.1 and35.



